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Preface

This book comprehensively addresses eco-friendly green composites, their appli-
cations and modifications. The introductory chapters examine why green com-
posites should be considered. The book then discusses properties of cellulose and
wood. The book is essential for government agricultural departments, automotive
companies, and others devoted to eco-friendly materials and production. Global
awareness of environmental issues has resulted in the emergence of economically
and environmentally friendly bio-based materials free from the traditional side
effects of synthetics. This book delivers an overview of the advancements made in
the development of natural bio-renewable resources-based materials, including
processing methods and potential applications in green composites. Bio-renewable
polymers are a special class of natural material found in nature, such as natural
fibers, wheat straw, rice husk, and saw dust. In addition to offering renewable
feedstocks, natural bio-renewable materials are compostable, recyclable, edible, and
more energy efficient to process than plastic.

Preetha Balakrishnan
ADSO Naturals Private Limited

KINFRA park
Koratty, India
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The Netherlands
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Chapter 1
Green Composites: Introductory
Overview

M. Roy Choudhury and K. Debnath

1 Introduction

The fiber-reinforced polymer composites have grabbed the commercial market vary
rapidly in past fewyears. The reinforced polymer composite offers several advantages
including conservation of dwindling reserves of conventional materials like metals
and their alloys. However, the disposal of this kind of composite is a huge concern
due to the non-biodegradable nature of the petroleum-based polymer and synthetic
fiber. Looking into the environmental concern, engineers have focused on the sustain-
ability of materials and shifted to the development of biomaterials. The first biomate-
rial composed of cotton fiber and phenol or melamine–formaldehyde was developed
in the year 1908 [1]. All biomaterials are not fully biodegradable if the constituent
materials are not derived from renewable sources. Research efforts have been given
to develop fully degradable and environmentally friendly biomaterial called green
composites [2]. These materials are consisted of biodegradable polymer and ligno-
cellulosic bio-fiber derived from natural sources. These materials can degrade into
water and carbon dioxide by the enzymatic action of a living organism. The green
composites can be used for outdoor consumer products having short life cycles of
one to two years (nondurable) or one-time products and indoor products with a useful
life of several years [2]. The applications of green composites have been extensively
increased in the various fields of engineering by replacing many engineering compo-
nents made of synthetic fiber-reinforced composites. The topic of green composites
has earned massive impetus in both the educational and manufacturing units due to
their attractive properties such as low density, high specific strength, recyclability,
economic, and eco-friendly. A variety of natural and synthetic biodegradable resins
are available for use in green composites. Many reports and research articles have
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2 M. R. Choudhury and K. Debnath

been reported to lighten up various aspects of green composites. Zini and Scandola
[3] discussed the environmental benefits deriving from the use of green composites.
Fazita et al. [4] and Oyama et al. [5] discussed several functional properties related to
packaging applications to explore the potential of green composites. Koronis et al. [6]
and Ashori [7] reviewed the green composites adequate for automotive applications.
Georgios et al. [8] and Dicker et al. [9] reported the applications of green composites
in consumer products. Netravali and Chabba [2], Manita and Morreale [10], and
Khalil et al. [11] reported the available biopolymer and natural fibers to develop
green composites and their properties. An extensive review of properties, modifica-
tion, characterization, processing techniques, applications of green composites was
reported by Gholampour and Ozbakkaloglu [12] and Potluri [13].

From the above discussion, it can be seen that many researchers have tried to
bring important information regarding green composites in one place in the review
articles. This present chapter includes an introductory overview of green composites.
The available green composites for appropriate applications, properties, processing,
machinability, and joining behavior have been discussed.

2 Types of Green Composites

2.1 Biodegradable Polymer

The biodegradable polymer has a natural origin and can be converted to simpler
compounds such as the carbon, nitrogen, and sulfur, mineralized, and redistributed
through elemental cycles upon enzymatic reaction. Biodegradable polymers are
mainly classified into two categories such as agro-polymers and biopolyesters. The
agro-polymers are biomass products, while the biopolysters are obtained by fermen-
tation of biomass or from genetically modified plants. A large number of these
biodegradable polymers are commercially available nowadays. The different types
of biodegradable polymers with their classifications are presented in Fig. 1. Among
the agro-polymers such as starch, lignocellulose, casein, collagen, zein, soya, gluten,
the soy protein polymers are proved to be an appropriate candidate for matrix mate-
rial in green composites [14–19]. The soy proteins are manly available in the form of
flour, isolate, and concentrate. Some researchers also studied starch and its modified
blends as a matrix material for green composites [20–23]. Polylactic acid (PLA)
which is a thermoplastic biopolyester has gained huge attention from researchers
as it is derived from natural sources like corn, starch, etc. [24]. PLA is obtained by
condensation of lactic acid or ring-opening polymerization of lactide. The thermo-
plastic and thermosetting polymers are classified based upon their response to heat.
The thermoplastic polymer can re-melt to the liquid state upon heating, while ther-
mosetting polymer remains in the permanent solid-state. Almost all biodegradable
polymers obtained so far are thermoplastic polymer. The main problem associate
with thermoplastic polymer is the low heat resistance capacity. In the year 2017, the
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Fig. 1 Classification of biodegradable polymers. Source Author

researchers at the University of Amsterdam have developed a biodegradable ther-
mosetting polymer called Glycix [25]. This was a major step forward in the battle
against the waste disposal problem. Glycix can be converted into two completely
natural compounds called glycerol and citric acid, as it comes in contact with water.
The decomposition rate of Glycix depends on the degree towhich the plastic has been
hardened. Cai et al. [26] developed a biodegradable thermosetting polymer called
poly(glycerol-succinate) in the year 2019. The properties of various biodegradable
polymers are presented in Table 1.

2.2 Bio-Fiber

Natural fibers are emerged as potential reinforcing materials and have utilized as
a replacement of many synthetic reinforcing materials. They have gained valuable
attention from the researchers looking into the view of recyclability, biodegradability,
low cost, high specific strength and stiffness, and low density. Natural fibers are clas-
sified based on their origins, such as plants, animals, or minerals. The classification
of natural fiber can easily be understood from Fig. 2. All plant fibers are composed
of cellulose, hemicelluloses, lignin, pectin, and waxes. Thousands of cellulose fibrils
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Table 1 Properties of biodegradable polymers [27–36]

Polymers P (g/cm3) Tm (°C) Tg (°C) TS (MPa) EB (%) E (GPa) FM (GPa)

PLA 1.24 173–178 60–65 28 6 27 1.2

PGA 1.53 225–230 35–440 14.03 16.9 7 3

PLGA 1.30 140 57 4 10 2.2 σ = 54.6 MPa

PCL 1.11–1.14 58–65 −60 20.7–42 – 0.43 0.411

PEA 1.09 76–87.8 −34 to 3 8.5–19.6 1–14.3 0.25 2.9

Starch 1.3 110 −20 to 43 25 3 1.02 0.12

PBS 1.23 90–120 −40 to −10 62 – 0.05 0.47

PHB 1.25 160–165 2–5 25 4 3 3.20

PGA Polyglycolic acid; PLGA Poly(lactic-co-glycolic acid); PEA Polyesteramides; PBS
Polybutylene succinate; ρ Density; Tm Melting temperature; Tg Glass transition temperatur; TS
Tensile strength; EB Elongation at break; E Elastic modulus; FM Flexural modulus; σ Flexural
strength

Fig. 2 Classification of bio-fibres. Source Author

are bind together by lignin and hemicelluloses naturally [37]. The diameter of cellu-
lose fiber is usually in the range of 10–30 nm [1]. Moreover, these fibers have a
higher aspect ratio that can transfer a higher load due to the flattened oval cross
section. Animal fibers are the second most natural fibers after plant fibers. They are
consisting of proteins and have an elliptical cross-section. The overall properties of
the fibers can be determined by the sequence of the types of amino acid forming
polypeptide chains. Generally, animal fibers are costlier, and the availability is lower
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than the plant fibers. That makes them expensive for normal day-to-day applica-
tions. Asbestos fibers are naturally occurring silicate minerals composed of long
thin fibrous crystals. Asbestos is a unique mineral combining unusual physical and
chemical properties, such as fibrous nature, thermal stability, high tensile strength,
flexibility, and incombustibility, which make it highly suitable as a reinforcing mate-
rial for polymers [38]. However, due to the fact of hazards to the health of human
and animal life, its application is limited to a very small area. The properties of
some extensively used natural fibers are mentioned in Table 2. Researchers have also
developed some innovative ways to preserve the land by extracting the fibers from
agricultural waste. Agricultural waste such as sunflower stalk [43], rice husk [44],
wheat straw [45, 46], soy stalk [46], and cornhusk [47] was studied by researchers as
reinforcement in green composites. The strength of natural fibers is relatively lower

Table 2 Properties of bio-fibers [3, 4, 9, 12, 39–42]

Fiber L (mm) D (μm) ρ (g/cm3) TS (MPa) E (GPa) EB (%) WA (%)

Bamboo ~90 10–20 0.6–0.91 193–600 20–46 1.4 7

Flax ~900 12–16 1.5 345–2000 15–80 1.2–3.2 12

Hemp ~4000 16–50 1.48 550–900 26–80 1.6 8

Jute ~4000 17–20 1.3 393–800 13–55 1.16–1.5 12

Kenaf ~6 20–30 1.45 157–930 22–60 1.6 17

Ramie ~1900 25–30 1.5 400–938 61–128 1.2–3.8 12–17

Banana ~5000 240–260 0.72.-0.88 161–789 7–9 2.0–3.34 60

Pineapple ~200 274 1.07 126 4.4 2.2 11.8

Sisal ~1000 200–400 1.5 468–700 9–22 3.0–7.0 11

Coir 350 12–25 1.2 175 4–6 17–47 10

Oil palm 0.59–142 150–500 0.7–1.55 50–400 0.57–9.0 4–18 23.63

Softwood Kraft 2.8–4.1 28–47 1.5 1000 18–40 - 8

Hardwood Kraft 2.67–3.98 31 1.2 - 37.9 - 8–25

Cotton 100–650 11–22 1.5–1.6 287–800 5.5–12.6 3–10 8–25

Chicken feather 0.005–1.7 10–40 0.89 100–220 3–10 - 11

Silk worm silk ~1500 10–13 1.3–1.4 293 4.5–57.1 0.03–25 98

Kapok 20–32 20 0.31–0.38 93.3 4 1.2 10.9

Abaca ~3000 151 1.5 12 41 3.4 14

Bagasse 1.2 15 1.2 20–290 19–27 3–4.7 8.8

Aloe Vera ~700 8–24 - 116.7 3.91 – 8.98

Curaua ~1500 100 1.4 87–1150 11.8–96 1.3–4.9 –

Wool 40–75 11.5–24 1.31 50–315 2.3–5 13–335 –

Grewia optiva 730 30 0.45 25.43 – 10.28 –

L Length; D Diameter; ρ Density; TS Tensile strength; EB Elongation at break; E Elastic modulus;
WAWater absorption
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Fig. 3 Fiber extraction methods. Source Author

than that of synthetic fiber. However, the specific mechanical properties of natural
fibers are pretty nearer to the properties of synthetic fibers.

Separation or extraction of plant-based fibers bundles from the leaf, bust, seed,
fruit, stalk, grass, or wood usually carried out either manually, using the machine,
or combining both. Retting process and decortications are the two commonly used
process of fiber extraction. In retting process, the plant sources are chemically or
biologically treated. In the decortications process, some kind of machine is used. In
this process, the plant sources are crushed and beaten by a rotatingwheelsetwith blunt
knives to separate the fibers from the source. The extracted fibers are then washed
and dried under the sun. Mechanical dehulling is another extraction process mainly
used for the separation of hull/husk fibers. The various fiber extraction methods are
presented in Fig. 3.

2.3 Green Composites

Various possible combinations of biodegradable polymer and natural fiber have been
attempted bymany engineers and scientists to develop green composites. The combi-
nations of biodegradable polymer and natural fiber studied by researchers are given
in Table 3. Different fiber orientation can be adopted for developing green compos-
ites of different properties. The fiber orientation may be one-directional at an angle
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Table 3 Different combinations of biodegradable polymer and natural fiber [48–87]

Matrix PLA

Fiber Kenaf, Chicken feather, Ramie, Jute, Cotton, Hemp, Hemp + Kenaf, Hemp +
Lyocell, Lyocell, Cordenka rayon, Flax, Triacetin+ Flax, Cellulose, Triacetin+ Flax,
Abaca, Denim fabric, Chopped recycled newspapers, Rice starch + Epoxidised
natural rubber, Sisal, Sugar beet pulp, Silk, Wood flour, Coconut, Bamboo flour,
Chitin, Fique Fibers, Bamboo fiber, Basalt, Coir, Banana, Aloe Vera

Matrix PCL

Fiber Flax, Rice husk, Abaca, Oil palm, Wheat gluten, Sisal, Chitin, Gelatin, Ramie, Fruit
bunch, Bagasse, Chitin, Banana, Wood floor, Jute, Silk-fibroin, Hemp, Fique fibers,
Macaiba

Matrix PHBV

Fiber Abaca, Luffa, Cellulose, Flax, Bamboo, Pineapple, Wheat straw, Coir, Kenaf

Matrix PBS

Fiber Abaca, Caraua, Sisal, Basalt, Coir, Jute, Cotton stalk bast, Bamboo, Straw, Sugarcane
rind/bagasse, Silk, Hemp, Flax seed, Kenaf, Coconut

of 0°, 90°, or 45° or bidirectional by combining two or more orientations. The bidi-
rectional fiber orientation is also called woven fabric. Woven fabric is produced by
interlocking the warp (0°) and weft fibers (90°). Different style of weave is available
to maintain the fabric’s integrity such as plain, twill, satin, basket, leno, and mock
leno [48]. In plain weave style, the warp and weft fibers are alternate to each other,
and the warp fibers are weaving over and under one weft fiber. While the warp fibers
are weaving over and under two or more weft fiber in twill fabric. When twill fabric
is modified to have fewer intersections, it is called satin fabric. The plain weave can
also be modified to basket fabric with interlocking two or more warp fibers alter-
nately with two or more weft fibers. The spiral pair obtained by twisting the warp
fiber around the consecutive weft fibers is called leno fabric. Mock leno is a type of
plain weave where fibers are warped at several fibers apart at regular intervals.

3 Applications

Green composites have the potential to create a positive environmental effect if they
are adopted by aerospace, automotive, construction, consumer product, and medical
product industries. In the past decades, many of these industries have shifted their
materials of product from conventional to green. At early stage, green composites
find their application only in aerospace industries. The materials used for indoor
structures such as seat cushions, cabin linings, parcel shelves, doors, and door shutters
of aircraft have been replaced by green composites [88]. With the development of
high-performance or ‘advanced’ composites, they are now admired in automotive
industries, electronics industries, building materials, and sporting goods [6, 9, 89].
In 2007, a 90% biodegradable vehicle named Agri-Car was developed as a joint
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Table 4 Applications of green composites

Sectors Applications

Short life product Packaging applications [10, 94]; Rope, bag, broom [39]

Electronics industry PLA/kenaf dummy cards in personal computer [95]; Mobile phone
[96];
Printed circuit board [97]; Radio [12]

Sports industry Toys [97]; Flax reinforced snowboards [98]; Tennis rackets [99];
Bicycle frames [100]

Biomedical industry Articular cartilage [101]; Trachea [102]; Sutures, drug delivery
systems and grafts [39]; Scaffolds for tissue engineering and bone
fixators [3]

Automobile industry Door trim panels[103]; Spare tire cover [104]; Seat backs, dashboard,
headliners [105]; Seat foams [106]; Lower door panel [107]; Luggage
compartment [108]; Engine and transmission enclosures for sound
insulation [109]; Spare tire well covers [110]; Center console and trim
[48]; Damping and insulation parts [48]; C-pillar trim [48]

Household components Ceiling, floor, window, wall partition, table chair, kitchen cabinet,
decks, suitcases [48]; Roofing [1]

Structural applications Concrete elements, fencing, decking, siding, bridge, fiber cement [48,
111]; Composite soil [1]

effort of Ohio State University and the University of Akron (Goodyear Polymer
Center) [90]. World First Formula 3 racing car or ‘green car’ was developed by
University ofWarwick in 2009 [91]. PLA/flax green composite was used to fabricate
a small pleasure ships/boats by collaborative work of companies and research centers
at PoleMer Bretagne, France in 2009 [92, 93]. Some of the applications of green
composites in different sectors are listed in Table 4.

4 Properties

4.1 Mechanical Properties

Mechanical properties are important to predict how the green composites would
behave under subjected loads when applied to practical applications during their
service life. Important mechanical properties which to be evaluated before intro-
ducing thegreen composites to thepracticefield are tensile strength (stress in tension),
Young’s modulus (stiffness), compressive strength (stress in compression), flex-
ural strength (stress at bending), flexural modulus, impact strength (stress at impact
loading), and shear strength (stress at shearing). To evaluate the tensile and compres-
sive strength of the green composites, uniaxial tensile and compressive tests are
carried out in a universal testing machine (UTM). The flexural strength is obtained in
terms of a three-point or four-point bending test. The flexural test of green composites
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Fig. 4 Tensile strength of different green composites. Source Author

can also perform in UTM. Traditionally, the impact strength of green composites is
obtained by Charpy and Izod impact tests. However, these traditional testingmethods
do not give accurate impact strength data for green composites. Researchers have
developed other impact testing methods particularly to evaluate the impact strength
of composites, such as, instrumented impact test and drop weight impact test [4].

The mechanical properties of green composites depend on many factors such as
fiber orientation, fiber content (%), length of thefiber, andbondingbetween thematrix
and the reinforcement.Many researchers have studied the tensile, flexural, and impact
strength of green composites [48]. The tensile strength of the green composites can
be enhanced by improving the bonding between the matrix and fibers. Ochi [112]
reported that the tensile strength of the green composites can be improved by adapting
accurate fabricationmethods. The tensile strength, elastic modulus, flexural strength,
and impact strength of different PLA-based green composites at 30% (weight) fiber
content are given in Figs. 4, 5, 6 and 7. Data related to compressive strength and
shear strength are handful as researchers have not given focus in this area yet. Roy
Choudhury et al. [28] studied the tensile and compressive failure load of PLA/bamboo
green composites. The authors have found that the compressive failure load of green
composites is more than that of tensile failure load.

4.2 Thermal Properties

The thermal properties of green composites are necessary to understand to know
the heat resistance capacity in different environmental conditions. The melting
temperature and glass transition temperature of the green composites are the critical
factors while preparing the composites for particular applications to prevent prema-
ture failure. The relative service temperature of the composites is determined by
evaluating heat deflection temperature (the temperature up to which the composite
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Fig. 6 Flexural strength of different green composites. Source Author

is stable). The PLA-based green composites are found to have lower heat deflec-
tion temperature. For this reason, their application is limited to a low temperature
environment [113]. However, the heat deflection temperature can be improved by
adding fillers [114]. Heat resistance capacity of green composites can also be signif-
icantly increased by decreasing the polymerization of the matrix. Lower cellulose
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percentage of natural fiber can also help in increasing the heat deflection temper-
ature of the composites. Lower crystalline composites are more prone to degrade
in higher temperatures [115]. There are many techniques available to evaluate the
thermal properties of the green composites, such as, thermogravimetry analysis
(TGA), differential scanning calorimetry (DSC), and differential thermal analysis
(DTA).

4.3 Biodegradability

Green composites can be degraded to CO2 and water under enzymatic action of a
living organism. Degradation initiates through an arbitrary chain breakdown due to
changes in environmental temperature. The rate of degradation of the green compos-
ites is affected by many factors such as chemical and crystal structure, molecular
weight, glass transition and melting temperature, crystallinity, surface area, and
condition of green composites [4]. The degradation of green composites is faster
under higher temperatures and humid conditions. The amorphous part of the matrix
of the green composites degrades more rapidly compared to the crystalline part. This
indicates that the rate of degradation decreases with an increase in the crystallinity of
the composites. Again, when the molecular weight, glass transition temperature, and
melting temperature of green composites are higher, the degradation rate is slower
[116]. When degradation temperature is higher than the glass transition temperature,
the anaerobic biodegradation of the green composite is found to be rapid [117]. The
degradation rate of green composites without enzymatic action is lower compared to
the enzymatic action [118]. The reinforced fibers in green composites can also slow
down the rate of degradation of the matrix material [4].
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5 Processing

The processing of green composites is influenced by many factors such as moisture
content, types of fiber, fiber orientations, and themelting point of the polymermatrix.
The moisture present in the fiber and the polymer can lead to debonding of the fiber–
matrix interface. Preheating of the fiber and the polymer is an essential step before
processing of green composites to remove the moisture. Researchers have developed
many processing technologies to obtain high quality of green composites. Compres-
sion molding is one of the oldest and commonly used processing technologies to
obtain lightweight and high-performance green composites. In the compression
molding technique, the fiber and polymer matrix are together compressed between
two hotmolds. Themain controllable parameters in compressionmolding are heating
time, applied pressure, cooling time, de-molding, etc. Sheet molding is a type of
compression molding in which the concept of film stacking method is used. These
two types of fabrication methods are mainly used for woven fabric and low volume
fraction of fiber. The short fiber-reinforced green composites can be fabricated by
using injection molding and extrusion molding techniques. In these techniques, the
chopped fiber and polymer matrix are delivered to the heated barrel through the
hopper. The polymer gets melted in the barrel and molded together with fiber as
required shape. The composite components obtained from extrusion molding are of
uniform cross section. While many complex shapes of green composite components
can be fabricated by an injection molding technique. Chaitanya et al. [53] used the
single screw extruder to pelletize the PLA pellets and short aloe vera into 5 mm long
pellets. The extruded pellets were then transferred to the injection molding machine
to fabricate the composites. A similar procedure was applied by Liu et al. [119]. The
extrudedfiber-reinforced pellets can also be used in the compressionmolding to fabri-
cate short fiber-reinforced green composites [120]. Researchers have also used some
other methods like wet impregnation, solution casting, andmelt blending to fabricate
green composites [121–123]. Murariu et al. [124] developed green composites by
combiningmelt blending and compressionmoldingmethods. Hand layup, resin infu-
sion molding, etc., are some of the methods used to fabricate thermosetting-based
green composites.

6 Machining and Joining Behavior

To enhance the areas of application of green composites and to producemore compli-
cated products, some kind of secondary manufacturing processes such as machining
and joining are vital. However, secondary manufacturing of green composites is not
an easy task due to the anisotropic and inhomogeneous nature of the natural fiber.
Researchers have found that delamination, fiber pullout, matrix burning, chipping,
spalling, micro-cracks, and reduction of strength are the common defects associated
with the secondary processing of green composites [28]. This damage is due to the
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higher forces and temperature induced during machining operations. The drilling
behavior of the green composites has been extensively studied by many researchers.
However, very few studies are found on milling and turning of green composites.
The stress concentration that arises during the machining operation can be reduced
to eliminate the immature failure of composites during the service life. The stress
concentration can be eliminated by reducing the damage produced duringmachining.
This can be achieved by selecting a proper parametric setting by optimizing the
process parameters. The machining behavior of green composites is influenced by
many factors, such as, feed rate, spindle speed, tool geometry, depth of cut, and
machining conditions. In drilling operation, good quality of hole can be produced
in green composites by controlling the higher induced forces and temperature. It is
obtained from the research study that by selecting lower feed rate and higher spindle
speed, the induced forces and temperature can be lower down. The geometry of the
tool also significantly influences the machining behavior of green composites [125].
Drilling of green composites with traditional drill bit produced higher machining
force resulting in severe damage in and around the drilled hole. The drilling forces
are largely dependent on the indentation effect induced by the quasi-stationary tip
of the drill bit. To overcome this difficulty, various drill bits have been specifically
designed for drilling polymer composite laminate. The commonly used drill bits for
making a hole in green composites are step drill, parabolic drill, 8-facet drill, dagger
drill, core drill, step-core drill, straight flute, and Jo drill [28, 126]. Similarly, the
milling cutter used during milling operation of green composites has a significant
effect on the quality of the milled surface. The six-flute end mill cutter is found to
produce more damage compared to the two-flute end mill [127]. The fiber orien-
tation of the green composites also significantly affects the surface quality during
machining. A good surface finish can be obtained at 0° orientation of fiber. The
surface roughness value increases as the orientation angle increases [128].

Along with the machining operations, some kind of joining operations are also
essential for assembling various small green composites parts to make a complicated
design. Different joining methods available for green composites are mechanical
joining, adhesive joining, and fusion bonding. The joining of green composites is a
very challenging task due to different load transfer paths. The improper joint design
may lead to stress concentration and cause the failure of the joint during the service
life of the product. Therefore, joining behavior of green composites is necessary
to understand. Mechanical joining and adhesive bonding are the two conventional
methods of joining of composites. In mechanical joining, the composites are assem-
bled by a mechanical fastener. The mechanical fasteners available are nut and bolt,
rivets, pin, etc. In adhesive joints, adhesive materials such as epoxy, polyurethane,
and acrylic are introduced between the interfaces of the joint to obtain the bonding.
The mechanical and adhesive joining behavior of PLA/bamboo green composites
was studied by Roy Choudhury et al. [28, 49]. The authors found that bolt fastening
torque of mechanical fastener and the adhesive materials used for joining are impor-
tant parameters while determining the joint strength. In recent times, the hybrid
joining (bonded/bolted) technique is emerging as a potential joining technique as it
prevents premature failure of the composite joint. In hybrid joining, the mechanical
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and adhesive joining techniques are combined to produce stronger and stiffer joint
than the individual joining methods. The defects associated with mechanical and
adhesive joining such as stress concentration, deboning, and kissing bonds can be
eliminated in hybrid joining. The hybrid joint can offer both the jigging and sealing
action in a composite joint. The fusion bonding technique of joining thermoplastic
composites appears to be a promising method that has replaced many of the tradi-
tional joining methods. In fusion bonding, the bonding at the interface of the joining
takes place by the generation of heat utilizing thermal, friction, and electromagnetic
energy. In thermal welding, the heat at the interface is generated by the infrared, laser,
or hot gas. In friction welding method, ultrasonic vibration or stirring mechanism is
used to generate heat at the interface. Similarly, induction, microwave, and resistance
heating mechanism are used to induce heat in electromagnetic welding technique.
The main advantage of fusion bonding techniques is the time saving, eco-friendly,
cost-effective, elimination of stress concentration, and additional weight. The fusion
bonding behavior of green composites is studied by Roy Choudhury et al. [129].
The authors have used high-frequency ultrasonic vibration to generate heat in the
interface of PLA/bamboo composites parts. The welding parameters such as applied
pressure, welding time, and cooling time are found to have a significant effect on
the joining strength. The selection of an individual joining method depends on the
application of the final product. The potentiality of green composite materials can
be completely utilized by developing an efficient joint design.

7 Conclusions

In this chapter, an attempt has been made to present a brief introductory overview of
green composites. The green composites are biodegradable material, and they have
replaced many synthetic fiber-reinforced polymer composites in various fields of
applications. By exploitation of more biodegradable polymer and fiber, the potential
of green composites as lightweight sustainable material can be increased. Economic
fabrication methods and improved properties are the keys to implement green
composites in more complicated applications. More attention should be given to
the problems associated with green composites such as poor interfacial adhesion
between the natural fibers and the matrix, moisture absorption, poor fire resistance,
low impact strength, and low durability. The research on machining and joining
behavior of the green composites is still in the initial stage to meet the demands of
the commercial appeal.

8 Future Scope

The processing temperature ofmost of the composites is restricted to 200 °C. Beyond
this temperature, the matrix as well the natural fibers undergoes degradation. Also,
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the high moisture absorption nature of natural fibers results in poor mechanical
properties of green composites consequently reduces dimensional stability. There is
a huge opportunity for researchers to improve the thermal and mechanical properties
of green composites and to make it long durable and long-lasting.
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Chapter 2
Green Composite Using Agricultural
Waste Reinforcement

M. Ramesh, L. Rajeshkumar, D. Balaji, and V. Bhuvaneswari

1 Introduction

Present decade is the era of using the organic wastes as reinforcements or fillers
in natural fibre reinforced composite materials (NFCs) which became the research
interest in the field of novel material development. Utilization of organic wastes as a
part ofNFCs results in numerousmerits including theminimization of non-renewable
resources used to manufacture NFCs like synthetic fillers or polymers. This may in
turn reduce the overall cost of the raw material used to prepare the composites, as
majority of the resources used are from renewable sources particularly from organic
or agricultural wastes. Many researchers stated the various possible ways of manu-
facturing NFCs by adding organic wastes. In few cases, NFCs were manufactured
from animal manures along with the addition of high density polyethylene (HDPE)
or high density polypropylene (HDPP) [1]. Even though the mechanical strength
of the above-stated composite material cannot be compared with pine flour filled
thermo composites, they can be used in some applications whose load ranges are
low and medium.

Few researches were performed in order to compare the properties of NFCs made
upof agro-wastes such as sugarcane bagasse, sunflower and corn stalks.Among them,
composites made of sugarcane bagasse possessed better mechanical characteristics
owing to its rich cellulose content when compared with other agro-wastes. It was also
stated that in agro-waste reinforced NFCs instead of fibre morphology, like aspect
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ratio, governing the mechanical characteristics, microscopic chemical contents of
the fibres like cellulose and lignin governed them. This was purely due to the direct
governance of microscopic contents over the interfacial interaction between matrix
and the reinforcements [2]. Thermo-chemical conversion of biomass results in bio-
chars and liquid residues follow an uphill trend in being used as reinforcements for
manufacture of NFCs. Char can potentially be used as reinforcement or filler in wood
flour composites (WFC) and is investigated bymany researchers. Further, whenWFC
was filledwith charcoal powder, resultswere reported to render numerous advantages
like minimal water absorption [3–5], reduced rate of heat release [6], better tensile,
impact and flexural properties [3–7] and increased thermal stability and conductivity
[3, 4, 6, 7]. Apart from WFCs, char can be used as filler or additive for other NFCs
with jute or hemp as their primary ingredient.

Very few or no studies has reported the preparation of NFCs with char as an
additive but without the use of coupling agents and lubricants which are yet to be
revealed. In spite of many positive results, the possibility of using the organic waste
and residue materials as an alternative for non-renewable derivatives like plastics
has to be studied deeply. Currently, char has been investigated as a substitute for
wood flour in equal quantity as the fraction of PP remains the same. Though the
wood-based composites filled with biochar reinforced in PP matrix has proven to
be economically sound, pure biochar filled NFCs have not yet been discussed in
economic point of view. Meanwhile, the possibilities of using various pyrolysis
liquids for the synthesis of biochar can also be studied. Vaisanen et al. [8] extensively
discussed the effectiveness of biochar prepared by slow pyrolysis liquid and its
utilization in WFCs. Results exposed that the addition of pyrolysis liquids into WFC
greatly influenced the volatile organic compounds (VOC)of the composites. Safety of
material usage and the properties of VOC should be taken into account meticulously
when such organic wastes are added to the composites. Complete studies on the
pyrolysis liquids for the preparation of biochar and its association with polymers and
natural fibres can be extensively conducted.

Similarly, when waste paper sludge was added to WFCs, a positive change in
dimensional stability, mechanical properties and hydrophobicity were noted to occur.
Hamzeh et al. [9] noted that even without the use of coupling agent while manufac-
turing WFCs filled with paper waste, a notable increase in flexural properties could
be noted. Addition of paper mill sludge into HDPE composites was also noted to
bring up significant changes in composites characteristics [10]. Constituents of the
paper sludge like cellulose and ash influenced the mechanical characteristics of the
composites much along with various types of sludge used. Researchers also tried to
prepare hybrid NFCs made of waste newsprint fibre and wood flour reinforced in
polypropylene (PP) and maleic anhydride grafted polypropylene (MAPP). During
the preparation, the aspect ratio of newspaper fibres were at least nine times greater
than the wood flour and it resulted in enhanced strength of composites [11]. These
composites exhibited better strengths and thermal stability [measured using thermo-
gravimetric analysis (TGA)] than unreinforced PP in absence of coupling agents and
these observations were similar to Hamzeh et al. [9].
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Yet, the mechanical characteristics of hybrid NFCs reinforced in PP performed
better after the incorporation of MAPP into them [2]. When the content of wood
flour was increased in the hybrid composites, thermal stability has gotten better
which could be due to the presence of large amount lignin content in wood flour.
Such hybridization, therefore, renders better resultswhich could possibly be explored
further more. These hybridizations would be feasible in any of the following ways:
(i) unlike single fibre reinforced composite materials, usage of chemically and phys-
ically distinct fibres ends up in lot of advantages, (ii) usage of many organic wastes
in manufacturing of a single composite material offers the irrepressible use of waste
materials for producing NFCs.

Researchers are over-concerned in using organic industrial wastes to manufacture
NFCs as the natural and renewable resources are currently over-used and exploited
more [9, 12]. Hybridization of sand dust from medium-density fibreboards (MDF)
with nano-clay reinforced inPPhas been found to improve the strength characteristics
and hydrophobicity of the composites. Since the usage of residues is a novel in
material usage, few authors could not explain the results broadly even they contribute
to the economical point of view and applications greatly. The importance of resin
elements and fillers used was masked by the MDF itself while manufacturing MDF-
based composite materials. This could be understood from the influence of nano-
clay particles and matrix interaction over the experimental results obtained. Slow
pyrolysis method of liquid addition was also found to enhance the hydrophobicity
and mechanical characteristics of the viable WFC [8, 13–15].

Lignin that was the residue out of paper and pulp industries was considered to
be a surplus ingredient that can be used as additive while manufacturing NFCs.
Few experimenters used lignin as a filler material while preparing coir-PP composite
materials. TGA results of the composite materials revealed that the initial decom-
position temperature during the oxidation induction has increased solely because of
lignin addition but upon compromising the enhancement of tensile strength of the
composites.Water absorption of the coir-PP composites was reduced due to the addi-
tion of lignin fillers [16]. Norway spruce pulp derived tall oil fractions were utilized
to prepare the ethane and propene monomers which are very effective constituents
that can be used for the preparation of NFCs [17]. 35 wt% of ethene and 18 wt% of
propene can be obtained from the tall oil fatty acids by means of pulp hydrodeoxy-
genation in the presence of nickel-molybdenum hydrotreating catalysts. Hence, the
adoption of organic waste as additive or reinforcement in manufacturing of NFCs
can be clearly witnessed from the above facts. Studies and experimental gist prove
the swift increase of researches in the use of agricultural wastes and residues. Many
articles were published during the recent times by exploring various manufacturing
methods for the waste and residue materials usage in NFC preparations and this
minimizes the use of fossil fuels that in turn reduces the environmental effects. This
has also been a trendsetter as far as composite industries are concerned.

Nevertheless, improvement the interaction between the key ingredients of NFCs
and accomplishing desired properties pose a great challenge for which the usage
of coupling agents of other additive materials becomes inevitable for preparing a
full-fledged viable NFCs. Current volume of NFC markets and industries are not
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sufficient to minimize the fast-growing annual wastes by utilizing them as additives
in NFCs [18]. Hamzeh et al. [9] estimated that the annual organic wastes may shoot
up to 19 billion tons by the end of 2025. Demands for a novel technology to treat
wastes and use them in NFCs are currently required for the waste management and
overcoming the hurdles in manufacturing of NFCs. The studies reveal versatile ways
of using the organic waste as reinforcement. In this review, the focus is all about
two-specific hybrid application of the agricultural waste as a reinforcement that is in
construction industry along with metal matrix composites.

2 Agricultural Waste Composites

2.1 Oil Palm Shell Reinforced Composites

Teo et al. [19] conducted the most primitive research primarily on the oil palm
shell (OPS) reinforced concrete composite beam and the flexural characteristics of
concrete beam under static loading were investigated. Reinforcement ratios of 046%,
0.67% and 0.98% were maintained for the while preparing the composites. Authors
stated that the failure of the concrete beam followed conventional flexural failure
mode preceded by concrete cover crushing with steel yielding. It was also noted that
the ultimate moment values of the beam were 19–35% more than that of theoretical
moment predicted by BS8110 code. As the results were traditional, it was concluded
that no negative effects were observed in reinforcing OPS with concrete beam.

Muda et al. [20] adopted a new method of using geogrid concrete slab reinforced
with OPS and investigated the flexural strength of the slab by static tests. Geogrid is
a polymer material primarily used as reinforcement which has openings and net-like
surface texture characterized by high modulus values. Authors reported the increase
of flexural strength values by almost 57%with the increase in geogrid reinforcement
layers and decrease of flexural strength with the increase on content of OPS. This
can be attributed to poor OPS properties as the material is inherently possess large
amount of porosity. Bond breakage between OPS and concrete paste was found
to be predominant failure mode in OPS filled geogrid concrete slabs. Yet it was
observed that the OPS incorporated geogrid concrete slabs can be readily used in
residential building construction because the flexural strength of these slabs satisfies
the ultimate strength specified by BS8110 code for residential slab specification. In
the meantime, OPS added geogrid concrete slab satisfies the serviceability deflection
which also falls within the limit for residential construction as stipulated by BS8110
code. Above-experimental results showcase that OPS concrete slabs are safe while
preparing them for construction and they were found to conform the design code
norms and serves as better alternative for traditional concrete slab. This could be
possible due to the minimization of dead load of a structural member covering a
larger area at the site.



2 Green Composite Using Agricultural Waste Reinforcement 25

2.2 Palm Oil Clinker Reinforced Composites

Mohammed et al. [21] investigated the palm oil clinker (POC) reinforced concrete
composite beam for its flexural strength under various loading conditions and various
combinations of tension reinforcement ratios ranging between 0.35 and 2.23% were
discussed. Results revealed that there was no significant change brought by rein-
forcing POC into concrete in terms of failure mode as all the reinforced beams failed
in typical modes. It is analysed and compared the flexural behaviour of short and
long shear POC reinforced concrete slab contoured by steel sheets with traditional
normal weight concrete (NWC) slab [22]. It was noticed from the experiments that
both the slabs failed by shear-bond mode of failure apart from showcasing better
ductile behaviour. Due to low elasticity modulus of the POC material, the POC
reinforced concrete slab exhibited high deflection values when compared with tradi-
tional NWC slab. Nevertheless, POC material can be potentially used for composite
slab construction as the characteristics of the POC slabs were observed to be fitting.
Composite deck slab that is used as in building construction is inherently character-
ized by a lightweight structure and reinforcing POC with that would render better
applicability due to the fact that POC slab was proven to have 18% lesser weight
compared to NWC slabs.

2.3 Coconut Shell Reinforced Composites

Gunasekaran et al. [23] analysed the single and double layer of coconut shell (CS)
reinforced concrete beam for its flexural strength under static loading. Failure mode
of single layer CS reinforced concrete beam (nomenclated as under reinforced) was
by yield mode trailed by the crushing of concrete in compression zone while the
failure of double layer CS reinforced concrete (nomenclated as over reinforced) was
before yield that occurred in tension zone. Above results state that CS reinforced
concrete beam has likely behaviour with traditional NWC beam. It was also stated
by the authors that the general characteristics of theCSbeamsweremostly in linewith
other types of concrete beams such as lightweight aggregate (LWA) concrete beams.
Authors concluded that IS 456 and BS8110 codes can be readily used to create
a conventional design method for finding the ultimate moment of CS reinforced
concrete beam and this fact was proven by the experimental ultimate moment values
from the experimental evaluations.

2.4 Cellulosic Fibres Composites

Vegetable fibres are available in various forms such as staple, strands and pulp and
in different morphologies such as length, diameter, surface roughness and aspect
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ratio as shown in Fig. 1. Fibre surfaces can also be readily altered for making the
fibres additionally hydrophobic or hydrophilic and can be made ready for attaching
functional groups with it [24].

Soroushian et al. [26] used a slurry vacuum de-watering method in Hatschek tech-
nique to manufacture pulp fibre reinforced cement composites in a weight fraction of
8% of reinforcement. Here, the slurry is formed with 20% solid materials by mixing
the matrix and corresponding weight of reinforcements which are water dispersed
thus forming a slurry. Then, the slurry is poured on to a mould with drilled holes and
was applied with vacuum. Then, the board placed over the slurry was applied with
compressed load till the thickness of the slurry falls down to 15 mm (Fig. 2).

Experimentswere also carried out by reinforcing around4wt%of pinus and cotton
pulp reinforced cellulose composites by using a de-watering under pressure methods
[27]. Cement, fluidizer,water and sand are the constituents of cement pastewithwater
to cement mixture ratio of 1:1. This paste is added with the water-dispersed cellulose
fibres. In order to have a least amount of loss of sand and cement and to allowmost of
the water out of the mixture, the specimens were placed in a micro-grilled mould and
the load was applied to it. Mould was then transferred to a plate, compacted using
a vibrating table and compressed for about 24 h to obtain an ultimate pressure of

Fig. 1 Vegetable fibres as a pulp, b strands and c staple [25]

Fig. 2 Processing of composite [25]
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Fig. 3 Mould and press system to prepare the specimens [25]

4 MPa. Figure 3 shows the mould and press used to prepare the specimen and Fig. 4
shows the scanning electron microscopy (SEM) images of the specimen prepared.

Fig. 4 SEM images of cement cellulose fibre reinforced composites [25]
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3 Agricultural Waste-Based Metal Matrix Composites

Materials created in view for sustainable development paved way for most number
of current day applications. Many years of research in the field of metal matrix
composites (MMCs) were spent by utilizing different chemical constituents as rein-
forcements for them. Particularly, aluminium MMCs resulted in positive change of
characteristics in terms of wear, corrosion, thermal, microstructural and mechanical
properties when such chemicals were used as reinforcements. Search for potential
alternative materials that can be used as reinforcements for MMCs replacing tradi-
tional reinforcements like titanium nitride, graphite, zirconium, silicon nitride and so
on. Many literature reviews revealed that the likeliness of using agro-waste materials
as substitutes for chemical reinforcements likemagnesium oxide or silica can be least
expensive and easily manufactural. Few waste materials researched to be a poten-
tial alternative for ceramic or particulate reinforcements are cow horn, groundnut
shell, bean pod ash, aloe vera, rice husk, coconut shell, breadfruit seed hull ash
and many other materials. Many authors determined that the agro-waste reinforce-
ments in powder form are having potential abilities for using as reinforcements in
MMCs. They improve the mechanical characteristics equally when they are used as
reinforcements when compared with unreinforced cast materials.

Atuanya and Aigbodion [28] prepared the Al-Cu-Mn MMCs reinforced with
bean pod ash through double layer feed stir casting technique and themechanical and
microstructural characteristics of bean pod ash reinforced aluminiumalloy (BPAAC).
BPA was reinforced in aluminium alloys in 1–4% by weight. Hardness, tensile and
impact strength of BPAAC were evaluated and they are characterized through XRD
and SEM. Experimental results revealed that the interfacial bond of the resulting
composites was better than unreinforced composites and the mechanical properties
like tensile strength and hardness were better for 4 wt% and were higher by 44.1
and 35% than other counterparts. Even though the organic wastes were reinforced
in lower weight percentages, the mechanical characteristics of the AMMCs were
enhanced.

Saravanan and Kumar [29] done the investigation on aluminium–silicon-
magnesium alloy for the betterment of mechanical properties. Here, the base metal
is easily available with low cost.

Rice husk ash is used as reinforcing element.Differentweight fraction ofRHAwas
used for fabrication. Those fractions are 3%, 6%, 9% and 12% for the improvement
of mechanical properties with liquid metallurgy. Analysis of particle distribution
of RHA was done from scanning electron microscope (SEM). From SEM, it was
evident that, the uniform distribution of RHA particles was achieved which was
useful for achieving the improvement of hardness and tensile. Interfacial surface
was increased among the reinforcement and matrix. Ochieze et al. [30] done the
tribological property analysis on A356 alloy with the reinforcement of cow horn.
Production of cow horn particles was achieved by sintering of the spark plasma.
Design of experiments was used for the experimental investigation. Here, Tahuchi’s
(L9) technique was implemented. Tribometer was effectively utilized for wear test.
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SEM experiment analysis was done for the surface morphology of the composite.
By comparing unreinforced alloy A356, reinforced alloy shown an improved sliding
resistance to the wear. From this investigation, it is evident that, reinforcing corn horn
particulates with A356 alloy enhancing the composite wear resistance by reducing
wear rate.

Mishra et al. [31] done the research on the aluminium matrix composite. In that
aluminium alloy, LM6 as a base metal and rice husk is a reinforcing agent. Here, the
weight percentage of rice husk was utilized as 6. Hardening of the composites was
conducted at different temperature conditions like 135, 175 and 225 °C. Fabrication
of metal matrix composites was done by using stir casting technique. Hardness of the
composite was increased from 54.8 to 78.4. The high increment was observed in the
composite with the temperature of 175 °C. Atuanya et al. [32] focused their research
on aluminium silicon ferrous alloy for the betterment of mechanical property and
microstructural behaviour. In this regard, breadfruit seed hull is added as a reinforcing
agent with the Al–Si–Fe alloy. Here, the seed hull is added as a particulate with a size
of 500 nm which was examined and analysed from six different fractional weights.
As expected, the mechanical property of a composite was good and enhanced but
with small decrement of the energy absorbed by the composite. The reason behind,
this is, compatibility between the base metal and reinforcement was excellent.

HimaGireesh et al. [33] done the fabrication of aluminiummetalmatrix composite
with the reinforcement of aloe vera powder in order to enhance the mechanical prop-
erty and characterization behaviour. They also observed there was a tremendous
change of AMMC reinforced with aloe vera powder than reinforced with fly ash
done by many researchers. Significant improvements were observed in the compos-
ites in case of elongation, energy observed and hardness. Alaneme et al. [34] carried
a research on fabrication of AMMC with hybrid synthetic and natural reinforce-
ment. Here, hybrid reinforcement indicates silicon carbide and groundnut shell ash
particle. The experiment has been done for characterizing fracture, SEMandmechan-
ical properties. The mixing ratio of both the particles varied in the range of 0:10,
2.5:7.5, 5:5, 7.5:2.5, and 10:0 with 6 and 10 wt%. Continuous observation shown
that with increased amount of groundnut shell ash (GSA) the percentage elongation
was constant, but the fracture toughness was increased by increasing the content of
the groundnut shell ash.

Nwobi-Okoye and Ochieze [35] carried out the research work of aluminium alloy
A356 reinforced with cow horn powder. This work was applied on brake drum. In
this case, several methods have been used for the betterment. Those methods include
artificial neural network (ANN), response surfacemethodology (RSM) and simulated
annealing. The main aim of this work concentrated the modelling of the age hardness
process with the help of A356 reinforced by cow horn particulates using ANN and
RSM. Final result shows the improvement of age hardening by 0.9921 predictions
in ANN and 0.9583 predictions in RSM. Alaneme and Olubambi [36] examined the
tribological property of aluminium alloy with hybrid reinforcement. In this work
for wear and corrosion behaviour, Al–Mg–Si alloy is taken and reinforced by rice
husk and ash particulate. Reinforcing elements were used with a weight percentage
of 2, 3 and 4 for preparing 10 wt% of strengthening element with aluminium metal
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matrix composites. Corrosion and wear behaviour of composites were examined by
potentiodynamic polarization measurement, open circuit corrosion potential (OCP)
and coefficient of the friction parameter, respectively. It was observed that drastic
improvement for corrosion resistance in the hybrid reinforced compositewith 10wt%
of alumina of 3.5% NaCl solution.

In 2017, the research on hybrid aluminium metal matrix composite done with
two-step compo-casting method which is a novel technique. In this, fly ash chemo-
sphere with the weight percentage of 10 and graphite with a weight percentage of
2, 4 and 6 added with the base matrix. Relating to the study of structure reveals the
formation of dendrite of chemosphere and graphite in Al 7075 matrix. Moreover,
mechanical properties like hardness, tensile of the composites were enhanced by the
addition of chemosphere and graphite. It was observed that tensile strength of the
composite was improved as 213 N/mm from 178 N/mm. Tribological behaviour like
wear resistance was improved by graphite because of its lubricating nature. Bear
resistance was enhanced by chemosphere. It was also observed that machinability
of the composite enhanced and optimization of machining parameters employed
with the help of artificial neural network (ANN) technique. It was evident that from
ANOVA, the surface roughness of the composite was decreased in which percentage
of graphite increased [37]. Sharma et al. [38] concentrated their research on tribiolog-
ical properties by fabricating the composites from aluminiumwith the reinforcement
of fly ash. Various proportions of base metal and reinforcement were used for fabri-
cation in metal matrix composite. For this fabrication, stir casting technique was
chosen with 2, 4 and 6 wt% of fly ash. Pin on disc tester was used for wear, frictional
force and bear calculation of the composite and there was a need of keen examination
of tribe pairs which are connecting the soft surfaces of cast iron disc and flat metal
matrix composite. Fly ash with weight percentage of 6 is shown a better outcome in
the bear resistance of 0.32 g and 4 wt% of fly ash gives short coefficient of resistance
of 0.12.

Rice husk ash is used as a reinforcing agent with aluminiummetal matrix compos-
ites which is extracted from milling paddy. Demand of conventional aluminium
material can be reinforced with RHA. Industrial economy can be improved from
agricultural waste by using RHA as a reinforcing agent. Since it is an agricultural
waste, the inventory and discarding are easy. Figure 5 shows the images of rice husk,
its carbonized form and the ground form.

Hardness and tensile strength of the composite enhanced because of better unifor-
mity exist between RHA and aluminium matrix. It was observed that, appreciable
increment in case of strength due to the better interfacial bond between both matrix
and reinforcement. It is also observed that hardness, tensile and compressive strength
of the composite were improved and ductility was decreased by increasing theweight
percentage of RHA. Figure 6 shows the process of stir casting of aluminium alloys
reinforced with rice husk ash.

It was concluded that the enhancement in the mechanical properties can be well
attributed to the high dislocation density. Even though the tensile strength of the
composite was reduced by adding the RHA with wt% of 12 [39]. Figure 7 shows
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Fig. 5 a Raw rice husk, b carbonize rice husk ash, c grounded carbonized rice husk ash and
d combusted rice husk ash (grayish white) [39]

Fig. 6 Stir casting equipment: a electrical furnace and b preheated permanent mould [39]

the scanning electron microscopic images of aluminium–silicon-magnesium metal
matrix composites incorporated with rice husk ash.
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Fig. 7 SEM images of MMC with RHA. a AlSi10Mg; b AlSi10Mg + 6% RHA; c AlSi10Mg +
9% RHA; d AlSi10Mg + 12% RHA [39]

4 Conclusion

The thrust area in the research generally varies with the advancements in the tech-
nology. Only few areas always hold a position in the list, one among of them is
waste reusability (waste to wealth). Agriculture waste has special attention owing to
environmentally friendly in nature. This chapter focused on the agricultural waste
reusability as reinforcement in the wired combination as in the construction industry
and along with the metal matrix composite are discussed. In construction industry,
the agricultural waste is added with concrete materials as the reinforcement like slab,
beam and cement mortar. The waste materials from agri-like oil palm shell, palm
oil clinker, coconut shell and cellulosic fibre for cement mortar. It is replaced in the
concrete to form the variant of lightweight concrete (LWC), as a known fact that
these waste materials is much less in weight. These waste materials inclusion as
a reinforcement in the LWC is while comparing with the normal weight concrete
(NWC), the possibility of increasing the bond strength is observed. The biomate-
rials are added in the metal matrix composite which enhanced the material property.
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Further, in all the cases, fibre treatment improves the strength additionally along with
specific property can be added to the composite materials. Hence, the application
of such NFCs reinforced with organic wastes is wide spread such as in construction
industries and in fabrication of non-structural elements also. Further, explorations are
possible if these pre-fabricate elements are analysed experimentally for their special
curing conditions.
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Chapter 3
Green Fiber Thermoplastic Composites

Gulcihan Guzel Kaya and Huseyin Deveci

1 Composite Materials

Composites as functional advanced materials take place near the top among required
materials worldwide. There is a growing interest in utilization of composite materials
in many engineering fields such as automotive, construction, aerospace, electronics,
and biomedical industry [1]. Composite materials compose of at least two compo-
nents whose promising features combine to form amaterial with better properties [2].
Regarding to matrix type, composite materials are subclassified as polymer-matrix
composites, ceramic-matrix composites, and metal-matrix composites [3].

Polymer composites are commonly used materials with the advantages of low
density, high mechanical strength, excellent resistance to wear and corrosion and
flexible operability [4, 5]. Polymer matrix as continuous phase in the composite
structure is divided into two groups: thermoplastics and thermosets [6]. Compared
to thermosets, thermoplastic polymers have been mostly focused on due to their
remoldability as well as recyclability [7]. To enhance properties of different types of
polymer matrices, fillers as dispersed phase are incorporated into the matrix. Various
fillers including carbon-basedmaterials (carbonfiber, carbon black, graphene, carbon
nanotube, etc.), glass fiber, silica, clays, metal oxides (TiO2, Al2O3, Fe2O3, ZnO,
MgO, etc.) and calcium carbonate have been used in polymer composites [8–14].
However, green fibers play an important role as filler due to increasing environmental
awareness and economic issues. Moreover, legislative policies have been applied for
using renewable sources like green fibers instead of conventional sources in many
countries [15, 16].

In this chapter, the authors centered upon green fiber-reinforced thermoplastic
polymers. Firstly, different types of thermoplastic polymers and green fibers were
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investigated in general. Production processes of green fiber thermoplastic composites
were expressed briefly.Mechanical, thermal, andwater absorption properties of green
fiber–polymer matrix composites were examined. Lastly, wide range of applications
of green fiber thermoplastic composites was summarized.

1.1 Thermoplastic Polymers

Thermoplastics consist of linear polymer chains which are connected each other by
intermolecular or van der Waals interactions [17]. Softening of thermoplastic poly-
mers under heating makes their formability easy, and thermoplastics in viscous state
can be converted into solid phase by cooling without chemical changes. Therefore,
repeatable heating and cooling process provide them recycling ability [18]. In case
of effective drying before using thermoplastic polymers, no gas or vapor release is
observed which is significant in terms of environmental policy [19].

Thermoplastic polymers can be classified as semi-crystalline and amorphous
according to molecular arrangement. Polyethylene (PE), polypropylene (PP),
polyamide-6 (Nylon-6), and polyamide-6,6 (Nylon-6,6) are most known semi-
crystalline polymers that have mixture of well-ordered and random arrangement
[20]. Amorphous polymers composes of randomly arranged molecules including
polystyrene (PS), polyvinyl chloride (PVC), polycarbonate (PC), polymethyl-
methacrylate (PMMA), etc. [21].

Commonly used thermoplastic polymers called as engineering plastics are given
with typical properties in Table 1 [20–27]. Low-density polyethylene (LDPE)
producedwith the ethylene polymerization under high pressure has a density as lowas
0.91 g/cm3 due to many braches in its structure originated from intermolecular chain
transfer in polymerization. Formation of branches causes low mechanical strength
that can restrict utilization of LDPE. However, high-density polyethylene (HDPE)
is prepared at atmospheric pressure in the presence of catalyst leading no or fewer
branching structure. When compared to LDPE, HDPE possesses better mechanical
properties depending on branching degree [28, 29]. PP is one of the commodity
polymers which is highly resistant to many chemicals [30]. PS has attracted great
attention owing to ability of chemicalmodification in various fields [31]. Nylon-6 and
Nylon-6,6 exhibit higher thermal stability than many thermoplastic polymers. These
types of polymers are preferred especially in high-temperature required processes
[32, 33]. PVC is the second most widely used thermoplastic polymer following PE
with the advantages of low-cost and optical properties [34].

1.2 Green Fibers

Natural fibers are sustainable and environmental-friendly green materials that have
an edge over synthetic fibers [35]. Based on sources, natural fibers can be classified
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Table 1 Properties of commonly used thermoplastic polymers [20–27]

Property LDPE HDPE PP PS Nylon-6 Nylon-6,6 PVC

Tensile strength
(MPa)

12 26 26–41 46 80 60–80 48

Young modulus
(GPa)

0.2 1.4 1.3 2.8 2.5 2.8 2.2

Elongation at
break (%)

90–800 840 15–200 1.0–2.5 20–150 0.7–19 10–100

Izod impact
strength (J/m)

854 27–1068 21–267 17 60 100 32

Tg (°C) −125 −120 −10 100 48 80 80

Tm (°C) 100–110 130 175 110–135 215–216 250–269 180

Td (°C) 32–50 43–60 50–63 83 44–80 75–90 67

αT (mm/mm/°C ×
105)

10 10–20 6.8–13.5 6–8 8.0–8.6 7.2–9.0 6–8

Density (g/cm3) 0.91 0.96 0.92 1.04 1.14 1.14 0.70–1.35

Water absorption
(%)

0.01 0.01–0.20 0.01–0.02 0.03–0.10 1.3–1.8 1.0–1.6 0.1–0.4

Tg: glass transition temperature, Tm: melting temperature, Td: heat deflection temperature at 1.8 MPa,
and αT: linear thermal expansion coefficient

as animal, mineral, and plant fibers. Plant fibers are generally derived from bast (flax,
jute, kenaf, hemp and ramie), leaf (abaca, pina, sisal, raffia and banana), seed (coir,
cotton and kapok), grass (bamboo, bagasse and reed), stalk (corn, rice, wheat and
barley), and wood (soft wood and hard wood) [36]. Wood is an abundant and cheap
source of fiberwith the annual production of ~1750,000× 103 tons (0.3–0.6US$/kg).
Wheat (720,000 × 103 tons/year) and rice husk (120,000 × 103 tons/year) are most
produced fibers among stalk-based natural fibers. Bamboo production (30,000 ×
103 tons, 0.5 US$/kg) is considerably higher than that of the grass-based plant fibers.
Moreover, production of green fibers derived from bast such as jute (2300 × 103

tons, 0.4–1.5 US$/kg), kenaf (970 × 103 tons, 0.3–0.5 US$/kg), and flax (830 × 103

tons, 2.1–4.2 US$/kg) is increasing day by day [7, 25, 37].
Typical structure of greenfibers consisting of primary and secondarywall is shown

in Figure 1. Primary cell wall composes of randomly arranged cellulose microfibrils
in addition to pectin, lignin and hemicellulose [38]. Secondary wall of green fiber
forms through combination of helically arranged crystalline cellulose microfibrils
and amorphous phase mostly formed by lignin and hemicellulose. Due to the crys-
talline parts, secondary wall especially middle wall affects the properties of green
fiber [39].

Chemical compositionof commonlyusedgreenfibers is givenTable 2 [38, 40–45].
It is obvious that cellulose, hemicellulose, lignin, and pectin are primary components
of green fibers. Depending on content of components, physical andmechanical prop-
erties can change as shown in Table 3 [2, 37, 46–52]. Most of the green fibers consist
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Fig. 1 Schematic
representation of green fiber
structure

Table 2 Chemical composition of commonly used green fibers [38, 40–45]

Fiber Cellulose
(wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

Pectin
(wt%)

Wax (wt%) Ash (wt%)

Wood 40–50 30–40 20–34 0–1 0.4–0.5 0.2–0.8

Flax 71–81 18–20 2–3 2.2–2.3 1.5–1.7 1.5

Jute 61–71 14–20 12–13 0.2 0.5 0.5–2

Kenaf 45–57 12–22 8–13 3–5 0.8 2–5

Hemp 70–77 18–22 3.7–5.7 0.9 0.8 0.8

Ramie 68–76 13–16 0.6–0.7 1.9 0.3 –

Abaca 56–63 20–25 7–9 1 – 3

Pina 81 7.1 12 – – 2

Sisal 66–78 10–14 8–14 10 2 0.6–1

Banana 63–64 12.1 5 – – 2.2

Coir 32–43 0.15–0.25 40–45 3–4 1–2 2.7

Cotton 85–90 5.7 0.7–1.6 – 0.6 –

Bamboo 26–43 30 21–31 0–0.2 1–2 1.7–5

Bagasse 33–55 17 18–25 – – 1.7–1.8

Rice 38–57 19–33 8–20 10–15 14–17 10–20

Wheat 28–45 15–31 12–20 0–1 0.5–1 6–8

of cellulose more than 60 wt%. Cellulose is a polysaccharide in which D-gluco-
pyranose units are connected with each other through β-(1 → 4)-glycosidic links
[53]. Long-chain cellulose microfibrils have synergistic effects on the mechanical
strength of green fibers as well as alkali and oxidation resistance [54]. Hemicellulose
is responsible for biodegradation, thermal degradation, andmoisture absorption [49].
Lignin provides thermal stability and rigidity to green fibers, and flexibility of green
fibers is originated from pectin [55, 56].

In spite of their advantages, green fibers have some drawbacks that adversely
affect their compatibility with many polymer matrices. Due to the hydroxyl groups
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Table 3 Physical and mechanical properties of commonly used green fibers [2, 37, 46–52]

Fiber Density
(g/cm3)

Moisture
content (%)

Tensile strength
(MPa)

Elongation at
break (%)

Young modulus
(GPa)

Wood 1.4 5–8.5 90–180 8–14 18–40

Flax 1.5 7–12 350–1100 2–4 28–70

Jute 1.3 9–12 345–800 1.5–1.8 20–55

Kenaf 1.4 9–12 223–930 1.5–2.7 14–53

Hemp 1.5 6–9 270–900 1.5–4 23–70

Ramie 1.5 7.5–17 400–1000 1.2–3.8 44–128

Abaca 1.5 7–15 418–813 3–10 31–33

Pina 1.5 9–13 400–1627 1–3 60–82

Sisal 1.5 9–11 400–700 3–7 9–38

Banana 1.4 8–12 529–759 5–6 27–32

Coir 1.2 8–10 108–252 15–30 4–6

Cotton 1.6 8–8.5 287–800 3–8 5–13

Bamboo 1.3 8.8–8.9 140–230 4–7 11–17

Bagasse 1.2 8.8–10 222–290 1.1–4 20–27

Rice 0.6–0.8 8–9.1 10–200 2.7 1–12

Wheat 0.7–1 5.1–8.3 55 2–5 22

in the structure of green fibers, interfacial adhesion between fiber and hydrophobic
matrix weakens. High hydrophilic fibers are tending to absorb moisture leading to
reduce wettability of fiber by a polymer. Poor interfacial adhesion between green
fiber and polymer matrix negatively influences properties of final composite mate-
rials [57–59]. To overcome this problem, many physical and chemical treatments
of green fibers have been developed. Physical treatments such as corona, laser, and
plasma treatment alter surface energy of green fibers without chemical changes [60].
There are many chemical treatment methods to control adhesion in fiber–polymer
matrix interface. Alkali treatment is an effective method for the removal of free
hydroxyl groups in cellulose and dissolving hemicellulose that restrict moisture
absorption [58, 61]. Additionally, silane treatment, acetylation, benzoylation, acry-
lation, permanganate treatment, peroxide treatment, maleated coupling, isocyanate
treatment, triazine treatment are commonly used chemical modification methods to
make green fibers suitable as filler [62–64]. And also, enzyme treatment as a new
biological method is used to remove non-cellulosic components of green fibers [36].

2 Green Fiber Reinforced Thermoplastic Composites

Combination of a green fiber and thermoplastic polymer results in production of
composite materials with low process cost, high performance, eco-friendly, and
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sustainability. Many factors including fiber type, size and amount of fiber, aspect
ratio, fiber orientation, fiber treatment, manufacturing process, and operation condi-
tions play a significant role on the properties of green fiber thermoplastic composites
[65, 66]. Due to the degradation of a lot of green fibers above 200 °C, process temper-
ature is one of the most important factors to avoid of deteriorated performance of the
materials [67]. Manufacturing technique is another factor affecting feature of final
materials.

To prepare thermoplastic composites including green fibers, various techniques
such as compression molding, extrusion, injection molding, long fiber thermoplastic
direct (LFT-D) method, thermoforming, foaming and film casting are used [24,
68–70]. Schematic representation of commonly used manufacturing techniques is
shown in Fig. 2. Compression molding is utilized for the production of thermo-
plastic composites including randomly dispersed or oriented long or short fibermat or
choppedfiber in general. It is a closemoldingmethod inwhichfiber and thermoplastic

Fig. 2 Schematic representation of commonly used manufacturing techniques. a Compression
molding, b extrusion, and c injection molding
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are compressed between two molds under the optimized temperature and pressure.
Easy controlling viscosity, holding time, temperature, and pressure is advantage of
the technique aswell as ability to produce complex components in low cycle time [71,
72]. Extrusion is widely used manufacturing technique owing to low-cost process,
high-quality product, and the absence of effluent. In this technique, granule and pellet
thermoplastic and fiber are mixed for homogeneous blends through single or twin
screw and transferred to compression zone to be melted. Shaped composite materials
with high strength and stiffness are obtained after cooling with water [73, 74]. For
elaborated thermoplastic composites, injection molding is a promising technique.
Following injection of melted precursors into molds with hopper, different shaped
composite materials can be obtained for especially large-scale applications [75].

2.1 Mechanical Properties

It is well known that effective load transfer from thermoplastic polymer to green
fiber enhances mechanical properties of composite materials related with interfa-
cial adhesion between polymer and filler. In Table 4, improved mechanical prop-
erties of various green fiber thermoplastic composites such as tensile, flexural
and impact properties, dynamic mechanical, and creep behavior are remarked
depending on amount of green fiber, fiber length and orientation, modification of
fiber, manufacturing method, etc.

Certain amount of green fiber in thermoplasticmatrix generally increasesmechan-
ical strength of the composite materials. Ng et al. studied on mechanical properties
of pineapple leaf fiber/PP composites consisting of different ratios of fiber (10, 20,
30, 40, and 50 wt%) [85]. Maximum tensile strength was belonged to PP composite
including 30 wt% fiber (17.1 MPa). More fiber content resulted in decreasing tensile
strength because of insufficient load transfer by PP matrix. Tensile modulus of PP
composites slightly increased depending on increased fiber content. Flexural strength
of PP composite including 30 wt% fiber was higher than that of the other composites.
Flexural modulus was increased up to 2.75 GPa with fiber loading. Kaewkuk et al.
investigated mechanical properties of PP composites including 10, 20, and 30 wt%
alkali-treated sisal fiber [83]. An increase in fiber content had synergistic effects on
tensile strength and Young’s modulus of the PP composites. However, elongation at
break and impact strength of the composites showed a decrease due to agglomera-
tions of sisal fiber and voids. Yuan et al. revealed effects of wood fiber content (10, 20,
30, 40, and 50 wt%) on the mechanical properties of HDPE composites [78]. With
incorporation of 50 wt% wood fiber, maximum tensile modulus (4064 MPa) and
flexural modulus (3036 MPa) were achieved, respectively. Tensile strength of neat
HDPE reduced from 24 to 14.2MPawith increasing amount of wood fiber. In spite of
an increase in impact strength with 20 wt% wood fiber, more fiber content caused to
decrease impact strength of HDPE composite because of increasing viscosity of the
composite. Tajvidi et al. compared dynamic mechanical properties of PP composites
including 25 and 40 wt% hemp fiber [84]. It was indicated that storage modulus of
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40 wt% hemp fiber/PP composite was higher than that of the 25 wt% hemp fiber/PP
composite. Additionally, 40 wt% hemp fiber/PP composite exhibited lower mechan-
ical damping factor (tan δ) whichwas evidence of better fiber-matrix adhesion related
with restriction of chain mobility.

Fiber dimension, aspect ratio (length/diameter), and orientation are critical factors
for mechanical properties of green fiber thermoplastic composites. Singha and Rana
prepared PS composites with the addition of raw chopped (90 μm), short (3 mm),
and long (8 mm) Agave fiber to examine effects on fiber dimensions on mechanical
properties of PS composites [94]. At optimumfiber loading (20wt%), tensile strength
of PS composite materials including chopped, short, and long Agave fiber was spec-
ified as 34.2 MPa, 24.7 MPa, and 34.2 MPa, respectively. In case of chopped fiber
loading, maximum flexural and compressive strength were observed with the help
of homogeneous dispersion of fiber. However, PS composite showed highest impact
factor in the presence of long Agave fiber. It was attributed interfacial debonding
following cracks that enable more energy absorption. In other words, impact resis-
tance of the composites was increased with more energy dissipation. As well as
fiber length, fiber aspect ratio influences especially flexural and tensile properties of
composite materials. Synergistic effects on mechanical properties of composites are
observed at higher aspect ratio in contrast to lower aspect ratio. Yemele et al. studied
mechanical properties of HDPE composites reinforced by bark fiber with different
aspect ratio (8.85, 9.45, and 13.83) [80]. Lowest flexural modulus (22.7 MPa) and
tensile strength (13.7 MPa) were determined for HDPE composite reinforced by
bark fiber with the aspect ratio of 8.85 due to stress concentration that limits homo-
geneous fiber dispersion in matrix. Hao et al. used poplar wood fiber (PW), radiate
pine fiber (RP), and rice husk fiber (RH) as reinforcement for HDPE composites [81].
HDPE composites were prepared with various fiber orientations (0°, 30°, 45°, 60°,
and 90°). Flexural strength and modulus of all type of HDPE composites decreased
with increasing angles as shown in Fig. 3a. Highest unnotched impact strength was
observed at 0° in general which was explained higher longitudinal fracture strength
than transverse one leading a decrease in energy dissipation in Fig. 3b. However,
creep strain of HDPE composites increased from 0° to 90° which was resulted from
that better load carrying ability through on axis orientation than off axis direction.
Zhang and Miao investigated commingled yarn structure of PP and hemp or flax
fiber on the mechanical performance of the composites [86]. It was revealed that
wrap yarn structure of composites had better flexural properties when compared to
twisted yarn structure. Better fiber alignment in wrap yarn provided a significant
increase in flexural modulus of the composites.

To enhance mechanical performance of the green fiber thermoplastic composites,
compatibility of green fiber with thermoplastic matrix is improved with treatment of
green fibers. Effective fiber treatment generally has synergistic effects on mechan-
ical properties of composites with the help of easy load transfer from matrix to
green fiber. Nopparut and Amornsakchai evaluated untreated pineapple leaf fiber
(UPALF), alkali-treated pineapple leaf fiber (TPALF), and silane-treated pineapple
leaf fiber (SiPALF) following alkali treatment as filler for nylon 6/66 copolymer [99].
Changes in hydrophilic structure of PALF were investigated by Fourier transform
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Fig. 3 a Flexural strength and modulus, and b unnotched impact strength of HDPE composites as
a function of different fiber orientations (Reprinted from Ref. [81] with permission from Elsevier)

infrared spectroscopy (FTIR) after treatments. After treatments, the peak attributed−
OH bending vibrations on hemicellulose disappeared at 1640 cm−1 as can be clearly
seen in Fig. 4a. Additionally, the absence of peaks at 1737 cm−1 and 1240 cm−1

assigned to hemicellulose C=O and C–O stretching vibrations, respectively, was
indication of successful fiber treatment. In case of silane treatment, no new peak was
observed due to low concentration of siloxane. After treatments, mechanical perfor-
mance of neat nylon was enhanced with PALF addition. However, SiPALF/nylon
composites had highest tensile and flexural strength in addition to flexural modulus
as shown in Fig. 4b–c. In the presence of UPALF, impact energy of neat nylon consid-
erably decreased because of notch sensitivity of nylon and phase discontinuity. Fiber
treatments also exhibited no effects on the initial and propagation impact energy
of nylon composites. Haque et al. prepared coir fiber reinforced PP composites in
pursuit of chemical treatment of coir fiber with benzene diazonium salt in pH 10.5,
7, and 3 [89]. Treatment in alkali medium enabled to dissolve lignin in coir fiber
and more hydroxyl groups belonged to cellulose reacted with diazonium salt to
convert hydrophilic −OH groups to hydrophobic −O−Na groups. In the presence
of alkali-treated coir fiber, improved interfacial adhesion between coir fiber and PP
increased tensile strength and modulus, flexural strength and modulus, and charpy
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Fig. 4 a FTIR spectra of UPALF, TPALF and SiPALF, b tensile and flexural strength, and c tensile
and flexural modulus of nylon composites (20UP: 20UPALF/nylon, 20TP: 20TPALF/nylon and
20SiP: 20SiPALF/nylon; 20 indicates fiber loading by the weight of %20) (Reprinted from Ref.
[99], with permission from Elsevier)

impact strength at optimized coir fiber loading. Asumani et al. used kenaf fiber which
was alkali treated with different NaOH concentrations (1, 2, 3, 4, 5, 6, 7, and 8 wt%)
as filler for PP matrix [90]. Effect of NaOH concentration on the mechanical prop-
erties of kenaf fiber/PP composites was investigated. PP composite including 5 wt%
NaOH-treated kenaf fiber exhibited higher tensile strength andmodulus in addition to
flexural strength than that of the other PP composites.More concentratedNaOH solu-
tion caused a degradation of fiber structure leading to decrease mechanical strength
of the PP composites slightly.

Manufacturing process type and parameters such as process temperature, barrel
speed, compression pressure and time, and cooling properties significantly affect
residual stress distribution in green fiber thermoplastic composites. Depending on
especially uniform temperature and effective pressure gradient, composite mate-
rials with high mechanical performance can be produced related with homogeneous
stress distribution [102]. Barkoula et al. prepared flax fiber/PP composites by injec-
tion molding through four different compounding method: (1) kneading process, (2)
Henschel kinetic mixer, (3) extrusion, and (4) LFT [88]. Kneading process provided
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to obtain flax fiber/PP composites which had maximum tensile strength and stiff-
ness due to better retention of fiber length. Salleh et al. examined effect of extrusion
temperature on tensile and dynamical mechanical properties of kenaf fiber/HDPE
composites [82]. Extrusion was performed on low process temperature (160–180 °C
between hopper and die) and high process temperature (165–185 °C). In case of high
temperature, enhanced storage and loss modulus were observed as well as lower tan
δ. Moreover, kenaf fiber/HDPE composites showed higher tensile strength owing to
homogeneous mixing of fiber and matrix at high temperature. At low temperatures,
an increase in shear between fiber and matrix caused poor fiber-matrix adhesion
that had adverse effects on the mechanical properties of kenaf fiber/HDPE compos-
ites. Bernard et al. investigated mechanical properties of kenaf fiber/PP composites
prepared by compression molding at different temperatures (190, 200, 210, 220,
230, and 240 °C) with different barrel speed (12, 16, 20, and 24 Hz) [92]. Maximum
tensile strength of kenaf fiber/PP composite was determined as 31.5MPa at optimum
conditions (230 °C and 16 Hz) that can be contributed to well dispersion of fiber in
the PP matrix.

2.2 Water Absorption Properties

Water absorption of green fiber thermoplastic composites highly originated from
hydrophilic structure of green fibers adversely affect physicomechanical and thermal
properties. Water penetrates into the composites through three ways: (1) water diffu-
sion along micro gaps which in polymer chain connections, (2) water transportation
into gaps in addition to flaws at interface between green fiber and thermoplastic
by capillary forces, and (3) water flow along micro cracks and voids [103, 104].
Moreover, water absorption behavior of composite materials is expressed with diffu-
sion or percolation mechanism according to amount of fiber. Diffusion theory is
commonly usedmechanism for high fiber-loaded composite materials. In this theory,
it is assumed thatwater absorption is governedwith randomlyflowofwatermolecules
from high concentration to low concentration [105].

There are many parameters such as chemical composition of green fiber, fiber size
and orientation, treatment of fiber, and amount of fiber that have important influences
on water absorption behavior of green fiber thermoplastic composites. In Table 5,
water absorption of green fiber thermoplastic composites is given. Sultana Mir et al.
prepared coir fiber/PP and coir fiber/PE composites and examined their water absorp-
tion behavior [115]. It was obvious that PP composites had lower water absorption
than PE composites in the presence of alkali-treated coir fiber. It was explained
with better compatibility between coir fiber and PP matrix. Ibrahim et al. compared
water absorption of PP composites including 30 wt% untreated and alkali-treated
sisal fiber [114]. While water absorption of untreated sisal fiber/PP was about 1.1%,
water absorption of PP composite decreased to 0.41% with the addition of alkali-
treated sisal fiber. Sahai andPardeshi studiedwater absorption ofwheat strawfiber/PS
composites after treatment of fiber with alkali, maleic anhydride, silane and alkali
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+ silane [117]. It was observed that water absorption of PS composites increased
with increasing treated fiber loading. In case of 20 wt% alkali, maleic anhydride
and silane-treated fiber, water sorption of PS composites was determined as 2.02%,
0.90%, and 1.03%, respectively. Lowest water sorption (0.37%) was belonged to PS
composite including 20 wt% alkali + silane-treated fiber due to better elimination
of fiber hydroxyl groups. Bahari and Krause investigated effect of fiber loading (25
and 50 wt%) and size (75 μm and 1 mm) on the water absorption of bamboo/PVC
composites [119].As expected, an increase in amount offiber caused to increasewater
absorption of the composites. With the incorporation of 25 wt% 75 μm and 1 mm
bamboo fiber, water absorption of the PVC composites was specified as approx-
imately 3.9 and 4.1%. In contrast to high size fibers, small size fibers dispersed
homogeneously in PVCmatrix providing less voids and good interfacial fiber–matrix
adhesion that restricted water penetration.

2.3 Thermal Properties

Thermal properties of green fiber thermoplastic composites are mainly associated
with chemical composition of green fibers. Thermal decomposition of green fiber
thermoplastic composites is generally divided into five steps: (1) hemicellulose
decomposition (100–200 °C), (2) cellulose decomposition (200–270 °C), (3) lignin
decomposition (280–500 °C), (4) decomposition of polymer structure (200–500 °C)
and combustion of polymer composite (400–650 °C) [7]. Polymer matrix crys-
tallinity, fiber treatments, and adhesion degree between fiber andmatrix considerably
influence thermal stability, flammability and thermal conductivity of compositemate-
rials in addition to composition of the green fiber [67]. Especially, great green fiber
compatibility with thermoplastic improves thermal properties of green fiber ther-
moplastic composites due to requirement of high energy for separating components
[25].

In many times, using green fiber as filler for thermoplastic matrices deteriorates
thermal resistance of the composite materials without flame retardancy, inorganic
additives, or coupling agents. In spite of this, some improvements such as an increase
in thermal stability and a decrease in combustion rate with the help of fiber treatments
or a decrease in thermal stability with increasing fiber content have been reported.
Lu and Oza studied effect of alkali and silane treatments on thermal stability of
hemp fiber/HDPE composites [122]. Decomposition temperatures of treated hemp
fiber/HDPE composites were higher than that of the untreated hemp fiber/HDPE
composites. Maximum initial decomposition temperature was determined as 362 °C
in the presence of silane-treated hemp fiber. In case of silane treatment, formation of
covalent bonds through reaction of silanol molecules with hydroxyl groups enhanced
thermal stability of HDPE composites. Subasinghe et al. investigated flammability of
kenaf fiber/PP composites [123]. According to UL-94 V flammability test, dripping
time of PP was reduced with the addition of kenaf due to lignin in the structure of
fiber. Moreover, a decrease in combustion rate was assigned to heat flux barrier effect
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of the kenaf fiber. Cone calorimetry tests showed that heat release rate of neat PP
decreased by 37% with incorporation of 30 wt% kenaf fiber. And also, formation
of char layer increased fire resistance of the PP composite materials. Annie Paul
et al. examined effect of different fiber treatments on thermophysical properties of
banana fiber/PP composites [124]. With increasing fiber loading, thermal conduc-
tivity and thermal diffusivity of PP composites reduced owing to cellulosic structure
of banana fiber which acts as an insulator. Thermal conductivity and diffusivity of PP
composites exhibited an increase with the following treatment order: benzoylation
> alkali (10 wt%) > KMnO4 > alkali (2 wt%) > silane. It was explained with that
benzoylation significantly decreased hydrophilicity of banana fiber resulting in high
interfacial adhesion between fiber and matrix. The compatible composite structure
made heat transfer easy leading to increase thermal conductivity and diffusivity.

3 Applications

In consideration of economic issues and environmental legislations, sustainable green
fiber thermoplastic composites are produced. Due to their low cost, low energy
consumption for production, lightness and promising physicomechanical properties,
green fiber thermoplastic composites have gained great attention in many applica-
tions such as automotive, construction, aerospace, marine, electronics and consumer
goods, recently [125, 126].

Automotive industry is a major market place for utilization of these types of
composites. Especially, European Guideline 2000/53/EG implemented by the Euro-
pean Commission was important force to recycle 85% of the vehicle weight in 2005
that was increased to 95% by 2015. And also, this legislation mandated that there
should be recyclable components by the weight of 95% in the composition of vehi-
cles which has significantly increased consumption of green fiber-based composites
[127]. Moreover, the European Commission and the European Automobile Manu-
facturers Association collaborated to reduce CO2 emission to 147 and 95 g/km for
vehicles and passenger cars by 2020, respectively [128]. Green fiber thermoplastic
composites can be used in door panel, seat back, floor tray, insulation panel, and so
on. Wood, cotton, flax, kenaf, hemp, sisal, coir, and jute are commonly preferred
fibers as filler instead of glass fibers for PP and PE matrices in automotive industry
[129].

Building and construction compose 27% of application fields of green fiber-based
polymer composites. Thermoplastic composites reinforced with hemp, oil palm,
rice husk, bagasse, sisal, kenaf, ramie, and jute fiber can be utilized as window
and door frame, furniture coating, insulation panel, floor, roof, and pipeline. Jute
fiber/PP composites have been widely used for especially indoor housing [67]. In
marine industry, green fiber thermoplastic composites are promising materials to
decrease weight of components and prevent corrosion and biological agent attacks
[130, 131]. In the production of consumer goods including packaging, tennis racket,
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snowboarding, laptop cases, filter clothes, fishing tools, etc., hemp, flax, coir, cotton,
and kenaf-based thermoplastic composites play an important role [132].

4 Conclusion

Thermoplastic composites reinforced with green fibers have attracted great attention
due to the advantages of green fibers such as low density, their renewable sources,
and biodegradability. In spite of these advantages, hydrophilic structure of green
fibers generally decreases compatibility between fiber and hydrophobic thermo-
plastic matrix. So, different physical and chemical treatments are utilized to improve
fiber-matrix adhesion. Strong adhesion between fiber and matrix is significant factor
for effective load transfer that enhances mechanical performance of green fiber ther-
moplastic composites as well as fiber size and orientation, aspect ratio, surface treat-
ment of fiber, amount of fiber, and manufacturing process conditions. Depending on
chemical composition of green fiber, water absorption of green fiber thermoplastic
composites changes. Removal of hydroxyl groups from green fibers increases fiber-
matrix compatibility that decreases water absorption of the composite materials.
Due to the decomposition of green fibers at low temperatures, thermal stability of
the composites can be deteriorated. However, fiber treatments can provide to increase
decomposition temperatures of the composites. And also, a decrease in flammability
rate is observed due to heat flux barrier effect of green fibers. With increasing green
fiber loading, thermal conductivity of the composite materials decreases that can
be explained with insulation behavior of green fibers. Enhanced properties of green
fiber thermoplastic composites make them suitable materials for many industrial and
engineering applications such as automotive, construction, marine, packaging, and
consumer goods.
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Abbreviations

ACR Acrylonitrile-chlorinated polyethylene styrene
aw Water activity
bio-PE Bio-polyethylene
bio-PEF Bio-polyethylene furanoate
bio-PET Bio-polyethylene terephthalate
BP Benzoyl peroxide
BT Bentonite
C/OS Corn/octenylsuccinated starch
C30B Organically modified montmorillonite
CA Contact angle
CAc Citric acid
CF Cellulose fiber
ChCl Choline chloride
CNF Cellulose nanofiber
CNFs Cellulose nanofibrils
CS Corn starch
1D One-dimensional
2D Two-dimensional
DES Deep eutectic solvent
DMSO Dimethyl sulfoxide
DMTA Dynamic mechanical thermal analysis
DSC Differential scanning calorimetry
EB Elongation at break
EMA Ethylene–methyl acrylate
EVA Ethylene-vinyl acetate
EVOH Poly(ethylene-co-vinyl alcohol)
Gl Glycerol
GMA Glycidyl methacrylate
HPDSP Hydroxypropyl distarch phosphate
HSM High-speed mixer
HV 3-Hydroxyvalerate
Im Imidazole
M0 Monolayer moisture content
MA Maleic anhydride
MCC Microcrystalline cellulose
MFI Melt flow index
MMT Montmorillonite
MMTDA Modified MMT
NCC Nanocrystalline cellulose
nCOM Nanoclay organically modified
O/W Oil-in-water
OMMT Derivate of montmorillonite
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OP Oxygen permeability
OS Octenylsuccinated starch
OSA starch Octenyl succinic anhydride-modified starch
PBAT Polybutylene adipate-co-terephthalate
PBAT-g-MA Maleate PBAT
PBT Polybutylene terephthalate
PCF Plasma-treated cellulose fiber
PCL Polycaprolactone
PDA Polydopamine
PE Polyethylene
PEG Polyethylene glycol
PET Polyethylene terephthalate
pEVOH Plasticized EVOH
PHA Polyhydroxyalkanoate
PHB Polyhydroxybutyrate
PHB-g-AA Acrylic-acid-grafted PHB
PHBV Poly-(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA Polylactic acid
POE-g-GMA Glycidyl methacrylate-functionalized polyolefin elastomer
POE-g-MAH Maleic anhydride-grafted ethylene–octene copolymer
PPG Poly propylene glycol
PS Polystyrene
PVA Polyvinyl alcohol
PVC Polyvinyl alcohol
SEM Scanning electron microcopy
SF6 Sulfur hexafluoride
SME Specific mechanical energy
SNC Starch nanocrystal
SO Soybean oil
SSE Single-screw extruder
TA Tartaric acid
TBC Tributyl citrate
TBoAC Tributyl o-acetylcitrate
T d Decomposition temperature
TEC Triethyl citrate
T g Glass transition temperature
Tm Melting temperature
TOMC Oxidized MCC
TPS Thermoplastic starch
TS Tensile strength
TSE Twin-screw extruder
U Urea
UM Urea-intercalated montmorillonite
VAc Vinyl acetate
WC Water content
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WF Wood fiber
WS Water sorption
WSNC Waxy starch nanocrystal
WVP Water vapor permeability

1 Introduction

The market for plastic materials and products faces the challenge of increasing
demand for materials with higher performance and new functionalities with focus on
both, biobased and biodegradable polymers as alternatives to the non-biodegradable
plastics produced from fossil resources. Bioplastics can be classified into three main
groups: (1) biobased, non-biodegradable materials (bio-PE, bio-PET and bio-PEF),
(2) biobased and biodegradable materials (TPS, PHA, PHB, PLA), and (3) fossil-
based and biodegradable materials (PBAT, PCL, PVA, mostly blended with group
2). Their input to sustainability contributes to lower carbon footprint, high recy-
cling value and complete biodegradability/compostability [1]. The development of
sustainable bioplastics made of either biobased or biodegradable polymers and the
principles of the circular economy opens new opportunities to alleviate the intensive
use of non-renewable sources, innovation, competitiveness, new more qualified jobs
and plastic pollution [1]. In this context, global bioplastics production capacity is set
to increase from around 2.11 million tonnes in 2019 to approximately 2.43 million
tonnes in 2024, according to the latest market data compiled by European Bioplastics
and the research institute nova-Institute [2].

Among bioplastics, starch has been widely studied for a longtime since it is an
inexpensive, renewable, versatile, fully biodegradable andwidely available rawmate-
rial. Starch and its blends account for over 38% of the global biodegradable plastic
production capacities (Fig. 1). Today, bioplastics can be used in almost all market
segments and applications, but each polymer has main application fields. The fields
of starch-based materials’ greatest application are flexible packaging and agri- and
horticulture [2]. Since starch sources, availability and structure have been discussed
in many reviews as well as chapters, particularly during the last two decades, they
are not going to be detailed in this chapter [3, 4].

Before being thermally processable as thermoplastic polymers, starch must be
transformed into thermoplastic starch (TPS) by the addition of plasticizers combined
with the application of elevated temperatures and shear forces. Although the clear
advantages of using starch-based plastics for a sustainable development, their appli-
cation is still restricted by many factors. TPS great sensitivity to water, low moisture
barrier capacity and poor mechanical properties are considered as major drawbacks
when compared to conventional plastics.

The addition of organic and inorganic fillers of a different nature is an efficient
way to improve the performance of TPS, and some may even grant unique properties
to be used in new and demanding applications. Moreover, blending TPS with other



4 Processing and Properties of Starch-Based Thermoplastic … 67

Fig. 1 Global production capacities of biodegradable plastics in 2019.SourceEuropeanBioplastics,
nova-Institute (2019). Figure drawn by the authors

biopolymers to develop starch blend composites could bring their properties closer
to those of conventional non-biodegradable plastics. A careful choice of blending
polymer should be made according to the pretended application. Among biodegrad-
able polymers, polybutylene adipate-co-terephthalate (PBAT) and polyhydroxybu-
tyrate (PHB) have the important advantage of being biodegradable in soil. Both poly-
mers are very stable in water due to their hydrophobic character. PHB has higher
modulus and stress at break than starch but a very low elongation at break, while
PBAT has higher stress at break values than that of starch and deformations at break
as large as 700%, which makes it an ideal material for different applications, partic-
ularly in agriculture as mulching. One of the main drawbacks of both polyesters
is their high production cost, being higher in the case of PHB. On the other hand,
PBAT has the extra disadvantage of coming from fossil resources. Blending them
with starch is an effective way to lower the final cost of the PHB or PBAT blends
and increase the biobased character of PBAT. Moreover, the inclusion of fillers to
develop starch/PHB and starch/PBAT composites could lead to superior properties.
However, this poses a series of challenges to be solved mainly due to the incompat-
ibility between polymers as a consequence of the strong difference in their polarity.
While several researches that focus on the study of starch/PBAT blends can be found
in the literature, there are far fewer that deal with TPS/PHB blends, possibly due to
the higher cost and lower world production of the latter.

Expectations of achieving a green starch-based composite using blends with other
polymers and the addition of nano-microfillers grow day by day and have already
materialized in the form of commercial products, such as bags, disposable tableware
and mulching. However, the costs of these products are still high compared to those
of traditional plastics.
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In the next sections, processing strategies for filler incorporation into starch-
based composites will be described. Starch and starch blend matrices will be studied
separately since different challenges are faced in each case. Then, these composites
will be described from a point of view of their thermal, barrier and mechanical
properties, again distinguishing between TPS and starch blend matrices. Finally, the
main conclusions obtained are listed, as well as future perspectives of thesematerials.

2 Processing of Starch-Based Green Composites

2.1 Processing of Starch Matrix Composites

2.1.1 Usual Strategies for Processing Starch

Like most materials, polymers must be melted or solubilized, with the objective to
transform them into different kinds of products with specific properties and shape.
Themost commonways to process polymers include extrusion, blowing, meltblown,
spunbond, thermoforming and injection. The method chosen for the processing of a
material will be decisive in its final properties.

Processing starch by the techniques usually used in the plastic industry is
extremely complicated. Conventional equipment was designed to work with ther-
moplastic materials such as PE, PET, PVC or PS. Starch is not a thermoplastic, but
with favorable processing conditions and proper formulation development, it can
become this type of material [5, 6]. However, thermoplastic starch (TPS) processing
has several additional problems, as a consequence, for example, of its highmolecular
weight or poor melt tenacity [7].

Themelting temperature (Tm) of dry starch is generally higher than its decomposi-
tion temperature (T d),whichmakes the incorporation of plasticizing agents necessary
to convert it into a thermoplastic material and thus allow its processing. Although the
incorporation of water is a usual strategy, for many industrial processing techniques
high water content (WC) is a problem. The solution casting technique involves large
amounts of water, and for that reason, it is called wet method. It is one of the most
widely used techniques at laboratory scale since it is extremely simple, but as it
involves drying times that are too long to permit large-scale manufacturing, it cannot
be carried out at industrial scale. In this chapter, we will focus on the so-called dry
methods that involve shear conditions and therefore require a lower WC in compar-
ison with the wet process techniques, making them applicable on an industrial scale.
In particular, to produce TPS from starch and plasticizers, the most widely used
industrial technique is extrusion. Other usual techniques for polymer processing,
such as injection, blowing or compression molding, can only be performed on ther-
moplastic materials. Therefore, in order to process starch in these ways, it must be
first extruded together with plasticizers to become TPS.



4 Processing and Properties of Starch-Based Thermoplastic … 69

Fig. 2 Cross-sectional diagrams of a single- and a twin-screw extruder. Figure drawn by the authors

Extrusion combines high shear, temperature and pressure to break down starch
granule structure, facilitating the diffusion of the plasticizers and the subsequent
melting of the newblend, generating TPS.During this process,multiphase transitions
occur such as gelatinization, granule expansion, melting and decomposition [8, 9].

In general form, an extruder consists of a hopper, barrel, feed screw, thermocouples
and dies. There are two different extrusion equipment designs: the single-screw
extruder (SSE) and the twin-screw extruder (TSE). Cross-sectional diagrams of a
single- and a twin-screw extruder are shown in Fig. 2. While single-screw extrusion
is ideal to produce basic and simple compounds, corotating twin-screw extrusion is
better for composites which require a relatively high level of mixing in the extruder
and flexibility during the process [10, 11]. Moreover, TSEs have a large operational
flexibility (individual barrel zone temperature control, multiple feeding/injection
ports and diverse screw configurations for different degrees of mixing/kneading). In
both SSE and TSE, residence times and specific mechanical energy (SME) inputs
can be controlled, achieving highly efficient production. It is worth noting that, as
TSE’s screws have a self-wiping ability, they are more suitable to process raw starch
powder than SSEs, whichmay encounter the problem of conveying the starch powder
at the feeding port [6].

Both the equipment configuration and its operating conditions, such as temper-
ature profile and screw speed, will be decisive in achieving mechanical disruption
and starch transformation [8, 12]. SME is the amount of mechanical energy (work)
dissipated as heat inside the material, expressed per unit mass of the material. It can
be calculated as

SME = P × τ × RPMact/RPMrated

m

where P is themotor power, expressed in kW, τ is the difference between the running
torque and the torque when the extruder is running empty divided by the maximum
allowable torque,RPMact is the actual screw rpm,RPMrated is themaximumallowable
screw rpmandm is themass flow rate of the system (kg/s) [13].DuringTPS extrusion,
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mechanical energy must be enough to break starch grains and efficiently complete
its extrusion process. Different authors studied how operating parameters influence
on SME [8, 14].

Ahead of the extruder’s screw barrel, a die system produces shaped products
to facilitate further product processing and/or to determine the properties of end
products.

Sheet products can be obtained through continuous extrusion of the TPS melt
through a horizontal or plate die. The uniformity of the final sample thickness and of
the exit velocity distributions across the width of the die exit must be guaranteed by
the design of the die [10].Different authors used this type of die to obtain band-shaped
sheets of starch and starch-based composites after extrusion [14, 15]. However, the
obtained materials are usually too thick for many applications (more than 0.5 mm).

Other possibility is that the die extrudes single or multiple strands which can
be cut into pellets once dried. A schematic drawing of a strand pelletizer is shown
in Fig. 3. Strand extruding and pelletizing is a simple and straightforward process,
but an extra step to obtain sheets or films is necessary. Generally, strands obtained
from the extruder are pelletized and these pellets are converted into films through
other processes such as thermocompression or single-screw extrusion followed by
blowing. Many authors choose to manufacture TPS pellets using a twin-screw
extruder, pelletize TPS strands and subsequently obtain films by thermocompres-
sion. For example, González-Seligra et al. [8] obtained different threads of TPS by
TSE varying the screw speed used. Then, pellets from each system were obtained
by the pelletization of the threads using an automatic pelletizer. TPS films were
finally prepared by thermocompression using a thermostatized hydraulic press in
two stages: First, pellets were heated to 140 °C for 15 min, then, pressure was

Fig. 3 Schematic drawing of a strand pelletizer. Reprinted fromDrobny [18], “ProcessingMethods
Applicable toThermoplastic Elastomers”, 33–173,Copyright (2014),with permission fromElsevier
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increased to 56 kPa and temperature decreased up to 40 °C. The resultant film thick-
ness was approximately 0.3 mm. Similarly, Estevez-Areco et al. [16] used extrusion
followed by thermocompression, but in their case, they developed bioactive starch
composites with antioxidant activity. They used a thermo-stated hydraulic press to
convert the thermoplastic threads into films. Basically, they placed a piece of thread
between Teflon sheets and heated to 130 °C for 15 min. Pressure was then increased
to 45 kPa and maintained for 15 min. Finally, temperature was decreased to room
temperature while keeping the pressure constant. Gutiérrez et al. [17] also prepared
bio-nanocomposite films by twin-screw extrusion followed by thermo-molding, in
this case from corn starch and pH-sensitive nanoclays packaged with Jamaica flower
extract. After extrusion, the strands were pelletized using an automatic pelletizer
and pellets were hot-pressed using a hydraulic press at 120 °C and 1 × 104 kPa for
20 min, after which a cooling cycle was applied until they reached a temperature of
30 °C.

The most common method for making plastic films, particularly for the pack-
aging industry, is blown-film extrusion. In this process, a SSE coupled to a blower
is used (Fig. 4). At the exit of the extruder, the blower has a first stage in charge of
transforming the melted TPS into a hollow tube. As the tube is extruded, it expands
due to a pressure increase produced by the blower. The ability to process a system
by this technique will depend on the tensile properties of the melt. The melt tenacity
of TPS, understanding this as the ability of the melt to deform without rupture, is not
usually enough to be processed by this methodology. Thunwall et al. [19] studied
possible routes for film-blowing TPS on a laboratory scale by a suitable choice of
processing conditions, amount of glycerol and moisture content, finding that the

Fig. 4 Diagram of the process to obtain acetylated cassava starch composite films with pea
protein isolate incorporation through blowmolding, including temperature profiles. Reprinted from
Huntrakul et al. [25], Copyright (2020)
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possibility of obtaining films was given in a too narrow processing window. The
difficulties encountered were mainly related to a sticky surface of the film, insuffi-
cient tenacity and foaming. Even in the cases in which they managed to obtain films,
their final properties were poor. Several studies have explored the film blowing of
starch-containingmaterials, introducingmoderate quantities of starch (between 8 and
30 wt%) in a regular synthetic polymeric system [20, 21, 22] or developing blends
with biodegradable polymers, such as poly(vinyl alcohol), poly(caprolactone) or
other polyester [23, 24]. In the case of regular synthetic polymers, starch gives them
the enormous benefit of its biodegradability, although it worsens its mechanical and
water barrier properties. In the case of blends with other biodegradable polymers,
the main benefit is economical, thanks to the low cost of starch. Other strategies to
improve the melt tenacity of thermoplastic starch and allow its processing through
blow molding are the development of composites. Huntrakul et al. [25] obtained
acetylated cassava starch composites with pea protein isolate incorporation using a
twin-screw extruder. Pellets obtained from the extruder were dried in a hot air oven at
60 °C overnight, and films were produced using a single-screw blown-film extruder
connected to an annular ring-shaped film-blowing die. Temperature profiles used are
shown in Fig. 4. The incorporation of pea protein isolate helped to avoid stickiness
and improve processability during the blown extrusion. Moreover, the high struc-
tural deformation shown by acetylated starch films during storage was effectively
prevented by pea protein isolate incorporation. Dang and Yoksan [26] improved
blown-film extrusion processability of TPS films by incorporating low contents
of plasticized chitosan (0.37–1.45%). The composite was extruded and pelletized,
obtaining pellets which were blown into films using a single-screw extruder with
an L/D 30:1, a screw diameter of 25 mm and four controlled temperature zones,
connected to a film-blowing attachment with a ring-shaped die. Screw speed and
nip roll speed were adjusted to 35–45 rpm and 3 rpm, respectively, while the barrel
temperature profile was maintained at 130–140–140–140 °C (from feed inlet to die)
and the die temperature was set at 150 °C.

Injection molding is another typical technique for thermoplastics processing,
where the polymer is fed into a heated barrel, mixed (using a helical-shaped screw)
and injected into a mold cavity, where it cools and hardens to the shape of the cavity.
The behavior of starch during injection molding and the processing parameters have
been studied by different authors during the last decades [27, 28, 29]. TPS high
viscosity and poor flow propertiesmake the application of this methodology complex
[6]. Besides, TPS injection molded parts have problems related to its serious distor-
tion and shrinkage. The only way to avoid shrinkage in hydrophilic polymers is to
process them so that the products are formed at approximately the equilibrium in-use
water content. For potato starch, for example, this would be water contents of around
14% used under ambient conditions. If higher contents are involved as plasticizer,
the material will deform, as the equilibrium is naturally achieved after processing
[29]. There are commercial products based on starch that can be injected without
problems. The first commercial products made of injected molded TPS were starch
capsules designed for drug delivery (Capill®). Other developments include blends of
starch with eco-friendly polymers that allow to improve not only the processability
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but also the final properties of the materials, such as the case of theMater-Bi®, which
is offered in molding pellet presentations.

Besides processing starch to produce TPS, extrusion can also be used for its chem-
ical modification, addition of cross-link agents or copolymer creation in a contin-
uous processwith amore consistent product quality. Inside the extruder, very efficient
mixing processes of highly viscous liquids are produced, which allows starchmodifi-
cation to be performed in a homogeneousmedium. Thismethodology, called reactive
extrusion, is one of the typical methods in the industrial modification of starches due
to the aforementioned advantages, added to its low cost. It should be mentioned that
for some particular processes special equipment designs are needed.

Ye et al. [30] synthesized citric acid-esterified rice starch using a one-step reactive
extrusion method. They dissolved citric acid in distilled water and slowly added the
solution to the rice starch. After equilibration in sealed bags, reactive extrusion was
performed using a twin-screw extruder. The four sections of the extruder were set
to 80–100–90 and 75 °C, the feed rate was 18 kg/h, and the screw (30 mm in diam-
eter, L/D 16:1) speed was 250 rpm. The starch citrate extrudates were collected as
powder, dried in an oven until constant weight at 45 °C and sieved through an 80mesh
sieve. Finally, it was washed with absolute ethanol to remove unreacted citric acid.
This method to modify starch chemical structure has advantages over conventional
methods because it can be carried out rapidly using a continuous process. On the other
hand, Siyamak et al. [31] developed amethod of synthesis based on reactive extrusion
combining the benefits of continuous manufacturing with the use of green chemistry
principles. They grafted four different types of starches with acrylamide monomers
via free radical copolymerization using a 16-mm corotating twin-screw extruder,
with a horizontally split barrel of 40:1 L/D comprising 10 barrel sections with inde-
pendent temperature control zones. They designed an experimental set consisting
of three different phases. The initial phase was finding optimum conditions for the
gelatinization of starch using extrusion processing. The second phase involved the
transfer of these optimized formulations and conditions to the development of the
copolymers. Nitrogen gas was used in all experiments to eliminate oxygen from the
extruder, while deionized water and acrylamide (50 wt%) solutions were sequen-
tially injected into the barrel sections 1 and 2, followed by ammonium persulfate
(5 wt%) solution, which was injected into the barrel sections 5 and 7 using peristaltic
pumps. Figure 5 shows the screw profile used. Finally, the third phase consisted in

Fig. 5 Screw profile for reactive extrusion of starch copolymers. Reprinted from Siyamak et al.
[31], Copyright (2020)
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preparing the graft copolymers of other types of starches using the optimized condi-
tions identified in the previous phases. The botanical origin of the starch determines
the relationship between the amount of amylose and amylopectin, and the type of
crystal structure. This establishes the temperature profile necessary for extrusion, as
well as the efficiency and type of grafting that can be performed. Since extrusion
is currently applied for large-scale manufacturing of starch-based commodities, the
modificationmethod they propose could lead to the successful production of complex
smart systems based on starch-grafted copolymers.

2.1.2 Filler Incorporation During Starch Matrix Composite Processing

There are different strategies to incorporate fillers throughout the processing of
composites. The final objective is to obtain a proper dispersion of the filler in the
matrix, what will depend not only on the processing but also on their chemical
similarity, filler’s morphology and surface area [32].

One of the main factors to consider when deciding how to introduce a filler during
composite processing is the chemical affinity between it and the matrix, and what
interactions are expected to occur. Depending on the filler–matrix compatibility,
different effects will be produced in the matrices. When the filler and the matrix are
compatible and interactions between them enhance adhesion, several improvements
can be achieved. For example, a good stress transfer between the matrix and the
filler will occur, so that, if the filler is more rigid than the matrix, the composite
will have greater Young’s modulus and stress at break than the matrix material.
Thermal stability, water resistance and degradation behavior can also be improved
due to high compatibility and strong bonds between filler and matrix. Ilyas et al. [33]
demonstrated these effects by incorporating nanocrystalline cellulose (NCC) as a
reinforcing filler into sugar palm starch matrices and attributed them to the excellent
compatibility achieved thanks to the presence of abundant hydroxyl groups on the
NCC surface which can interact through hydrogen bonding with the hydrophilic
polymer matrix.

However, on occasions fillers that are not naturally compatible with the starch
matrix are used as reinforcements. In these cases, different processes can be carried
out to improve filler dispersion. One possibility to incorporate a hydrophobic filler
into a starch matrix is to encapsulate it. Moreover, this methodology can also
provide the filler protection from temperature and stress generated during processing,
as well as modulate its release kinetics in the case of active compounds [34].
Different techniques have been proposed for micro- and nano-capsule preparation
and incorporation into starch matrices.

The most commonly used technique at industrial level for microencapsulation is
spray-drying. In this technology, a dry powder is produced from a liquid or slurry
by rapidly drying with a hot gas. The choice of the shell materials used for the
encapsulation of actives is determinant in the active load of spray-dried micropar-
ticles. Talón et al. [35] employed whey protein and soy lecithin as wall materials
together with maltodextrin as drying coadjuvant and oleic acid as a carrying agent,
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for the production of microencapsulated eugenol through spray-drying. Different
encapsulated eugenol powders were obtained by using a spray dryer with a rotary
atomizer at an inlet air temperature of 180 °C. These microcapsules exhibited a
mean particle diameter of around 15 μm, regardless of the wall material, and a very
small percentage of finest particles (0.5 μm). To develop composite films, a pre-
mixture of the starch, microcapsules and glycerol using a starch:microencapsulate
powder:glycerolmass ratio of 1:0.35:0.3was obtained in a two-rollmill at 160 °C and
12 rpm for 10 min. The obtained pellets were process through compression molding
using a hot-plate press in order to obtain films. The functional properties and the
release kinetics of the final materials were evaluated. They found that the incorpo-
ration of the carrying agent (oleic acid) was essential for the protective effect of
microcapsules during film processing. Other possibility is to use modified starches
as the shell material. Octenyl succinic anhydride-modified starch (OSA starch) is
widely used in the microencapsulation of oil-soluble nutrients, flavors, agrichemi-
cals, fragrances and pharmaceutical actives, thanks to its hydrophobic character [36].
In spray-drying microencapsulation, modified starches offer high oil retention, long
shelf life and high manufacturing efficiency [37]. Figure 6 illustrates the morpho-
logical evolution of an emulsion droplet in a highly dynamic spray-drying process,
together with the SEM images of spray-dried microcapsules and the cross section of
a microcapsule [37].

Extrusion process can also be used for encapsulation of different agents. As it was
mentioned before, during TPS extrusion starch and plasticizers are converted into
a homogenous molten state, involving various structural changes, such as granule
disruption, crystal melting and molecule entanglement. This molecule entanglement
can be exploited for the incorporation and sustained release of the filler to be encap-
sulated. Several authors have used starch in extrusion encapsulation due to its ability
to form stable inclusion complexes with the encapsulated agents [37–40]. Chen et al.
[39], for example, presented a simple preparation of microparticles with extruded
starch as the shell material, resveratrol as the core material and the thermostable α-
amylase as the release-improvement reagent of resveratrol. They extruded a mixture
including 10 kg of corn starch (water content was adjusted to 24%), 10 g of resver-
atrol and 5 g of α-amylase with 65 °C barrel temperature (50–55–60–65 °C for
the four parts starting from the feed part) and 110 rpm screw speed. The extrudate
was smashed by using ultra-micro-pulverizer, and microparticles with 0.15–1-mm
diameter were selected. Modified starches have also been proposed for extrusion
encapsulation, being CAPSUL® (product of Ingredion) a preferred choice due to its
low viscosity [37].

Other possibility to encapsulate agents is through the formation of complexes
with amphiphilic molecules, such as cyclodextrin. This molecule is an enzymati-
cally modified starch which has a truncated cone shape with a hydrophobic interior,
allowing the formation of an inclusion complex with oils that protects them against
harsh temperature and shear conditions during extrusion [41].

Theway inwhich the filler is incorporated into the starchmatrix during processing
will be highly influential in the filler’s degree of dispersion, filler–matrix inter-
action and specific filler arrangement in the starch matrix for both, hydrophilic
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Fig. 6 a Schematic illustration of spray-drying dynamics. The big circles represent atomized water
droplets, small circles represent oil droplets, and dots represent soluble carbohydrate molecules.
b Scanning electron microcopy (SEM) images of spray-dried microcapsules and c the cross section
of a microcapsule. Reprinted from Jin et al. [37], Copyright (2018)

and hydrophobic fillers. One possibility when producing starch-based composites
through extrusion is to introduce the filler in the extruder barrel together with
starch, plasticizers and/or other components. As the active compound is added at
the beginning of the extrusion process, in this option, temperature and wear sensitive
molecules, such as flavors, are more likely to be degraded being necessary to previ-
ously encapsulate them [38]. In the case that fillers support the temperature profile
and shear stresses inside the extruder, a usual procedure is to carry out a premixed
step to guarantee a proper dispersion. This is the case of Ochoa-Yepes et al. [42] who
mixed cassava starch, glycerol, water and a desired amount of lentil proteins at 20 rpm
for 15 min in a horizontal mixer. Mixtures sieved with a number 10 mesh were stored
for 24 h in sealed containers and then extruded in a corotating twin-screw extruder at
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a screw speed of 80 rpm (with feeding rate of 12 g/min) and temperature profile (from
the feeder to the die) of 90–100–110–120–130–130–140–140–130–120 °C. Ghan-
bari et al. [43] also performed a premix, but in their case it was made manually. They
mixed corn starch and glycerol in polyethylene bags for 5 min, and subsequently,
the resulting blend was further mixed with the corresponding amount of cellulose
nanofibers for more than 10 min. Dean et al. [44] explored three different dispersion
methods to develop clay–starch mixtures before the extrusion process. Nanoclays
were either dry blended with starch in a high-speed mixer (HSM); dispersed in water
using conventional mixers prior to blending with starch in a HSM; or dispersed in
water using ultrasonics prior to blending with starch in a HSM. All mixtures were
later processed through a corotating twin-screw extruder, with diameter 30 mm and
L/D 40:1, using a profile producing amelt temperature of 110 °C. They demonstrated
that when the level of clay, water and starch was optimized an exfoliated structure
was produced via standard mixing which exhibited comparable improvements in
mechanical properties to ultrasonically treated samples.

Some authors propose to perform a double extrusion in order to enhance the
filler dispersion, although this is not the most common methodology. For example,
Chaves da Silva et al. [45] obtained starch films with different percentages of gelatin
using a single-screw extruder in two stages. In the first stage, the starch, gelatin and
a plasticizer were mixed manually and extruded to produce pellets; in the second
step, the pellets were extruded to produce the films. The screw (diameter of 25 mm)
speed was 30 rpm, and the zone temperature was set between 90 and 120 °C in the
four heating zones for the two stages. Huang et al. [46] proceeded similarly by first
extruding glycerol and corn starch to obtain small particles of TPS, which were later
mixed with montmorillonite (MMT) and fed into the single-screw plastic extruder
again. The temperature profile along the extruder barrel was 110–115–120–120 °C
(from feed zone to die).

In some cases, for TPS extruded films a preliminary gelatinization is produced
by heating a mixture of starch, distilled water and the desired plasticizer. One option
for filler incorporation is to add them to the obtained gel and homogenize it. This is
the case of González et al. [47], who added polysaccharide nanocrystals dispersed
in distilled water by ultrasonication to a gel composed of corn starch, glycerol and
water. The material was freeze-dried, then extruded using a MiniLab extruder at
120 °C and 50 rpm and pelletized. The obtained pellets were compressed at 120 °C
for 5 min without pressure and 120 °C under a pressure of 2.5 t for 5 min. This work
is an example of the importance of a previous mix step with high shear stresses,
necessary to process this type of composites with a single-screw extruder.

Other possibility, which is recommended by some extruder’s manufacturers, is
the direct injection of fillers into some middle barrel section of the extruder. This
approach is usually used for the addition of volatiles that can be lost due to high
temperatures [38]. Basically, in the feeding section on the extruder, starch and plasti-
cizers are metered and conveyed into the first mixing zone, where thanks to the heat
and shearing, the mixture is transformed into TPS melt. In a secondary feed zone,
the filler is added by means of a liquid feeding pump, reaching a further mixing zone
where it is dispersed and evenly distributed into the matrix.
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In most cases, the fillers are introduced at some stage of the extrusion process
with the sole objective of being mixed under processing conditions that allow them
tomaintain their structure and properties throughout the entire process. In other cases,
the extrusion process also serves as a treatment for tailoring the final properties of the
filler. Such is the case of Fourati et al. [48] who produced nanocomposites based on
TPS filled with cellulose nanofibrils (CNFs) in a single step by twin-screw extrusion
of corn starch granules, glycerol and oxidized cellulose fibers. CNFs were produced
in situ during the processing of the nanocomposite. For the extrusion process, starch
granules, glycerol and fibers containing 50 wt% water were premixed manually. The
mix was continuously extruded using a corotating conical twin-screw extruder at
100 rpm during 15 min at a temperature of 25 °C. Temperature was progressively
increased during 10 min up to 110 °C, and the extrusion was completed at 200 rpm
during 15 min to complete the gelatinization of starch and the breakdown of fibers.
These nanocomposites displayed a higher strength and similar transparency degree
than those produced by incorporating readily prepared CNFs.

Other processing techniques such as compression molding also offer the possi-
bility to simultaneously process the TPS composite and modify the filler. Grylewicz
et al. [49] manufactured TPS composites from potato starch, wood fiber (WF) and
deep eutectic solvent (DES) based on choline chloride with urea or glycerol (Gl)
as well as imidazole (Im) with Gl. The processing method included a first stage of
component mechanical mixing followed by thermocompression with simultaneous
WF modification. They found that DES played a triple role as starch plasticizer, as
WF surface modifier and as composite component interfacial adhesion improver.

Beyond good compatibility and good dispersion, the way in which fillers are
oriented within the polymeric structure will also be decisive on its final properties
[50]. In the case of layered silicates, the clay platelets can be either intercalated by
macromolecules and/or exfoliated, depending on the processing conditions and on
the matrix–filler affinity. The best performances are commonly observed with exfo-
liated structures in which the clay platelets are individually delaminated and fully
dispersed into the polymer matrix [51]. Different strategies have been performed to
achieve these structures. For example, Adamus et al. [52] explored the possibility to
modify montmorillonite through intercalation with urea. They mixed urea and mont-
morillonite (1:1 weight ratio) with different amounts of distilled water (0.15, 0.20 or
0.30 g H2O/1 gM) using a laboratory mixer to obtain a homogenous material, which
was subsequently extruded with an Eurolab digital laboratory extruder (L/D 40:1,
screw diameter 16 mm). After extrusion, the material was dried for 2 h at 105 °C
and then turned into a fine powder with mortar and pestle. The obtained powder
was mixed together with starch, water and deep eutectic solvents that acted as plasti-
cizers using laboratory mixer (25 °C, 350 rpm). After mixing, the compositions were
extruded using a twin-screw extruder. The obtained extrudate was turned into 3-mm
diameter pellets which were finally pressed between Teflon sheets using a hydraulic
press for 5 min, at 140 °C, under pressure of 6 tonnes to obtain films. Results from
the film characterization showed that an intercalated structure of MMT sheets was
obtained. It must be mentioned that the inclusion of these fillers had an important
effect in the processing of the material. The authors found that MMT presence helps
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polymer flow through the extruder die as it decreases melt viscosities of TPS. These
could be explained in terms of a limitation of polymer chain entanglement caused by
intercalated clay particles. This leads to lower energy dissipation in composite mate-
rials compared with neat polymer melt and, therefore, easier movement of polymer
chains. This approach results promising in the development of new starch compos-
ites, which could be easier processed by melt processing (extrusion, extrusion with
film blowing, injection molding or thermocompression).

2.2 Processing of Starch Blend Matrix Composites

2.2.1 Usual Strategies for Processing Starch Blend Matrix Composites

Blending different polymers constitutes a simple and effective approach and gives
the possibility to improve material or product performance, with the desired prop-
erties at a lower cost, compared to the synthesis of a new polymer. For example,
through mixing technology, it is possible to improve polymer modulus and dimen-
sional stability by blending with a more rigid and more heat-resistant polymer. In
addition, it is possible to design a compounding strategy to rebuildmolecular weights
of partially degraded polymers, thus to produce articles from scrap or post consumer
plastics. Another important advantage of polymer blending is the improvement in the
processability of plastics. For example, it is possible to process a high glass transition
temperature (T g) polymer at a temperature below the thermal degradation limit by
blendingwith amiscible polymer of lowerT g. A reduction of the pressure drop can be
achieved through the incorporation of an immiscible polymer of low viscosity, thus
increasing productivity. Blending allows scrap reduction and rapid change in formu-
lations giving rise to greater adaptability and flexibility in production and market
demands [53].

The performance of polymer blends depends strongly on the final morphology
achieved. The morphology of immiscible polymer blends is defined by the concen-
tration of the blended components, phase identity, viscosity ratio, compatibility and
interfacial tension between components, and finally, by the processing conditions
[54]. That is, in the case of polymer blends, studying the behaviour at the interface
as well as the rheological response results of great importance to understand the final
material’The thermal properties of starch/PHB performance [55].

As it was previously mentioned, TPS is a biobased, biodegradable and cost-
effective polymer, although it cannot meet all the application requirements in terms
of processability, mechanical properties and durability [56]. Its strong inherent sensi-
tivity to moisture, high water absorption capacity and low water resistance lead to
a decrease in the barrier and mechanical properties that limits its applications [57].
Many studies have been conducted to evaluate the feasibility of combining TPS
with hydrophobic biodegradable polyesters, with the aim of improving its physical
properties and processability [58–60]. According to Muthuraj et al. [54], the main
challenges with polymer melt blending are the improvement of adhesion between
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components, the reduction of interfacial tension between them and the generation of
limited inclusion phase size. In this context, the addition of a reactive coupling agent
or a compatibilizer is a prerequisite to improve interfacial adhesion and therefore the
final properties of the blend.

The key to optimizing polymer blend performance is to control the morphology
achieved after processing, as the development of a specific morphology will give
rise to the desired properties [53]. For example, to optimize the material impact
strength, a matrix/dispersed phase morphology is desirable, while co-continuity is
expected to yield a better stiffness/ductility balance. Optimized properties, therefore,
result from the proper equipment design selection, the strict control over processing
conditions and the methods of generating and stabilizing the morphology, such as
reactive compatibilization and the addition of coupling agents [53]. The material
characteristics, such as bulk, rheological and thermal properties, have a significant
impact on processing [53]. Biobased and biodegradable polymers can be processed
using conventional techniques such as injection molding, extrusion and compression
molding. Special attention must be paid due to their hygroscopic characteristics.
Unlike starch, PHB and PBAT need to be dried before processing to avoid a drop
in molecular weight and melt viscosity due to hydrolytic degradation. Furthermore,
processing should be performed under controlled humidity to reduce the potential
for flashing and brittle products [61]. Drying temperature and time conditions must
be optimized for each material, especially when blending different polymers. The
processingwindow of biobased and biodegradable polymers is usually narrower than
most of the commodity plastics. Hence, the processing temperature profile must be
designed and optimized for each system. High temperatures, the development of
high shear stresses and high residence time during the process, are not desirable and
can lead to polymer degradation [53, 61]. The forming stage often has a dramatic
influence on the final morphology. Thus, the type of processing technology used, the
equipment design and the processing conditions will determine the finalmorphology.
During processing, the material undergoes complex deformation (e.g., elongational
flow, uniaxial orientation, contraction) that affects the morphology and, thus, the
material’s final properties. Therefore, tailoring polymer blends for specific appli-
cations requires control of the morphology through tighter control over processing
parameters [53].

Other useful strategy to improve polymer compatibility is the addition of a suit-
able filler which can improve interfacial adhesion between polymer phases due to
preferable localization at the interface. Moreover, the addition of natural fillers can
enhance the final performance of polymer blends, reducing the overall material cost
and ensuring the total biodegradability of the material [62]. As in the case of neat
TPS matrices, improvements in mechanical, thermal and barrier properties can be
obtained when uniform filler distribution in the blend-polymer matrix is achieved.
The challenge is to create a favorable interaction between the polymers and the
filler, and thus avoid phase separation and agglomeration of the filler particles [63].
Polymer composites can be obtained by three different methods, in situ polymer-
ization, melt mixing and solvent casting. Melt mixing, using conventional extru-
sion or injection molding technologies, is the most common method for preparing
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thermoplastic-based composites at large scale [62]. When adding a filler to polymer
blends with a different molar mass and viscosity, selective localization of the filler
can be achieved. The preferred localization is mainly driven by thermodynamic (viz.,
enthalpic interaction between each polymer and particles) and kinetic factors (i.e.,
viscosity ratios of the two polymers). Hence, micro- and nanofillers may result in
localization of the filler within different polymeric phases, specific polymeric phases
and/or at the interphase [64–66]. Thus, the final properties of biocomposites can be
adjusted by controlling the filler location, its distribution and the adhesion between
both polymers and with the filler [66].

Melt mixing provides a high shear force method to promote dispersion and distri-
butionof themicro- andnanofillers, providing large-scalemass production.Adjusting
processing conditions such as order of mixing, mixing time and shearing forces may
result in an adequate strategy to promote the desired filler location and distribution
in the polymer blend. Enough shearing force and residence time must be chosen to
facilitate the migration of the particle from the preferent polymeric component to the
less compatible phase. If processing conditions are not enough to allow the particle
to move from one polymeric phase to the other, particles will be located as a function
of the shear stress and time in any of the polymers in the mixture or the interface
[66]. Different mixing strategies have been described. They depend on the polymers
and filler characteristics, as well as on the versatility that the processing method
can offer. Simultaneous mixing of all the components and its subsequent incorpora-
tion to the processing equipment, and the addition of particles to the molten blend
where polymer pairs have already been mixing for some time are the most common
strategies used. In more complex systems, premixing fillers with a component that is
thermodynamically preferred (or not) is the recommended choice to promote further
interaction between them [66].

In addition, chemical structure and viscosity of blends may negatively affect the
dispersion of fillers (usually hydrophilic and with a great tendency to agglomerate),
decreasing the ultimate mechanical properties of the composite. Different methods
have been proposed to overcome these issues, such as the chemical modification of
fillers to decrease their inherent hydrophilicity, chemical modification of polymers
and the incorporation of a suitable compatibilizer [62, 63].

There are many studies focusing on the development of green composites based
on starch combined with other biobased/biodegradable polymers reported in the
literature. The most common are polycaprolactone (PCL), which is incorporated in
some commercial Mater-Bi® (Italy) product, and polybutylene adipate terephthalate
(PBAT), which is incorporated, together with polylactic acid (PLA). In the commer-
cial product Ecowill FS0330® (China), PLA that is easy to process is biobased and is
incorporated in the commercial product INZEA® (Spain), and polyhydroxybutyrate
(PHB) like starch is biobased and does not require a synthesis process in addi-
tion to being biodegradable in soil and is incorporated in the commercial product
Arboblend® (Germany). In the next sections, we will focus on processing strategies
of two specific blends with potential applications in agriculture: starch/PHB and
starch/PBAT.
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2.2.2 Processing of Starch/PHB Composites

PHB is the most common type of polyhydroxyalkanoate (PHA). PHAs are linear
polyesters with good mechanical strength and similar modulus to polypropylene.
They are semicrystalline, hydrophobic and biocompatible. PHAs are degraded in the
environment by soil microorganisms which are able to secrete PHA depolymerases,
enzymes responsible for the hydrolysis of polymer ester bonds.

PHB is a linear polyester of d(-)-3-hydroxybutyric acid (Fig. 7) that was first
discovered in bacteria by Lemoigne in 1925 [67]. It is synthesized biochemically by
microorganisms in response to conditions of physiological stress and then accumu-
lated in granular form in their body as energy storagematerial. PHB can be fermented
from a variety of sources, such as sugars, molasses or hydrogen and carbon dioxide
depending on the bacteria used. Commercial PHB is synthesized by several bacterial
strains such as Alcaligenes sp. (PHB Industrial SA, Brazil); Cupriavidus necator
(Bio-Oil SRL, Italy); and Ralstonia eutropha (Tianan Biologic, China; Telles, USA;
and Kaneka Corporation, Japan) [68]. Due to the high cost of production, several
studies have been carried out to develop better bacterial strains,more efficient fermen-
tation/recovery processes and the use of inexpensive carbon resources as substrates,
such as cyanobacteria [69]. Bhatia et al. [70] obtained an Escherichia coli strain
which can accumulate intracellular PHB up to 57.4% of cell dry mass. The molec-
ular weight of PHB can vary from about 50,000 to over a million, depending on the
organism, growing conditions and the extraction methodology used.

PHB is water insoluble and relatively resistant to hydrolytic degradation; it has
good ultraviolet resistance and poor resistance to acids and bases. It is soluble in
chlorinated solvents such as chloroform and dichloromethane, and is insoluble in
non-chlorinated solvents such as hexane [68]. Besides, PHB is less “sticky” than
traditional polymers when it is melted [71].

In addition, PHB can be used in food packaging applications [72], controlled drug
delivery carriers [73], and wound dressing and tissue engineering [74, 75]. However,
moderate mechanical, thermal and barrier properties of PHB limit its applicability
in these fields. Hence, blends of PHB with other polymers are prepared in order to
balance these drawbacks [76].

As previously discussed, plasticized starch films or composite starch films have
low mechanical resistance and a poor barrier property toward water vapor compared

Fig. 7 Chemical structure of
PHB. Figure drawn by the
authors
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to conventional plastics. Given the background, blending starch with other biopoly-
mers like poly-3-hydroxybutyrate, which has low deformation at break, is one
approach to produce starch-based materials keeping its biodegradability and renewa-
bility while improving its Young’s modulus, tensile strength and even its barrier
properties and water sensitivity.

Starch/PHB blends can be produced via compression molding, extrusion and
injection molding. As PHB contains bound water, it is necessary to dry pellets before
processing the material. Bugnicourt et al. [71] suggest drying PHB for over 2 h at
80 °C in dry air dryers. It is important to take into account that pellets recover the
original humidity within 30 min after they are removed from the dryer. On the other
hand, some producers of commercial PHB recommend a maximum of 0.005 wt%
of humidity before processing the material, drying the PHB at temperatures not
exceeding 100 °C. Garrido-Miranda et al. [77] dried PHB at 80 °C for 12 h before
processing it with a previously dried TPS.

The major inconvenience during processing starch/PHB blends is the narrow
temperature range of working without degrading the polymers, owing to the poor
thermal properties of PHB. This polymer has low resistance to thermal degradation
that involves chain scission and a rapid drop in viscosity and molecular weight [78,
79]. It decomposes at temperatures just above its melting point (Tm = 170–175 °C).
If PHB is exposed to temperatures near 180 °C, it could suffer severe degradation
generating products like olefinic and carboxylic acid compounds, e.g., crotonic acid
and various oligomers [71]. When PHB is processed for industrial applications,
melt-processing techniques such as extrusion and/or injection expose the polymeric
chains to high temperatures (above 170 °C for PHB) and shearing tension. Therefore,
as degradation may occur rapidly, the acceptable residence time in the processing
equipment is only a few minutes. Pachekoski et al. [80] studied the PHB degradation
after being extruded and/or injected. Melt flow index (MFI) value before processing
was (17± 2) g/10 min, and it increased up to (21± 2) and (26± 2) g/10 min after the
materials were extruded, and extruded and injected, respectively. The greater fluidity
was related to the increase of the polymeric chain mobility due to the reduction
in molecular mass, not only as a consequence of thermal degradation but also by
the shearing of the polymeric chains caused by the mechanical forces involved at
extrusion and injection processes. One strategy to decrease MFI is the addition of
secondary antioxidants, which increases molecular weight since they act like chain
extender agents. Correa [81] found that the addition of antioxidants stabilizes the
PHB during the melt mixing, increases the processing window and generates chain
extension reactions that increase the melt viscosity of the matrix, allowing for better
processing conditions.

After processing, the viscosity of PHB decreases due to polymer degradation. In
extrusion, the molecular weight of obtained PHB is related to the residence time, and
it decreases when temperature and screw speed are higher [82]. Higher temperatures
also increase the biodegradation rate of PHB due to a decrease in crystallinity, aiding
extracellular enzymes to attack PHB chains [83].

Some strategies have been applied to overcome the thermal drawbacks during
processing of starch/PHB blends. For example, the addition of plasticizers decreases
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Fig. 8 Chemical structure of PHBV. Figure drawn by the authors

the glass transition and melting temperature of the mixture. However, this route
is accompanied with a decrease in tensile properties; the extent depends on the
amount and type of the plasticizer added [84]. Likewise, poly-(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) (Fig. 8) is a copolymer of PHB that is widely used
to be blended to starch because it has a lesser melting temperature (Tm = 150–
155 °C) than its homopolymer [85–87]. PHBV is obtained by the incorporation of
3-hydroxyvalerate (HV) during the fermentation process (the content can reach up
to 95 mol%). It is produced by a fermentative process similar to that of PHB, only
differing in the use of propionic acid (responsible for the concentration of HV) with
glucose, as a carbon source [88]. Higher HV contents contribute to decrease the
melting point of the copolymer, expanding the processing window. Furthermore,
PHBV is less crystalline, easy to mold and more resistant than its homopolymer
[89–91].

Another possibility is to improve the interfacial adhesion of starch and PHB
in order to increase thermal stability. For example, Don et al. [92] observed
that pure PHB decreased its molecular weight in 70% when it was processed at
175 °C for 5 min, while for blends prepared with potato starch grafted with vinyl
acetate the reduction was lower, reaching 46% when the composition was 20:80 of
PHB:modified starch.

In general, compression molding is the most used method for obtaining
starch/PHB-based blends/composites. Before this, a compounding step is carried
out to obtain a homogeneous mixture of all the components. The first step is often
done in a conventional mixer or in a twin-screw extruder at temperatures around to
that of PHBmelting. Then, the melted mixtures (frequently grounded) are processed
to obtain films with desirable thickness. By compression molding, the assemblies
are often processed between 160 and 180 °C, at 8–69 MPa, and for 5–30 min when
PHB is used [73, 93, 94].

The resulting starch/PHB blends are often heterogeneous due to a lack of affinity
between both components. Discontinuities at the interface generally lead to cracks
and thus low deformation at break and poor barrier properties. Over the years, several
strategies have been addressed to get better interaction between both polymers and
thus obtain completely biodegradable materials with desirable properties. Among
them, the adjustment of processing conditions, the extent of disruption/plasticization
of starch, the botanical source and type of starch (different amylose contents), the
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employment of starch/PHB derivates (physical or chemical modified starches and/or
copolymers of PHB) and the use of compatibilizers have been taken into account.

The addition of fillers has also been proposed to increase the polymer compati-
bility. Depending on the type of filler or the simultaneous use with other additives,
differences are obtained in the compatibility of the composite’s components. For
example, Garrido-Miranda et al. [95] investigated the influence of clay’s incorpora-
tion on the properties of the resultant starch/PHB-based composite. The researchers
obtained a bio-nanocomposite of PHB, TPS and clay by melt mixing with different
concentrations of clay (1 and 5%). They worked with a derivate of montmorillonite
(OMMT) modified by surfactants which has the same affinity for hydrophilic and
hydrophobic polymers. TEM and DRX analysis indicated that OMMT structures
were exfoliated and intercalated. The results showed that when concentrations of
OMMT were higher (5%), only layers of clay and no starch granules were observed
in the matrix. That could be attributed to the behavior of the clay as compatibilizing
and reinforcing agent in PHB/TPS blend, improving the interfacial adhesion between
immiscible polymers. This better compatibility of the polymers resulted in higher
hardness and elastic modulus of TPS/PHB/OMMT composites with respect to that
of TPS/PHB.

2.2.3 Processing of Starch/PBAT Composites

PBAT is a 100% biodegradable aliphatic–aromatic copolyester based on fossil
resources. It is obtained by a polycondensation reaction between butanediol, adipic
acid and terephthalic acid, using conventional polyester manufacturing technolo-
gies. Its chemical structure, shown in Fig. 9, combines the biodegradability and
processability characteristic of aliphatic polyesters with the thermal and mechanical
properties provided from aromatic polymers [96]. PBAT offers higher physical prop-
erties, including flexibility (elongation at break close to 700%), Young’s modulus
(20–35MPa), tear resistance and tensile strength (32–36MPa) than most biodegrad-
able polyesters, such as poly(lactic acid) and polybutylene succinate [62]. Further-
more, its mechanical properties and processing conditions are comparable to those of
low-density polyethylene. Therefore, it has become a promising biodegradablemate-
rial for a wide range of potential applications [62, 97]. PBAT is a semicrystalline

Fig. 9 Chemical structure of PBAT. Figure drawn by the authors
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polymer with a thermal behavior well characterized. A crystallization exotherm is
usually observed around 55–60 °C, and the melting temperature ranges from 110
to 140 °C. PBAT glass transition temperature is reported to be between −30 and −
15 °C, depending on the testing conditions [64, 96]. The moderate crystallinity and
good thermal stability allow PBAT to be melt-processed by conventional techniques
such as injection molding, extrusion and compression molding [61]. As reported by
Dammak et al. [56], PBAT presents short molding cycles and good processability
at high extrusion speeds. Typical processing temperature profile ranges from 110 to
160 °C according to the formulation, the processing technique and the character-
istic of the neat PBAT. Special attention must be given to moisture removal before
processing to prevent the hydrolytic degradation of PBAT.When processing biopoly-
mers at high temperature and shear stress, the presence of moisture can accelerate
polymer chain scission and promote downstream processing issues [61, 98]. The
degradation routes of biodegradable polymers are generally related to a depolymer-
ization step due to the action of external driving forces (temperature, mechanical
stress, radiations, etc.) and the subsequent reactions of the radicals generated with
the environment. As reported by Ferreira et al. [62], two main degradation routes
have been proposed for PBAT.One considers the enzymatic action ofmicroorganisms
such as bacteria, fungi and algae in the disposal environment. The other one is based
on a depolymerization process promoted by a no-enzymatic reaction (e.g., chemical
hydrolysis and thermal degradation) and the subsequent assimilation andmetaboliza-
tion of the generated intermediates by the present microorganisms. The downsides of
PBAT are its poor tensile strength, lowmodulus, low barrier properties and especially
its relatively high production cost when compared with most conventional plastics.
Hence, its biodegradability alone is not enough for consumer acceptance and makes
it difficult for its large-scale application [54, 62, 65, 99]. These limitations might
be addressed by blending with other biodegradable, more cost-effective polymers,
and/or adding biobased fillers to design biocomposites, without compromising its
biodegradability [54].

PBAT is presented as a proper candidate to combine with TPS, improving TPS
toughness and water resistance while maintaining its biodegradability performance
[96]. According to Manepalli and Alavi [50], blending starch (0.20–0.40 $/lb) with
high-cost polymers like PLA and PBAT (1.50–3.00 $/lb) can be competitive in cost
with respect to commodity plastics. Biodegradability degrees greater than 90% for
PBAT and TPS systems were obtained by various authors. However, the rate of
CO2 production varies depending on the composition of the mixture. This varia-
tion is related to the components added to the TPS/PBAT mixture, the developed
morphology and the strength of the interphase between the polymers [56].

Simple physical blending leads to the deterioration of mechanical properties
caused by the incompatibility between phases, limiting the maximum TPS content
in the blend to approximately 25–30 wt% [100, 101]. Hence, the major problem
of the TPS/PBAT blends is the poor interfacial adhesion between the hydrophobic
PBAT and the hydrophilic TPS [102, 103]. Extensive efforts have beenmade to lower
the interfacial adhesion between TPS and PBAT, and a variety of compatibilizers,
including low molecular and macromolecular compatibilizers, have been studied
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[64, 102] The reactive extrusion of TPS with polyester in the presence of maleic
anhydride, citric acid and tartaric acid, as well as low molecular coupling agents, has
been investigated. They have been used to improve the plasticization process and to
increase the compatibility between TPS and other polymers [100, 102, 104, 105].
Maleated PBAT, maleated TPS and epoxy additives have also been used to improve
PBAT/TPS blend performance [106]. In all of these compatibilizers, the anhydride
group of maleic anhydride, the epoxy group of glycidyl methacrylate (GMA) and the
carboxyl group of acrylic acid, tartaric acid and citric acid are efficient to improve the
mechanical properties of PBAT/TPS blends by enhancing the interfacial adhesion
between the two phases [56].

Citric acid (CAc) is an organic tricarboxylic acid present in most fruits, espe-
cially citrus fruits such as lemon, orange and tangerine. Its molecular formula is
C6H8O7. The multi-carboxylic structure and lowmolecular weight make possible its
use as plasticizer, cross-linking agent, hydrolytic agent and compatibilizer in polymer
formulations. Several authors reported the effect of different contents of citric acid
on TPS/PBAT blend properties [56, 100, 97].

Maleic anhydride (MA) is an organic compound, the acid anhydride of the bifunc-
tional maleic acid. The anhydride group has been extensively used as an in situ or
ex situ coupling agent for immiscible polymer blends due to its high reactivity with
water, alcohols and amines. Maleic anhydride can react with amine and hydroxyl
end groups (e.g., of polyesters) to yield the desired graft copolymer necessary for
compatibilization. The MA-modified polymers can then be employed to compatibi-
lize polyesters (e.g., PET and PBT) with other polymers due to the potential of anhy-
dride reaction with terminal hydroxyl groups.Methods for graftingMA into polymer
backbone have been studied as a technique to promote hydrophilicity, adhesion,
dyeability, functionality for cross-linking and other chemical reactions in polymer
development. In addition, the MA grafting has been utilized to promote compati-
bility between polymers and polymer/fillers [107]. Fourati et al. [100] studied the
incorporation of citric acid, maleic anhydride and maleated PBAT, in PBAT/starch
formulations and their effect on the mechanical properties, rheological behavior at
a solid and molten state, the co-continuity and the morphology of the phases. In the
work of Dammak et al. [56], the authors continued their investigation concerning the
effect of MA and maleate PBAT (PBAT-g-MA) on the mechanical, rheological and
biodegradability of PBAT/TPS blend with a TPS content ranging from 40 to 60%.

Tartaric acid (TA) is a dicarboxylic acid extracted from plants and fruitages,
widely used as an edible acid derivative in pharmaceutical, food and general industrial
chemical fields [108]. As for citric acid, it is reported that TA acts as a coupling agent
by promoting esterification (grafting) and transesterification reactions (cross-linking)
with polymers, improving the compatibility between them. Its effect on promoting
the acid hydrolysis of starch chains has also been studied. For example, Zhang et al.
[108] proposed a new facile strategy to reduce the TPS shear viscosity and improve
compatibility with PBAT by adding increasing contents of tartaric acid. In their work,
Olivato et al. [109] explored the use of TA as a compatibilizer of starch/PBAT blends
obtained by a one-step reactive extrusion process based on a constrained mixture
design.



88 L. Ribba et al.

A study of the torque recovery and polymer degradation for a TPS/PBAT blend
with up to 30% of TPS, processed in a laboratory mixer with and without a commer-
cial chain extender additive as a compatibilizer, was conducted by Marinho et al.
[110]. They proposed that the compatibilizer action of the oligomer used as a
chain extender is due to the presence of epoxy and methacrylate residues that can
interact with the polymeric system. As an alternative for conventional macromolec-
ular compatibilizers, Garcia et al. [111] studied the effect of using sericin (at low
concentrations) in the performance of starch–PBAT blown films. Sericin protein is
obtained as a by-product during silk production from the Bombyx mori silkworm. Its
molecular weight ranges from 24 to 400 kDa, and the predominant amino acids are
serine (40%), glycine (16%), glutamic acid, aspartic acid, threonine and tyrosine.
Due to its chemical characteristics, sericin is reported to be used as an additive or
adjuvant in polymer blends [111].

Different strategies have been proposed to process TPS/PBAT blends with the
inclusion of different compatibilizers and coupling agents. The preparations of
TPS/PBAT/compatibilizer (CA, MA and PBAT-g-MA) blends studied by Fourati
et al. [100] first involved obtaining TPS from potato starch mixed with 20 wt% glyc-
erol using a dough mixer (40 rpm, 10 min). The starch–glycerol blend was then
extruded twice on a single-screw extruder (L/D 28:1; 200 rpm, temperature profile
110–110–120–120–130–130–120 °C fromhopper to die). Beforemixingwith PBAT,
TPS pellets were dried overnight at 70 °C. TPS and PBAT granules (Ecoflex F Blend
C1200; TPS60/PBAT40) and citric acid (2 and 4%) were manually fed and extruded
twice to improve the dispersion of the blend components at a screw speed of 120 rpm,
with a temperature profile 120–130–145–150–150–140–130–120 °C. A flat die was
used to obtain films with a thickness between 0.3 and 0.2 mm. Blends with MA (2,
4 and 6 wt%; based on the whole TPS/PBAT blend) were processed as described
above for CAc. PBAT-g-MA was prepared by radical grafting in the melt of PBAT
with 2% MA and benzoyl peroxide (BP) (1%) as a radical initiator, using a batch
mixer (140 °C, screw speed of 45 rpm, 20 min). The PBAT-g-MA was pelletized
and used without further purification. The extent of maleation was around 0.55%.
Using rheological measurements, they found that the rheological behavior of the
TPS60/PBAT60 blend showed a typical viscous-like behavior (G′′ higher than G′)
and followed that of PBAT, where PBAT was the continuous phase and the TPS the
dispersed one. When TPS/PBAT was processed in the presence of CA, the authors
found a rheological behavior typical of a gel-like material with G′ higher than G′′
and nearly frequency-independent. The authors investigated the rheological prop-
erties of TPS-CA 2% blend and found that both the viscosity and G′ decreased
by one order of magnitude in comparison with the neat TPS. They explained the
drop in viscosity, as other authors did, due to the capacity of CAc to disrupt starch
inter- and intramolecular interaction and also a certain degree of starch acidolysis.
The rheological behavior of TPS/PBAT/MA, at 150 °C, was also typical of a gel-like
material. As the content ofMA increases, a decrease of bothG′ (G′TPS-PBAT-2MA>
G′TPS-PBAT-4MA>G′TPS-PBAT-6MA) and complex viscosity (η*)was observed.
The SEM and co-continuity analysis showed a direct correlation with the rheology
results. TPS/PBAT/MA 2% presented a co-continuous structure, while at 4% MA, a
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phase inversion occurred (as was evidenced by SEM) with TPS being the matrix, and
PBAT as droplets, the dispersed phase. In accordance with SEM results, the authors
observed that the rheological behavior of TPS/PBAT-g-MA/PBATwas similar to that
of the TPS/PBAT blend, dominated by a liquid-like character, where PBAT was the
continuous phase and TPS the dispersed one, although PBAT represented the 40 wt%
of the total weight of the blend.

Dammak et al. [56] prepared PBAT-g-MA using the same procedure and
processing conditions as Fourati et al. [100]. However, the MA content grafted was
1.5%. The materials used in the work of Dammak et al. [56] were similar to the ones
employed in the previously published paper [100]. However, themethod of preparing
the blends differs from that presented in the previous study. In their work, TPS was
prepared bymixing starchwith glycerol at a ratio of 80/20wt% and 10%ofwater was
added. Water acts as a plasticizer for starch, so the plasticizer content in this blend
is higher than in the previous work [100]. Then, the starch–glycerol–water mixture
was extruded in a twin-screw extruder (L/D 38:1, screw speed 100 rpm, temperature
profile 130–130–130–130–135 °C) instead of the doughmixer and the two-extrusion
process on a single-screw extruder previously used. Films from TPS (content 40, 50
and 60%), PBAT granules and the compatibilizer (MA and PBAT-g-MA, 2%) were
extruded using the same twin-screw extruder. Films were obtained with a flat die set
at the end of the extruder (thickness range 0.2 and 0.3 mm).

Zhang et al. [108] obtained TPS modified with TA by premixing dried corn starch
(Langfang Starch Company) and glycerol (70:30 w/w) for 5 min with the incorpora-
tion of 0.5, 1, 2 and 4%TA (weight based on corn starch). All componentsweremixed
for 10 more minutes. Mixtures were kept for 30 min at 80 °C, and afterward melt
compounded using a twin-screw extruder (L/D 40:1) at a screw speed of 80 rpm. The
temperatures of the extruder, from the feed zone to die end, were 90–120–130–140–
145–145–140–135 °C. The effect of TA contents on the properties of PBAT/TPS-TA
blends was studied by melt compounding TPS-TA mixtures with PBAT (TH-801,
Xinjiang Blue Ridge Tunhe Chemical Industry Joint Stock Co.). TPS-TA mixtures
were dried at 80 °C for 24 h and extruded with PBAT to obtain PBAT30/TPS-TA70
blends using the same equipment. The temperatures of the extruder from the feed
zone to die were 140–140–150–150–155–155–160 and 150 °C, and screw speed was
kept at 70 rpm. TPS and PBAT/TPS were performed at the same procedure and were
considered as control materials. All PBAT/TPS-TA blends displayed a shear thinning
behavior at high frequency, with complex viscosity (η*) and storage modulus (G′) of
PBAT/TPS-TA higher than those of PBAT in the whole frequency region. However,
η* and G′ of PBAT/TPS-TA decreased as the TA content increases from 1 to 4%,
confirming that the compatibility of PBAT/TPS-TA at levels up to 1% is better than
at higher contents and thus might act as a coupling agent at low content. When TA’s
content was higher, η* and G′ of PBAT/TPS-TA decreased, suggesting its lubricant
action.

The effect of TA on the properties of a starch/PBAT blend was studied by Olivato
et al. [109] using a constrained mixture design. TA proportions used ranged from
0 to 1.1%. The maximum proportion of glycerol was set to 12.0%, and the third
component was a mixture of starch and PBAT with a 55:45 proportion between



90 L. Ribba et al.

the phases. Native cassava starch and PBAT (BASF) were used. The formulations
were processed using a laboratory single-screw extruder (L/D 28:1), with a barrel
temperature profile of 100–120–120–120 °C and the screw speed set to 40 rpm.
Pellets were obtained afterward. In a second step, blown films were obtained using
the same equipment with a barrel temperature profile of 100–120–120–130 °C and
130 °C for the 50-mm film-blowing die, with a screw speed of 40 rpm. The film
thickness was maintained between 80 and 100 μm.

The incorporation of an oligomer with epoxy andmethacrylate residues (commer-
cial name Joncryl PR010) as chain extender and compatibilizer, in blends of PBAT
with 10%, 20% and 30 wt% of TPS, was studied by Marinho et al. [110]. PBAT
(Ecoflex® F Blend C1200) and thermoplastic starch (TPS Beneform 4180, Ingre-
dion) were compounded in a laboratory internal mixer at rotor speed of 60 rpm, and
chamberwall temperature kept constant at 140, 170 and 200 °C (total processing time
of 15 min). PBAT and TPS were also subjected to the same process, and 1% Joncryl
additive was added after 10 min without interrupting the process. The chain extender
is recommended to compensate for degradation during processing in polyesters and
polyamides.

Films of starch/PBAT/glycerol with increasing contents of sericin (0.5, 1.0 and
1.5 wt%) were obtained by Garcia et al. [111] using a single mixing step followed by
blown-film extrusion. Cassava starch (Indemil, Brazil), PBAT (Ecoflex® S BX 7025,
BASF), glycerol and sericin (extracted from silkworm cocoons, Bombyx mori) were
manually mixed and extruded in a twin-screw extruder (L/D 35:1) to obtain pellets.
The screw speed was 100 rpm, and the temperature profile used was 90–120–120–
120-120 °C. In a second step, pellets were extruded using a mono-screw extruder
(L/D 26:1) with a 50-mm film-blowing die. The temperature profile was 90–120–
120–130 °C and 130 °C at the die, and the screw speed was 40 rpm. The control
formulation contained 61, 26 and 13 wt% starch, PBAT and glycerol, respectively.
As the authors’ preliminary results showed that sericin could perform as a plasticizer,
its addition replaced glycerol content in every formulation.

As it was mentioned before, in some cases adding fillers to polymer blends results
in an improvement of the interfacial adhesion between the polymer phases caused by
preferable filler localization at the interface [65]. As it was previously mentioned, the
addition of low-cost materials (organic and inorganic fillers) as natural reinforcing
agents is an effective way to improve the starch/PBAT properties and decrease their
final cost, while maintaining (but preferably accelerating) the inherent biodegrad-
ability of the matrix. However, some concerns related to common problems of filler
dispersion, the interaction between filler/matrix and reduction filler content must be
overcome [62, 112]. Several factors, such as processing conditions, the miscibility
and viscosity of the polymer phases, and the composition of the final mixture, will
define the composite’s performance.

The enhanced mechanical, thermal and barrier properties of a composite are
related to the formation of strong interactions between the filler and matrix. Thus,
when some external stress is applied, part of the energy can be absorbed by the filler,
and part of it can be dissipated by frictions between particle–particle and particle–
polymer interaction through the interphase. The uniform filler dispersion within the
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starch/PBAT and the improved interactions between the filler and polymer matrix
better dissipates the energy throughout the matrix.

The final properties of starch/PBAT and TPS/PBAT blends depend on several
factors. The most important ones are associated with the structure of the starch in
blends, influenced by the origin of the native starch, the presence of plasticizers,
processing aids, use of compatibilizer agents, among others. The parameters used to
obtain the thermoplastic starch and theway inwhich it is mixedwith PBATwill influ-
ence the morphology and properties of the compound obtained [97, 101]. Different
microstructures and component distributions in the starch/PBAT or TPS/PBAT blend
can be achieved according to the process and processing conditions.

In order to improve the interaction between fillers and PBAT/starch (or
PBAT/TPS) matrices and the filler dispersion, different strategies were proposed
[62, 63]. For example, Liu et al. [103] proposed the incorporation of MA and
poly(ethylene-co-vinyl alcohol) (EVOH) to improve the properties of starch-based
nanocomposites/PBAT blends using nano-SiO2 as a reinforcing agent. In their work,
Zhai et al. [97] proposed a single-step process to obtain starch–glycerol/PBAT
nanocomposite containing an organically modified montmorillonite as a filler and
citric acid as a compatibilizer. The effect of the starch content on the morphology,
mechanical properties and hydrophobicity of blown films were investigated.

The impact of different compatibilizers, including fillers, on the morphology of
the TPS/PBAT blends was evaluated by several authors. Fourati et al. [100] studied
by SEM the morphology of cryo-fractured cross section of TPS/PBAT (60/40 wt%)
films, processed with 2 and 4% of citric acid as coupling agent, on samples with and
without extraction with HCl solution (TPS extracted) and CHCl3 (PBAT soluble).
Also, the continuity index was calculated as

%continuity = Winit − Wend

Winit
× 100,

where Winit corresponds to the weight of PBAT or TPS before the solvent extrac-
tion step andWend was the weight remaining after extraction. For TPS-PBAT (60/40),
in the absence of a compatibilizer, the continuity index was about 100 and 20%
for PBAT and TPS, respectively. This means that the PBAT formed the contin-
uous matrix phase with TPS being the dispersed phase, despite its volume fraction
exceeding that of PBAT. SEM images confirmed a dispersed morphology in which
TPS appears as dispersed elongated droplets in the PBAT matrix (TPS droplet size
between 1 and 5 μm). The presence of holes and gaps in the interfacial area between
the matrix and the dispersed phase, observed in the image after the cryofracture
breaking of the film, indicated a weak interfacial adhesion between TPS particles
and PBATmatrix. For TPS/PBAT/2%CAc, the SEM images showed a co-continuous
morphology, consisting of interconnected TPS structures with fiber-like morphology
(observed in SEM image after film treatment with HCl solution). SEM micrograph
for blend processed in the presence of 4% CAc showed a continuous phase of TPS
and PBAT dispersed (spherical particles with a size between 2 and 4 μm). In the
presence of CAc as a compatibilizer, TPS/PBAT 60/40 films totally disintegrated
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in water within several minutes, especially for 4% CAc. For TPS/PBAT/2% MA,
SEM images showed a co-continuous morphology, where TPS structures were inter-
connecting with a fiber-like morphology. This effect is highlighted in these mixture
morphologies more than in those prepared with CAc. The continuity test and SEM
images of TPS/PBAT/4 and 6% MA showed a dispersed morphology in which the
PBAT is dispersed (droplets) in a TPS matrix. This was confirmed by the appearance
of voids in the SEM micrograph of the cross section of the film after the extraction
with chloroform. In addition, after immersion in theHCl solution, the film fully disin-
tegrated, and PBAT particles (size between 1 and 4 μm) were observed. As for CA,
TPS/PBAT 60/40MA6% totally disintegrate in water within several minutes. For the
blend TPS/PBAT-g-MA/PBAT (TPS/PBAT 60/40) obtained by Fourati et al. [100],
in the presence of 2% PBAT-g-MA, the morphology resembles that of TPS/PBAT
(PBAT formed the continuous matrix phase with TPS being the dispersed phase).
However, they observed that during cryogenic breaking for SEM evaluation a lesser
number of TPS particles were pulled out and were less visible in the micrograph,
compared to TPS/PBAT. They explained these results as an indication of improved
interactions between TPS and PBATwhen PBAT-g-MAwas used as a compatibilizer.

Low interfacial adhesion and poor compatibility between TPS and PBAT were
reported by several authors [108]. TPS-TA/PBAT blends presented small particles of
TPS-TAphases dispersed in the PBATmatrixwithout agglomeration and goodwetta-
bility between phases, for TA content range from 0.5 to 2%. However, the increase
in the TA content from 2 to 4% leads to the phase morphology of TPS-TA/PBAT 4%
with TPS-TA particles agglomerated and showing low interfacial adhesion and poor
compatibility. As reported by Zhang et al. [108], increasing contents of TA in TPS
mixtures improve its processability. An important reduction of the melt viscosity
was reported as the melt flow index increased from 0.68 to 15.7 g/10 min when the
TA contents increased from 0.5 to 4%. Melt viscosity decrease was associated with
the acid hydrolysis of starch macromolecular chains observed from the viscosity-
average molecular weight measurements. TA can promote the hydrolysis of starch
during processing in the presence of glycerol and water vapor. FTIR and titration
measurement analysis of TPS-TA presented by Zhang et al. [108] evidenced that
TA does not esterify TPS or esterifying reaction degrees were very low during the
extrusion process (without an external catalytic agent) and proposed that TA could
be acting as a lubricant agent.

Contrary toZhang et al. [108] results,Olivato et al. [109] demonstrated thatTAwas
able to promote esterification reactionswith theOHgroups of starch (characterizedby
FTIR and solid-state 13C cross-polarization/magic angle spinning nuclear magnetic
resonance). These esterification and transesterification reactions were responsible
for the compatibilizer effect observed in starch/PBAT-TA blends. The addition of TA
changes themorphologyof starch–PBATblends showing a reduction in the interfacial
tension between starch and PBAT and promoting more homogeneous structures.

Olivato et al. [109] and Olivato et al. [113] published SEM images that showed
a good dispersion of sepiolite in TPS80/PBAT20-sepiolite 5%, and they found no
effect of nanofiller content on the morphology of the blends. TPS50/PBAT50 with
and without sepiolite showed a round TPS dispersed phase. A phase inversion was
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observed for TPS80/PBAT20 samples with and without nanofiller, where PBAT was
the dispersion phase.

Morphology of starch/PBAT/glycerol films obtained by Garcia et al. [111]
presented a fibrillar structure with effects that indicate chain orientation promoted by
the blown-film process. They also reported the absence of starch granules, demon-
strating that the process was adequate to enable the disruption of the starch granular
structure. Sericin addition at 1.0 and 1.5 wt% resulted in more homogenous and
compact structures, suggesting a cohesive effect when incorporated into polymer
matrices.

Lendvai et al. [114] obtained nano-biocomposites using nativemaize starch, PBAT
(Ecoflex® FBlendC1200,BASF), natural bentonite (BT) and anorganicallymodified
montmorillonite (OMMT, Cloisite 30B). They reported the presence of a quasi-
continuous phasewhen 40wt%ofTPSwas added to PBAT,with some less plasticized
starch domains as a second phase (size range of 5–15 μm). EDS mapping for Si in
40 wt%TPS nanocomposites/PBAT blend revealed a continuous phase for TPS, with
a uniform distribution of bentonite (BT). As expected from the compoundingmethod
described by the authors, BT nanoparticles were predominantly located in the TPS
phase and showed an intercalated morphology when 40 wt% of TPS nanocomposite
was incorporated into PBAT. The intercalated morphology progressed further with
the increasing content of PBAT. These results indicated that a decrease of the melt
viscosity during compounding of blendswith higher PBATcontent could promote the
disintegration of the BT agglomerates and facilitate their dispersion on the polymer
matrix. SEM micrograph for TPS-OMMT/PBAT was not presented by the authors
in the discussion.

In the work of Nunes et al. [55], the effect of processing temperature and TPS
contents on the rheological and mechanical performance of TPS/PBAT blends and
TPS/PBAT biocomposite reinforced with babassu mesocarp was reported. Regard-
less of TPS content in the blends, they described that immiscible morphologies were
obtained, with starch granules of heterogeneous sizes dispersed in the PBAT matrix.
TPS/PBAT SEM micrograph showed poor adhesion between phases. When TPS
content was increased from 10 to 30%, an increase in the agglomeration of TPS
particles was observed. Biocomposite SEM micrographs also showed partial adhe-
sion between matrix and fibers. These results are consistent with the mechanical
properties reported. Blend morphology did not present significant differences as a
function of the processing temperature.

In the work of Liu et al. [103], SEM micrographs showed low compatibility for
the system TPS/PBAT (TPS particle-like could be found). In their work, only the
influence of the compatibilizer in the TPS/PBAT blend was evaluated. When MA
or plasticized EVOH (pEVOH) was used as compatibilizer, a co-continuous phase
was formed. The continuous phase showed a more homogeneous structure when a
combination of MA + pEVOH was added to TPS-nSiO2/PBAT composites. The
XRD results for the samples confirmed the absence of significant changes in the
crystalline structures of starch and PBAT with the addition of nano-SiO2 and the
compatibilizers. The structure and morphology of TPS-nSiO2 nanocomposite were
not presented in their results.
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X-ray diffraction analysis was used by Zhai et al. [97] to evaluate the intercalated
or exfoliated structures of hydroxypropyl distarch phosphate HPDSP/PBAT/nCOM
nanocomposite. The nanocomposite XRD pattern showed diffraction peaks that indi-
cated an intercalated clay nanostructure. As the PBAT content increases, polymer
chains were intercalated into nanoclay organically modified (nCOM), and the d-
spacing values increase from 3.46, 3.61, 3.95, 4.16 and 4.27 nm, for PBAT contents
10, 20, 30, 40 and 50%, respectively (nanoclay d-spacing 2.76 nm). The authors
proposed that the PBAT has better affinity with the hydrophobic nCOM, promoting
an improvement in the fluidity of the blends and facilitating the polymer chains
to enter the nanoclay interlayer during extrusion processing. He et al. [115] found
that nCOM has better dispersion in PLA/PBAT two-phase blends than pure PLA
or PBAT as d-spacing and relative intercalation was higher than in PLA or PBAT
nanocomposites. In addition, they found that d-spacing was greater when PBAT
was the continuous phase in the composite blend. They explained this result due
to better compatibility of the clay organic modifier with PBAT. SEM micrographs
showed smoother surfaces in HPDSP/PBAT/nCOMnanocomposite as PBAT content
increased. For blends with 10% and 30% PBAT, the film’s surfaces became less
rough and exhibited better structural integrity than the film from 100% modified
starch HPDSP. When the PBAT content was equal to 50 wt%, the surface structure
of the film exhibited a smooth, dense and uniform appearance. No cracks, wrinkles
or irregularities were observed on the surface of the HPDSP/PBAT 50/50, and also,
the films exhibited a coarser and ductile fracture surface, probably due to a better
interaction between the two polymers. The role of citric acid as a compatibilizer for
HPDSP and PBATwas reflected and referenced in thework of Zhai et al. [97] through
the FTIR spectra analysis, although as the peak at approximately 1713–1716 cm−1

(carbonyl stretch of the ester group) originally present in PBAT did not allow to
find evidence of grafting and/or cross-linking reaction of the HPDSP chains, either
the esterification or interesterification reaction promoted by the compatibilizer. They
mentioned that these reactions are feasible to take place due to the temperatures used
in the extrusion process, as was referenced by the authors.

3 Properties of Starch-Based Green Composites

3.1 Properties of Starch Matrix Composites

3.1.1 Thermal Properties of Starch Matrix Composites

Three characteristic thermal transitions may exist for such semicrystalline polymers
as starch: a glass transition for the amorphous fraction (T g); a thermal transition for
the melting of crystallites (Tm); and a transition due to crystallization (T c). Starch
is partially miscible with its most used plasticizer: glycerol. For that reason, TPS
films plasticized with glycerol generally have two glass transition temperatures, one
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associated with the plasticizer-rich phase (Tα1) and the other with the starch-rich one
(Tα2). The presence of nano-/microfillers can change this behavior through interac-
tionswith thematrix and/or the plasticizer. It has beendemonstrated, for example, that
waxy starch nanocrystals affect preferably the mobility of the starch-rich phase, due
to strong hydrogen bonding interactions between them and the amylose/amylopectin
chains of the matrix, and therefore a more remarkable shift in Tα2 is obtained [47]. It
should be noted that other plasticizers could lead to different behaviors. In the case
of sorbitol, for example, as it is miscible with starch, only one T g is presented. Other
possible plasticizers are currently being studied, like the use of d-isosorbide, 1,3-
propanediol and deep eutectic solvents [47, 52]. In both cases, two glass transition
temperatures are observed.

The effective attachment of TPS to fillers can therefore constrain the segmental
motion of TPS chains by strong hydrogen bonding interactions, increasing the mate-
rial’s T g. Ghanbari et al. [43], for example, found that the T g of neat TPS film (37 °C)
increased 11.5 °C with the addition of 1.5 wt% of cellulose nanofibers and ascribed
this difference to the strong matrix–filler adhesion. A similar effect was found by
Nessi et al. [15] for cellulose nanocrystals (CNCs)–starch nanocomposites, who
proposed that CNCs may act like a junction and promote the intermolecular interac-
tion of starch chains reducing their relaxation. In this case, the T g of the starch-rich
phase shifted from 68 °C for the TPS matrix to 75 °C for the composites with the
inclusion of 2.5, 5 and 10 wt% of CNCs, regardless of the filler content.

On the other hand, the thermal degradation of TPS occurs as a three-step process.
In the first stage, the initial mass decrease is in the range 60–120 °C and is related to
the evaporation of water. In the second one, between 180 and 270 °C the plasticizer
thermal degradation of thermoplastic starch usually occurs. Finally, the third step
in thermal curves, from 280 to 350 °C, corresponds to starch degradation. All these
stages may be modified due to filler addition. The first stage will depend on the
possibility of fillers to modify films’ moisture content. Some fillers could interact
with the plasticizer, retaining it or allowing easy evaporation [16, 116, 117]. In those
cases, changes in the second step are expected. Ochoa-Yepes et al. [42] showed that
protein addition into TPS led to a slightly lower mass loss of the composites in the
second step with respect to the matrix. When fillers with higher thermal stability
than starch are incorporated into TPS matrices and many interactions occur between
the polymer and the filler, a slight increase in the composite thermal stability is
usually observed, due to the increasing dissociation energy. This means a delay
in the decomposition of the material and has been demonstrated for gelatin [45],
cellulose nanofibers [43], cassava and ahipa peels and bagasse [118], SiO2 [103]
composites, among others.

The importance of the matrix–filler interaction was demonstrated by Fazeli et al.
[119], who studied TPS and TPS composite films reinforced with cellulose fibers
(CFs) and plasma-treated cellulose fibers (PCFs). They found that themain decompo-
sition temperature of the neat TPS and TPS/CF 6 wt% composite was about 260 °C,
whereas the one obtained for the TPS/PCF 6 wt% composite raised to approxi-
mately 284 °C. The achieved improvements are attributed to the fact that the PCF
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compounded into the TPS matrix strongly, making decomposition of the composite
arduous. Hence, better thermal stability was obtained with PCF as the reinforcement.

3.1.2 Gas Barrier Properties and Water Sensitivity of Starch Matrix
Green Composites

Many potential applications of starch-based materials need specific gas barrier prop-
erties, especially in the packaging field, where a product needs to be protected from
the outside. Moreover, food packaging materials need the presence of specific atmo-
spheric conditions to maintain the freshness and quality of food during storage [120].
In particular, water vapor permeability (WVP) and oxygen permeability (OP) are the
two most studied gas barrier properties in the literature. In general, starch-based
films show high WVP values, whereas they present better behavior against nonpolar
molecules such as O2 and CO2, because the transport of gas molecules depends on
both diffusion and solubility coefficients. The WVP of starch-based films is mainly
governed by the high ability of water molecules to interact and penetrate through
them because of the strong starch/water affinity and is little influenced by the type
of plasticizer used. González et al. [47] showed that WVP values of starch films
plasticized with glycerol and d-isosorbide had no significant differences. However,
the OP was found to be strongly influenced by the type of plasticizer used. An OP
value near twenty times lower for the d-isosorbide plasticized film comparing to that
obtained for glycerol-plasticized one was observed. They attribute this significant
decrease to the reduction of oxygen solubility due to the hydrogen bonding inter-
actions between starch and d-isosorbide, saturating the sorption sites. On the other
hand, Battegazzore et al. [121] studied the influence of ambient humidity in oxygen
transmission of TPS films prepared with isosorbide as a plasticizer. They found no
significant variations of oxygen permeability till 75%RH. However, over this RH, an
exponential increase was found. From these results, it can be inferred the need to take
into account both the plasticizer used for the development of TPS and the ambient
humidity at which the material will be tested, especially for packaging applications.

The incorporation of micro- and nanofillers has proven to be highly effective
in improving the barrier properties of starch films. In many cases, its success is
associated with the introduction of a tortuous pathway for gas molecules to pass
through. In this context, thefiller shape plays a very important role in the improvement
of barrier properties.Most effective fillers are usually thosewith platelet shape,which
can create a sort of winding road hindering and delaying the passage of gases and
water [13]. Most common nanofillers with this shape are clays and some starch
nanocrystals. González et al. [47] compared the OP of TPS films developed from
maize starch, glycerol, waxy starch nanocrystals (WSNCs) and CNC. A reduction
in the OP value was found for the TPS nanocomposite containing 1 wt% of WSNC,
from (108 ± 35) to (43 ± 10) cm3 μm m−2 day−1 kPa−1 for the matrix and the
nanocomposite, respectively. The incorporation of 1 wt% of CNC also decreased
the permeability value, but the improvement was less notorious, being the OP value
(70 ± 6) cm3 μm m−2 day−1 kPa−1. The greater effectiveness in the decrease of
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permeability against O2 molecules achieved by the WSNC was attributed to their
platelet-shaped morphology, which gave them the capacity to generate a tortuous
path for the O2 molecules, decreasing the diffusivity. Significant improvements in
permeability to both oxygen and water vapor thanks to the incorporation of platelet-
shaped fillers were found by other authors [122, 123].

As it has been known for many years, the morphology of the fillers is not the
only factor to consider. The way in which they are oriented within the matrix is also
determinant for the produced effect in barrier properties. If the largest surface of
each nanoparticle is oriented perpendicular to the direction of the gas diffusion or
permeation, an optimal decreasing effect on permeability will be achieved. However,
it is an extremely challenging task to achieve fillers’ regular arrangementswithin TPS
matrices, specially through industrially scalable methods. In general, the obtained
composite materials have randomly oriented fillers, diminishing the impact on the
decrease of permeability [124].

Possible interactions between filler and matrix components could also highly
influence the composite’s permeability due to the conformation of different inter-
face morphologies. A defect-free TPS–filler interface is difficult to achieve, as the
incorporation of filler particles usually modifies the properties of the neighboring
polymer phase. Therefore, depending on the TPS–filler adhesion, various structures
can be observed at the interface. If voids are formed in the filler–matrix interface, an
increase in gas permeability can be observed, as the formation of these defects allows
the gases to pass. This can occur due to poor adhesion, polymer packing disruption
in the vicinity of the dispersed particles, repulsive force between the two phases
or different thermal expansion coefficients, among other possible reasons. On the
contrary, when the adhesion between the two phases is good, polymer chains located
near the filler surface are rigidified, due to a reduction of the polymer-free volume in
this region. This interfacial defect usually leads to a decrease in permeability [125,
126]. For example, while platelet-shaped starch nanocrystals can strongly reduce the
permeability of cassava starch–glycerolmatrices [127], the effect of these fillers is the
opposite in waxy corn starch matrices. García et al. [128] proposed that this impor-
tant difference was due to unlike nanocrystal distribution and interface composition.
While in the case of mandioca starch matrices the nanocrystals were well distributed
with excellent matrix–filler adhesion, for waxy maize starch matrices the nanocrys-
tals were glue–glycerol bonded, forming threads with high concentration of OH
groups and thus forming a preferential path for water vapor diffusion through the
nanothreads.

The internal microstructure of the final composite is therefore a key aspect in
its permeability properties. Whether generating impediments to the diffusion of
molecules or generating pathways throughwhich thematerial can penetrate thanks to
chemical affinities, this property will be modified by the inclusion of fillers. Besides
filler–matrix interactions, the used processingmethodology can be highly influential,
as due to the filler’s inclusion voids and structural defects in the matrix can be created
during processing. Florencia et al. [118] studied cassava and ahipa peels and bagasse
as potential fillers of TPS films. They found that all TPS composite films presented
WVP values similar to those of the TPS matrix. This behavior was attributed to two
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offset factors. On the one hand, the filler presence increases tortuosity within the film
matrix and therefore reduces water vapor diffusion. On the other hand, the processing
method could promote the generation structural defects in the matrix facilitating
the water molecule transport. The processing of the composite could also influence
in the final water content of the composite and therefore its WVP. Ochoa-Yepes
et al. [42] comparedWVP of starch/lentil protein composite films obtained by extru-
sion/thermocompression and casting techniques. Extruded samples had lower WVP
values tan that obtained by casting. This is consequence of a difference in the mate-
rials with water content. The extrusion/thermocompression process involved less
water and higher temperatures than casting methodology, leading to materials with
lower water contents. As water plasticizes TPS, it reduces internal hydrogen bonding
between polymer chains, increasing molecular volume. It is therefore expected for
materials with higher water content to have greater diffusion coefficient of water
vapor and therefore to experiment increased in WVP.

Another possible strategy to improve the water vapor permeability of starch-
based materials is the inclusion of hydrophobic agents, such as lipids. In general,
the addition of this type of compounds to hydrophilic film matrices decreases the
WVP due to the promotion of hydrophobicity and increases the OP values due to the
greater oxygen solubility in the hydrophobic regions of the matrices [129]. In these
cases, the addition of emulsifying or compatibilizing agents or a previous encapsu-
lation process is mandatory to improve compatibility. Talón et al. [35] studied the
effect of incorporating free or spray-dried encapsulated eugenol on the barrier prop-
erties of compression-molded corn starch composite films. Films containing non-
encapsulated eugenol showed higher WVP and OP than both pure starch films and
films incorporating microencapsulated eugenol. When non-encapsulated eugenol is
incorporated into the starch matrix, starch–eugenol complexes are formed, in which
the hydrophobic cavity of the helical conformations of amylose and amylopectin
chains are involved. These complexes could limit eugenol’s active role at reducing the
matrix’s water affinity, reaching a higher equilibrium water content which enhanced
all the diffusion-dependent processes, such as water vapor or gas permeation. When
microencapsulated eugenol was added to the starch films, theWVP values and water
content decreased as expected for the incorporation of more hydrophobic compo-
nents. Octenylsuccinated starch (OS) can act as an emulsifier for oil-in-water (O/W)
system, and therefore it can be used to prepare starch–lipid composite films. The
process of molecular self-assembly of film-forming components is shown in Fig. 10.
Gao et al. [130] prepared corn/octenylsuccinated starch (C/OS) composite films
incorporating soybean oil (SO) at 0, 0.5, 1.0, 1.5 and 2.0 wt%. The WVP of control
film without SO was 2.93 × 10−12 g cm/cm2 s Pa, while for the composite films it
gradually decreased from 2.72× 10−12 g cm/cm2 s Pa to 2.46× 10−12 g cm/cm2 s Pa,
when theSOconcentration increased from0.5 to 1.5%.A similar strategywas used by
Kang et al. [131], who investigated the physicochemical properties of amylose–lipid
inclusion complexes and their film-forming capacities. The authors used ultrasonica-
tion to promote the complexation between amylose and liquid and solid fatty acids.
TheWVP values of the films formed from starch–lipid composites were significantly
lower than that of the native starch film. This decrease was ascribed to the presence
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Fig. 10 Process of molecular self-assembly of corn starch, corn/octenylsuccinated starch (OS) and
soybean oil. Reprinted from Gao et al. [130], Copyright (2020)

of hydrophobic carbon chains and amylose–lipid complexes in the polymer matrix.
When comparing the results obtained with the incorporation of liquid or solid lipids,
it was found that the former led to lower WVP values. This result is attributed to the
fact that fatty acids in liquid state have shorter carbon chains than solids, so they can
be more easily incorporated between the polymeric chains of the matrix, leading to a
more compact structure and restricting the water permeability. Parallel, lower WVP
values were found for films prepared from ultrasonicated starch–lipid complexes
than those formed from untreated ones, demonstrating that the ultrasonic treatment
improved the moisture resistance of films. The authors suggested that the ultrasoni-
cation process was favorable to construct a more compact and uniform structure in
the polymer matrix, thus decreasing the WVP values.

The incorporated amount of filler is also of utmost importance when evaluating
its effect on barrier properties of the composite. In the case of oleo-fillers, while
very low contents may not be enough to hinder the passage of vapor molecules, high
contents could interrupt the hydrogen bonds between the starch molecules, destroy
the network structure and expand the molecular interstice of the films, thus leading
to higher WVP value [130].

There are different ways to evaluate the water sensitivity of TPS composites. Due
to their hydrophilic nature, it is clear that they will be highly sensitive to moisture,
and this can be a problem for many applications. Depending on the aspect to be
evaluated, it is possible to study the absorption isotherms, the water uptake from the
environment, the wettability or directly the solubility of starch-based films. In each
case, there are strategies to improve the material stability. Although the inclusion of
fillers into TPS matrices cannot completely change its hydrophilic nature, if the right
combination is chosen substantial improvements can be achieved.

As it was mentioned before, TPS absorbs water from the environment when the
environmental RH increases or loses water while the RH decreases. This change
in moisture content of TPS materials leads to modifications in their structure and,
therefore in many of their properties, including mechanical, thermal and barrier
ones. Moisture sorption isotherms show the relationship between water content of
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TPS materials and the environmental RH, at a constant temperature. Although there
are many models proposed for the behavior of these materials, no single equation
can describe accurately the relationship of equilibrium moisture content and envi-
ronmental RH for various TPSs over a broad range of RH and temperature, and even
less in the case of composites. Therefore, for each TPS-basedmaterial, it is necessary
to investigate its behavior at different RHs. Several authors used the GAB model to
fit starch-based material water sorption isotherms, indicating the monolayer mois-
ture content (M0) as the most representative parameter [132, 133, 134]. Typically,
starch and protein-rich product behavior corresponds to Type II isotherms, according
to BET classification. At low RH values, film humidity content increases gradually
up to a limit water activity (aw), after which an strong increment is obtained. This
significant increase of equilibriumwater content is attributed to a phenomenon called
“water clustering” [132].

López et al. [132] studied the influence of talc nanoparticle inclusion in corn TPS
films on their sorption isotherms. Films containing talc presented a similar behavior
than TPS ones, but particle incorporation reduced water sorption for aw > 0.4. Strong
polar interactions among starch, glycerol andmineral edge surface establish a compe-
tition mechanism which could explain the reduction of water sorption capacity of
composites based on TPS by talc presence. The M0 parameter was reduced with
talc incorporation, but a net tendency with particle concentration was not evidenced.
The authors explain this effect as the consequence of the low filler contents used to
develop starch-based composites. Similar effects were observed by other authors,
indicating that generally polymer matrix governs the sorption mechanism of TPS
composites [135].

Other possibility is to study the material’s water uptake while it is in a constant
RH over time. Samples with the same size and equally stabilized are exposed to
constant temperature and relative humidity for a time period. Water sorption (WS) is
calculated as

WS(t) = W1 − W0

W0
× 100%

whereW1 is the measured moisture content at time t andWo is the initial moisture
content.

These tests can be carried out in the extreme case of 100%RHor in a particular RH
valuewhere thematerial is supposed to be applied, comparing howdifferentmaterials
(matrix and composites) absorb humidity from the environment. Fillers with lower
hydrophilic character thanTPScould reduce composites’moisture absorption.On the
other hand, hydrophilic fillers could also reduce water uptake, as functional groups
on their surface could interact with starch OHs resulting in good interfacial adhesion
between the two phases and fewer sites capable of interacting with absorbed water.
Cellulosic fillers have shown the ability to reduce starch-based composite water
uptake thanks to this phenomenon [43, 48, 136]. However, the improvements are
usually moderate. Fourati et al. [48] studied the moisture absorption maximum of
TPS and TPS/CNF nanocomposites at 50% RH. They found that it was slightly
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reduced by the addition of CNF decreasing from about 10% for unfilled TPS to
about 8.5% for TPS/CNF. Ghanbari et al. [43] also included CNF in a TPS matrix
and studied the moisture absorption, but at a RH level of 98%. They found that the
water uptake of nanocomposites filled with 1.0 and 1.5 wt% of CNFs compared to
the neat TPS was reduced to 6.4% and a 10% after 24 h, respectively. Other authors
also found moderate improvements with the addition of sugarcane bagasse [137] and
clays [138] into TPS matrices.

The wettability of TPS films can be evaluated through water contact angle (CA)
measurements. Usual contact angle of glycerol-plasticized TPS films is around 40°.
This value is of course related to the sample’s surface polarity and can be modified
thanks to the addition of fillers. One of the most hydrophobic compounds that can be
introduced into TPS matrices is those of the lipid type. As it was mentioned before,
the use of emulsifiers is a usual strategy for the preparation of starch–lipid composite
films. Gao et al. [130] developed corn/octenylsuccinated starch (C/OS) composite
films with soybean oil at 0, 0.5, 1.0, 1.5 and 2.0 wt%. OS acted as an emulsifier
leading to the formation ofmolecular structures represented in the diagramof Fig. 10.
Those conformations where a lipid-rich out layer surrounds a starch-rich phase can
create a lipid-rich phase at the surface increasing the contact angle due to its higher
hydrophobicity. In fact, the CA values were 39.9°, 45.4°, 58.6° and 76.1° for SO
additions of 0, 0.5, 1.0 and 1.5%, respectively. However, in the presence of higher
concentrations of SO, the aggregation of oil droplets in the film occurs, and therefore
the conformations of Fig. 10 can no longer be formed. In this case, a lower CA value
is obtained (37.0° for 2%).

Other lipophilic possible fillers are modified clays. The incorporation of MMT
has turned out to be an adequate strategy to increase the contact angle of TPS films in
many cases [138, 139]. In the cases of glycerol-plasticizedTPS composites, a fraction
of the glycerol plasticizer canmigrate to the clay phase, reducing the glycerol content
of the polymeric matrix and therefore its hydrophilicity [140]. Other plasticizers
have proven to be successful in the reduction of TPS hydrophilicity, regardless of
the incorporation of fillers. It is the case, for example, of deep eutectic solvents
(DESs), which led to TPS films with contact angles in a range 80–90°. The filler–
plasticizer interaction can be determinant in the final composite wettability. Adamus
et al. [52] showed that the introduction of urea-intercalated montmorillonite (UM)
to TPS films plasticized with two different deep eutectic solvent systems, choline
chloride (ChCl) with urea (U) or with imidazole (IM), caused unlike influence on
wettability depending on the particular DES. Contact angle decreased from 89°
to a range 62–74° for starch/ChCl/U-UM and almost constant values 82–85° for
starch/ChCl/IM-UM. The authors attribute the wettability reduction caused by the
incorporation of UM to the fact that intercalated UM seems to exhibit higher polarity
and then easier wettability than sodium montmorillonite itself. Differences between
wettability of the films plasticized with ChCl/U and ChCl/IM are probably caused
by various tendencies of particular DES to withdraw U from interlayer clay space
at equilibrium state of ChCl/hydrogen donor compound into starch bulk matrix, as
well as a result of specific interaction between IM and U molecules. Besides urea
intercalation, there are other strategies usually applied to enhance filler compatibility
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with the starchmatrix. Thesemodifications usually include the incorporation ofmore
hydrophilic groups, which could lead to an increase in the composite’s polarity. It is
the case of Abreu et al. [141] who found that the incorporation of MMT modified
with a quaternary ammonium salt C30B into a TPS matrix caused a significant
decrease in the water contact angle value of the composite with respect to the matrix.
Chen et al. [142] studied the wettability of TPS composites with the incorporation
of microcrystalline cellulose (MCC) and oxidized MCC (TOMC), finding that water
contact angle of TPS films (38.72°) grows with the incorporation of MCC to values
between 46° and 68°, but in the case of TOMC composites its contact angle value
and wettability were close to native TPS films.

Water solubility is another important aspect to be evaluated. Depending on the
final application of the material, different behaviors will be needed when submerged
in water. A clear example is that of coating materials for laundry condensate beads,
in which different sections are expected to dissolve at different times [142]. The
presence of discontinuities (microparticles) in the polymer matrix usually promotes
a greater water disintegration of the films usually related to a greater solubility. Talón
et al. [35] showed that the incorporation of microencapsulated eugenol into a starch
matrix promoted its water disintegration. Moreover, they showed that the interfacial
adhesion between the filler and the matrix plays a key role. Azevedo et al. [143] also
showed this for corn starch–whey protein blend films obtained by extrusion.

3.1.3 Mechanical Properties of Starch Matrix Composites

Depending on thematerials’ final application, different mechanical properties will be
needed. Packaging films, for example, are expected to possess high tensile strength,
which helps them to endure the regular stress met while handling food, but not very
high elongation at break [144]. On the other hand, films for agricultural mulches
must withstand high elongations so that they can be placed on the ground without
deterioration [145]. Mechanical properties of starch films are usually not enough for
many potential applications. Furthermore, the great variability in these properties,
due to the high water sensitivity of films, introduces an additional problem. In 0%
relative humidity, starch-based composites’ mechanical strength can reach values as
high as 20 MPa, while when the moisture contents are high, the tensile strength may
be as low as 1 MPa [144].

The improvement in mechanical properties and handling of TPS materials thanks
to the incorporation of micro- and nanofillers has been known for a long time [13, 47,
136, 146]. As it has been mentioned before, interactions in the filler–matrix interface
will greatly influence the composite mechanical properties. Strong interaction at the
interface leads to the transmission of stress from one component to the other, so if the
addedfiller has greaterYoung’smodulus and tensile strength than thematrixmaterial,
these two properties will grow in the composite. On the other hand, the elongation
at break depends on failure propagation. In general terms, many well-distributed
nanofillers with well interaction at the interface can anchor cracks, increasing the
elongation at break. Simultaneous increases in elongation and stress at break lead
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to an increase in tensile toughness. In the case of microfillers, generally it is not
possible to increase the elongation at break because although the achieved dispersion
is excellent, therewill be large domains in thematrix that donot have anyfiller capable
of anchoring cracks. Figure 11 illustrates the difference in the distribution of nano-
and microfillers in a matrix.

Beigmohammadi et al. [136], for example, workedwithmicrofillers, investigating
the effect of rye flour and cellulose as reinforcement agents in starch-based compos-
ites on mechanical properties. They found that filler incorporation had positive effect
on tensile strength (TS) and Young’s modulus, increasing from about 7 MPa for the
starch matrix to more than 65 MPa for starch composites, reflecting the chemical
and structural compatibility between starch and fillers. Unlike TS, the elongation at
break decreased from 31.96 to 5.02%. On the other hand, Li et al. [139] incorpo-
rated montmorillonite (MMT) into a corn starch (CS) matrix to generate CS/MMT
nanocomposite. They proposed a facile biomimetic method to enhance the interfa-
cial adhesion between layered clay and polymer matrix based on the coating of clay
nanofiller with a thin layer of polydopamine (PDA). The obtained results demon-
strated that PDA coating benefited not only the intercalation and dispersion of the
modified MMT (MMTDA) in the starch matrix but also the strong interfacial adhe-
sion between filler and matrix. Thanks to this strong adhesion and the nano-character
of the filler, simultaneous improvements of strain and stress at break were achieved.

Among the most widely used reinforcements for starch matrices, starch nanocrys-
tals (SNCs) allow to create self-reinforcing starchmaterials. It has been demonstrated
that the reinforcing effect of SNC is more significant in TPS than in other matrices,
probably because of the strong interactions between the filler and amylopectin chains
and a possible crystallization at the filler/matrix interface [148]. The same reinforcing
effect has been reported by other authors [128, 149, 150, 151].

Other polysaccharides can also be transformed into nanofillers and introduced in
starch matrices. That is the case of chitosan, which can be introduced into starch
matrices as nanoparticles and thanks to their similar polysaccharide structures and

Fig. 11 Distribution of micro- and nanofillers in a matrix. Adapted from Cheng and Yu [147]



104 L. Ribba et al.

their great interaction can greatly improve the matrices’ mechanical behavior [152,
153]. Moreover, chitosan has the great advantage of having antibacterial activity,
which makes it very promising for applications in medicine, agriculture, drug release
and edible film packaging [154].

Cellulosic reinforcements also have high affinity with starch matrices. Different
authors have reported important mechanical properties’ improvements thanks to this
type of fillers [142], [155]. The formation of a rigid nanofiller network, the mutual
entanglement between the nanofiller and the matrix, the efficient stress transfer
from the matrix to the nanofiller, and the increase in the overall crystallinity of the
system resulting from the nucleating effect of the fillers are the main reasons of these
improvements [142], [155]. One important variable to be considered when analyzing
the quality of the reinforcement is the filler morphology. It has been demonstrated
that cellulose nanofibers (CNFs) have better reinforcing ability and stress transfer
character than nanocrystals. This is attributed to a stronger intermolecular attrac-
tion between starch and nanofibers, consequence of a higher entanglement degree
[156]. However, it is important to clarify that the degree of improvement achieved by
CNF into starch matrices is considerably less than that achieved in other polymers,
such as acrylics [157]. This lower reinforcing effect in TPS matrix could be due to
two possible causes. On the one hand, the plasticizing agents (glycerol and water)
could accumulate at the CNF/matrix interface which might reduce the possibility
of interaction among neighboring fibrils through hydrogen bonding. On the other
hand, the chemical similarity of CNF and starch will favor a high interfacial inter-
action between the two phases at the expense of CNF–CNF interaction, reducing
the strength of the nanocellulose network which is known to play a key role in the
mechanism of nanocellulose reinforcement [48, 158].

Besides the fillers’ morphology, the way inwhich they accommodate in thematrix
will also define the composite’s mechanical properties, specially in the case of 2D
fillers, such as clays and graphene sheets. Three different polymer nanocomposites
can be prepared from 2D clays: (a) intercalated structure, (b) exfoliated structure
and (c) flocculated structure-based nanocomposites. In general terms, exfoliated and
intercalated structures will lead to greater mechanical property enhancement [159].

A useful strategy to obtain a stable dispersion of two-dimensional (2D) MMT
plates in aqueous systems is through the incorporation of one-dimensional (1D)
cellulose nanofibers. These systems could be used to develop starch/MMT/CNFs
ternary nanocomposites. CNF can interact with MMT sheets via hydrophobic inter-
action betweenMMTsheets and specific crystalline faces (hydrophobic (200) planes)
of CNF, and also with starch molecular chains from numerous hydrogen bonding
through the hydroxyl groups on CNF surface. It is the case of Li et al. [138] who
studied the synergistic reinforcing mechanisms of the MMT-CNFs system. They
found that the tensile strength of starch/MMT/CNF ternary nanocomposites showed a
remarkable improvement,whichwasmuchhigher than that of the binary starch/MMT
and starch/CNF nanocomposites. They ascribed this to the homogeneous disper-
sion of MMT, strong interfacial interaction between the fillers and matrix, and
the lamellar structure with alternate stacking of 2D MMT platelet and 1D CNF
fibril network layers in the ternary system. A schematic illustration for preparation
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Fig. 12 a Schematic illustration for preparation of CS/MMT/CNF composites, b SEM image
of CS/3MMT/5CNF × 80,000, c tensile stress–strain curves of CS film, binary CS/3CNF and
CS/3MMT films, ternary CS/3MMT/3CNF film. Reprinted from Li et al. [138], Copyright (2019)

of starch/MMT/CNF composites, a SEM image of CS/3MMT/5CNF and tensile
stress–strain curves are presented in Fig. 12.

The filler content is also determinant in the improvement effect. For each system,
there will be a formulation with an optimal filler concentration that will lead
to the greatest improvements in mechanical properties. Fazeli et al. [119], for
example, showed that themaximum improvement in tensile strength for starch-based
composite films reinforced by cellulose nanofibers was obtained for a concentration
of 0.4 wt%. Tensile strength and elastic modulus increased by up to 80% and 170%,
respectively. However, above 0.5 wt% CNF, tensile strength started to deteriorate.
The authors proved that an excess of CNF content provokes particle agglomeration
or phase separation in the starch matrix.

3.2 Properties of Starch Blend Matrix Composites

3.2.1 Introduction to Starch Blend Properties

Blend’s properties can be manipulated according to their end use by correct selection
of component polymers, additives and processing conditions. The properties of the
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polymer blend will depend on the final morphology, making the components’ misci-
bility and phase behavior a key issue. In the specific case of heterogeneous polymer
blends (obtained from immiscible polymers), the compatibility between polymer
phases decides the final achieved properties.

A very important aspect when studying the properties of a blend is knowing how
they behave with temperature, since this will influence their future processing to give
it a certain shape, by either injection, blowing or thermoforming. In PHB/starch or
PBAT/starch blends, as in the vast majority of engineering polymer blends, phase
separation occurs as a consequence of polymers’ immiscibility. The glass transition
behavior associated with these systems demonstrates an elevated level of complexity,
showing multiple transitions, ascribed to pure component phases and regions of
partialmixing [160]. Properties such as crystallization andmelting behavior of blends
are also strongly influenced by the miscibility of involved polymers [161]. On the
other hand, thanks to the characteristic hydrophobicity of both polymers, the water
sensitivity is expected to be improved in the blend compared to starch-based mate-
rials. This will highly depend on the compatibility achieved between phases, as
cracked morphologies will not allow the improvement of starch’s moisture stability.
In the same way, poor adhesion at the interface of the polymer phases in the blend
results in diminished mechanical properties such as lower impact resistance and
elongation at break [161].

In the next sections, the properties previously described for TPS composites are
detailed for the case of composites obtained from starch blends with PHB and PBAT.
Taking into account the importance of the affinity degree achieved between the
blended polymers, the results obtained when using different compatibilizers as well
as modified polymers are detailed.

3.2.2 Properties of Starch/PHB Composites

Thermal Properties of Starch/PHB Composites

The thermal properties of starch/PHB blend strongly influence their process-
ability. As discussed earlier, melting point of PHB limits the temperature range
for processing it with starch. PHB is a thermoplastic polymer with relatively high
melting temperature which is in the range of 170 and 176 °C [73, 77, 92, 94, 162].

In the case of starch/PHBblends, themelting temperature of the binarymixtures is
slightly reduced by the increment of starch amount in the mixture as consequence of
the lower melt viscosity of starch contrary to that of PHB [162, 163]. For example,
Liao and Wu [163] prepared PHB/starch blends by compression molding method
using the acrylic-acid-grafted PHB (PHB-g-AA) as an alternative to PHB. With
both, PHBand the grafted polymer, themelting temperature of themixtures gradually
decreased up to 4 °C from 0 to 30% of starch added.

On the other hand, the incorporation of plasticizers into the formulation has
been applied to considerably reduce the melting and glass transition temperatures
of the starch/PHB mixtures, thus enhancing the blend processability. For example,
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Innocentini-Mei et al. [164] blended native and modified starches (starch adipate
and grafted starch–urethane) with PHB by injection molding. Triacetin was added
as plasticizer of PHB resulting in blends with lower melting temperatures (Tm =
141.5–159.1 °C) and glass transition temperature (T g = −19.2 °C and −38.9 °C)
than that of neat PHB (Tm = 171 °C and T g = 0.7 °C). Likewise, the utilization of
glycerol as plasticizer of starch led to reduce the melting temperature range of the
binary blends (TPS/PHB, 70:30 wt%) by 10 °C compared to that of pure PHB [165].

As it was mentioned before, the blend glass transitions will depend on the compo-
nents’miscibility.While TPS plasticizedwith glycerol typically shows twoT gs, PHB
exhibits just one T g between −2.5 and 0.7 °C [92], [164]. In the case of TPS/PHB
blends, the three T gs are maintained due to the inherent immiscibility of both compo-
nents. However, the Tgs of starch on the blends cannot always be observed using
the differential scanning calorimetry (DSC) technique because of the chain rigidity
and the strong hydrogen bonding of starch molecule [92]. In addition, the tempera-
ture at which transitions occur can vary. For example, Innocentini-Mei et al. [164]
prepared three types of blends based on PHB (plasticized with triacetin) and TPS
from native starch, starch adipate and grafted starch–urethane by injection molding.
The amount of starch added to the plasticized PHB matrix varied from 10 to 30%.
The plasticized PHB matrix had a T g at −25.7 °C. However, this T g value shifted to
a lower (−19.2 °C) or higher (−38.9 °C) temperature in the three kinds of TPS/PHB
blends depending on the amount of PHB and the type and amount of starch used. For
blends of PHB with native and adipate starches, no other T g values were observed.
However, the blends prepared with grafted starch–urethane at concentrations over
20% showed an extra T g in an interval of −42.2 °C and −58.8 °C attributed to the
glass transition of these modified starches.

The thermal decomposition of PHB-TPS blend has also been studied. Generally,
it occurs in three stages that are associated with the decompositions of the PHB and
the TPS. As it was mentioned before, TPS has three-step degradation. The first step
corresponds to the loss of water, the second to the degradation of other plasticizers,
such as glycerol, and the third to starch degradation (T d = 323 °C). On the other
hand, degradation of PHB occurs in two steps [77, 166]. The first is associated with
the rupture of the ester groups, and the second is attributed to the plasticizer in the
commercial PHB [166]. In the PHB-TPS blend, three stages of decomposition have
been found and associated with the decompositions of PHB and TPS [77]. PHB
stability is expected to be improved by blending it with starch due to the formation
of hydrogen bonding between hydroxyl groups of starch and carbonyl groups of PHB
that may inhibit early PHB degradation [94]. Different authors have reported that
with the addition of PHB, the beginning of thermal decomposition of starch/PHB
blends remains as that of the starch and the maximum temperature at which it occurs
is shifted to higher temperatures as PHB amount increases [93, 165].

The inclusion of fillers into starch/PHB blends can influence its thermal stability.
The effect of clay and eugenol inclusion was studied by Garrido-Miranda et al. [77],
who observed temperatures for 5 wt% weight loss (T95%) and 10 wt% weight loss
(T90%). The T95%, corresponding to the first step of starch degradation (water loss),
was displaced to higher temperatures. This could be attributed to a reorganization
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caused by the clay’s inclusion that restricted starch chains, and therefore, higher
energy for the degradation process is needed.

Gas Barrier Properties and Water Sensitivity of Starch/PHB Composites

One of the main causes that motivates the formulation of starch/PHB blends is the
necessity of reducing the water uptake of starch and therefore enhances and extends
the range of application of starch-based materials. An inherent characteristic of PHB
is its hydrophobic character as a result of the large number of carbonyl groups
in its structure, which makes it a suitable material for packaging applications. In
this context, blending starch with PHB may improve the starch WVP and water
sensitivity if both polymers are compatibilized, obtaining a co-continuous phase
without the presence of cracks at the interface. It should be noted that PHB barrier
properties against other gases, such as oxygen, are poorer than starch ones, being
the OP 13.4 mL * 700 μm/(m2 * 24 h * 0.21 atm O2) and 9.1 mL * 700 μm/(m2

* 24 h * 0.21 atm O2) for PHB and starch, respectively [167]. Taking into account
that the property to improve in starch matrices is their moisture barrier capacity,
in this section we will focus on WVP along with other aspects of materials’ water
sensitivity.

Thiré et al. [93] explored the water absorption of PHB/starch blends by contact
angle assay studying the kinetics of spreading a drop of water on the materials’
surface every 15 s. To prepare the blends, previously melted PHB and different
amounts of starch (0–50%) were processed by injection molding. PHB film showed
the highest value of contact angle owing to its hydrophobic character and intrinsic
rigidity, contrary to that in TPS films in which the drop of water rapidly spread on
their surface due to its high water adsorption tendency. These values were interme-
diate for all blends with starch content from 20 to 40%. Over time, an increase in the
water absorption rate was observed with the increment in starch content. The contact
angle for PHB80/starch20 was 76° and diminished to 69° for PHB60/starch40. Like-
wise, Liao and Wu [163] showed similar findings on the study of water absorption
of PHB/starch blends produced by compression molding for six weeks. The study
included different contents of starch (10–50 wt%), and the possibility to include
acrylic-acid-grafted PHBwas also studied. Better water resistance was obtained with
PHB-g-AA/starch than with PHB/starch at the same amount of starch. These results
were attributed to the formation of ester carbonyl function groups by the reaction
between starch’s hydroxyl groups and anhydride carbonyl groups of PHB-g-AA. In
addition, the increment of starch content in the blends led to higher water uptake
again which was assigned to lower miscibility of both polymers. The positive effect
of PHA on the increasing water resistance was showed also in TPS matrix combined
with other polymer. Tingwei [168] prepared TPS/PBAT/modified-PHA biodegrad-
able films with enhanced water repellency to be applied in a variety of industries
such as sanitary products.

The addition of less hygroscopic fillers into TPS/PHB blends could improve the
water sensitivity and barrier properties even more. Magalhães and Andrade [169]
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showed that the incorporation of PHBV and an organicallymodifiedmontmorillonite
(C30B) into a starchmatrixwas able to reduce themoisture absorption of the extruded
materials in more than a 50%. While the maximum water absorption of TPS was
about 14% of its dry weight, this value was reduced to 6.3% for the PHBV50/TPS50
neat blend, decreasing up to 3% when C30B was added. This result is in agreement
with the property of organoclays as a barrier against humidity.

Mechanical Properties of Starch/PHB Composites

At room temperature, TPS films are soft and ductile while PHB films are rigid
and brittle with high Young’s modulus and tensile strength at break due to its high
crystallinity (about 80%). PHB brittleness is attributed to the formation of large
volume-filling spherulites from fewnucleiwhich are accompanied by interspherulitic
cracks, and to the secondary crystallization of the amorphous phasewhich takes place
during storage at room temperature [170].

The crystallinity level of PHB is usually tuned by crystallization rate that affects
the nucleation rate and spherulite size [171]. Generally, PHB presents slow crystal-
lization rates which will depend on the production method. At temperatures between
80 and 100 °C, the crystallization rate is fast, but it is slow below 60 °C and above
130 °C resulting in a higher crystallinity. In addition, PHB suffers recrystalliza-
tion with aging at room temperature, and a progressive reduction of the amorphous
content in the partially crystalline polymer, changing its mechanical properties with
time, for example, an increase in yield stress and modulus, and decrease in elon-
gation at break and fracture toughness. The incorporation of some additives such
as plasticizers and nucleating agents contributes to the reduction of crystallization
process and to impart flexibility and toughness to the material. Râpă et al. [172]
investigated the incorporation of three plasticizers, triethyl citrate (TEC), tributyl o-
acetylcitrate (TBoAC) and tributyl citrate (TBC) in PHB via melt-mixing procedure
and studied the effect of these additives on thermal and mechanical properties. Then,
the incorporation of plasticizers into PHB decreased tensile strength and Young’s
modulus, but increased elongation at break; PHB/plasticizer blends exhibited a wider
melt-processing window with a lower melting temperature.

Mechanical properties of starch/PHB blends are mainly affected by their degree
of compatibility and miscibility to a greater or lesser extent, as well as processing
conditions. As morphological characteristics of blends are strictly related to the
mechanical properties, they will be also described along this section. Poor interfacial
interaction between starch and PHB often leads to heterogeneous blends. Zhang and
Thomas [94] investigated the effect of blending two types of starch (high amylose
corn starch and regular corn starch) with PHB in a ratio of 30:70. No plasticizer or
other additives were added in the formulation. Starch and PHBweremelted at 175 °C
for 10 min at 50 rpm, and then the assembly was hot-pressed at 180 °C. According
to dynamic mechanical thermal analysis (DMTA), high amylose starch had better
interfacial bonding with PHB due to its linear structure compared to regular starch.
On the other hand, SEMmicrographs of cryogenic fracture blends’ surfaces showed
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that starch granules still kept their structure which negatively affected the blends’
mechanical properties according to the researchers. As the major component of the
blend was PHB and starch granules were not disintegrated through processing, the
researchers inferred that starch acted as a filler of PHB matrix. Similar results were
obtained by Thiré and collaborators [93]. The authors prepared PHB/starch blends
with different contents of maize starch (0–50%) by compression molding. Herein,
PHBwasmelted in amixer at 165 °C for 15min, then amixture of starch, glycerol and
water was added into the melted PHB, and this resulting mixture was continuously
mixed for 30 min at 60 rpm. Then, the mixes were hot-pressed at 160 °C and 69MPa
for 30 min to form sheets. TPS for comparative purposes was prepared at 60 °C and
20 rpm for 20 min, and then films were obtained by hot-pressing at 90 °C. SEM
micrographs of fractured surface samples obtained after tensile tests revealed that
starch granules were not disintegrated during processing. These granules kept their
original size and were dispersed throughout the matrix, forming agglomerates when
starch content was higher. Starch incorporation of up to 30 wt% into PHB matrix
resulted in materials as hard as pure PHB ones. Young’s modulus of blends with
those starch contents remained practically constant in a value around 1300 MPa.
If the amount of starch was increased, the module’s value decreased until reaching
850MPa for a starch content of 50%. These values aremuch higher than that reported
by the authors for TPS (300 MPa). However, all the binary blends were much less
flexible than TPS films and PHB since they presented lower values for elongation at
break. The authors explained these results by the lack of interfacial adhesion between
starch and PHB and by the heterogeneous dispersion of starch granules over PHB-
rich matrix, and they concluded that both polymers were processed at very light
processing conditions which did not allow starch degradation.

In addition to the polarity differences of starch and PHB, the difficulty of an
adequate process of starch is added when it is blended with PHB. A suitable gela-
tinization/destructurization and/or plasticization of starch is required to promote the
compatibilization between starch and PHB to produce blends with higher perfor-
mance of their mechanical properties. Lai et al. [173] prepared TPS/PHBblends from
potato, corn and soluble potato starches. The starches were gelatinized at different
degrees, adding glycerol (25 and 33%) and water (25 and 17%) at 90 °C for corn
starch and 70 °C for both potato starch and soluble potato starch, during 30 min
at 50 rpm. TPSs and PHB (1–7%) were mixed for 10 min at 180 °C. Then, the
prepared batch was compression-molded to obtain 1-mm-thin sheet. In all cases, the
dimension of starch granules in the sheets was in the order of 1μmaccording to SEM
micrographs. Besides, as PHB content increased, tensile strength of blends generally
grew from 0.6 to 5.8 MPa, which was attributed to the high strength of PHB and a
reasonable compatibility between TPS and PHB. In addition, the higher molecular
weight and the more compact structure of potato starch with respect to soluble potato
starch and corn starch conferred it better tensile properties. The authors ascribed the
better performance of the blends to the suitable gelatinization of starch.

A processing method that could lead to the development of materials with better
properties is reactive extrusion, in which interfacial adhesion between components
can be enhanced. Avella et al. [174] developed PHBV/starch blends using between 20



4 Processing and Properties of Starch-Based Thermoplastic … 111

and 30% of a high amylose content starch by both traditional and reactive extrusions.
They found that in the case of traditional extrusion, as the starch content increases,
impact resistance decreases, and attribute this behavior to the poor interfacial addition
between polymers and failure propagation. In the case of reactive extrusion in the
presence of peroxides, a better interaction between the two components is achieved,
which is responsible for good stress transfer. In particular, with a 20% of starch the
blend’s impact resistance improves, while with a 30% of starch it is in the same order,
in both cases comparing with PHBV.

Researchers have been exploring other alternatives for enhancing mechanical
and physical properties of starch/PHB blends through upgrading their compatibility.
Recently, Florez et al. [165]modified the surface of PHBwith an atmospheric plasma
treatment to compatibilize its particles with the matrix of TPS. The selected gases
for the mentioned process were atmosphere air and sulfur hexafluoride (SF6) gas
which caused surface ablation of the particles. Starch (35–75%), glycerol (25–35%)
and PHB (10–30%) were melted at high rotation for short times (1800 RPM for
20 s followed by 3600 RPM for 5 s). Disks of ≈2 mm of thickness were obtained
after hot-pressing the melted mass at 90 °C for 15 s with 8 tonne force. Pristine
TPSs had homogeneous surface suggesting that processingwas capable of promoting
disruption of the starch granules; however, the blends exhibited bimodal morphology
of the equiaxed and elongated PHB grains dispersed in the starch matrix. Besides,
agglomerations of PHB particles were also found on the surface of blends. These
agglomerations could be generated during plasma treatment leading to a fragile
starch/PHB blends that induced the rupture of the materials, especially when PHB
content was higher.

Knowing the miscibility degree between polymers is critical to choose compati-
bilizing strategies. Concerning this, binary blends of starch and PHB were produced
using modified starches such as acetate starch, adipate starch and grafted starches
[164]. These starches are characterized by their less hydrophilicity thatmight result in
better affinity and interaction with the hydrophobic PHB. For example, Innocentini-
Mei et al. [164] investigated the behavior of starch derivatives (10, 20, 30 wt%)
blended with PHB by injection molding. Triacetin (30 wt%) was used as plasticizer
of PHB. The assayed starches were natural starch, starch adipate and grafted starch–
urethane. Grafted starches were obtained with 0.25 mol of PEG, PPG or Rucoflex
polyester as grafting agents and the addition of 0.25 mol of diisocyanate. Before
the injection molding process, natural starch and starch adipate were gelatinized in
dimethyl sulfoxide (DMSO) (50 wt%) in a mechanical mixer. However, starches
retrograded as a result of a presumable migration of DMSO to PHB, due to their
affinity. Therefore, stiffer and brittle materials with poor mechanical properties were
obtained as a consequence of the insufficient amount of DMSO employed and the
poor affinity of these starches with PHB, even for the adipate starch as its modifi-
cation level was very low according to its FTIR spectrum. On the other hand, for
grafted starches/PHB, Young’s modulus and tensile strength showed slightly higher
performance than those obtained with the natural and adipate starch due to a greater
affinity of its structure with PHB. However, elongation at break of all modified
starches remained as that of natural starch.
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Other proposed modifications include grafting EVA [175] or poly(vinyl acetate)
[92, 162] to starch chains or acrylic acid to PHB [163]. Ma et al. [175] showed that
the presence of EVA chemically bounded with starch inhibited the starch agglom-
eration and enhanced the toughness of starch–EVA/PHB materials as shown by an
increment of elongation at break and tensile-fractured energy. Similarly, the increased
compatibility betweenPHBand soluble potato starch graftedwith vinyl acetate (VAc)
resulted in blends with higher toughness than pure PHB [92]. However, all these
strategies do not achieve enough improvements formany of the applications proposed
for these materials. Going one step further, Yingxin et al. [176] used compatibilizers
and at the same time included a new polymer in the blend. They used different combi-
nations of compatibilizers, including glycidyl methacrylate (GMA)-functionalized
polyolefin elastomer (POE) (POE-g-GMA), maleic anhydride-grafted ethylene–
octene copolymer (POE-g-MAH), ethylene–methyl acrylate (EMA), acrylonitrile-
chlorinated polyethylene styrene (ACR), ethylene–vinyl acetate (EVA), and different
combinations of coupling agents, including silane, titanate and aluminate, to develop
starch-based degradable polypropylene/PHB materials by extrusion process with
good mechanical properties (high tensile strength, elongation at break and impact
strength).

Filler incorporation into PHB/TPS matrices has been a successful strategy to
improve the blends’ mechanical properties. Garrido-Miranda et al. [77] analyzed the
influence of eugenol and clay incorporation into a PHB/TPS matrix on mechanical
properties. They worked with a derivate of montmorillonite (OMMT) modified by
surfactants which has the same affinity for hydrophilic and hydrophobic polymers.
The authors found that the OMMT presence improves the interaction between PHB
and TPS by the formation of hydrogen bonds between eugenol and the available
hydroxyl groups of the components. Then, the elastic modulus of the nanocompos-
iteswas higher than that of PHB-TPS. These resultswere explained by the reinforcing
effect of the OMMT which caused partial immobilization of the polymer chains and
the increment of the composites’ rigidity. Another derivate of MMT was used by
Magalhaes and Andrade [169] to produce bio-nanocomposite with TPS and PHBV.
The researchers investigated the properties of 1:1 PHBV (with 3.4 mol% hydroxy-
valerate units) and TPS nanocomposites, prepared by melt extrusion in the presence
of the different contents of an organically modified montmorillonite (C30B, 2.5,
5.0, 7.5 and 10.0 wt%). Due to the reinforcement effect of the organoclay and the
rigidity ofPHBV, the nanocompositeswere stiffer as the organoclay content increased
resulting in a lower elongation at break and an increase in the Young modulus and
tensile strength.

On the other hand, a recent alternative proposed to include starch in PHBmaterials
is through the use of starch nanocrystals. Zhang et al. [177] used SNC to make
matrices of immiscible PHB and PBS mixtures compatible. More degraded and
nearly disappeared banded spherulite morphology was obtained with the addition of
SNC to the matrix of PHB as SNC loading increased, which evidences the SNCs
compatibilizer role. Consequently, improved phase adhesion and reinforcement were
obtained resulting in a rigid material with a deformation at break 4 times greater than
PHB.
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3.2.3 Properties of Starch/PBAT Composites

Thermal Properties of Starch/PBAT Composites

Following the principles detailed in Sect. 3.2.1, the final blend’s processability of
starch/PBAT blend differs from that of the neat polymers. Generally, there is a new
Tm of the blend, as well as a new viscosity and rheological behavior. PBAT has good
crystallization and thermal stability, and it melts at about 123 °C and crystallizes at
about 60 °C. As a result, it has good processing stability to be used alone or blended
with other material [96].

When PBAT is blended with TPS, its melting point can slightly increase due to
the stabilizing effect of TPS caused by the hydrogen bond interaction between the
polymeric chains after mixing with PBAT. Lendavi et al. [114] reported an increase
in the Tm of PBAT, from 123 °C to 125.7 °C for the blend PBAT50/TPS50.

Filler inclusion can increase the blends’Tm.Olivato et al. [113] showed a slightTm

increase of PBAT phase in TPS50/PBAT50 (124 °C) and TPS80/PBAT20 (124 °C)
with the incorporation of 3 wt% of sepiolite nanoclay (126–127 °C). An increase
in the nanoclay content from 3 to 5 wt% did not significantly affect composites’
Tm. On the other hand, both blends exhibited a crystallization peak at 79 °C for
TPS50/PBAT50 and 63 °C for TPS80/PBAT20. A significant increase in the T c

(84–86 °C) and decrease in the crystallinity content were obtained with the addition
of sepiolite. The authors proposed that the clay was acting in the crystallization
process mainly during the nucleation step, but could reduce the crystallinity degree,
possibly due to confinement effect and steric hindrance, which restrain the crystal
growth. Liu et al. [103] studied the Tm and T c of TPS-SiO2 composite blended with
PBAT in a 60:40 ratio. They found that Tm of the PBAT phase in the composite
did not differ from that of PBAT. Moreover, they found that the addition of two
compatibilizers, MA and EVOH, to the blend caused no influence in the melting
point. In the case of crystallization temperature of the PBAT phase, an important
shift occurred for the TPS-nSiO2/PBAT composite (83 °C) compared to neat PBAT
(45 °C). The authors explained that this sharp increase could be due to the TPS-nSiO2

particles acting as a nucleating agent. WhenMA and pEVOHwere incorporated into
the TPS-nSiO2/PBAT blend, a higher T c was observed for PBAT phase (88–89 °C).

These results suggest that, unlike the case of PHB,when blending PBATwith TPS,
the melting temperature of the PBAT phase does not undergo significant changes.
Moreover, the addition of the additives, such as compatibilizers or fillers, had no
significant influence on themelting transitions of the composites. However, this is not
the case of crystallization temperatures, which could be highly affected, modifying
the properties of the final material.

As it wasmentioned before, TPS plasticizedwith glycerol has twoT gs, one related
to the plasticizer’s rich phase and the other to the starch’s one. In the case of PBAT,
the principal T g is found in the range −16 to −35 °C and is associated with its soft
segments (aliphatic). In some cases, other T g is observed around 60 °C, which is
associated with the T g of the hard segment (aromatics). In the case of starch/PBAT
blends, as they are immiscible polymers, all the T gs of the components are expected
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to be present. Generally, three distinct transitions (from low to high temperature) are
reported: the secondary relaxation of the glycerol-rich domain, the principal glass
transition of the PBAT phase and the glass transition of the starch-rich phase which
is overlapped with the one of PBAT’s hard segments. This behavior was reported by
several authors [100, 103, 108].

The addition of compatibilizing agents can have different effects. Better compat-
ibility between phases tends to generate a shift in their T gs toward each other. This
effect has been reported as a consequence of the inclusion of different compatibilizers
[97, 178]. In particular, Zhai et al. [97] found that the T gs of the phases rich in PBAT
and starch shifted toward each other when the content of the two polymers became
close. They proposed that during the reactive extrusion process of a TPS/PBAT blend
in the presence of CAc, some interactions may have occurred between starch and
PBAT at the molecular level. CAc could graft single ester groups in the starch chains,
decreasing their hydrophilicity and increasing their compatibility with PBAT. Simul-
taneously, if the interfacial adhesion is strong, T g shifts to higher temperatures can
occur, as more energy will be needed for molecules to gain mobility. For example, it
has been demonstrated that the inclusion of PBAT-g-MA intoTPS/PBATblends leads
to an upward shift of the relaxation temperatures of PBAT (+5 °C) and TPS (+20 °C)
[100]. Zhai et al. [97] deduced that in HPDSP/PBAT 50/50 film, using citric acid
as a compatibilizer, hydroxypropyl distarch phosphate interacts with PBAT, from
changes in the alpha phase relaxation temperatures of both polymers. They found a
slight shift in the T g of the PBATphase from−24.9 to−22.6 °C forHPDSP/PBAT10
to 50 wt%. The glass transition for the HPDSP phase decreased from 84.4 to 81.7 °C.
The authors suggested that during extrusion, some interactions between PBAT and
HPDSP may have occurred and also a graft reaction between citric acid and modi-
fied starch HPDSP. Zhang et al. [108] blended PBAT with a previously extruded
starch with glycerol as plasticizer and tartaric acid as modifier (TPS-TA). Using the
blend PBAT30/TPS-TA70, they demonstrated that the compatibility between starch
and the polyester matrix could be improved when starch had been pretreated. The
incorporations of TPS-TA into PBAT shift the T g associated with the polyester’s soft
segment (aliphatic) from −16.4 to −13.8 °C and one of the primary glass transi-
tions of the starch-rich phase from 28 to 11.8 °C. These variations in glass transition
temperatures demonstrate the compatibility of PBAT/TPS-TA composites. Starch
modification with TA serves as a coupling reagent and reduces the phase separation.

Some compatibilizers can also act as plasticizers, and therefore its effect can
be varied. DMA analysis of starch/PBAT/glycerol blends with different amounts
of sericin performed by Garcia et al. [111] showed both sericin’s plasticizing and
compatibilizing effects depending on its concentration in the blends. For contents up
to 1 wt%, T g of the starch-rich phase was shifted to a higher temperature indicating
that the molecular mobility of the starch chains was reduced and that sericin could
be acting as a compatibilizer. The highest content of sericin (1.5 wt%) showed the
opposite behavior, indicating a plasticizing effect. The authors proposed that the
short-chain segments of sericin could act as plasticizers improving the mobility
of the starch short-chain segments, while the larger sericin segments could act as
compatibilizers between polymers, increasing stiffness.
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The addition of fillers can, of course, also have effects on material transitions.
Depending on whether the filler is located in the interface or if it tends to be inter-
acting only in one phase, its effect will be different. For example, Olivato et al. [113]
studied the effect of sepiolite inclusion in TPS50/PBAT50 blend. They found that
strong interaction between starch molecules and sepiolite limited the mobility of the
starch chains, producing a shift in the T g of starch-rich phase to higher tempera-
tures. This gives account of the high interfacial interactions between sepiolite and
starch. When the filler is highly interacting with one of the polymers, then part of the
plasticizer can migrate to the other phase. Lendvai et al. [114] blended PBAT with
TPS nanocomposites (reinforced with BT and OMMT). They found that for blended
nanocomposites both T gs of TPS increased, probably due to the depletion of the
plasticizer in the TPS phases that could have migrated into the PBAT phase. Similar
results were found by Liu et al. [103], who blended PBATwith TPS-nSiO2 nanocom-
posite. Compared with that for the pure PBAT (T g = −30 °C), the glass transition
of the PBAT phase in each of the composites was observed at a lower temperature
by about 5–6 °C. They explained this as a consequence of the increased plasticizing
effect on the PBAT phase by the migration of glycerol from TPS. The glass transition
of the starch-rich phase for the TPS-nSiO2 (60 °C) shifted to a higher temperature
(70 °C) in TPS-nSiO2/PBAT sample. The authors explained this result probably due
to the poor compatibility between TPS and PBAT and the weakened plasticizing of
the starch-rich phase from the migration of glycerol, which reduced the mobility of
the starch chain segment. On the contrary, after the addition of the compatibilizer
of MA, EVOH and MA + EVOH, the glass transition of the starch-rich phase in
the nanocomposites shifted to a lower temperature (about 60 °C for MA, 62 °C for
EVOH and 55 °C for MA + EVOH) than that for the sample without compatibilizer
(about 70 °C). The lowered transition temperatures indicated that the introduction
of both MA or/and EVOH could improve the compatibility between TPS and PBAT,
resulting in the increased mobility of the starch chain segment. When the combi-
nation of MA and EVOH was used, the T g of the starch-rich phase was the lowest
(about 55 °C).

While neat PBAT decomposes in one step at 400 °C, thermal degradation of
TPS/PBAT blends occurs as a three-step process, including a first stage attributed
to the elimination of water and plasticizers (50–250 °C), a second much sharper
transition at≈320 °C, which represents the degradation of TPS components amylose
and amylopectin, and a final third stage around 400 °C corresponding to the PBAT
degradation [114].

The inclusion of fillers could cause changes in the different stages, depending on
their interactions. Lendvai et al. [114] blended TPS-OMMT and TPS-BT nanocom-
posites with PBAT. They found a lower temperature and faster plasticizer degrada-
tion step for PBAT60/TPS-OMMT40 than for PBAT60/TPS-BT40 composite and
PBAT60/TPS40 neat blend. This phenomenon was also observed in torque measure-
ments, which revealed that OMMT-filled composites presented a higher degree of
dehydration than the others. TGA results revealed that BT and OMMT incorporation
on TPS affected its dehydration and degradation, suggesting that the clays remained
predominantly in the TPS phase, where theywere initially introduced. Liu et al. [103]
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also blended a TPS nanocomposite with PBAT, but in their case it was TPS-SiO2. The
thermal stability of starch and PBAT in the PBAT40/TPS-SiO260 sample was not
affected by the blending of PBAT with the starch nanocomposite. Moreover, when
MA or/and plasticized EVOHwere added as compatibilizers, the two main degrada-
tion temperatures were similar to those for the PBAT40/TPS-SiO260 nanocomposite,
which indicated that the compatibilizers had no significant influence on the thermal
stability of the composites.

Gas Barrier Properties and Water Sensitivity of Starch/PBAT Composites

While PBATpresents a good balance between biodegradability and thermal–mechan-
ical performance, its barrier properties are lower comparing to traditional petro-
chemical non-biodegradable polymers. As it is well known, compared to starch,
PBAT has lower WVP but its barrier properties against oxygen are poorer. There-
fore, depending on the needed property different combinations can be performed.
Generally, increasing the PBAT content in PBAT/TPS blends decreases the WVP
and simultaneously increases the OP [97, 179, 180]. In this section, we will focus on
water vapor permeability, as it is the property to improve in starch matrices.

When additives with compatibilizing action are added to starch/PBAT blends,
stronger intramolecular bonds are expected, which could lead to the formation of a
tighter structure that could restrict water vapor diffusion. It is the case of Garcia
et al. [111], who incorporated sericin protein to improve the compatibility of a
starch/PBAT/glycerol blend and found a reduction of almost 20% in the WVP of
sericin containing films with respect to the blend without compatibilizer.

As in the cases of starch/PHB blends, blending starch with PBAT together with
fillers using an appropriate processing strategy and conditions to promote an inter-
calated nanostructure, where better polymer–nanofiller interaction is achieved, will
result in better barrier properties of the TPS/PBAT composite [181].

Manepalli and Alavi [50] used the modified Nielsen equation to model the WVP
of the ternary blend of PLA/PBAT/TPS with the inclusion of nanocrystalline cellu-
lose (NCC), as a function of filler morphology, filler content and the degree of
filler–polymer interaction. As expected, more TPS contents lead to larger WVP
values, since both PLA and PBAT have a more hydrophobic response than TPS. In
the same way, as it was predictable due to the tortuousness generated by the addi-
tion of nanofillers, the incorporation of NCC to the PBAT6/TPS40/PLA54 matrix
decreased the WVP to 15 and 32%, for a filler content of 1 and 2 wt%, respec-
tively. Similarly, nanocomposite films obtained by Zhai et al. [97] showed a signif-
icant reduction in WVP when PBAT content increased in PBAT/HPDSP/nCOM
composite (PBAT10/HPDSP90 24%; PBAT20/HPDSP80 38%; PBAT30/HPDSP70
40%; PBAT40/HPDSP60 57%; and PBAT60/HPDSP50 66%). Moreover, they
showed that the PBAT content increases the d-spacing values (evaluated by XDR),
evidencing an increase in the intercalated nanostructure in the composite, due to
better polymer interaction with the nanoclay. The increase in the PBAT content
(less water sensitivity) and the appropriate melt extrusion condition that promote
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the formation of an intercalated nanostructure, due to better PBAT interaction with
the organic modified clay, results in better water vapor barrier properties of the
TPS/PBAT composite.

In agreement with the WVP results, the surface hydrophobicity of the films
increased with increasing PBAT content, especially beyond 30 wt%. In contrast
to the WVP of the HPDSP/PBAT/nCOM, the oxygen and carbon dioxide perme-
ability values increased with increasing PBAT content. Although the addition of
PBAT promoted the formation of a filler-intercalated nanostructure, which could
prevent oxygen and carbon dioxide molecules from passing through the film matrix,
the clay’s dispersion was not enough to generate a tortuous path homogeneously
distributed to reduce the permeability of oxygen and carbon dioxide efficiently.

As in the case of PHB, due to its hydrophobic character, it is expected that the
incorporation of PBAT in starch matrices will lead to more stable blends in water,
compared to TPS. The composition and morphology of PBAT/TPS blends will be
decisive in the amount of water they can absorb from the environment. Depending on
whether the predominant phase is TPS or PBAT, the behavior will be very different.
Dammak et al. [56] showed that when TPS was the continuous phase in the blends
of TPS/PBAT, this phase was accessible to water by diffusion from the surface
increasing film’s water absorption. This will be influenced by compatibilizer’s pres-
ence. Fourati et al. [100] found that the moisture absorption for PBAT40/TPS60 was
affected by the compatibilizer, reaching the highest level around 6% in the presence
ofMA and CAc, and the minimumwas observed in the absence of the compatibilizer
and in the presence of PBAT-g-MA. This evolution is connected with the continuity
index for PBAT, as the lowest moisture absorption was attained when the PBAT is
the continuous phase. For example, PBAT40/TPS60 formulated with CAc 2, 4 and
6% and presented a 33% increase regardless of CAc content, where the TPS formed
a co-continuous (2% CAc) or continuous phase (4 and 6%) in the composite.

Changes in moisture content usually lead to differences in surface properties.
Zhang et al. [108] showed that the incorporation of tartaric acid influenced the water
absorption and contact angle of PBAT/TPS-TA blends. The authors reported that
when 0.5% of TAwas added, the water contact angle of PBAT/TPS-TA-0.5 increased
from that neat PBAT and TPS/PBAT blend. These results confirmed the TA coupling
effect in PBAT/TPS-TA-0.5. In these materials, TPS-TA-0.5 particles dispersed
uniformly in the PBAT matrix to achieve a homogeneous phase, where the inter-
face intensity was stronger than that of PBAT/TPS and prevented water molecules
from permeating the boundary. On the contrary, the introduction of TPS and TPS-TA
with higher TA content enhanced the hydrophilicity of PBAT, resulting in a decrease
in the contact angle and an increase in water absorption. This is probably due to a
new phase morphology reverse from the homogeneous phase of PBAT/TPS-TA-0.5.

Investigations of Spiridon et al. [182] revealed that the addition of ground and
sieved particles of grape pomace, celery, treated waste of Asclepias syriaca floss and
poplar seed hair fibers used as biomass fillers in starch/PBAT blends increased the
water uptake capacity, compared to starch/PBAT. This result was awarded by the
authors due to the strong hydrophilic character of the biomass fillers, related to the
presence of hydroxyl groups present in the fibers. However, slight differences were
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found depending on the biomass incorporated into the mixture, due to a different
cellulose and lignin content in the biomass fiber composition [183]. When lignin
was added to the formulation, a reduction in the water uptake capacity was observed.
Vapor sorption capacity of biocomposites in the dynamic regime and isothermal
conditions was also studied. The authors reported that the addition of biomass fillers
to the starch/PBAT system did not change the shape of the isotherms, though the
water uptake capacity was higher than that of the reference sample in the whole
range of the curve. Other fillers, such as clays, have also been successful in reducing
the blend water absorption. For example, sepiolite nanoclay’s addition, studied by
Olivato et al. [113], in PBAT80/TPS20 and PBAT20/TPS80 decreased the water
adsorption rate and the water absorption capacity of nano-biocomposites, due to
intermolecular links between starch and sepiolite silanol groups.

Mechanical Properties of Starch/PBAT Composites

The mechanical properties of the final blend will strongly depend on the compatibi-
lization degree achieved. The role of various compatibilizers on TPS/PBATmechan-
ical properties was evaluated by several authors. The effect achieved by a compatibi-
lizer will depend on the way in which it is added. For example, both Dammak et al.
[56] and Fourati et al. [100] studied the case of maleic anhydride inclusion, placed
as a compatibilizer in the blend or through a graft in PBAT (PBATg-MA). Dammak
et al. [56] presented stress–strain curves for PBAT40/TPS60, PBAT50/TPS50 and
PBAT60/TPS40 with and without compatibilizer. All blends exhibited three regions
involving elastic, plastic deformation and strain hardening behavior. The tensile
strength and the elongation at break of the samples improved as the TPS content
decreased in the presence and absence ofMA. For PBAT50/TPS50 blends, the tensile
strength and elongation at break attained 12.8 MPa and 205% in the absence of any
additive, reaching, respectively, 15.1MPa and 614%when PBATg-MAwas used as a
compatibilizer, but decreasing to 6.5MPa and 36%, respectively, when the blend was
processed in the presence of 2% MA. In the blend PBAT50/TPS50 without compat-
ibilizer, starch was in the form of dispersed droplets of about 2–10-μm diameter,
with a low connection between them, while in the presence of MA, a full contin-
uous morphology was observed, where the TPS formed an interconnected structure.
This continuous morphology of the TPS phase was not observed when the blend
was processed in the presence of PBATg-MA, where a dispersed morphology was
obtained. These important morphological changes could be the reason for themarked
differences in the materials’ mechanical properties. Similarly, Fourati et al. [100]
studied the mechanical properties of PBAT40/TPS60 processed in the presence of
MA or PBATg-MA. They also found that the important improvements of strain at
break achieved by blending TPS with PBAT (185%) reversed when MA was added
(to values between 12 and 30%). The tensile strength of films also decreased in the
presence of MA from 10MPa for the blend without compatibilizer to around 8MPa.
By including PBATg-MA in the blends, the negative effect of MA was no longer
observed, but on the contrary, strength and strain at break values around 12 MPa
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and 380%, respectively, were obtained. The effective interfacial adhesion brought
by the PBAT-g-MA coupling agent explains the improvement in the performance
of the TPS/PBAT blends. The negative effect of MA on mechanical properties of
PBAT50/TPS50 and PBAT40/TPS60 seems to be in disagreement with previous
works highlighting the beneficial effect of MA in PBAT-TPS blends [105, 184].
Nevertheless, it is worth noting that all these results are being compared for blends
with compositions close to that for which phase inversion occurs (PBAT40/TPS60
and PBAT45/TPS55). It is possible then that the difference in behavior obtained for
the MA is due to morphological changes that produce different physical–chemical
responses.

In summary, the effect of compatibilizer’s inclusion in blend’s mechanical prop-
erties is strongly dependent on the PBAT/TPS ratio and on the way in which it is
included. In all cases, more important improvements are obtained when the compat-
ibilizer is modified with one of the blend’s components to maximize the interac-
tion between them. The enhancement of tensile strength and elongation at break
when PBATg-MA was included in PBAT/TPS blends confirmed the efficiency of
this reactive compatibilizer to promote the interfacial adhesion between both phases.
A presumably reason for this effect is the ester linkage between grafted MA onto
PBAT and TPS.

Zhang et al. [108] show a case where the compatibilizer (tartaric acid) is initially
mixedwith starch and glycerol for themanufacture of TPS-TA,which is later blended
with PBAT. Tensile test analysis of PBAT30/TPS-TA70 blends revealed that the use
of TA at 0.5% increased the tensile strength value of the blend from 15 to 16MPa and
the elongation at break from 942 to 1311%. However, it was observed that increasing
the TA content leads to a continuous decrease in these values, with a tensile strength
of 9MPa and elongation at break of 942% for a TA addition of 4%. A combination of
different factors was proposed by the authors to explain this behavior. They observed
a drastic reduction in the molecular weight of TPS-TA as the TA content increased.
In addition, the interface interaction between phases decreased in the presence of
excessive TA concentration. These facts lead to a reverse in the morphology and the
presence of TPS-TA particle agglomerations, all of which promoted a decrease in
the tensile strength for TA contents higher than 0.5%.

Other additives, such as proteins, have been used as compatibilizers. It is the case
of Garcia et al. [111] who reported that in PBAT/starch/glycerol blends (61, 26 and
13 wt%) the addition of sericin increased the Young modulus and tensile strength
but decreased the strain at break. These results were observed for all studied sericin
contents (0.5–1.5%). As the sericin content increased from 0.5 to 1%, the tensile
strength was slightly improved, from 5.7 to 6.4 MPa, Young’s modulus increased
fromabout 66–91MPaand thedeformation remainedunchanged.By increasingmore
the sericin concentration, to 1.5%, the authors found no differences in the tensile
strength values, but a strong increment in the Young modulus (to approximately
130 MPa) and an important decrease in elongation at break (of about a 50%) were
obtained, compared with the blend containing 1% of sericin. These results were
attributed to the fact that the presence of sericin reduced the molecular mobility of
starch and PBAT chains, and due to its amphoteric character, it could act similarly to a
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surfactant agent. The side chains of amino acid residues with hydrophobic character
(such as glycine) and hydrophilic character (such as serine, aspartate and asparagine)
could interact with PBAT and starch, respectively, leading to molecular interactions
when located in the interface. The compatibilizer effect explains the mechanical
performance and the more homogeneous and compact morphology observed from
sericin containing PBAT/starch/glycerol films.

The influence of compatibilizers’ inclusion on the material’s mechanical proper-
ties was also studied in the case of composites. In these cases, the compatibilizers’
effect needs to be reevaluated, as new effects can appear. Liu et al. [103] blended a
TPS composite reinforced with nSiO2 (TPS-nSiO2) and PBAT, and studied the influ-
ence of adding compatibilizers in mechanical properties. They worked with MA,
one of the typical compatibilizers of these systems, and plasticized EVOH, which
meets the requirement of a starch–PBAT compatibilizer, as it has a lipophilic long
chain on one end and many hydroxyl groups on the other. The authors showed that
the addition of MA reduces dramatically the impact strength and elongation at break
of PBAT40/TPS-nSiO260/MA compared to PBAT40/TPS-nSiO260. This decrease
was explained as a consequence of a plasticization effect of MA or its participation
in hydrolysis reactions of the polymer chains. The impact strength of PBAT40/TPS-
nSiO260/pEVOH was higher than for PBAT40/TPS-nSiO260/MA, and close to the
PBAT40/TPS-nSiO260hg, without compatibilizer. CA is other possible compatibi-
lizer usually used in these systems. Garcia et al. [102] stated that it might promote
not only cross-linking reactions, which could reduce film flexibility but also starch
hydrolysis or plasticization, reducing hydrogen bonds between starch chains that
weaken the blend structure. DeCampos et al. [57] found that the addition of 0.75wt%
of curcumin into a PBAT30/starch49/glycerol21 blend with CAc caused a significant
increase in the evaluated mechanical properties (Young’s modulus increases 32%,
tensile strength 7% and 39% elongation at break), compared to the film without the
addition of curcumin. They explained that the presence of curcumin could hinder or
inhibit the interaction between citric acid and starch, so better mechanical properties
were observed. Furthermore, the change in mechanical properties was not associated
with a plasticizing effect since this behavior was undetected by DSC, and they did
not find evidence of improvement in compatibilization when comparing the glass
transition temperature of the individual materials and the produced blends.

The degree of improvement achieved by filler inclusion usually depends on their
dispersion in the polymer matrix as well as their properties. Manepalli and Alavi
[50] not only studied the effect of NCC inclusion in PLA/PBAT/TPS blends, but also
made a detailed description of the filler’smorphology effect onmechanical properties
and predicted them by applying the well-known Halpin–Tsai model. They found that
the addition of NCC increased the mechanical properties of PLA/PBAT/TPS films
and predicted that the increase in aspect ratio (L/d of the particle) and modulus of
nanofiller lead to a nanocomposites’ modulus increase.

The affinity of the filler to each component of the blend will define its reinforce-
ment effect. Olivato et al. [113] studied the effect of sepiolite addition on PBAT/TPS
blends’ mechanical properties, varying PBAT/TPS ratio and nanofiller content. Their
results suggested that sepiolite was more compatible with the TPS phase, probably
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due to its more hydrophilic character. For blends with higher TPS content, the disper-
sion of sepiolite was facilitated and so its relative contribution to blend final mechan-
ical properties. In some cases, significant improvements are achieved when the filler
is incorporated into one of the polymers, but in the case of the blend this positive result
is no longer observed. Lendvai et al. [114] reported a different mechanical behavior
as a function of clay characteristics, when studying the effect of increasing contents
of TPS nanocomposites in PBAT. The incorporation of BT and OMMT particles into
the starch formulation resulted in the typical reinforcement effect, showing a signif-
icant increase in TPS composite strength and modulus without affecting elongation
at break with respect to TPS. The incorporation of increasing contents of TPSnBT
to PBAT, however, had no significant effect on the strength and modulus data when
compared to neat TPS/PBAT blend with the same TPS content. Elongation at break
for blends with contents of TPSnBT up to 60% exceeded that of the neat TPS/PBAT
blends suggesting a compatibilizing effect of BT particles. When TPSnOMMT was
incorporated into PBAT at contents of 40 and 50%, mechanical properties (tensile
strength, modulus and elongation at break) were similar to blends without clay.

The costs of industrial processes and new environmental legislation promoted
development of composites containing directly natural fibers, in particular from
biomass residues. Its cellulose and lignin content strongly depend on the chosen
waste, and these values greatly affect the composite’smechanical properties. Spiridon
et al. [182] explored the effect of incorporating waste biomass fibers into the
PBAT/starch blends in mechanical properties. Young’s modulus of biocomposites
registered an increase in the rage of 141–191% with respect to starch/PBAT blend
as the content of cellulose in fibers increased. Tensile strength values obtained for
the biocomposites were similar to those of the starch/PBAT blend, demonstrating
that low interactions between fibers and the polymer matrix were achieved. At the
same time, the ductility of biocomposites was significantly reduced with the addition
of waste fibers. The presence of rigid fibers could restrain the matrix deformation
and therefore reduce the elongation of biocomposites. Nunes et al. [55] found similar
effects studying the reinforcing effect of babassumesocarp fiber into PBAT70/TPS30
blends. Their biocomposite presented higher elastic modulus and lower elongation
at break with regard to neat PBAT and PBAT70/TPS30. When lignocellulosic fibers
are dispersed in a polymer matrix with low affinity (as with PBAT), and the system is
stretched, they tend to hinder chainmobility and lower the elongation at break despite
maintaining or improving tensile strength and Young’s modulus. Although morpho-
logical analysis showed poor adhesion between the fiber and the polymer matrix, the
increase reported in the elastic modulus for the biocomposite could be due to some
interactions of the hydroxyl groups present in TPS and cellulose fiber. The compo-
sition of the employed fiber resulted influential in the achieved effect. Spiridon et al.
[182] found that higher lignin contents of fiber could result in an improved fiber distri-
bution promoting the interaction with the matrix. Furthermore, lignin addition to the
biocomposites resulted in more homogeneous structures, with improved interfacial
adhesion due to partial miscibility between cornstarch and lignin. A slight increase in
plastic deformation, higher elastic modulus, impact performance and tensile strength
was achieved when compared to the neat PBAT/starch blend and PBAT/starch/waste
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biomass fibers without lignin. The improvement observed could be due to the partial
miscibility related to the formation of interactions such as hydrogen bonding and
other physical forces between lignin and the polymer matrix.

Zhai et al. [97] simultaneously used two strategies to improve the performance of
the material: using a modified starch and adding a filler. They developed PBAT/TPS
blends using hydroxypropyl distarch phosphate (HPDSP), citric acid as compatibi-
lizer and a nanoclay as filler (an organic montmorillonite modified with octadecyl
dimethyl benzyl ammonium chloride). The authors found that at fixed amounts of
nanofiller and compatibilizer content, an increase in the amount of PBAT improved
mechanical strength and flexibility, especially for nanocomposite films with PBAT
content higher than 30%. The maximum tensile strength of the PBAT50/HPDSP50
nanocomposite film was approximately five times higher than that of the HPDSP,
and the elongation at break (EB) was seven times higher than that of the starch
nanocomposite film. The maximum tensile strength and elongation at break of the
PBAT50/HPDSP50 nanocomposite films were 7.4 MPa and 614%, respectively.

4 Conclusions and Future Perspectives

Although the proposal to replace conventional plastics with starch-based materials is
a very attractive idea from an ecological and economical point of view, the properties
of TPS are not enough to meet the requirements of many applications. The devel-
opment of starch-based composites with the incorporation of natural fillers helps
improve their performance, but it is still a long way from commodity plastics.

The best strategy found so far is the use of starch blends with biodegradable
polyesters that improve the properties of TPS together with the inclusion of fillers.
The results obtained by different researchers show that a critical key to achieving
the desired properties is the proper design of compounding–processing strategies.
However, desirable properties such as good processability, thermal stability, mechan-
ical strength and improved barrier properties still must be achieved to increase the
market share among commoditymaterials.Hence, further studies, including the intro-
duction of new biobased plasticizers, cross-linkers, additives and/or different types
of micro-nanofillers, are required, to fulfill the needs of each particular plastic sector.
Rationally designing these materials, including higher biomass contents as a valu-
able resource, and the use of green methodologies to obtain them, would establish a
sustainable production value.

One of the most promising fields of application for these materials is agri-
horticulture. In much of the recent scientific works and published patents related to
agricultural materials, modified starches blended with other biopolymers are used,
being today the critical points to solve the compatibility and processing problems
of the mixtures [185, 186]. In relation to plastics destined for agriculture, a strong
growth in mulching and covering materials is expected, being PBAT one of the most
attractive candidates to be used since it gives the mixture high toughness and elonga-
tion at break while maintaining its biodegradability [99, 108]. PHB is other excellent
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candidate that has the extra advantage of being biobased, but which production cost
is much higher and can be used in applications where hydrophobicity improvements
are required, as well as higher Young’s modulus and stress at break [165].

Although PBAT is still fully fossil derived, sustainable alternatives have been
proposed looking for obtaining a whole biobased PBAT. In this sense, the production
of biobased 1,4 butanediol (BDO) has been achieved through industrial biological
fermentation; sebacic acid (as a substitute of adipic acid) coming from castor oil has
been used as a monomer to prepare poly(butylene sebacinate-co-butylene terephtha-
late) (PBSeT) co-polyesters; 2, 5-furandicarboxylic acid (FDCA) has been regarded
as a biobased alternative to the petroleum-based terephthalic acid.

PHB, on the other hand, has the great advantage of being fully biobased and
biodegradable in soil. However, the challenge of obtaining good compatibility with
TPS remains unsolved. At this moment, the studies carried out were orientated to
develop different strategies to improve compatibility and therefore the physical and
mechanical properties of the blends. These strategieswere focused onusingTPS from
various botanical sources, modified polymers and the addition of compatibilizing
agents as well as micro-nanofillers.

The amount of filler incorporated into the composites is usually very small, most
of the times much lower than 5%. When choosing the reinforcement to use, a cost–
benefit analysis must be carried out in all cases. The only truly green fillers are
renewable, biobased and biodegradable, such as cellulose. However, other fillers,
such as clays, are much more economical, do not generate a high environmental
impact and can generate strong improvements if a good dispersion is achieved. For
that reasons, they were and are one of the most studied fillers as reinforcement of
starch blend. In some cases, it is preferred to choose fillers that do not generate the
most important improvements, but that are completely green. However, this can be
tricky, since the method of obtaining/purifying them can include the use of non-
environmentally friendly processes, as happens for example with some cellulosic
reinforcements. To date, there is not enough experimental evidence to show that
100% green starch-based composites with suitable properties to replace commodity
plastics can be produced, including the use of green chemistry to obtain the modified
starches or to make the grafts in the bioplastics with which it is usually combined.

Nowadays, trend aims to generate plastics with the least environmental impact.
Phrases like “a better bioplastic for a better world”, “plastic more sustainable,
compostable, and eco-friendly” or “zero waste to make a difference” are the head
of many of today’s developments and even appear on the presentation pages of
many companies. In this framework, starch composites such as those presented in
this chapter have great potential to be inserted into the agricultural and packaging
industry. It is expected that the problems that still persist in these materials’ prop-
erties will be solved in the near future, responding to the demands of society for a
sustainable world.
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52. Adamus J, Spychaj T, Zdanowicz M, Jędrzejewski R (2018) Thermoplastic starch with deep
eutectic solvents and montmorillonite as a base for composite materials. Ind Crop Prod
123:278–284

53. Utracki LA (ed) (2002) Polymer blends handbook. Kluwer Academic Publishers, Dordrecht
54. Muthuraj R, Misra M, Mohanty AK (2018) Biodegradable compatibilized polymer blends

for packaging applications: a literature review. J Appl Polym Sci 135(24):45726
55. Nunes MABS, Marinho VAD, Falcão GAM, Canedo EL, Bardi MAG, Carvalho LH

(2018) Rheological, mechanical and morphological properties of poly(butylene adipate-
co-terephthalate)/thermoplastic starch blends and its biocomposite with babassu mesocarp.
Polym Test 70:281–288

56. Dammak M, Fourati Y, Tarrés Q, Delgado-Aguilar M, Mutjé P, Boufi S (2020) Blends of
PBAT with plasticized starch for packaging applications: mechanical properties, rheological
behaviour and biodegradability. Ind Crop Prod 144:112061

57. de Campos SS, de Oliveira A, Moreira TFM, da Silva TBV, da Silva MV, Pinto JA, Bilck
AP, Gonçalves OH, Fernandes IP, Barreiro M-F, Yamashita F, Valderrama P, Shirai MA,
LeimannFV(2019)TPCS/PBATblownextrudedfilms addedwith curcumin as a technological
approach for active packaging materials. Food Packaging Shelf 22:100424

58. NesicA,CastilloC,CastañoP,Cabrera-BarjasG, Serrano J (2020)Bio-based packagingmate-
rials. In: Galanakis CM (ed) Biobased products and industries, 1st edn. Elsevier, Amsterdam,
pp 279–309

59. Platt DK (2006) Biodegradable polymers—market report. Smithers Rapra Limited, United
Kingdom

60. Shogren R, Wood D, Orts W, Glenn G (2019) Plant-based materials and transitioning to a
circular economy. Sustain Prod Consum 19:194–215

61. Ashter SA (2016) Introduction to bioplastics engineering. William Andrew Publishing,
Oxford

62. Ferreira FV, Cividanes LS, Gouveia RF, Lona LMF (2019) An overview on properties and
applications of poly(butylene adipate-co-terephthalate)–PBAT based composites. Polym Eng
Sci 59:E7–E15



4 Processing and Properties of Starch-Based Thermoplastic … 127

63. Markovic G, Visakh PM (2017) Polymer blends: state of art. In: Visakh PM, Markovic G,
Pasquini D (eds) Recent developments in polymer macro, micro and nano blends, 1st edn.
Woodhead Publishing, UK, pp 1–15

64. Liu W, Liu S, Wang Z, Liu J, Dai B, Chen Y, Zeng G (2020) Preparation and characterization
of compatibilized composites of poly(butylene adipate-co-terephthalate) and thermoplastic
starch by two-stage extrusion. Eur Polym J 122:109369

65. Mochane MJ, Sefadi JS, Motsoeneng TS, Mokoena TE, Mofokeng TG, Mokhena TC (2020)
The effect of filler localization on the properties of biopolymer blends, recent advances: a
review. Polym Compos 1–22. https://doi.org/10.1002/pc.25590

66. Ray SS, Salehiyan R (2019) Nanostructured immiscible polymer blends: migration and
interface. Elsevier, Amsterdam

67. LemoigneM (1926) Produit de deshydratation et de polymerisation de l’acide b-oxybutyrique.
Bull Soc Chim Biol 8:770–782

68. Kumar M, Rathour R, Singh R, Sun Y, Pandey A, Gnansounou E, Lin KYA, Tsang DCW,
Thakur IS (2020) Bacterial polyhydroxyalkanoates: opportunities, challenges, and prospects.
J Clean Prod 121500:1–20

69. Balaji S, Gopi K, Muthuvelan B (2013) A review on production of poly β hydroxybutyrates
from cyanobacteria for the production of bio plastics. Algal Res 2(3):278–285

70. Bhatia SK, Shim YH, Jeon JM, Brigham CJ, Kim YH, Kim HJ, Seo HM, Lee JH, Kim JH, Yi
DH, Lee YK, Yang YH (2015) Starch based polyhydroxybutyrate production in engineered
Escherichia coli. Bioproc Biosyst Eng 38(8):1479–1484

71. Bugnicourt E, Cinelli P, Lazzeri A, Alvarez VA (2014) Polyhydroxyalkanoate (PHA): review
of synthesis, characteristics, processing and potential applications in packaging. Express
Polym Lett 8(11):791–808

72. Manikandan NA, Pakshirajan K, Pugazhenthi G (2020) Preparation and characterization of
environmentally safe and highly biodegradable microbial polyhydroxybutyrate (PHB) based
graphene nanocomposites for potential food packaging applications. Int J Biol Macromol
154:866–877

73. Souza Jd, Chiaregato CG, Faez R (2018) Green composite based on PHB andmontmorillonite
for KNO3 and NPK delivery system. J Polym Environ 26:670–679

74. Coltelli MB, Danti S, Trombi L, Morganti P, Donnarumma G, Baroni A, Fusco A, Lazzeri A
(2018) Preparation of innovative skin compatible films to release polysaccharides for biobased
beauty masks. Cosmetics 5(4):70

75. Coltelli MB, Panariello L, Morganti P, Danti S, Baroni A, Lazzeri A, Danti S, Baroni A,
Lazzeri A, FuscoA,DonnarummaG (2020) Skin-compatible biobased beautymasks prepared
by extrusion. J Funct Biomater 11(2):23

76. Din MI, Ghaffar T, Najeeb J, Hussain Z, Khalid R, Zahid H (2020) Potential perspectives
of biodegradable plastics for food packaging application—review of properties and recent
developments. Food Addit Contam A 37(4):665–680

77. Garrido-Miranda KA, Rivas BL, Pérez-Rivera MA, Sanfuentes EA, Peña-Farfal C (2018)
Antioxidant and antifungal effects of eugenol incorporated in bionanocomposites of poly
(3-hydroxybutyrate)-thermoplastic starch. LWT-Food Sci Technol 98:260–267

78. Weinmann S, Bonten C (2019) Thermal and rheological properties of modified polyhydrox-
ybutyrate (PHB). Polym Eng Sci 59(5):1057–1064

79. Corre YM, Bruzaud S, Audic JL, Grohens Y (2012) Morphology and functional properties
of commercial polyhydroxyalkanoates: a comprehensive and comparative study. Polym Test
31(2):226–235

80. Pachekoski WM, Dalmolin C, Agnelli JAM (2013) The influence of the industrial processing
on the degradation of poly (hidroxybutyrate)-PHB. Mater Res 16(2):237–332

81. Correa JP (2018) Nanocompuestos poliméricos: estudio de la interacción de mezclas
de polímeros biodegradables con refuerzos químicamente modificados. Ph. D. thesis,
Universidad de San Martín, Buenos Aires, Argentina

82. Yamaguchi M, Arakawa K (2006) Effect of thermal degradation on rheological properties for
poly (3-hydroxybutyrate). Eur Polym J 42(7):1479–1486

https://doi.org/10.1002/pc.25590


128 L. Ribba et al.

83. Renstad R, Karlsson S, Albertsson AC (1999) The influence of processing induced differ-
ences in molecular structure on the biological and non-biological degradation of poly (3-
hydroxybutyrate-co-3-hydroxyvalerate), P (3-HB-co-3-HV). PolymDegradStabil 63(2):201–
211

84. Janigová I, Lacı́k I, Chodák I (2002) Thermal degradation of plasticized poly (3-
hydroxybutyrate) investigated by DSC. Polym Degrad Stabil 77(1):35–41

85. Koller I, Owen AJ (1996) Starch-filled PHB and PHB/HV copolymer. Polym Int 39(3):175–
181

86. Kotnis MA, O’Brien GS, Willett JL (1995) Processing and mechanical properties of
biodegradable poly (hydroxybutyrate-co-valerate)-starch compositions. J Polym Environ
3(2):97–105

87. Rosa DDS, Rodrigues TC, Gracas Fassina Guedes CD, Calil MR (2003) Effect of thermal
aging on the biodegradation of PCL, PHB-V, and their blends with starch in soil compost. J
Appl Polym Sci 89(13):3539–3546

88. Gomes Brunel D, Pachekoski WM, Dalmolin C, Marcondes Agnelli JA (2014) Natural addi-
tives for poly (hydroxybutyrate-CO-hydroxyvalerate)-PHBV: effect onmechanical properties
and biodegradation. Mater Res 17(5):1145–1156

89. Chen L, ZhuM, Song L, Yu H, Zhang Y, Chen Y, Adler H (2004) Crystallization behavior and
thermal properties of blends of poly-(3-hydroxybutyrate-co-3-hydroxyvalerate) and poly(1,2-
propandiolcarbonate). Macromol Symp 210:241–250

90. Modi SJ (2010) Assessing the feasibility of poly-(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) and poly-(lactic acid) for potential food packaging applications. M.Sc. thesis, The
Ohio State University, EEUU

91. Yu L (2009) Biodegradable polymer blends and composites from renewable resources. Wiley,
Hoboken

92. Don TM, Chung ChY, Lai SM, Chiu HJ (2010) Preparation and properties of blends from
poly(3-hydroxybutyrate) with poly(vinyl acetate)-modified starch. PolymEng Sci 50(4):709–
718

93. Thiré RM, Ribeiro TA, Andrade CT (2006) Effect of starch addition on compression-molded
poly (3-hydroxybutyrate)/starch blends. J Appl Polym Sci 100(6):4338–4347

94. Zhang M, Thomas NL (2010) Preparation and properties of polyhydroxybutyrate blended
with different types of starch. J Appl Polym Sci 116(2):688–694

95. Garrido-Miranda KA, Rivas BL, Pérez MA (2017) Poly (3-hydroxybutyrate)–thermo-
plastic starch–organoclay bionanocomposites: surface properties. J Appl Polym Sci
134(34):45217(1–8)

96. Jian J, Xiangbin Z, Xianbo H (2020) An overview on synthesis, properties and applications
of poly(butylene-adipate-co-terephthalate)–PBAT. Adv Ind Eng Polym Res 3(1):19–26

97. Zhai X, Wang W, Zhang H, Dai Y, Dong H, Hou H (2020) Effects of high starch content on
the physicochemical properties of starch/PBAT nanocomposite films prepared by extrusion
blowing. Carbohydr Polym 239:116231

98. Meraldo A (2016) Introduction to bio-based polymers. In: Wagner JR (ed) Multilayer flexible
packaging, 2nd edn. Plastics design library.WilliamAndrew Publishing, NewYork, pp 47–52

99. Nunes MABS, Castro-Aguirre E, Auras RA, Bardi MAG, Carvalho LH (2019) Effect of
babassu mesocarp incorporation on the biodegradation of a PBAT/TPS blend. Macromol
Symp 383:1800043

100. Fourati Y, Tarrés Q, Mutjé P, Boufi S (2018) PBAT/thermoplastic starch blends: effect of
compatibilizers on the rheological, mechanical and morphological properties. Carbohydr
Polym 199:51–57
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172. Râpă M, Darie-Niţă RN, Grosu E, Tănase EE, Trifoi AR, Pap T, Vasile C (2015) Effect of
plasticizers onmelt processability and properties of PHB. JOptoelectronAdvMater 17:1778–
1784

173. Lai SM, Don TM, Huang YC (2006) Preparation and properties of biodegradable thermo-
plastic starch/poly (hydroxy butyrate) blends. J Appl Polym Sci 100(3):2371–2379

174. Avella M, Errico ME, Rimedio R, Sadocco P (2002) Preparation of biodegradable
polyesters/high-amylose-starch composites by reactive blending and their characterization.
Appl Polym Sci 83(7):1432–1442

175. Ma P, Xu P, Chen M, Dong W, Cai X, Schmit P, Spoelstra AB, Lemstra PJ (2014) Structure–
property relationships of reactively compatibilizedPHB/EVA/starch blends. Carbohydr Polym
108:299–306

176. Yingxin H, Tianci H, Peng W (2019) Starch-based degradable PP/PHB composite material
and preparation method thereof. CN109679305 (A), 26 Apr 2019

177. Zhang G, Xie W, Wu D (2020) Selective localization of starch nanocrystals in the
biodegradable nanocomposites probed by crystallization temperatures. Carbohydr Polym
227:115341

178. Pan HW, Ju DD, Zhao Y, Wang Z, Yang HL, Zhang HL, Dong LS (2016) Mechanical proper-
ties, hydrophobic properties and thermal stability of the biodegradable poly(butylene adipate-
co-terephthalate)/maleated thermoplastic starch blown films. Fiber Polym 17:1540–1549

179. Hablot E, Dewasthale S, Zhao Y, Zhiguan Y, Shi X, Graiver D, Narayan R (2013) Reac-
tive extrusion of glycerylated starch and starch–polyester graft copolymers. Eur Polym J
49(4):873–881

180. Stagner JA, Alves VD, Narayan R (2012) Application and performance of maleated thermo-
plastic starch–poly (butylene adipate-co-terephthalate) blends for films. J Appl Polym Sci
126(S1):E135–E142

181. Rhim J-W, Park H-M, Ha C-S (2013) Bio-nanocomposites for food packaging applications.
Prog Polym Sci 38(10):1629–1652

182. Spiridon I, Anghel NC, Darie-Nita RN, Iwańczuk A, Ursu RG, Spiridon IA (2019) New
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Chapter 5
Green Composites from Sustainable
Cellulose Nanofibrils

Gonzalo Martínez-Barrera, Irna Zukeyt Garduño-Jaimes,
Enrique Vigueras-Santiago, Julián Cruz-Olivares, Nelly González-Rivas,
and Osman Gencel

1 Cellulose and Nanocellulose

Cellulose is considered to be the most abundant renewable polymer on earth. It is
obtained from diverse sources as plants and algae, as well as by bacterial, enzymatic
and chemical processes. Natural fibers are essentially made of cellulose, hemicel-
lulose and lignin. Pectin, pigments and extractables can be found in low amounts.
For this reason, natural fibers are also referred to as cellulosic fibers or lignocel-
lulosic fibers [1]. The chemical structures of natural fibers are sophisticated. Each
fiber is a compound in which the rigid cellulose microfibrils are embedded in a soft
matrix mainly composed of hemicellulose and lignin. The cellulose fiber properties
depend on the chemical composition, microfibril angle, cell dimensions and defects;
they differ either from different sections of the plant or from different plants. The
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Table 1 Types of nanocellulose and their properties [author]

Parameter Cellulose nanocrystals
(CNCs)

Cellulose nanofibrils
(CNFs)

Bacterial cellulose
(BC)

Diameter (nm) 3–50 2–10 1.5–4

Length (µm) 0.1–1 >2 1–9

Crystallinity index
(CI)

85–100% 40–78% 84–90%

Degree of
polymerization (DP)

140–6,000 200–10,000 300–10,000

Tensile strength (MPa) 7,500–7,700 2–2,000 200–2,000

Young’s module (GPa) 130–250 13–180 15–138

mechanical qualities of natural fibers also depend on the cellulose type, because each
one has its own degree of crystallinity [2].

In recent years, cellulose has been studied at nanostructural level. Cellulose
nanoparticles can be obtained from lignocellulosic fibers, which are located around
the world, mainly in tropical countries. They can be obtained from sisal fibers (from
Agave sisalana leaves), which are easily cultivable in India, Brazil and Tanzania
[3]. Three types of structures are known for nanocellulose: (a) cellulose nanocrys-
tals (CNCs), also referred to as nanocrystalline cellulose (NCC) and cellulose
nanowhiskers (CNWs); (b) cellulose nanofibrils (CNFs), also referred to as nano-
fibrillated cellulose (NFC); and (c) bacterial cellulose (BC) [4–6], as it is shown in
Table 1.

The relevance of the nanocellulose investigations is related to its green nature,
physical and chemical properties and applications.Moreover, its crystallinity, surface
area andmechanical properties depend on the extraction and processingmethods [7].

The cellulose nanocrystals (CNCs) are obtained mainly by acid hydrolysis. They
have high resistance, large surface area, 3–50 nm diameters and 0.1–1 µm length
[8]. Their properties make it an excellent material for manufacturing biopolymers,
antimicrobial films, medical implants and automotive components [9]. Cellulose
nanocrystals have beenmixedwith different polyvinyl alcohol (PVA) concentrations,
which reducing the fibers diameter [10].

Cellulose is also biosynthesized by some bacteria, which is called bacterial cellu-
lose (BC), the bacteria that generate it are mainly those from the genders Gluconace-
tobacter, Sarcina and Agrobacterium [11]. By Gluconacetobacter (formerly called
Acetobacter) is possibly to produce cellulose at commercial levels [12]. The main
applications of BC are in biomedicine, explosives, membranes, magnetic materials
and even in the food industry [13, 14].

Nanocellulose-based materials are non-toxic, carbon neutral, sustainable and
recyclable. Investigations of novel, efficient and environmentally safe treatments
continue as main objective. Despite all difficulties for nanocellulose production, it is
easily found on the market. However, many established and proposed methods have
emerged with respect to its large-scale production [15].
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2 Cellulose Nanofibrils (CNFs)

Cellulose nanofibrils (CNFs), also referred to as nanofibrillated cellulose (NFC),
consist of long, flexible, entangled nanometer-sized cellulose fibrils (2–10 nm diam-
eter and >2 µm length). It exhibits amorphous and crystalline domains, with high
aspect ratio and specific surface area. Currently, cellulose nanofibrils are considered
high-performance, abundant, renewable, biodegradable and biocompatiblematerials,
as well as with great potential for several industrial applications [6, 16, 17].

The first CNFs were obtained in the early eighties by Herrick and Turbak, who
disintegrated cellulose by mechanical treatments in a high-pressure homogenizer.
The cellulose was brought to a low aqueous consistency several times during the
mechanical process. The final product had highly viscous gel consistency [18].

Various pretreatments and processes for obtaining CNFs have been developed.
The objective is to eliminate some disadvantages for its production as improving
the quality and reducing the large amounts of energy required; thus, the production
cost is noticeably affected. Another important disadvantage after producing CNFs is
the produced chemical wastes; so many efforts are focused for obtaining sustainable
processes.

The most common mechanical procedures for producing CNFs are high-pressure
homogenization (HPH), microfluidization, grinding, high-intensity ultrasound and
ball grinding (Table 2). However, the scaling of mechanical processes becomes quite
complex due to its high energy consumption. In the case of homogenizer treatment,

Table 2 Mechanical processes for producing CNFs [author]

High-pressure homogenization (HPH) The velocity of the fibrous suspension is stopped by a
homogenization valve, which causes low pressure, but
high turbulence, temperature, impact and shear forces.
Pressures of 30–150 MPa and energy ranging from
12,000–70,000 kWh/ton are used. The fibrillation
degree depends on the applied pressure and the number
of the passes

Microfluidization The fibers are placed in an inlet tank and are propelled
to interaction chamber by an intensifier pump, which
provides high pressure. Inside, the pulp circulates
through microchannels. High pressures (>100 MPa) are
required and 500–2,550 kWh/ton energy; the fibrillation
degree depends on the chamber size and the number of
the passes

Grinding or ball process It is based on impact and friction forces. Pressures of
30–50 MPa are used. However, it consumes high energy,
due to the large number of passes, namely 16–30 times

High-intensity ultrasound Hydrodynamic forces produce vibrations in the
cellulose fibers, generating millions of microbubbles,
which break the cell structure forming cellulose fibrils.
It is a process that does not allow large-scale production
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the electrical consumption reaches 70,000 kWh/ton; however, pilot-scale plants have
been developed in some companies and research centers for such purposes [17].

The mechanical processes are normally accompanied by an enzyme or chemical
pretreatment; otherwise, the energy costs rise to a great extent to achieve the cellu-
lose defibrillation. The most widely used pretreatment process involves enzymatic
hydrolysis, alkaline acids and ionic liquids.

In the case of enzymes, those with selective hydrolysis capacity as laccase can
degrade or modify the lignin and hemicellulose content without altering the cellulose
content [19]. A single enzyme is not capable for fiber degradation, as cellulose
contains many organic compounds; thus, a set of cellobiohydrolase-type enzymes is
required for the breakdownof crystalline cellulose and endoglucanases for disordered
cellulose [20].

Pretreatment with alkaline acids is the most widely used method for removal of
lignin, hemicellulose and pectin. In a study, sodium hydroxide and hydrochloric acid
were used to remove cellulose, and then, it was submitted to mechanical treatment
to obtain CNFs, and the results showed improvement on the cellulose yielding from
43 to 84% [21].

In the case of ionic liquids, they are organic salts, which have a high melting point
and work at very low vapor pressure, prior to a mechanical treatment. Moreover, they
have been used as solvents to dissolve cellulose and exhibit good results because an
equivalent number of cations accompany anions and the electro-neutrality is main-
tained. The interactions of the ions (cation or anion) differ from each other but lead
to self-organizing behavior [22].

Anions with high hydrogen bond basicity can solvate cellulose by binding to their
hydroxyl groups, when the total hydrogen bond basicity of the solvent or the solvent
mix has certain values [23]. The ionic liquids are salts with melting point less than
100 °C and better physicochemical properties compared to conventional organic
solvents. They can dissolve polar, non-polar, organic, inorganic compounds and
polymermaterials. Recently, alternative solvents have been used for polymer produc-
tion, such as supercritical carbon dioxide and water. In the CNFs production, high
propagation rates and decreased termination rates have been observed in free radical
polymerizations. Moreover, in the production of electrospinning CNFs can happen
moderate reaction conditions, reuse of the catalytic system without decreasing of its
activity and higher yields [24].

Catalytic oxidation by TEMPO is a process to obtain CNFs with a basic pH, very
small diameters and transparent gels. Other characteristics also studied are quality,
microfibrils angles and residual chemical composition (lignin and hemicellulose
content). In this process, the production costs are reduced due to an energy efficient
methodology, based first on the TEMPO process with catalytic oxidation and then on
subsequent mechanical destructing. Moreover, this process is widely used to obtain
nanopaper as a final product, with a high degree of transparency [25].

In recent years, a lot of investigations are concerning to use agro-industrial wastes
as rawmaterial for obtaining NFCs. The products are rich in natural fibers with struc-
tural arrangements and have high tensile strength. The chemical structure of such
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wastes are essentials for the nanofibers production, mainly the lignin and hemicellu-
lose quantities, for example, the lignin content in the pulp can produce nanocellulose
with diameters up to six times larger, and the hemicellulose content can influence on
the diameter distribution [17].

The CNFs’ properties depend on the chemical structure, surface chemistry, crys-
tallinity and polymerization degree. The cellulose type and the used process are deter-
minant on the morphological characteristics, which are studied by electron scanning
microscopy (SEM), electron transmission (TEM) and atomic force (AFM) [26].

3 Green Composites

Research in sustainable technologies and highly resistant smart materials is an actual
and future topic, supporting the need to balance economic growth with social and
environmental concerns. One of the most actual research is concerning to nanocom-
posites, mainly those based on nanocellulose, which is an environmentally friendly
material, and used in medical, automotive, electronics, packaging and construction
industries aswell as in thewastewater treatment, besides being an excellent substitute
of synthetic materials.

Nanocomposites’ production involves a lot of parameters, for example, process
improvements, industrial scale production, energy consumption andmatrix blending.
Green composites include nanofibril-based polymer nanocomposites, as well as
bacterial cellulose, which have been used in biomedical and technological appli-
cations. They show improvements on the mechanical, optical and barrier properties.

The global demand for textile fibers is supposed to increase as the population
increases, and the quality of life improves. It is a fact that the CNFs’ market is
constantly increasing, due to the lack of cotton production and its high demand
around the world. Cotton production cannot increase significantly; therefore, it is
expected that, in few years, the CNFs’ production will cover from 33 to 37% of
the total market. Nevertheless, it would cause an increase in demand by 2030 year
and would represent the production of 15 million tons CNFs by year. Such forecasts
are due to some properties of the CNFs as absorption and humidity, among others
[27]. The large-scale production of nanocellulose is already a fact. Both research
laboratories and industries around the world promote its research; however, there are
many challenges to overcome for its manufacture.

In the investigations about CNFs have been studied natural and synthetic polymer
matrices. However, the scope of the polymers is very broad. Thus, it is essential to
conduct more investigations. The objective is to obtain materials with good optical,
mechanical and barrier qualities for their use in biomedical and technological appli-
cations. The nanocomposites based on CNFs show great advances, but it is neces-
sary to develop properties, such as high tensile resistance, low density, high barrier
properties (for sound, oxygen or other gases), optical transparency, biodegradability,
renewability, among others [28].
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Table 3 Applications of green composites based on CNFs [author]

Biomedical industry • In moisturizing creams with ingredients capable of
penetrating the skin and carrying bioactive agents

• As matrix for tissue engineering (bone, cartilage, vascular,
nerves and skin)

• In the development of multifunctional matrices that allow the
controlled release of therapeutic agents

Automotive and space industry • As substitute of steel in the manufacture of bonnets and other
auto parts. For reducing fuel consumption and carbon
dioxide emissions

• In aircraft fuselage manufacturing

Food industry • Used as films in food wraps that produce strong barrier effect
against gases penetration (mainly oxygen) are effective for
maintaining food freshness

• As food additive to reinforce the body feeling or food
chewiness

Paper industry • Filters that collect dust, small particles or deodorant
substances that absorb odor-bearing microparticles

• Manufacture of sheets or foils with deodorizing and
antibacterial functions

• Gel ink pens in which cellulose nanofibers are used as a
thickener

Nowadays, there is a great deal of information related to the processing and prop-
erties of nanocellulose, which include several topics such as processing strategies,
chemical modification of surfaces, biocompatibility, toxicity, characterization and
possible applications. In addition, obtaining cellulose nanofibrils has been studied
too; the reports are focused on optimizing chemical–mechanical treatments for the
extraction of nanofibrillar cellulose and the final properties.Moreover, in recent years
CNFs have been used in different sectors (Table 3).

Production of CNFs hydrogels is a novel topic; they have been recently used for
the segregation of pollutants in water, non-polar hydrocarbons, solvents and oils as
well as in chloroform adsorption.

In the coming years, the use of CNFs is expected to grow considerably, especially
in tissue engineering, in the development of implants where surgeons replace the
damaged tissue resulting from trauma, as well as in orthopedic reconstruction, where
congenital deformity or pathological deterioration is replacedwith autogenous grafts,
made with CNF-reinforced composites.

Cellulose nanofibers are extensively used as reinforcing agents (up to 2.5 wt%)
for manufacturing strong, highly flexible polymer gels, which are obtained by in situ
polymerization, or heat treatment. They are designed for biomedical applications
[29].

CNFs obtained from vegetables as well as synthetic nanofibers have been used as
reinforcements of polymermaterials. In a study, water soluble polymermatriceswere
used, due to their polar hydrogen bridges, which can bond with cellulose surface by
hydroxyl groups, and thus generate a single andmore stable phase. Polyvinyl alcohol
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(PVA) matrices were dissolved in water at low percentages of CNFs. According to
the results, an increase of approximately 100% in tensile strength was obtained when
CNFs are added [30].

Another application of CNFs hydrogels is for elimination of heavy metals in
water treatments to obtain purified water, due to their elevated specific surface area,
nanoscale size, low toxicity, hydrophilicity and bioadsorption ability. Hydrogels
produced with chemically cross-linked CNFs, alginate and polyvinyl alcohol (PVA)
exhibited high swelling and adsorption capacity, as well as high-storage modulus
[31]. The main objective is to produce CNFs with polymer networks or with nano-
materials nets. For example, aerogels are novel materials that are being applied in
catalysis, filtration, graft, damping and liquid storage [29].

High-performance biomaterials are produced adding nanocellulose fibers, which
produce high uniformity and few defects [32]. Addition of nanocellulose to
biodegradable polymers produces improvement on the mechanical properties and
accelerates the biodegradation rate. Moreover, nanocellulose is used in water soluble
polymer solutions to modify their viscosity and mechanical properties.

In the biomedical area, the biodegradable CNFs are not toxic to humans and
biocompatible. It is used for personal hygiene products, cosmetics, biomedicines,
burned skin treatment. They hold the stabilization of medical suspensions and
decrease the sedimentation and phase separation of heavy ingredients. Moreover,
after its chemical modification, it serves as a scaffold for enzymes and other
medications [33].

Currently, the care and preservation of natural resources require the use of tech-
nologies based on biodegradable materials. For example, an ecological sport vehicle,
called nanocellulose vehicle (NCV), was made with cellulose nanofibers from plants
and agricultural waste, which are a fifth lighter than steel but five times more resis-
tant. Various automotive parts were developed, such as doors, roof and hood. The
cellulose nanofibers reduced the NCV body weight up to 50% compared to a tradi-
tional car. In addition, this novel technology helps to reduce the carbon emissions
related to automobile manufacturing [34].

The paper industry has developed novel researches and applications based on the
use of CNFs, becoming one of their main activities. As it is known, fibers decrease
their properties during recycling processes, mainly due to drying. To resolve such
problems, mechanical refining techniques have been used for their rehydration, but
they cause other irreversible structural damages [35].

Production of electrospinning CNFs depend on the polymer concentration, tip-
collector distance, viscosity, solution flow and applied voltage. Moreover, require of
environmentally friendly solvents. Several investigations are related to the collector
shape, which directly affects the diameter and resistance of the CNFs.

One of the advantages of the electrospinning technique is its ability to mix CNFs
with synthetic polymer matrices. In this case, prior chemical modification is often
necessary to ensure good compatibility with the matrix. Poly (vinyl alcohol), poly
(lactic acid), polyurethanes, conductive polymers and acrylic resins are a few exam-
ples of used synthetic polymers. Electrospun CNFs have small pore sizes and a large
surface area compared to commercial fabrics. They have controllable dissolution



142 G. Martínez-Barrera et al.

properties and are used as tissue engineering scaffolds and drug delivery systems
[32].

Inside the production, 3D printingmanufacture has been added. Now, it is possible
to create three-dimensional scaffold-like structures. These nanomaterials can respond
to the temperature and color changes and are known as intelligent materials. Due to
their swelling, they become soft and elastic. In the case of nanocomposites produced
with CNFs and impenetrable network (IPN) systems, the 3D structures show the
matrix and an interwoven network [36].

In the future, it is planned to program the shape and behavior of 3D-printed objects,
but adding a fourth dimension related to their temporal changes. This new scien-
tific revolution is called 4D printing and is based on novel printing materials called
“intelligent,” they undergo a controlled structural change when they are submitted
to external stimulus. Their shape and properties change with temperature, humidity,
light and time. For example, it could be possible design smart fabrics that react to
our thermal sensation, that is to say, if we feel heat they can release this energy and
on the contrary, when we feel cold they can retain body heat. Thus, 4D printing is a
new technological paradigm in areas such as textile, membranes, medicine, robotics
and energy production.

4 Experimental Studies

In the investigation group belonging to Laboratory of Research and Development
of Advanced Materials (LIDMA) at Autonomous University of the State of Mexico
(UAEM), some experimental studies related to the production of CNFs, involving
raw materials, production methods, characterization and applications are conducted.

In the first experimental stage, electrodynamic methods were used for to obtain
bacterial cellulose (BC) by using environmentally friendly solvents. According to
the literature, BC has been applied as a skin transitory substitute in the treatment of
wounds, burns and ulcers, aswell as in dental implants or acoustic transducers, among
others, due to its highmechanical resistance acquired after chemical treatments.With
elasticity modulus of 16–18 GPa, tensile stress of 260 MPa, 2.1% deformation and
high purity and degree of crystallinity [37, 38].

The BC synthesis was carried out at 28–32 °C and using the Gluconacetobacter
xylinus. The producedBCwas crystalline, free of lignin and hemicelluloses, with 4–6
pH. According to the literature, highest cellulose yield can achieve with controlled
quantities of glucose; high concentration of this can inhibit the cell growth and
production as well as decrease pH, due to accumulation of (keto)gluconic acids [39].
The carbon source is a fundamental factor in the production of BC, whereby two
types of carbon sources were used in the static bioreactors: sugar and beet molasses.

Gluconacetobacter xylinum was obtained from apple cider vinegar. Hestrin and
Schramm were used as culture medium, whose composition was glucose (20 g/L),
peptone (5 g/L), yeast extract (15 g/L), disodium phosphate (2.7 g/L) and acid citric
(1.15 g/L). The pH was adjusted to 5.5 using 0.1 N sodium hydroxide, while the
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culture medium was autoclaved at 15 psi and 121 °C by 15 min. Then, 9 mL of
culture medium and 1 mL of apple cider vinegar were placed in test tubes. The
mixtures were homogenized with a shaker and incubated by 6 days at 32 °C. The
variables were the chemical structure, pH, volume loss, the cellulose sizes, cellulose
production and the bioreactor size.

Bacterial cellulose (BC) growth was performed in bioreactors, which were ster-
ilized in an autoclave at 15 psi and 121 °C by 15 min. The bioreactors contained
the test tube solution (1 mL), potassium sorbate (0.13%), sucrose (12.66%), yeast
extract (1.26%), calcium chloride (0.76%), potassium phosphate (0.37%), distilled
water (84.9%) and the corresponding percentage of each substrate. The bioreactors
were covered with a cotton cloth to allow aeration in the culture medium, in order to
promote contact with oxygen and achieve the bacteria growth. Then, the bioreactors
were placed in an incubator with circulation at 30 °C. Produced BC is shown in
Fig. 1.

The electrospinning processwas used, due to its advantages to produce nanofibers.
In recent years, numerous types of materials, including synthetic and natural poly-
mers have been electrospun to obtain continuous fibers. They produce a highly
porous spun bond nonwoven membrane, with fibers size ranging from nanometers to
few microns [36]. Moreover, cellulose derivatives with greater solubility have been
synthesized, as cellulose acetate, cellulose triacetate and methyl cellulose. Cellulose
acetate nanofibers (247–265 nm diameters) have been used for protection of vitamins
A and E, while cellulose acetate is mixed with water/acetic acid for producing pyra-
nose 2-oxidase fibers, with 200–400 nm diameters. In the case of cellulose triacetate
(4.7 k dielectric constant), this is used for produce CNFs with low surface area and
without lumps or beads [40, 41].

Fig. 1 Bacterial cellulose (BC) obtained after 28 days of culture [author]
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The parameters involved in the CNFs production are determinant on the
applications; some of them are shown in Table 4.

The electrospinning equipment (shown in Fig. 2) consist of an infusion pump,
which controls the flow rate, a high-voltage source (10,000 V as minimum) and the
collecting system.

The configuration can include more variants, for example, type of XY move-
ments, rotary nozzles, rotocollectors, arrangements with auxiliary electrodes, cryo-
genic collectors and coaxial nozzles. The electrospinning equipment was designed
with CAD software and has movement on the three axes. Moreover, a collector with

Table 4 Types of CNFs produced and its applications [author]

Fiber type Parameter Applications

Flattened or tapes It is attributed to the emergence of a
polymer layer on the surface of the
fiber, due to the uneven solvent
evaporation. The atmospheric
pressure tends to collapse the round
shape of the fiber. It can be related
to the solvent type and the addition
of salts to the solution

• Biosensors systems, due to its
electrochemical activity and the
ability to transfer electrons

Helical It occurs due to the jet deformation
during the impact with the
collecting plate. Solution
concentration promotes this
behavior. The incidence angle of the
jet influences on its maintenance

• Drug delivery systems
• Electromechanical and
electromagnetic microsystems

• Advanced optical components

Ramified It is related to the small jets on the
surface, produced by the initial jet.
The instability between electrical
forces and surface tension produces
instability in the jet

• Drug delivery systems

Hollow It is obtained by coaxial
electrospinning processes or by
chemical processes applied to
electrospun fibers

• Nanoelectronic and optoelectronic
devices

• Energy conversion
• Drug release
• Environmental protection
• Sensors

Fibers with beads They are due to the surface tension
and the viscoelastic properties of
the solution. They depend on the
outlet flow, distance between
capillary and collector and voltage
as well as from molecular weight or
viscosity of the solution

• Tissue engineering

Fibers with pores It is the consequence of the relative
humidity and vapor pressure of the
solvent

• Tissue engineering
• Catalysis
• Sensors
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Fig. 2 Electrospinning process and their parameters for producing CNFs [author]

speedwas also designed to determine the accuracy deposition of CNFs. The objective
was to have several needles connected to the dosing pump and a collector in motion,
as it is shown in Fig. 3.

The electrospinning design gives the possibility of using a single injector with
specific movement, in order to reproduce the patterns designed in the CAD soft-
ware. The parameters shown in Table 5 were taken into account for production of
electrospinning CNFs.

In the second experimental stage of the electrospinning process, the cellulose triac-
etate was replaced with eutectic mixtures having low melting point. In the process,
sustainable and biodegradable solvents with low toxicity and ecological footprint
were used. As it is known, molecular weight and solvent type are the most impor-
tant factors for producing electrospinning cellulose. A homogeneous distribution of
solvents produces a homogeneous material; otherwise, the needle capillary will be
obstructed.

A possible application of the produced CNFs was as an interchangeable mask
filter, as it is shown in Fig. 4. The mask was designed with CAD software and 3D
printing in a molten deposition printer, by using a flexible and low-density filament.
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Fig. 3 Solidworks design of a multiple electrospinning machine with dynamic collector [author]

Table 5 Parameters in the
electrospinning process
[author]

Parameters

Dissolution • Concentration of the polymer solution
• Surface tension
• Solution conductivity
• Dielectric effect of the solvent

Process • Voltage
• Outflow
• Collector distance

Environmental • Room temperature
• Humidity

Undoubtedly, research and developments of CNFs will continue. The future
nanocomposites are innumerable, and their success will depend on many factors
including their novel methods and applications.
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Fig. 4 Prototype mask including filter produced with NFC [author]

5 Conclusions

The CNFs’ era continues to evolve; however, there are still many activities to do
respect to the current production processes, to the use of available resources and
mainly to the related to environment care. The electrospinning technique gives a
very encouraging image for the improvement of the CNFs’ properties as well as
for producing green composites, which have a wide range of applications in many
industrial sectors. Such materials will allow in the near future improving some needs
of the human being.
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Chapter 6
Green Composite as an Adequate
Material for Automotive Applications

Magdi El Messiry

1 Introduction

The natural fiber composite (NFC) is one of the oldest technologies used by old
civilizations in building technology by the production of bricks from mixing the
mud with stacks of the papyrus. The NFC during the 7000 years has penetrated
in different areas such as aviation, automotive, marine, building, and other areas of
modern industries. Natural fibers from renewable natural resources offer the potential
to act as a biodegradable reinforcing material substitute for the utilization of glass
or carbon fibers and inorganic fillers. The specific properties of these natural fibers,
specifically low cost, lightweight, biodegradability, noncorrosive properties, high
specific strength, and Young’s modulus make it more and more worthwhile. All
types of natural fiber–polymer composites are used in automotive and aerospace,
defense, transportation, and other sectors of industrial textile applications, and their
consumption is continuously growing by the average triple growth rate of the average
growth rate of composite material. The natural fiber biocomposites are growing on
average by 7.5% annually.

Fibers like cotton, flax, kenaf, hemp, jute, agricultural waste as well as recycle
waste, and wood flour are used with several types of polymers, either synthetic or
natural polymers, such as epoxy polyethylene, polypropylene, polyvinyl chloride,
polylactide acid, polyester, phenolic, vinyl ester, and others for the manufacturing of
NFC. The natural fiber–polymer composites can be processed by using one of the
following techniques: extrusion, compression molding, injection molding, etc.

This chapter is classified into three subjects:
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Natural fibers as an acceptable material for the automotive industry

The analysis of different natural fibers, their global production, physical andmechan-
ical properties are investigated.Assessment of the specific strength versus the specific
elastic modulus of different natural fibers, agriculture waste, and textile recycling
waste shows their accessibility to be used in NFC for certain applications in the auto-
motive industry. Meanwhile, the physical and mechanical properties of the different
polymers, used as a matrix of NFC, are discussed.

Application of natural fiber composites

Since the noise level represents one of the quality factors that evaluate the satisfaction
of the passenger in automotive engineering, there is a growing trend and prospects
for natural fiber composite applications in the automotive industry as sound absorp-
tion for different types of vehicles. The assessment of the noise level attributable to
different parts of the vehicle and the method of reducing it through the use of textile
fibers, either in free form or as an NFC, was presented. The coefficient of the sound
absorption of the different natural fibers and the panels of agro-waste that manufac-
tured as a composite and shaped are considered as well as the factors affecting the
sound absorption of the natural fibers or NFC.

Natural fiber–polymer composites design for the automotive industry

Natural fiber composites utilized in the automotive, passenger rail and aviation have
an increasing opportunity in the production of interior and exterior applications
due to the growing demand for lightweight materials with enhanced mechanical
performance, low cost, and low environmental impact, especially for the high-speed
vehicle. The demand for several parts of the car is contemplated NFC, for instance,
in automobile bumper, passenger car’s side door impact beam, and door panel. The
design parameters of such elements were discussed.

The main objective of this chapter is an attempt to outline the state-of-the-art
of the NFC applications in different the automotive interior and exterior parts due
to growing concern for reducing the car weight, cost, and environmental concern,
keeping in mind a passenger safety.

2 Natural Fibers Material for the Automotive Industry

2.1 Introduction

In the last decades, there has been an increasing environmental awareness of the need
for reducing the CO2 emission and raised the interest in using natural fibers as rein-
forcement in the polymer composites to replace synthetic fibers [1, 2]. Also, weight-
saving opportunities could be obtained by replacing traditional fiber composites with
natural fiber composites. Biocomposite materials are defined as composite materials
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in which at least one of the constituents is derived from natural resources. Gener-
ally, the term biocomposites covers composite materials made from the combina-
tion of biopolymer-reinforced synthetic fibers, or natural fiber-reinforced petroleum-
derived polymers [2], while green composite in which natural fibers are reinforced
by biopolymers [1].

2.2 Natural Fibers for a Green Composite

Natural fibers are the most important components in various applications such as
textile manufacturing, textile polymer composites, smart and technical textiles of
different applications, Fig. 1. The technical textiles are designed to fulfill a certain
function in various industries, for instance the automotive, aviation, sport, medical,
etc. The statistics indicate that the global technical textiles market is expected to
reach $334,938million by 2025 [3] at an average growth rate of 4.5%. Global market
demandwas 26.58million tons in 2014 and is expected to reach 35.47million tons by
2022, growing at an average growth rate of 3.7%. The automotive components were
the leading application segment and accounted for 15.2% of the total market volume
in 2014.Growingdemand for high-performancematerials for the automotive industry
is expected to remain a key driving factor for this segment over the forecast period [4].
Themajor reasons for the exponential growth in thismarket are the increasingdemand
for lightweight noncorrosive materials in the aerospace and the automotive industry,
with growing awareness regarding green products and environmental protection.
For comparison, the energy consumption to produce a flax-fiber mat (9.55 MJ/kg),
including cultivation, harvesting, and fiber separation, amounts to approximately

Fig. 1 Different
applications of technical
textiles in the market
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17% of the energy to produce a glass fiber mat (54.7 MJ/kg) [5]. The global natural
fiber compositesmarket sizewas valued at $4.46 billion in 2016, at an average growth
rate of 11.8% [6].

The percentage of the automotive technical textiles is the second after the home
textiles and represents 14.5%, Fig. 2 [7]. The global technical textiles market is
expected to reach USD 193.16 billion by 2022 [7]. The market has grown expo-
nentially in the last few years looking for ecological lightweight materials with a
low-carbon footprint. Composites made from natural fibers can help in the reduction
of the component mass and lowering the production cost.

Natural fiber composites are biobased materials manufactured using materials
such as wood, cotton, flax, kenaf, and hemp. Some natural fiber composites (NFC)
specific strength is 30.0% stronger than glass fibers. The consumption of the natural
fiber composite in the market is moving fast [8] as illustrated in Fig. 3.
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Table 1 Percentage of
different global natural fibers
production [1, 9]

Fiber type % Fiber type %

Cotton lint 78.97 Sisal 0.53

Flax 0.72 Other bast fibers 0.88

Hemp 0.16 Coir 3.22

Jute 10.19 Silk, raw 0.48

Kapok 0.29 Wool, clean 3.27

Ramie 0.45 Other 0.17

Fig. 4 their significant
utilization in fibers for the
manufacturing of NFC (by
the author)

Scale

Quality

Cost

Environmental 
impact

NFC 
products

Table 1 gives the percentage of the different natural fibers production, which
indicates that all bast fibers represent about 17.11%of the total natural fibers produced
each year [9].

The components that define the use of certain material for the production chain,
Fig. 4, are the scale of availability, the quality of the product, the cost of the part, and
finally, the environmental impact.

NFC properties, such as recyclability and biodegradability, have also shown their
significant utilization in the automotive industry.

2.3 Classification of Cellulosic Textile Fibers

The vegetable fibers exist in about 250,000 species of plants, but less than 0.1% of
these are commercially important as fiber sources [1]. Some of the fibers are suitable
to be used for the production of the garment but most can be used to produce the
composite materials. The fibers have been defined as units of matter characterized
by their length, flexibility, fineness, and a high ratio of length to thickness. Natural
fibers can be divided into two classes, according to the diameter size: microfibers and
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Cellulosic

Seed
Stem

Leaf Fruit Wood Stalk Grass

Flax

Hemp

Jute

Kenaf

Ramie

Manella

Sisal

Flax 

Banana

Abaca

Agave

Pineapple

Palm

Coir Hard 
wood

Soft 
wood

Rice

Wheat

Barley

Maize

Oat 

Rye

Bamboo

Bagasse 

Corn

Rape

Esparto

Canary

Rice

Cotton

Kapok

Fig. 5 Natural cellulosic fiber classification (by the author)

nanofibers. Usually, the fibers of the microdiameter are used for composite materials.
Natural fibers can be categorized according to its source too, Fig. 5:

• Vegetable fibers: Cotton, Jute, Flax, Hemp, Ramie, Kenaf, Sisal, Coconut fibers,
etc.

• Animal fibers:Wool, Silk, Alpaca, CamelAlpaca, Lamawool,Mohair, Cashmere,
Angora, etc.

• Mineral fibers: Asbestos.
• Inorganic fibers: Glass, Carbon.

The fibers are classified according to their lengths:

1. Short fibers (1–5 mm), (wood)
2. Long fibers (5–50 mm), (cotton, flax, hemp, jute)
3. Very long fibers mm (flax, hemp, jute, ramie, coir).

For the same type of natural fibers, the variation of the properties depends greatly
on the cultivation condition of the plant, soil properties, irrigation, environmental
conditions, and the methods of fiber extraction, which are various [1]. The range of
variations in some types of fibers was found very high, as illustrated in Table 2, for
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Table 2 Properties of natural fibers for composites applications [1, 19–30]

Origin Fiber
name

World
production
(103 tons)

Density
(gm/cm3)

Strength
(MPa)

Elongation
(%)

Young’s
modulus
(GPa)

Cellulose
content
(%)

Seed Cotton 25,000 1.55 300–700 6–10 6–10 85–90

Kapok 93.612 0.45 93.2 – 4 38

Stem Flax 810 1.5 500–910 1.5–4.0 50–70 65–85

Hemp 215 1.47 300–800 2–4 30–60 30–77

Jute 3530 1.4 200–500 2–3 20–55 45–63

Kenaf 770 1.2–1.3 284–1200 1.5–2.7 22–60 45–57

Ramie 100 1.55 220–938 2.0–3.8 24.5–128 68.6–76.2

Nettle Abundant 0.72 650–1500 1.7 38 53.0–86.0

Sisal 380 1.45 100–800 3–14 9–22 50–73

Banana 200 1.4 500–700 1–4 7–29 63

Abaca 70 1.5 400–980 1–10 6.2–20 56–63

Pineapple Abundant 1.44 400–1600 0.8–1.6 35–80 81

Palm Abundant 0.7–1.55 150–500 17–25 3.24 30

Fruit Coir 100 1.2 175–593 15.0–30.0 4.0–6.0 15–51.4

Hard
wood

0.3–0.88 51–120.7 – 5.2–15.6 40–50

Soft wood 1.5 1000 4.4 40 45–50

Stalk Rice Abundant

Wheat Abundant

Barley Abundant

Maize Abundant

Oat Abundant

Rye Abundant

Grass Bamboo 10,000 0.6–1.1 140–800 2.5–3.7 11–32 74

Bagasse 75,000 1.25 222–290 1.1 17–27.1 45–55

Hair Wool 1705 1.3 50–315 13.5–35 2.3–5 –

example the strength of kenaf fiber recorded to vary between 284 and 1200 MPa,
sisal varies between 100 and 800 MPa, and ramie 220 and 938 MPa. The designer
of the natural fiber composite must take into consideration the variability of the fiber
reinforcement properties. The global production [9, 10] of natural fibers is illustrated
in Fig. 6. Total fiber production expected to grow 3.7%per annum to 2025. The global
production of cellulosic fiber has grown by up to 5.8% [1, 9].

Another source of textile fibers is the textilewaste producedby the fashion industry
and textile mills as well as the recycling of textile products. The Environmental
Protection Agency reports that 15.1 million tons of textile waste were generated
in 2013, of which 12.8 million tons were discarded. About 15% of fabric intended
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Fig. 6 Production of the natural fibers and their projection to the year 2025 [7, 9]

for clothing ends up on the cutting room floor. This waste rate has been tolerated
industry-wide for decades [11, 12]. The recycled fiber waste can be used in the
productions of some parts for the vehicle, for instance as a sound absorption sheet,
in-car interior—as seatbacks, parcel shelves, front and rear door liners [13, 14].

2.4 Properties of the Textile Fibers

The natural fibers derived from legionellosis material are considered to be the most
suitable for the formation of the composites used in the different the automotive parts.
The choice of the proper natural fibers depends on the mechanical properties of the
fibers to withstand the forces acting on the NFC during the use and its life-cycle
analysis. For life-cycle accountability, a manufacturer is responsible not only for
direct production impacts, but also for impacts associated with product inputs, use,
transport, and disposal. There is a large variety of properties that mainly dependent
upon plant species, growth conditions, and methods of fiber extraction as well as the
structure of the layout of the febrile arrangement and the degree of polymerization.
Moreover, the physical properties depend on the fiber cell geometry of each type
of cellulose and its degree of polymerization [1, 15]. The percentage of cellulose,
hemicellulose, and lignin, which are linked by hydrogen bonds that not only hold
fibers together but also the cellulose within the fiber cell wall, is closely associated
with fiber stiffness [1, 16]. The fiber mechanical properties depend on the ratio of
crystallin and amorphous potion in the fiber structure [17, 18]. Based on the latest
data, the use of natural fibers is expected to increase significantly in the future as
they are starting to enter other markets than just the automotive sector, in 2020 it may
reach 650,000 tons. Cotton, flax, kenaf fibers are mostly used for the manufacturing
of different parts. The mechanical properties of the main cellulosic natural fibers are
given in Table 2.
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Figure 7 shows the comparison between the tensile strength and Young’s modulus
for the most used natural fibers. For the automotive industry NFC, the cotton, jute,
flax, hemp, ramie, kenaf, and sisal are themost candidates. Due to the different values
of the fiber densities, the relation of the specific strength and specific elastic modulus
should be considered. Figure 8 shows the relation between them, and it was found
to be almost linear, especially for all bast fibers.

2.5 Natural Fibers Treatments

To enhance the properties of natural fibers, in most cases the natural fibers are
pretreated before it can be used in forming a composite material. The objective of this
treatment is to improve both the different fiber morphology and properties as well as
the interfacial adhesion between the fiber surface and polymer matrix, thereby the
mechanical properties of the composites [1, 31]. The natural fiber consists of lignin,
pectin, waxy materials, and natural oils that cover the outside layer of the fiber cell
wall [32, 33].

Some chemical treatments are applied to improve the fiber properties such as alka-
line treatment, silane treatment, acetylation treatment, peroxide treatment, benzoy-
lation treatment, potassium permanganate (KMnO4) treatment, stearic acid treat-
ment. The chemical treatments of the natural fibers mainly enhance the properties of
the fiber by modifying their microstructure along with improvement in wettability,
surface morphology, chemical groups, and tensile strength of the fibers [1, 35]. The
best result for a specific fiber type is reached by applying one of the above treat-
ments. Physical methods involve surface fibrillation, electric discharge (corona, cold
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plasma); this changes the structural and surface properties of the fibers and thereby
influences the mechanical bonding with the matrix.

2.6 Agriculture Waste

Another source of fiber material is massive of the unused quantities of agricultural
waste, Fig. 9. The world statistics of the wheat and rice straw records that about 710
million metric tons of wheat straw and 670 million tons of rice straw are produced
each year as the agricultural waste.

Agriculture waste is one of the problems of modern intensive agriculture which
needs innovative methods for its useful industrial applications. The development of
composites from renewable raw materials has increased considerably during the last
years as they are considered to be environmentally friendlymaterials [34].Wheat and
rice straw both are of the same constitution with about 39% of cellulose. Generally,
agriculture waste can be grouped into two broad categories:

• Hard straw: cereal, sugarcane bagasse, bamboo, reeds, and grasses cotton, etc.
• Soft waste: cotton staple and linters, flax, hemp, and kenaf bast fibers, sisal, abaca,

bamboo, etc.
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Fig. 9 Wheat straw bale

Agricultural residues account for 73% of the world’s nonwood pulp capacity,
natural plants such as reed and bamboo account for 18%, and the remainder consists
mainly of industrial crops. Table 3 gives the estimated global availability of the most
common agricultural waste.

The fiber length of the agriculture waste varied between 0.5 and 1.5 mm, while
the fiber diameter is between 8 and 23 µ.

The idea of using biobased materials in vehicle parts was first pondered by the
founder of the Ford Motor Company in the early 1930s [40, 41]. Henry Ford was
fond of using plants like hemp and straw to reinforce plastic components for his cars.
This had a body featuring mostly soy resin-reinforced hemp, sisal, and wheat straw
composites; this had its weight two-thirds that of a regular car [41].

Table 3 Estimated global agricultural residues [1, 36–39]

Crop Plant component Availability Crop Plant component Availability

1000 tons 1000 tons

Barley Straw 218.5 Bast fibrous plants Straw 25.0

Oats Straw 50.8 Seed grass Straw 3.0

Rice Straw 465.2 Oil flax Straw 3.0

Rye Straw 41.9 Sorghum Stalks 104.7

Wheat Straw 739.7 Sugarcane Bagasse 100.2

Corn Stalks 750.3 Bamboo Bagasse 7.2

Cotton Linters 2.3 Total 3447.7

Stalks 35.9

Mote 900
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Table 4 Analysis of the percentage of cellulose and lignin for different agro-residuals [1, 36]

Type of agro-residual Cellulose Lignin Type of agro-residual Cellulose Lignin

Rice straw
Wheat straw
Barley straw
Oat straw
Rye straw
Cereal straw
Corn straw
Cotton straw

28–48
29–51
31–45
31–48
33–50
31–45
32–35
45–49

12–16
16–21
14–15
16–19
16–19
16–19
16–27
11–27

Bamboo
Sugarcane bagasse
Grasses
Palm
Softwood
Hardwood

26–34
42
25–40
40
40–45
38–49
43–47

21–31
20
10–30
24
26–34
23–33
16–24

The 2010 Ford Flex car will be the first car to feature a plastic part that contains
wheat straw. Ford claims it is “advancing a strategy to migrate this biobased mate-
rial to numerous other interiors, exterior, and under-hood applications for multiple
product lines.” According to the company, the wheat straw/plastic performs better
than conventional resins, having better “dimensional integrity,” and weighing 10%
less than plastics reinforced with glass fibers [42]. Several types of agricultural waste
can be used in forming NFC. They variate according to their source. Table 4 gives
the analysis of the percentage of cellulose and lignin for different agro-residuals.

FromTable 4, it is revealed that the percentage of cellulose in the agriculturalwaste
is much less than in the natural fibers (cotton 85–96%) with an increase of the lignin,
which is 11–34% compared to 0.7–1.6% for cotton. This directly reflects on the
mechanical properties of agricultural waste, for example, the properties of the wheat
straw are linear density 35–100 den, strength 2.2 g/den, elongation 2.8%, modulus
of elasticity 11.2 g/den, while for rice straw: linear density 41 den, strength 4 g/den,
elongation 2.35%, modulus of elasticity 22.6 g/den. The properties of palm fibers are
linear density 35.7 den, strength 1.6 g/den, elongation 6.2%, modulus of elasticity
24.8 g/den. Banana stem properties are strength 5 g/den, elongation 2.25%, modulus
of elasticity 110 g/den.Coconut husk properties are diameter 90µm, strength 1 g/den,
elongation 51.15%, modulus of elasticity 38.5 g/den [43].

The agricultural waste is not suitable to be used directly for the composite produc-
tion, so a pretreatment process is required to transfer it to high-density short fibers
appropriate to be manufactured into the thermoplastic composite. For this purpose,
several methods can be applied that classified as physical, physicochemical, chem-
ical, mechanical, and biological techniques [1, 44]. It will convert the fiber straw into
a loose fiber which can be easily mixed with the polymer to design the composite
forms. Each type of agriculture waste has a suitable method to be reformed into parti-
cles, flour, fibers, and in some cases nanoparticles. The steam exposition process is
an efficient method to convert the agro-residual to nanofibers [1, 45].
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3 Application of Natural Fiber Composites

3.1 Application of Textile Material for Sound Absorption
in Automobile

Noise represents a quality factor in the automotive engineering [46, 47]. A variety
of sources contribute to the interior noise of a vehicle which can be structure-borne
or airborne sound. The main sources of noise and vibration in vehicles include those
related to the power system (engine, cooling fans, gearboxes and transmissions,
brakes and inlet and exhaust systems) and those nonpower system sources generated
by the vehicle motion (tire/road interaction noise and aerodynamic noise caused by
flow over the vehicles) [48].

In general, the structure-borne sound is the dominant source of interior total
vehicle noise below 400 Hz, and airborne noise is dominant above 400 Hz. It was
revealed that the acoustical coupling between the power train component excitation
and the vehicle cabin cavity is also a dominant source of up to 50Hz of vehicle interior
low-frequency boom noise [49]. The frequency response of different vehicle noise
emitted parts of the vehicle is at normal highway speed, tire–pavement interaction
noise is the most important noise contributor (up to 80–90% at a speed of over 70–
80 km/h [50]) and it may reach 78 dB at vehicle velocity 130 km/h, even more than
the aerodynamic noise. Generally, the overall sound level is linearly elevated as the
vehicle’s speed increases, raising the discomfort for the passenger that determines
his satisfaction. The source of the noise can be divided into interior noise and the
exterior noise of the vehicle. The level of the external noise is different as illustrated
in Fig. 10.

It was found that the interior noise of the vehicle is less than the exterior
noise, around low frequencies (50 Hz). The control of noise, using noise-absorbing
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shielding, has several methods, especially for modern the automotive designs, which
have higher engine performance and lightweight construction, using thinner body
panels. For this reason, the contribution of the sound absorption materials such as
textile materials in achieving a low level of interior noise is highly appreciated [51,
52]. Figure 11 illustrates the effect of using sound absorber at different frequencies
which is more effective for frequencies above 500 Hz [49]. Excessive noise can lead
to mental and physical health problems, especially when driving for a long time.
In-vehicle noise is overall higher than the maximum safe level of 70 dB for 24 h
exposure without harmful effects. It was revealed that drivers are more likely to be
exposed to the noise level between 75 and 85 dB [53]. At the driving speed of above
70 km/h, the in-vehicle noise level exceeds the public health and welfare marginal
safe level of 8 h 75 dB [53, 54].

Typically, the dominant noise in the vehicle interior has a frequency varied from
30Hz to 8.5 kHz. The nature of the interior noise can be classified into structure-borne
noise, below 500 Hz, and above due to airborne-noise elements [55]. It was revealed
that the interior noise resonances caused by modes of tires and suspensions were
mainly below 100 Hz. Therefore, the acoustic textiles used in vehicles must have
a damping effect for the different frequencies, additionally to other serviceability
properties such as abrasion, stain, ultraviolet resistance, formability, recyclability
[56]. In modern vehicles, the sound absorption materials are added in the different
parts of the body to reduce the metal plates that vibrate and increase the noise. The
sound-absorbing material is used in floor carpets, wheelhouse, doors, roof, front of
the dash, and any other body panels subjected to high levels of vibration to reduce the
soundpressure inside the vehicle (in the frequency rangeup to400Hz).Consequently,
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the sound absorption materials differ for the diverse parts of the vehicle body: engine
soundproofing, truck soundproofing, etc., depending on the range of the frequency of
sound exited and coefficient of sound absorption at different frequencies. There are
various types of absorbers classified according to their structure, like woven, knitted,
nonwoven, felt as well as the type of the fibers used. In some cases, the absorber is
a composite material from different structures and different fiber blends. Figure 12
shows some types of absorber; felt acoustic, mechanically glue-free pressed fibers,
bitumen pad bonded, the basis of which is a felt absorber, needle-punched nonwoven
material.

Made with the highest proportion of recycled cotton and 
synthetic fibers .

Jute Felt Soundproofing  Compressed 'Jute' felt. 

Under bonnet, behind door panels, car sound systems,  
behind side   paneling of motor homes / vans, next to engine 
block 

Bitumen pad bonded to a thick layer of felt allows for extra 
sound protection. Product is flexible.

self-adhesive needle-punched synthetic non-woven material, 
which is made by interlacing and subsequent mechanical 
glue-free pressing of fibers, the basis of which is a felt 
silencer.

Sound Deadening Cotton Panels Car Soundproof Materials

Jute felt is made from natural plant fibers compressed into a 
flexible mat with a black latex finish on the back.

Compressed Jute Felt Soundproofing Material 

Fig. 12 Some types of sound absorber used in vehicles (by the author) [57–61]
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Fig. 13 The lining of the
internal parts of the vehicle
with sound absorber material
(by the author)

The sound absorber for the road noise is fixed in the different parts of the vehicle,
Fig. 13, such as front fender, dashboard, floorboard, doper panel, rear fender, trunk
engine cover, tailgate [62].

Needle-punched nonwoven material is usually used as a second layer in the
processing of the car body, cabs of specialtymachines, bonnets, insulation panels, and
transport facility bodies. It may serve as a principal layer, which includes insulating
and absorbing properties [63]. The sound absorber under the driver and passenger
floor will be a responsible damper for the road and tire noise to be transmitted to
the passenger cabinet. An example of the application of the absorber in 2012 Buick
Verano car is given in Fig. 14, where different types of absorbers are used according
to their location for the noise level reduction inside the passenger’s cabinet [63].

In Buick’s car, extensive types of noise-reducing and noise-canceling materials
and constructions were used, for instance, steel front-of-dash panel is sandwiched
between two damping mats, the headliner comprises five layers of thermal fiber
acoustic material, including a premiumwoven fabric on the visible outer layer, sound
insulation material between rear-body structural components is made from recycled
denim, triple-sealed doors feature fiberglass “blankets,” windshield and side glass
consist of 5.4 and 4.85-mm-thick acoustic laminated glass, respectively [63]. As
a whole, natural fibers sound absorber materials can be purposely used to reduce
the noise level, to decrease reverberation time, or to eliminate echoes as well as to
prevent sound from being trapped by concave surfaces [64]. Several types of natural
fibers have been used for many years as a source of raw material to produce porous
sound-absorbing and sound-isolatingmaterials [65, 66], including stalk orwood fiber
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Fig. 14 Buick Verano noise-reducing elements [63]

(straw of wheat or rice, softwood, or hardwood), bast fibers (flax, jute, kenaf, hemp,
ramie), leaf fibers (sisal, palm, and agave), seed fibers (cotton and kapok), and fruit
fiber (coconut).

Analysis of the mechanism of fibrous materials to absorb sound energy, formed
by the nonhomogeneous pores between the fibers, indicates that the sound waves are
transmitted through the cross section of the fibers, which have lumina at its center, and
attenuate part of sound energy, the other part of the sound energy will dissipate due to
the friction between the air and fibers when the air moves inside the specimen’s pores
as well as the vibration of the air inside the bulk of the specimen [67]. Themulti-scale
and hollow lumen structures of natural fibers contributed to the high sound absorption
performance. It was established that multi-functional composite materials can be
made from the natural fibers so that both the mechanical and acoustical functions
can be achieved [68].

From the analysis of Table 5, it can be revealed that the kapok fibers have the best
sound absorption at sound frequency 500 Hz characterized by having a large lumina

Table 5 Coefficient of sound absorption of some natural fibers at 500 Hz [46–52]

Fiber Coefficient of sound
absorption at 500 Hz

NRC Fiber Coefficient of sound
absorption at 500 Hz

NRC

Hemp 0.6 0.54 Wool 0.66 0.45

Ramie 0.25 0.6 Degreasing cotton 0.3 0.4

Jute 0.51 0.65 Cotton 0.50 0.35

Flax 0.58 0.65

Kenaf 0.74 0.7

Coconut 0.42 0.42

Kapok 0.9 0.627
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which will absorb a substantial part of the sound energy, followed by kenaf fibers.
The value of the coefficient of sound absorption varies according to the thickness,
bulk density as well as the porosity of the absorber. Therefore, different values were
recorded in the literature [67, 68]. The sound absorption of the different natural fibers
is considerably high in the low and medium frequencies, either in fibrous form or
fiber/epoxy composite plates [69]. It is clearly evident that increasing layer thickness
of any porous sound absorption material promotes the sound absorption coefficient
at the low-frequency region [70]. The high values of absorber material’s density and
thickness increase the coefficient of sound absorption at medium and high frequen-
cies. While the fiber length has no significant effect on the sound absorption coeffi-
cient. The random fiber arrangement in the absorber usually provides higher values
of the sound absorption coefficient, especially at the high frequencies. The effective
absorption of the incident sound wave occurs when the thickness of the material is
one-tenth of its wavelength [48].Most of the absorbers are a nonwoven of a structure,
manufactured in one way or another; consequently, the structure will be different.
The relationship of the nonwoven structure and the pore size, the pore size diameter
distribution in the nonwoven web and the pore shape, which are usually irregular in
both shape size and continuity through the web thickness, interconnective pore or
closed pore [71], depends on the method of manufacturing the web, fiber properties,
and crimp. There are several parameters that influence the sound absorption of textile
nonwoven material. Mechanism of sound absorption of nonwoven structures can be
explained in the following domain: When sound enters porous materials, owing to
sound pressure, air molecules oscillate in the interstices of the porous material with
the frequency of the exciting sound wave. This oscillation results in frictional losses.
A change in the flow direction of sound waves, together with expansion and contrac-
tion phenomenon of flow through irregular pores, results in a loss of momentum.
The porous nonwoven material is a space structure of fibers of different length that
contains cavities, channels, or interstices so that soundwaves can enter through them.
Open pores have a continuous channel of communication with the external surface
of the fiber structure, influencing the absorption of sound, such as the needle hole in
needle punched nonwoven. Closed pores are substantially less efficient in absorbing
sound energy [72, 73]. Another category of pores is blind, which is opened from one
end only. The increase in the number of fiber layers in the nonwoven structure will
lead to a change in the percentage of the different types of pores. This explains the
variation in the air permeability of the multilayer structures. The sound absorption
depends on the pore shapes and sizes in the nonwoven fabric, the spaces between the
pores, the pore size, and also the flexibility of the fibers, their orientation, concerning
the direction of the sound wave, as their resonance frequency will affect the absorbed
energy.

The sound absorption occurs if the area of absorber separating two media
dissipates the acoustic energy (energy that is not reflected).

The coefficient of sound absorption is given by

α = (Aa/Ai) (1)
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Fig. 15 Sketch of the principles of four-microphone impedance tube (by the author)

α = 1 − (Ar/Ai) (2)

where α is the sound absorption coefficient, Ar is reflected acoustic energy flow, Ai

is the energy flux incident, Aa is the sound energy absorbed.
There are several methods that can be used to measure the sound absorption

coefficient: impedance tube and reverberation room. The procedure to measure the
sound absorption coefficient of the material was carried out using the impedance
tube, Fig. 15, according to ASTM E2611-17 or ASTM E1050-19. Figure 15 shows
the impedance tube and a sketch of the principle for measuring the coefficient of
sound absorption of the textile material.

In almost the entire frequency range, the textile material absorption coefficient
first increases to the maximum at lower frequencies and then fluctuates at higher
frequencies, Fig. 16, similarly to the sound-absorbing property of the porous sound-
absorbing materials. The analysis of the factors affecting the sound absorption of the
textile structures is summarized [72] and presented in Table 6. Many studies attempt
to optimize the use of natural fibers as sound insulation materials replacing readily
available synthetic products in the market, such as rice straw, coconut coir, palm oil,
tea-leaf, kenaf, hemp, bamboo, cotton, wood particles, and wool [74].

The noise reduction coefficient (NRC) of a product will tell us how much sound
absorber absorbs as well as how much it reflects. The NRC rating is an average of
how absorptive material is at only four frequencies (250, 500, 1000, and 2000 Hz).
These industry-standard ranges are from zero (perfectly reflective) to 1 (perfectly
absorptive). Noise reduction coefficient (NRC) can be calculated by the following
equation for the range of the sound frequency considered:

NCR = (α250 + α500 + α1000 + α2000)/4 (3)
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Fig. 16 Coefficient of sound absorption versus frequency (by the author)

where αp is the coefficient of sound absorption at sound pressure p Hz.
The value of the NCR is affected by several factors such as the material areal

density, air permeability, thickness, and fiber diameter as illustrated in Figs. 17, 18,
19 and 20 [72].

The use of several layers of the absorptive material usually affects the value of
the coefficient of sound absorption at the low frequencies as shown in Fig. 21.

Nevertheless, as the absorption performance (coefficient of sound absorption)
increased, the peak frequencies shifted from high frequency to lower frequencies
region. Furthermore, thick sound absorber absorbs more sound energy at lower-
frequency regions, while thin absorptive materials are more suitable for higher
frequency applications. In terms of porosity, materials with fewer pores normally
contain more fiber elements per unit volume, which significantly increases the resis-
tance between sound energy and fiber elements. By increasing resistance, more heat
will be dissipated resulting in higher sound absorption.However, porosity and density
are closely related. High-density materials that low in porosity normally absorb less
sound energy [75]. The influence of the thickness of nonwoven material on the
sound-absorption capability shows that the sound-absorption coefficient increases
withmaterial thickness, and this relationship ismore distinct for low-mid frequencies
than for high frequencies [76].

The acoustics of vehicle trims and in-cabin noise reduction is becoming more
and more important for consumer satisfaction and comfort. Some perceptions into
various aspects of analyzing and designing a new vehicle carpet system improved
acoustic performance. The simulation results of the vehicle carpet show that floor
trims can significantly contribute (12 dB range) in reducing engine noise, compared
to tire/road noise (4 dB range) [77].
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Table 6 Factors affecting the textile absorber sound absorption coefficient (by the author)

Sound absorption coefficient Fiber specifications Fiber diameter

Fiber aspect ratio

Fiber cross-sectional shape

Fiber sonic modulus

Fiber surface properties

Lumen size

Fiber material

Fiber morphology

Surface friction between the fiber
and air molecules

Fabric specifications Areal density

Porosity

Air permeability

Fabric thickness

Fiber volume fraction

Method of manufacturing

Surface properties

Yarn morphology

NFC structural parameters Fiber arrangements

Fiber blending ratio

Pore size

Pores distribution

Pores structure

Composite thickness

Polymer sound absorption
coefficient

Fig. 17 NRC versus fiber
diameter
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Fig. 18 NRC versus mean
flow pore diameter

Fig. 19 NRC versus areal
density (by the author)
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6 Green Composite as an Adequate Material for Automotive … 173

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 250 500 750 1000 1250 1500 1750

C
oe

ff
ic

ie
nt

 o
f s

ou
nd

 a
bs

or
pt

io
n 

Frequency Hz
One layer Two layers Three layers

Fig. 21 Coefficient of sound absorption versus sound frequency (by the author)

3.2 Acoustic Absorption of Natural Fiber Composites (NFC)

The sound absorption of the different natural fibers is considerably high at low and
medium frequencies either in fibrous form or fiber/epoxy composite plates [78]. In
recent years, natural fiber-reinforced polymer composites are gaining more atten-
tion due to their cheap production cost, eco-friendly composition, and their relevant
properties related to the application of interest. The microscopic structure and the
surfacemorphology of these lignocellulosicmaterialsmake them favorable to be used
as acoustic absorbers noise insulation requirements in automobiles, a porous lami-
nated composite material manufactured by lamination exhibits a very high sound
absorption property at the frequency range 0.5–2 kHz. Sound absorption panels,
produced from particle composite boards using agricultural wastes or natural fibers,
have challenged researchers to develop novel enhanced soundproofing material.
The panel is a combination of natural cellulose fiber (rice straw, bamboo, sawdust,
coconut coir fiber, kenaf fiber) with thematrix as biopolymers, resins, or binders. The
sound absorption coefficient of the composite increases as the frequency increased.
However, it reduces somewhat at a frequency of 1200 Hz and then increases again at
a higher frequency [79]. The combination of natural fiber, the ratio of the fiber to the
polymer may reach 55% [80], and rubber granular materials exhibit an encouraging
sound absorption performance at a low-frequency region when compared with either
pure natural fiber or granular composites (fibrogranular composites). In fibrogran-
ular composite materials, there is a good potential in filling the small pores by the
granular component and the formation of bridges between the fibers as well [81].
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3.3 Acoustic Characterization of Natural Fibers
Agro-residuals

The waste materials have shown better acoustical performance, especially at mixed
levels, than the pure levels due to the improvement in the porosity [82]. Panels of
agro-waste can be processed as a composite with polymer and shaped. For example,
when using the wood fibers, the noise reduction coefficient (NRC) is 0.55 but 0.72
for the hemp fiber. For coconut fibrous husks, it was revealed that fresh coir fiber of
20 mm thickness has an average absorption coefficient of 0.8 at frequency >1360 Hz.
Increasing the thickness improves the sound absorption at a lower frequency but
maintaining the same average at frequency >578 Hz for 45 mm thickness [83].

Fire sawdust, beech sawdust, and particles of recycled rubber are also having a
good NRC in the range of 1000–2000 Hz. Sawdust-filled recycled-PET composites
are also a good candidate for the manufacturing of the sound absorber. Multilayers
absorber of different materials can be designed to obtain the highest coefficient of
sound absorption at the range of the targeted sound level [84], since it was found
that the maximum coefficient of sound absorption at a particular frequency depends
on the material, its thickness, and sequence in the different layers. The fibers from
coir, corn, sisal, kenaf, hemp, corn, date palm, bagasse, jute, and banana are some
examples, these materials are cheaper and environmentally superior to glass fiber-
reinforced composites. The agro-waste, like rice husk or rice hull, wheat husk, in
fibers, powder, or dust form is used as a reinforcing element in making composites
for low-frequency sound absorber, Fig. 22 [1].

Also, other fiber stacks like jute, hemp, kenaf proved to be good absorber at
low-frequency range, below 500 Hz [85, 86]. Wood residuals and wood husk can be
processedwith polyethylene, polypropylene, or polyvinyl-chloride for the production
of acoustic absorbers sheets, and wood flour is utilized in the manufacturing of wood
plastics composites.

Rice husk pellets Rice  hull Rice husk Rice  powder Rice hulls boards

Wheat straw                       Wheat straw boards

Fig. 22 Rice and wheat straw different products (by the author)
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3.4 Recycled Textile Materials

In the last few years, research on the use of eco-materials that come from residues,
either from industrial plants or processes, has received much concern [1, 2, 48]. It is
well known that recovered materials and the use of environmentally friendly mate-
rials for noise control will be increased in the future. There are many examples of
recycled eco-materials. Textile recycling strategies are based on the knowledge of
their classification: (a) post-productionmaterials, such as yarns, textiles, fibers which
come from the loss of the production process, and (b) post-consumption materials,
such as clothing, carpets. It was found that up to 95% of all discarded clothing ends
up in the landfill. The recycling of textile waste, Fig. 23, can serve as a means of
providing solutions to many economics and can be used as recycled composites.
Some studies, concerned with the composite sound-absorbing materials made of
recycled textile waste, exhibited that the NRC for given thickness was generally
higher than 0.5 from 500 Hz on and higher than 0.9 from 1 kHz on [87]. Recy-
cled fabric waste can supply reprocessed fibers for various acoustical applications,
including the automotive industry and acoustical panels.

Several authors presented studies on the sound absorption and sound insulation
properties of this type of the materials [88]. In some trials, composite materials
are manufactured from wastes generated from the textile, maize, and newspapers
wastes. These raw materials were bonded using polyvinyl acetate (PVA) adhesives.
The textile waste material can be also mixed with newspaper or maize waste in
different ratios. It was proved that NRC value is the highest when mixing maize and
textile fiber waste equally [89]. The biodegradable composite materials from textile
waste, wood (flakes or fibers), and textiles (cotton, wool, or jute) and binders as
wheat flour and/or ecological acrylic copolymers represent the new structures with
a very good absorption capacity [90]. This has prompted an urge to substitute nearly
40 the automotive interior components, that currently contain traditional materials,
such as glass fibers and other synthetic fibers and foams, that are difficult to recycle,

Fig. 23 Textile waste-recycled fibers for a sound absorber (by the author)
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for biodegradable sound absorptive materials [91]. It was revealed that the ability to
reduce noise inside the vehicle enhances the recognized value of the vehicle to the
customer and offers a competitive advantage to the manufacturer [92].

Numerous methods are presently employed to reduce noise and its sources, one of
which uses sound-absorbingmaterials attached to various components, such as floor-
coverings, package trays, door panels, headliners, and trunk liners [93]. Nonwoven
selvages were recycled to produce sound absorption composites with acceptable
sound absorption efficiency under a proper compression process [94]. Most of the
fibers in NFC need to be treated with coupling agents to modify the natural fiber–
polymer matrix interface by increasing the interfacial strength, such as the silane
coupling agent [72]. Industrial prepared coir fiber is obtained from coconut husk and
combined with latex and other additives to enhance its structural characteristics. A
perforated plate was added to the multilayer structure to further enhance the sound
absorption. Moreover, when the perforated plate was backed by coir fiber and air
gap, the porosity of the plate had superior influence in adjusting the amount of low-
frequency sound absorption. The coefficient of absorption of perforated plate backed
with 50-mm-coir fiber has a value of 0.9 at frequency 1500 Hz and fluctuated till it
reached 0.95 at 3000 Hz. In such a design, the presence of air gap between the coir
fiber and the perforated plate affects the values of the coefficient of absorption [13,
95, 96]. The investigation of raw paddy fibers from the panicles has a good acoustic
performance with a normal incidence absorption coefficient greater than 0.5 from
1 kHz and can reach the average value of 0.8 above 2.5 kHz [97].

It was revealed that the sugarcane bagasse has a good coefficient of sound absorp-
tion at a frequency above 1000 Hz and NRC 0.65 at high frequencies 1.2–4.5 kHz
[98]. Wasted ramie fiber-treated and nontreated with alkalization can also produce
promising results with an average absorption coefficient of 0.6 at the frequency range
of 315–3200 Hz. The fibers waste either is used as it is to form the sound absorber or
it should be pretreated to be suitable to be utilized as a sound absorber or used with a
suitable polymer to form a sheet to be used as a composite sound absorber, Fig. 24.
The design of such composite may contain several types of fibers and, in some cases,
fabrics are used to cover the natural fiber or perforated plate to improve the value of
the coefficient of the sound absorption. The design of the absorber maybe with an air
gap or without an air gap to improve the NRC of the absorber. The sound absorption
coefficient results measured in an impedance tube show that a significant improve-
ment in the sound absorption performance of the bulk materials can be achieved by
incorporating the nanofibers layer on them [96].

Fig. 24 Straw fiber–polymer composite, a straw fiber laminate and b straw fiber (by the author)
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Recycled denimfiberswere used to successfully produce insulationmaterialswith
good performance properties, 60% Denim/40% biodegradable fiber (Sorona). Web
formation of blended fibers was done using nonwoven techniques. Heat and pressure
were applied to the blended fiber webs to produce composites. Several layers of
fiber webs produced from the card were combined. These layers of fiber webs were
placed between two plates of a carver hot press and then formed into a composite
panel (temperature 235°, pressing force 750 kg, for 10 min) of thickness 1.85 mm.
The transmission coefficient is the fraction of the incident airborne sound power that
is transmitted through the material and was found to be 0.4. The transmission loss
of 10.45 dB was observed at different frequencies. Composite panel made of 60%
recycled cotton/40% PLA has an average of 15.05 dB [99].

4 Natural Fiber–Polymer Composites Design
for the Automotive Industry

4.1 Introduction

The automotive textiles are a branch that deals with the textile parts used in the
automotive industry, either cars, trains, buses, airplanes, using textile fabrics, or
textile polymer composites. The textiles may be in the form of compressed fiber
padding, nonwoven fabrics, woven or knitted fabrics, or fiber–polymer composite
(FPC). The textiles materials are used for different objectives: seat cover, carpets, and
roof and door liners. The rest is utilized to reinforce tires, hoses, safety belts, airbags,
door kick panels, parcel shelves, and heat insulation [100]. Besides, the textile fabrics
are used as reinforcement of the main element of the automobile tires. This increases
the number of textile fibers and FPCmaterials used inmodern vehicles. The NFC can
be biodegradable when using biodegradable polymers. One of the main advantages
of using textile polymer composite is to reduce the weight of the vehicle that makes it
possible to cut the fuel consumption, the noise level at high speed, and the cost. The
natural fibers have a low cost, the estimated cost of various plant fibers in its loose
form is given in Table 7 [15, 101], and low density in the range of 0.9–1.5 kg/cm3,
not mention the least impact on the environment.

Table 7 Cost of the different
types of fibers [15, 101]

Fibers Price (US$/kg) Fibers Price (US$/kg)

Flax 2.1–4.2 Coir 0.3–0.5

Hemp 0.5–2.1 Cotton linter 1.5–4.5

Kenaf 0.4–0.6 Banana 0.89

Jute 0.3–1.5 Ramie 1.5–2.5

Sisal 0.6–0.7 Wood 0.5–1.5

Bamboo 0.5 Abaca 0.35
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Fig. 25 Natural fiber textile composites in the modern automotive industry (by the author)

The car manufacturers Ford, Mercedes Benz, Audi, Audi, Toyota, BMW, Mazda,
Fiat, GM, Chrysler and many other companies used mostly the bast fibers to form
the different parts of their new models [41], such as package trays, internal engine
cover, engine insulation, sun visor, interior insulation, bumper, wheel box, roof cover,
front-rear door panels, parcel shelves, boot linings, interior door paneling, pillar
cover panel, head-liner panel, boot-lid finish panel, spare tire-lining, side back door
panel, hat rack, car windshield/car dashboard, noise insulation panels, molded foot
linings, instrument panel support, insulation, molding rod/apertures, trunk panel,
seat surface/backrest, floor mats, indoor cladding, seat-back linings, cargo area floor,
body panels, spoiler, cargo floor tray, and ceilings, door inserts. Figure 25 illustrates
some application of the textile material in a modern car [102]. Different automotive
makers used different types of fibers and matrix polymers.

4.2 Natural Fiber Composites for the Automotive Industry

The natural fibers used for the manufacturing of the various parts of the automotive
differ depending on the type of vehicle (passenger, transport, truck, etc.). Table 8
shows the different fibers used by machine makers. The amount of the fibers used by
the car manufacturers for each vehicle varies, for instance Ford uses from 5 to 13 kg,
BMW up to 24 kg.

BMWintroduced the combination of 80%flaxwith a 20%sisal blend for increased
strength and impact resistance. The main application is in interior door linings and
paneling. Wood fibers are also used to enclose the rear side of seat backrests, and
cotton fibers are utilized as a sound absorber material; the exterior skirting panels
are flax-based. The 2010 Ford Flex was the first car to feature plastic parts that
contained wheat straw. All the machine makers claimed to reduce the weight of their
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Table 8 Natural fibers used
for vehicle manufacturing
[13, 104]

Natural fibers
used for NFC

Origin Type of fibers Machine
makera

Bast Flax, hemp, jute,
kenaf, ramie

1, 2, 3, 4, 6

Leaf Abaca, banana,
pineapple, sisal

1, 2

Seed Cotton, kapok 2, 7

Fruit Coir 1

Wood Hardwood,
softwood

4, 5, 6, 7

Stalk Wheat, maize,
oat, rice

7

Grass/Reed Bamboo 3

a1—Mercedes Benz, 2—BMW, 3—Toyota, 4—GM, 5—Chrysler,
6—Fiat, 7—Ford

vehicle bymore than 20%using different processing techniques (extrusion, compres-
sion molding, injection molding, and others), resin (polyethylene, polypropylene,
polyvinyl chloride, polylactide acid, and others), and fibers (wood flour, flax, kenaf,
hemp, jute, and others) [103]. The global composite market trends, opportunities,
and forecast in the biocomposites toward the end of the first quarter of the twenty-
first century by end-use industry, such as the automotive, industrial and others, is
expected to reach an estimated $6.4 billion by 2024 with an average annual increase
rate of growth 4.6%. The biocomposites market is expected to reach an estimated
$8.2 billion by 2024 and is forecast to annual growth of 7.5% [103, 104]. These
aspects will increase the use of natural fibers and their agricultural waste.

The application of the different natural fibers polymer composite in the automotive
parts depends on the properties of the fibers and the stresses applied to it during the
use finally the cost. For example, jute fiber is used for the manufacturing of the
roofing panel, soft armrests, coir fiber for floor mats, seat upholstery, kenaf for trays,
door panels, flax for seatbacks, oil palm for decking, roofing panels, hemp for hard
arm seats, ramie for sound absorber, rice husk for roof panels, while sisal for door
panels and roofing sheets [104].

4.3 Natural Fiber–Polymer Composites (NFPC)

The eco-friendliness of the natural fibrous materials can be applied for the auto-
motive composites. The current trends in the application of composites have 25%
of the market share [105]. With natural fiber composites, car weight reduction up
to 35% is possible [106]. This can be translated into lower fuel consumption and
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lower environmental impact. Natural fiber-based composites also offer goodmechan-
ical performance, good formability, high sound absorption, and cost savings due to
low material costs. For such a composite, the different properties of the fibers have
different importance. The manufacturing of natural fiber composite for the automo-
tive applications (NFPC) includes the process of interfering with the reinforcement
textile structure into the polymer matrix to produce the final composite shapes. The
reinforcement may be in form of fibers, wood flour, short fibers in bulk form (two-
dimensional fiber mat or random fiber mat) or entangled forms (non-woven), yarns,
2D fabric (woven, knitted, biaxial braided, triaxial, multidirectional fabric, or 3D
fabric). The basic requirements for the automotive textile materials are illustrated in
Fig. 26.

The configuration of the textile preforms, which define the final fiber architect
in the polymer matrix, has a great influence on the final mechanical properties of
the composites. The reinforcements will take several shapes, depending on the final
targeted composite shape and the properties of the raw materials. Thus, fiber rein-
forcement may be in the form of short staple fibers, long-staple fibers, continuous
filament, chopped fibers, microparticles, whiskers, fabric reinforcement, nonwoven
reinforcement [72]. Figure 27 illustrates the ranking of the different main require-
ments for the fibers according to their end-use, either in apparel and domestic or
industrial applications, ranked from 0 to 10.

Table 9 gives the requirement of the NFC to be used in manufacturing different
parts in the automotive industry. Of course, not every part should have all the

Requirements for 
NFC

Physical 
properties

Mechanical 
properties

Environmental 

Recycling 

Formability

Care and 
maintenance

Fig. 26 The basic requirement of the textile material for the automotive applications (by the author)
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Fig. 27 Ranking of some fiber properties requirements for the automotive (by the author)

Table 9 NFC requirements
for the automotive industry
application (by the author)

NFC requirement NFC requirement

High strength Low moisture sensitivity

High elongation at break Low thermal sensitivity

High modulus of elasticity High acoustic absorption
coefficient

High shear modulus Suitability during processing
under temperature and pressure

Moderate flexural properties Good recyclability

High impact strength High interfacial shear stress
with the matrix polymer

Low swelling in water Dimensional stability under
working conditions

Low flammability Behavior of the material during
crash (shattering behaviour)

mentioned properties, but it depends on the stresses applied on it during the manu-
facturing as well as during its service life. The pioneer in this area was Henry Ford,
he built the first Ford plastic car in 1941 containing hemp, sisal, wheat straw [1]. He
claimed that the bast fibers are the candidates to be used in the automotive industry
to form NFC for different applications. In the last decades, focusing on sustain-
able designs and environmentally friendly products has attracted the interest of the
researchers and engineers in the context of replacing metals and synthetic fibers with
natural-based fibers, especially in the automotive industry [107]. Natural fiber-based
composites are finding increasing use in products like the interior and exterior parts
of the automotive [69, 108]. One might already say that the era of biopolymers is
just beginning, as they can make up as much as 60 kg of mass in some car models.
Some leaders in the automotive industry predict a decrease in the use of glass fibers
for the sake of natural ones such as wood, flax, hemp, bamboo, jute, and kenaf [109].
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This will result in higher safety due to the mechanical parameters of the fibers, which
absorb energy very efficiently and do not break easily or shatter in a crash.

Natural fiber–polymer composites can be classified in several ways:

1. According to the constitutes of the textile element used

a. Randomly Dispersed

Fibers
Particles
Shavings
Flour

b. Continuously Aligned

Yarns
Fabric

2. Structural

Laminate
Sandwich panels

3. Matrix polymer components

Natural base polymer
Biodegradable petroleum base
Partial biodegradable base
Non-biodegradable petroleum base

4.4 Polymers for NF in the Automotive Composite

Natural fiber–polymer composites consist of a polymer matrix embedded with high-
strength natural fibers. There are several types of matrix used in the manufacturing of
NFC for the automotive parts that can be categorized into thermoplastic (polypropy-
lene, nylon, acrylic, polyethylene, polystyrene, polycarbonate), thermoset (epoxy,
polyester, polyimide, etc.), and rubbers (polybutadiene, styrene-butadiene, nitrile-
butadiene). Table 10 gives the constituent of NFPC,while Table 11 gives themechan-
ical properties of polymers used as a matrix in the automotive composite formation
[1, 110].

Thermoplastic polymer becomes soft on heating and solidified on cooling, while
the thermoset polymer, which is a highly cross-linked polymer, is cured using heat
and pressure [1, 13]. Mixing biopolymers or biodegradable polymers with each
other can improve their intrinsic properties, for example, starch-based blends, starch-
poly (ethylene-co-vinyl alcohol), starch-polyvinyl alcohol, starch/PLA, PHB/starch,
PHBV/starch or PHBV/polylactic acid [1, 13].
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Table 10 Natural fiber/polymer composite (NFPC) constituents [1, 110]

Reinforcement Matrix Reinforcement
(agricultural waste)

Matrix

Natural fibers,
nonwoven mats,
granulated natural
fibers, wood flour

Polyester,
thermoplastic,
high-density, or
low-density
polyethylene

Natural granulated fibers Thermoplastic resin

Bagasse mixed with
other agricultural
fibers

Thermosetting resin,
phenol formaldehyde
resin, methylene
diphenyl diisocyanate,
urea formaldehyde

Agriculture residues
(straw, bark, coir fiber,
bagasse, etc.)

Thermoplastic resin

Natural fibers (jute,
sisal, ramie, etc.) in
mats, fabrics, or
hybrids

Thermosetting liquid
resin, polyurethanes,
epoxy resin,
polyimides, polyester
resins,
urea-formaldehyde

Nonwoven mat Unsaturated polyester
resin

4.4.1 Automobile Bumper

Automobile bumper is a structural component of the automotive vehicle, which
contributes to vehicle crashworthiness or occupant protection during the front or
rear collisions. The bumper systems also protect the hood, trunk, fuel, exhaust, and
cooling system as well as safety-related equipment [110]. There are several factors
to be considered when selecting a bumper system. The most important consideration
is the ability of the bumper system to absorb enough energy to meet the original
equipment manufacturers (OEM’s) internal bumper standard [111]. The shape of
the front and rare bumpers varied in the last years, Fig. 28; however, its function
became more important, especially with the increase in the car speed, when the wind
resistance consumes more power and depends on the bumper shape.

The application of natural fibers as reinforcement in polymer matrix focused on
the environmental consciousness. NFPC may be manufactured from one type of
fiber or formed as a hybrid composite as a combination of two or more different
types of fiber to reach the final requirement of the designed part [112]. There are
attempts to design the passenger car bumper beam from a composite of kenaf/glass
epoxymaterial [113]. Oil palm empty fruit bunch (EFB) fibers alsowere suggested to
reinforce epoxy resin for bumper beam in cars to replace epoxy/glass fiber composite.
EFB fibers were extracted by two methods: chemical method by treating with 10–
30% sodium hydroxide (% by weight of fiber) and the mechanical method by steam
explosion process at 12–20 kg/cm2 for 5min. Then the obtained fibers were bleached
by hydrogen peroxide. It was revealed that EFB fiber-reinforced epoxy composite
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Fig. 28 Front bumper shape (by the author)

could be an alternative green material for bumper beam in automobiles [114]. Okra
and banana fibers were mixed at different blending ratios before chopping them to
lengths of 10, 30, and 50 mm. The fibers were treated with 2% of NaOH for an
hour under constant stirring and allowed for 24 h at room temperature. The matrix
material was vinyl ester resin [115]. Another trial to manufacture car bumper was
from jute fiber-based composite with the matrix of polyvinyl acetate (PVA). It was
found that the weight and cost of the jute fiber composite bumper were found to
be reduced by 56.1% and 58%, respectively, and the impact strength increased by
54.5% in comparison with the steel bumper [116]. The results of various trials to
design bumperwith sisal/epoxy and sisal/polyester concluded that not only the tensile
strength of the bumper but also the flexural strength of the material can compete with
steel [117].

4.4.2 Passenger Car Side Door Impact Beam

Natural fiber composites are the subject of enormous interest for its use in the manu-
facturing of different parts of the interior and exterior components of the automotive.
One of these components is the side door impact beam. On a demand to reduce the
weight of the body of the vehicle, thematerial used became thinner consequently, side
door impact beamwas implemented to ensure that themaximumenergy absorptionby
the beam during the side door impact collision can prevent serious injuries and reduce
the deformation of the side door components. The side door impact beam’s (SDIB)
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DuPont Develops Plastic Side-Impact Door 

Beam 

Beam rods (Tubular) side-Impact 

Door  

Door Beam (Tubular) side-Impact rods  Door Beam (Tubular) side-Impact rods 

Fig. 29 Some designs of side door impact beams [119–122]

shape may be: beam (tubular) or panel of different designs [107]; therefore, they can
withstand the oblique side pole impact and side impact mobile deformable barrier
(Federal Motor Vehicle Safety Standard FMVSS 214) [118]. Figure 29 illustrates
some designs of (SDIB).

Several designs using a composite material instead of steel to reduce the total
weight of the car [123] were studied; moreover, the synthetic fiber–polymer compos-
ites, the biocomposites with natural fibers, have been developing rapidly for the
manufacturing of the SDIB [124].

It was suggested that kenaf fiber is the best natural fiber material to be used as the
reinforcement material in polymer composites for the side-door impact beam [101].
In another study, when different composites were compared, PLA-flax, PLA-kenaf,
PLLA-hemp, and PHB-ramie [125], PLA/flax ranked first in both average specific
strength and cost/volume, while PHB-ramie was the stiffest of all composites, and
therefore, these two dominated all the others. Usually, Polyamide 6.6 thermoplastic
composites reinforced with continuous fiberglass strands are used for the manufac-
turing of the SDIB [126], but the specific modulus of the glass fiber is 29 while flax is
45 and for hemp 40 GPa/cm3, making them a better candidate composite for SDIB.

4.4.3 Door Panel

The automotive companies, Ford, Opel, Volkswagen, Fiat, Saturn, Saab, Toyota,
Mitsubishi, Mercedes Benz, and other carmakers, use the natural fiber–polymer
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composites for manufacturing of the door panel. Daimler-Benz is working with a
range of natural fibers, like sisal, jute, coconut, hemp, and flax, as reinforcing fibers
in high-quality polypropylene components to replace glass fibers polymer composite
[13]. By using flax/sisal thermoset composite in the door panels, a reduction of
20% weight saving was achieved. Recently, banana fiber-reinforced composites are
coming into in interest due to the innovative application of banana fiber in under-floor
protection for passenger cars [31]. Automobile parts, such as rearviewmirror, visor in
two-wheelers, seat cover, indicator cover, cover L-side, the nameplate, are fabricated
using sisal and roselle fibers hybrid composites [32]. The mechanical properties of
some natural fiber–polymer composites depend on several factors: fiber properties,
interfacial shear strength, polymer mechanical properties, fiber to matrix ratio, the
fiber length, fiber diameter, fiber cross-sectional shape, structure of the composite
and the method of composite manufacturing (molding under hydraulic pressing,
extrusion, compression molding, pultrusion or resin transfer molding) [1, 72]. Many
works have been reported on the surface-treated cellulosic fiber-reinforced biocom-
posites, such as sisal/PP, flax/epoxy, jute/epoxy, sisal/polyester by mercerization
process (usually using NaOH with concentration varied between 1 and 5%, while in
the case of banana, 10% was recommended) [110]. To improve the final composite
properties, such as tensile, flexural, and impact strengths, through increase the adhe-
sion force between the fibers and the matrix, the NaOH concentration can go up to
20%. Silane of concentration 0.5–10% may be used with some fibers to improve
the interfacial force between the fiber and the matrix. It was revealed that mechan-
ical properties of the poly(lactic acid) (PLA)/30% jute composite strength reaches
81.9MPa andYoung’smodulus 9.6GPa, while the polypropylene polymer (PP)/30%
glass fiber composite has the same values but the density for jute is 1.4 g/cm3 against
2.55 g/cm3 for glass fiber. This results in a reduction of the weight by about 40%.
The poly-l-lactide (PLLA) polymer/30% flax composite strength is 99.9 MPa and
Young’s modulus 9.5 GPa [121]. This explains why the use of NFC has ascended
dramatically in recent years, gaining: comparative weight reduction; good mechan-
ical and impact performance; recycling possibilities; environmentally friendly at low
cost [1, 39, 121]. The percentage of natural fibers in some composites in the automo-
tive industry may reach 26–90% in the case of wood fibers composites and 20–65%
when using other types of fibers [122–124].

4.5 Some Aspects of Natural Fibers Composite Design

Composites began to be used more and more in the car industry, started initially for
some of the parts and later on for the whole structure of the vehicle, as the compos-
ites exhibited better fabrication performance. Among these, the textile composites
filled their own niche, and at the same time, shared the production problems [1].
Textile composite defects often are due to the faults in the fiber discontinuity, shear
stress concentration at the end of fibers, fiber de-bonding defects, fabrics defects,
presence of voids or variation of the volume fraction at the different parts of the
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composite in xy-coordinate plane or the three coordinate axes (xyz). Any flaws in
these parameters might lead to early failure of the composite. In the case of lami-
nated composite, structure interlayer delamination can cause a microcrack which
accelerates the rapture under the applied load. Fiber–matrix interface is problematic
due to the hydrophilic nature of a polymer; therefore, it can lead to a heterogenous
structure whose properties are inferior because of the lack of adhesion between fibers
and matrix. The necessity for the fiber’s treatment to improve interfacial strength of
fiber–matrix is a critical step in the development of such composite [129–132]. The
tensile strength is more sensitive to matrix properties, whereas its modulus depends
on the fiber modulus. To improve the tensile strength, a composite with high fiber
volume fraction and the strong interface is required.

Theoretical values that express the volume fraction were carried out for different
textile preforms [132]. In the case of spun yarns, natural fibers that are nonhomoge-
neous fibers, the yarns are usually twisted. The yarns have a variable diameter and
variable packing density [133]. The fiber volume fraction is the most decisive factor
in determining the mechanical properties of the NFC; hence, it plays an important
role in the behavior of a composite under different loading. Composite tensile stress
(σ c) of NFC materials often follows the rule of mixtures:

σc = Vfσf + (1 − Vf)σum (4)

where σ f is the fiber tensile strength, σ um is the matrix strength at the fiber failure
strain, V f is the fiber volume fraction.

The elastic modulus of a composite can be expressed as:

Ecomp = (1 − Vf)Em + VfEf (5)

Em, Ef are the elastic modulus of matrix and fiber, respectively.
The value of the volume fraction varies depending on the structure of reinforce-

ment: unidirectional, woven, or random mat. There is an optimal space between
fibers that will fully exploit the uniform load transfer between fibers [134]. With
minimum or critical fiber volume fraction, if there are very few fibers present (0 <
V f < V f min), the stress on a composite may be high enough to break the fibers. The
broken fibers, which carry no load, can be then regarded as an array of aligned holes
(0 < V f < V f min) [135]. The reinforcing action of the fibers is only observed once
the fiber volume fraction exceeds the critical fiber volume fraction (V f > V f crit). For
instance, for short banana fiber-reinforced vinyl-ester composite, the value of V f min∼= 15% and V f crit

∼= 25% [136].
NFC may consist of loose fiber aggregate compressed in the thin layer and, in the

case of short fibers, it will be randomly laid. However, for long fibers, they may be
laid unidirectionally or multi-directionally in several layers. Figure 30 illustrates the
different structures of some NF prepregs. Consequently, the fiber volume fraction
and fiber orientation play an important role in the final composite’s characteristics.

When a composite is formed of random orientation fibers, the value of volume
fraction is reduced depending on the spacing ratio [132]. For the ring spun yarn, the
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Fig. 30 Some textile product structures for automotive industry (by the author)

variation of diameter along its length indicates the high variability of the number
of fibers in the yarn cross section along its length, as well as its packing density
[137–139]. Figure 31 shows the distribution of the fibers inside the yarn cross section.

Experimental evaluation of radial packing density trace is based on the division
of yarn cross section to the radial system of rings and calculation of relative portion
of fiber areas to the ring area [132, 137–140]. If the yarn in the fabric was covered
with polymer, the packing density of the polymer will vary from the surface of the
fabric to its center, and it will be 1 at the surface to 0.26 at the fabric centerline.
Consequently, the failure of the yarns will start at its surface and propagate towards
its center. Figure 32 illustrates the variation of the packing density across the yarn
cross section and polymer distribution in the composite cross section, which is the

Fig. 31 Distribution of fibers inside the yarn cross section (by the author)
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Fig. 32 Yarn packing density and polymer distribution in the part of composite’s cross section
(abcd) (by the author)

characteristic being generally a function of fibers and yarn fineness, twist, yarn count,
method of spinning and the thickness of the composite [138].

Normally, the yarn diameter (Dy) varies along its length as illustrated in Fig. 33.
Consequently, there will be another source of fiber volume fraction variation along
the length and the width of the fabric.

Due to the variation of the fiber volume fraction of the yarn along its length, it will
directly reflect on the fiber volume fraction of the formed composite (FRPCY) across
its cross section. Figure 34 illustrates the shape of the yarnsmolded in polymermatrix
[139]. The relation between the yarn fiber volume fraction and the composite fiber
volume fraction was studied, taken into consideration fiber volume fraction variation
along the yarn length. The effect of the composite ratio (β) (rod (Dc)/yarn diameter
(Dy)) and yarn fiber volume fraction variation was investigated in the light of the
variability of yarn diameter [139–141]. The relation between the average composite

Fig. 33 Yarn diameter variation along its length and yarn diameter histogram (by the author)



6 Green Composite as an Adequate Material for Automotive … 191

Fig. 34 Yarn in composite (FRPCY) [139]

fiber volume fraction V fc and that of the yarn V fy for different ratios of β indicated
that V fc is inversely proportional to β2 and the range of V fc variation reduces as β

increased. The value of average V fc in the case of V fy = 0.7 reaches 0.37 for β =
1.5 and is 0.048 for β = 4, these values are a function of yarn diameter variability
[139–141]. Moreover, for the value of β, the yarns compression during the formation
of the rod should be considered. The change in the average value of fiber volume
fraction of the yarn will result in changing the final fiber rod polymer composite yarn
(FRPCY) average fiber packing density, as shown in Fig. 35.

Figure 36 illustrated the relationship between the average composite fiber volume
fraction (V fc) and that of the yarn (V fy) for different values of (β).

Spun yarns have a certain fiber volume fraction and, when they are architected
in a weave structure, the total fiber volume fraction of the weave will depend upon
the spaces between the yarns in the fabric. The value of the volume fraction varies,
depending on the structure of reinforcement: unidirectional, woven, or random mat.
Therefore, there is an optimal space between fibers that will fully exploit the uniform

Fig. 35 Yarn composite V fc versus V f yarn [139]
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Fig. 36 Yarn composite V fc versus rod/yarn diameter ratio (β) [139]

load transfer between fibers [140–142]. When there are very few fibers present (0
< V f < V f min), the stress on a composite may be high enough to break the fibers.
To cover the surface of the yarn by the matrix for the benefit of the utilizing all
the fibers in the yarn cross section, the polymer has to penetrate inside the yarn
as well as form a sheath of diameter Dc, which is greater than the average yarn
diameter [133–139]. That will lead to a reduction in the composite fiber volume
fraction value. As the thickness of the composite is reduced, a certain percentage
of the fibers will not share the load applied to the composite. In all cases, the yarns
with the different diameters and fiber packing density result in the lower composite
fiber volume fraction. The distribution shape of the yarn diameter is expressed by
its kurtosis, which is a measure that describes the shape of a distribution’s tails
concerning its overall shape and reflects on the value of V f comp. It is recommended
that the yarns of low kurtosis value should be used for the production of the NFC.

4.5.1 Plain Weave Composite Model

For plain weave, the yarn diameter of the natural fiber spun yarn has a great hetero-
geneity that affects the fiber volume fraction at the different basic units of the fabric.
That, in turn, creates a rich fiber or rich polymer point in the final composite, resulting
in the composite with varied reinforcement which has a crucial impact on the stress
transfer between yarns and matrix and the composite fracture mechanism. The fiber
volume fraction of the weave unit is equal to the ratio of the volume of the fibers
to the volume of the unit weave [132, 143]. The fiber volume fraction of each basic
weave unit, Fig. 37, was targeted to calculate the minimum, average, and maximum
values of the fabric’s fiber volume fraction distribution.

Spun yarns have a certain fiber volume fraction and, when they are architected
in a weave structure, the total fiber volume fraction of the weave will depend upon
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Fig. 37 Repetitive unit cell of a plain weave (by the author)

the spaces between the yarns in the fabric. The fiber volume fraction of the weave
unit is associated with the level of the dependency determined by the yarn diameter
variations along with the warp and weft yarns. Consequently, the variable diameter
of the yarns in different unit cells of the fabric preform weave results in different
fiber volume fraction V f fabric i. From the analysis of fiber volume fraction of the unit
cell distribution, critical regions with low values of fiber volume fraction could be
marked as shown in Fig. 38.

Since the distribution of the fiber volume fraction is randomly distributed all over
the fabric preform area, it is expected to have a failure in the cross section of the
higher percentage of weave cells with least values of fiber volume fraction. The
strain distribution in the fabric preform at these areas will be more irregular. The
results of calculation for the plain weave fabric specimen give the distribution of the
fiber volume fraction illustrated in Fig. 39. One of the important conclusions of this
analysis is that the yarn fiber volume fraction, the variation of yarn diameter, and
the warp and weft densities of the fabric affect the distribution of the fiber volume
fraction all over the fabric area [132].

The average fiber volume fraction of the fabric preform is lower than that of
the used weft and warp yarns. Figure 40 illustrates the fabric unit cell fiber volume
fraction versus yarn fiber volume fraction for different ends/cm.

Furthermore, the analysis of the distribution of fiber volume fraction indicates the
presence of rich polymer spots in the composite that affects the strain distribution
under loading. The compaction behavior of the preform should be considered to
secure the designed value of the composite fiber volume fraction. It is recommended
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Fig. 39 Mean, maximum and minimum values of fabric preform fiber volume fraction versus yarn
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to use yarns of high packing density and evenness for the reliable fabric enforcement
polymer composite. Average value of fabric unit cell fiber volume fraction, in the
case equal ends and picks per cm (E), is given by [132]:

Vf fabric average = 0 : 00045E e(5:34φ) (6)

where φ is the yarn packing density.
During the consolidation phase of liquid composite molding of 2D woven fabric,

the composite is subjected to pressure to get the final form. In this phase, the final
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[132]

fiber volume fraction of the composite can be attained. The yarns are stressed to
reduce their volume. The final thickness depends on the compactness of the yarns
and the fabric structure [144]. Overall thickness and hence the fiber volume fraction
of the composite are directly affected by the external mechanical pressure applied
during molding, targeting to increase the fiber volume fraction in the final formed
composite, φcomp [145]. In this case, the value of the φ will be modified to be φcomp,
Eq. (6).

4.6 Some Mechanical Properties of NFC

The composite structure consists of several materials with different properties: bulk
matrix, fibers/matrix on the fabric surface, and fabric impregnated with the matrix
polymer, forming one coherent composite, as illustrated in Fig. 41. The effect of the
matrix or fiber surface treatment on the performance of the composite depends on the
type of matrix. For a nonpolar polymer matrix, the adhesion occurs through van der
Waals interaction only; therefore, a matrix modification is necessary to improve the
adhesion strength. For a polar polymer matrix, adhesion is sensitive to fiber surface
treatments [144].

4.6.1 Mechanism of Failure of Fabric/Polymer Composite

During NFC manufacturing, the penetration of the polymer through the porous yarn
will bind the fibers together more firmly. Moreover, the resin might penetrate inside
the fiber itself, increasing the yarn strength and reducing the breaking elongation. The
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Fig. 41 Model of fabric-reinforced polymer matrix [144]

mechanism of the composite failure is rather complicated, depending on the prop-
erties and structure of fabric, the matrix properties, and the adhesive force between
the fabric and the matrix. When the fabric and the polymer become a part of the
composite, the final mechanism of composite failure under tension will depend on
the following models:

• The applied strain of the matrix is greater than that of the fibers causing the
material to shear at the interface between matrix and fibers. The polymer matrix
will support the stress.

• Applied stress exceeds the tolerance of the fabric impregnated with matrix
polymer causing thefibers themselves to fracture. Thiswill lead to strain thematrix
till its failure, and the total structure of the compositewill fail, too. Themicrostruc-
tural parameters, that control the properties of the composite, are the properties
of reinforcement impregnated fabric, the properties of the matrix, and the fiber
volume fraction ratio [146]. The strength of the composite can be expressed in
the case of fiber failed first or matrix failed earlier. If the matrix failed first, then
the failure stress will be:

σc = [VfEf + (1−Vf)Em]εm (7)

But, if the fiber failure occurs before the matrix, then:

σc = [VfEf + (1−Vf)Em]εf (8)
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where σ c is composite stress, Ec is Young’s modulus of composite, Ef is Young’s
modulus of NFC fabric, Em is Young’s modulus of matrix, εc is composite strain,
εf is fabric strain, εm is matrix strain, V f is fiber volume fraction.

The epoxy mechanical properties can be changed by altering the percentage of
the hardener; the ratio between the hardener to the polymer by weight denoted by
α. Figure 42 shows a comparison between the mechanical properties of the matrix
as a function of the α. Figure 43 illustrates the mechanical properties of the original
fabric, matrix, and composite for different values of α.

The mechanical properties of the final composite in all cases were higher than
its components, since the penetration of the polymer inside the yarns increases the
bonding of the fiber leading to the increase in the utility of fiber strength. This effect
depends on the fabric/resin properties; hence, the increase of blending ratioα2 infuses
low strength resin reducing the benefit of strengthening the fabric through pultrusion.
The mechanical properties of the matrix play a determining role in defining which
model of failure will take place, as shown in Fig. 44 [146].

Another approach in the preparation of the natural fiber composite from fabric
and matrix is two-step technique [145–148]. The pultruded fabric preforms (jute in
this case) were processed firstly and cured separately using a polymer with different
components blending ratio “α1” (resin/solvent ratio) and the two-step where the
composite was prepared with a different combination of polymer blending ratio α2

consuming the pultruding jute fabric to get different mechanical properties of the
final NFC. This two-step technique has contributed positively to final NFC tensile
stress, breaking strain, toughness, and Young’s modulus. Figure 44 gives the matrix
mechanical properties formed by different ratio of α2. Figure 45a–c represents a
comparison between the normal technique of preparing the composite and the two-
step technique where better values of the mechanical properties were achieved.
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The effect of epoxy component blending ratio in pultruded jute fabric and matrix
on composite mechanical properties in the two-step technique for fabric-reinforced
polymer matrix composite gives the designer of the NFC the ability to change the
mechanical properties of the pultrusion polymer and/or use another polymer for
the final composite manufacturing. The investigation of the effect using different
polymer constituent by changing the ratio α1 and α2 results in the different mechan-
ical properties, as illustrated in Fig. 46. It is obvious, that the ratio of α1 and α2

affect the mechanical properties of the composite. The strength of the composite will
reduce as the value of α2 increases, while the modulus of elasticity decreases, but
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Fig. 45 a–c Comparison
between the mechanical
properties of the normal and
two-step technique of
manufacturing NFC (by the
author)
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the strain increases as values of α1 surges. Applying the two-step technique, it is
recommended to manufacture the automotive composites sheets from uniform and
sandwich 2-D or 3-D composite structures through the use of polymer pultruded
fabric and then manufacture the final composite form by adding another polymer
with different properties.

The agriculture waste is one of the problems of the modern intensive agriculture
which needs innovative methods for its useful industrial utilization. A round cross-
sectional shaft has been suggested [149]. Round shaft hybrid compositewas designed
using wheat straw/flax fibers and covered by a layer of flax fabric. The construction
of shaft is made of several layers of wheat straw; first layer (core) consists of three
straws winded around by a bundle of flax fibers. Figure 47a illustrates the forming
process. The rotation of the laid layer of flax fibers and the stacks around the core
structure continues till the final diameter is reached. Flax fabric was wrapped on the
formed structure as the outside layer. During the whole process, the resin (PVA) is
continuously fed at the rate to insure the required fiber volume fraction of the final
composite. In this case, the weight fraction for the straw, flax fibers, and fabric was
51%, and composite density was 0.1125 g/cm3. The shaft formation and cross section
are shown in Fig. 47a, b, respectively. This method can be used for the manufacturing
of a hybrid round shafts with different diameters. The bending stiffness and impact
stress were found to be suitable for several applications.

The natural fiber composites are the future trends in the automotive industry,
utilizing the original fibers, woven, knitted, and nonwoven fabrics, agro-waste or
recycling textilematerials, to construct the different parts of the vehicles from the eco-
friendlymaterials, achieving the low cost of production, lower environmental impact,
lighter in weight, improved fuel efficiency and low noise levels. The reasons for the
application of natural fibers in the automotive industry include their low density,
good acoustic properties, acceptable mechanical properties, satisfactory accident
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Fig. 47 a, bWheat straw/flax fiber/flax fabric reinforced resin composite [139]

performance, high stability, less splintering, favorable eco-balance for part produc-
tion, during vehicle operation due to weight savings, occupational health benefits
compared to the glass fibers. At the same time, they provide the machine maker with
the required parts that can withstand the stresses acting on it during the lifespan of
the vehicle.

The natural fiber composite provides a high degree of flexibility to produce
lightweight shell parts that opens another advantage for design flexibility and manu-
facturing processes. Besides, vehicle recycling at the end of its service life will be
more optimal. One might already say that the era of biocomposite is just beginning.
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Chapter 7
Development and Characterization
of PLA-Based Green Composites:
Experimental and Simulation Studies

G. Surya Rao, K. Debnath, and R. N. Mahapatra

1 Introduction

In the present day, public attention has shifted toward the development of materials
by utilizing natural resources. The natural fibers are widely used as reinforcement in
partially and fully biodegradable green composites. Natural fibers are the potential
alternative to synthetic fiber for the manufacturing of cheap, renewable, and environ-
mentally friendly composites. The strong bonding between the fiber and the matrix
results in good mechanical properties of composites which lead to high load-bearing
performance. The composites are widely used in boat hulls, bulkheads, inner and
outer surfaces of different components due to their high corrosion resistance and
lightweight characteristics. The high specific stiffness and toughness, easy fabrica-
tion, high creep, and fatigue strength are the key characteristics of the composites for
which these materials are extensively used in aerospace, automobile, construction,
and electrical applications, to name a few. The behavior of compositemainly depends
on the part design and themanufacturing process. Simulation is the best way to create
an adequate relationship between these two stages for attaining the quality product.
The initial focus should be on the statistically derived values like strength properties
while designing the components of airspace, aircraft, automobile, etc. It is difficult to
design job parts with multiple materials, complex layups, and huge number of plies.
Thus, simulating the composite part is a challenging taskwhen comparedwith homo-
geneous materials like steel and plastic. Numerous experimental investigations have
been performed to study the behavior of several types of polymer and its composites.
However, the present work is focused on the development and characterization of
PLA-based green composites.
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2 Characteristics of PLA and Its Composites

PLA and its composites are emerging as a potential alternative to petroleum-based
plastics and composites. Many attempts have been made to improve the perfor-
mance of PLA and PLA-based composites. Abdulkhani et al. [1] prepared PLA
nanocomposite embedded with acetylate cellulose nano-fiber (CNF-Ac) and micro-
crystalline cellulose (MCC) through solvent casting. PLA-CNF-Ac composite exhib-
ited better mechanical properties when compared with PLA-MCC composite. The
tensile properties of the composite with different loadings of MCC and 1 wt% CNF-
Ac did not show any significant change. However, the tensile strength, strain, and
elastic modulus of PLA-CNF-Ac composite were improved with an increase in the
weight percentage of CNF-Ac to 3 and 5%. Nurnadia et al. [2] studied the mechan-
ical behavior of PLA-bamboo composite prepared by the twin screw extruder and
compression molding. The effect of fiber content and fiber length on the mechan-
ical and flexural properties of the composite was evaluated. It was revealed that the
mechanical performance of the developed compositewas significantly affected by the
fiber aspect ratio and fiber content. Sun et al. [3] studied the mechanical and thermal
properties of chemically treated PLA-coir fiber composite fabricated by injection
molding. The effect of treated coir fiber was evaluated in terms of tensile, impact,
and thermal properties of the composite. The increasing content of treated coir fiber
resulted in improved tensile modulus of the developed composite which was also
confirmed through morphological analysis. Eng et al. [4] studied the enhancement
in mechanical and thermal properties of PLA-polycaprolactone (PCL) blend with
an addition of hydrophilic clay nanomer PGV. PLA-PCL blend with nanomer PGV
showed significant enhancement inmechanical properties. Lay et al. [5] compared the
physical and mechanical properties of PLA, acrylonitrile butadiene styrene (ABS),
and nylon 6 fabricated by fuse deposition modeling (FDM) and injection molding
techniques. The tensile strength, Young’s modulus, elongation at break, and impact
strength of the fabricated samples were compared which showed that the mechan-
ical performance of the injection molded samples was better than the FDM samples.
Asadi et al. [6] analyzed the effect of different weight proportions of nanographene
(NG) on the mechanical properties of PLA-wood composites. The tensile and the
bending properties of the PLA-wood composite were improved by incorporating the
NG. It was found that the incorporation of 1.5% NG in PLA-wood fiber composite
resulted in significant improvement in tensile and bending properties. Aliotta et al. [7]
investigated the mechanical and interfacial properties of biocomposite composed of
natural cellulose fiber and PLA. The analytical models were developed to predict the
stiffness of the material and to estimate the adhesion between matrix and fiber. Chen
et al. [8] studied the performance of PLA-sugar beet pulp (SBP) composite using
polymeric diphenylmethane diisocyanate (pMDI) as a coupling agent. The tensile
strength of PLA-SBP composite with an addition of 0.5 and 2% pMDI resulted in
significant improvement in tensile strength. Parida et al. [9] investigated the tensile,
flexural, and impact properties of PLA-based composites reinforced with cellulose
nanofibers extracted from luffa cylindrical (LC). The composite exhibited better
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mechanical properties due to the incorporation of a lowweight percentage ofLCfiber.
The mechanical properties deteriorated as the fiber content was increased due to the
agglomeration of the cellulose fiber. Fujiura et al. [10] investigated the mechanical
properties of PLA-long jute fiber (LJF) composite fabricated by injection molding.
It was revealed that the tensile and flexural strength of the developed composite are
dependent on the molecular weight of the PLA. It was concluded that fiber disper-
sion and the mechanical properties of the PLA-chopped jute fiber (chopped-JF)
were better when compared with PLA-LJF composite. Huda et al. [11] compared the
PLA-wood fiber composite with PP-wood fiber composite. It was reported that the
PLA-wood fiber composite had better tensile and flexural properties when compared
with virgin resin. The flexural modulus of PLA-wood fiber composite was compa-
rable to that of PP-wood fiber composite.Musyarofah et al. [12] investigated a hybrid
composite of PLA-coir-fleece fiber composite fabricated by hot press molding. The
author concluded that the tensile properties of the composite were affected by the
addition of fiber. Kuciel et al. [13] studied the mechanical properties of PLA-basalt
fiber (BF) and PLA-wood fiber (WF) composite fabricated by injectionmolding. The
addition of WF led to a decrease in the tensile strength of the composite. PLA-BF
exhibited better mechanical properties. Righetti et al. [14] studied the mechanical,
thermal, and rheological properties of a biocomposite based on PLA and potato
pulp powder. It was concluded that increasing the percentage of potato pulp powder
resulted in a decrease in the tensile strength, elastic modulus, and elongation at break.
Rawi et al. [15] investigated the performance of PLA-bamboo composite fabricated
by compressionmolding. The impact strength of the composite in warp direction was
enhanced by 20% when compared one-on-one with pure PLA. Whereas the tensile
and flexural properties of the composite were found to be lower than expected. Sujar-
itjun et al. [16] investigated the tensile properties of PLA-natural fiber (untreated and
epoxy treated bamboo, vetiver grass fiber, and coconut fiber) biocomposite. It was
found that the stiffness increased and tensile strength decreased while increasing the
fiber content in untreated biocomposite. PLA-vetiver grass biocomposite showed
less improvement in the tensile properties when compared with other biocompos-
ites. Ramesh et al. [17] investigated the thermal, mechanical, and barrier proper-
ties of PLA bio-composite and PLA hybrid bio-composite. It was reported that the
addition of montmorillonite (MMT) clay to PLA hybrid bio-composite resulted in
improved properties while comparing with PLA bio-composite. Sujito et al. [18]
investigated the effect of bamboo fiber content on the mechanical properties of PLA-
bamboo composite fabricated by hot press molding. Zhao et al. [19] studied the
mechanical behavior of PLA-bamboo composite prepared by biaxial weft knitted
fabrics. The composite demonstrated excellent tensile and flexural properties. Hu
et al. [20] investigated the effect of fiber treatment, namely alkali, alkali-saline, and
alkali-titanate treatment on the properties of PLA-bamboo composites. The author
concluded that the alkali-titanate treated fiber composite exhibited better tensile, flex-
ural, and impact strength when compared with other treated fiber composites. Huda
et al. [21] compared the properties of chopped glass fiber (CGF) and recycled news-
paper cellulose fiber (RNCF) reinforced PLA composite using twin screw extruder
and injection molding. The tensile and flexural properties of PLA-RNCF composite
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were significantly higher as compared to virgin resin. Iwatake et al. [22] studied a
sustainable green composite of PLA-micro-fibrillated cellulose (MFC). The author
concluded that the incorporation of MFC resulted in increased tensile strength and
Young’s modulus of PLA by 40% and 25%, respectively. Bledzki et al. [23] inves-
tigated tensile, flexural, and impact strength of biocomposite based on PLA-abaca
and PLA-man-made cellulose fiber. The performance of both PLA-abaca and PLA-
cellulose fiber composite was superior to the native PLA. Lee et al. [24] studied the
impact, tensile, and dynamic mechanical properties of PLA-denim composite. The
author concluded that the impact, tensile, and dynamic mechanical properties of the
composite were improved by piling denim fiber to PLA. Huda et al. [25] studied a
biocomposite of PLA-recycled cellulose fiber processed by extrusion and injection
molding. The mechanical and morphological properties were compared by varying
the content of cellulose fiber to composite. The tensile and flexural properties of the
composite were significantly higher than the neat resin. Tayommai and Aht-Ong [26]
investigated the mechanical and biodegradability characteristics of PLA-coconut
green composite by changing the fiber content. The addition of maximum fiber
content resulted in improved impact strength but no significant change in the tensile
strength of the green composite. Suryanegara et al. [27] studied the mechanical and
thermal properties of PLA-micro-fibrillated cellulose nanocomposite (MFC). The
various contents of MFC and PLA were mixed in an organic solvent followed by
drying, kneading, and hot pressing into sheets. Increasing the MFC content in both
amorphous and crystallized state resulted in improved tensile strength and modulus
of neat PLA.

From the above discussion, it is clear that the researchers have majorly concen-
trated on improving the performance of PLA and its composites by various means
through experimentally. The modeling and simulation performed to understand the
mechanical behavior of green composites are rarely reported. Thus, in this study, the
mechanical behavior of PLA-bamboo green composite is evaluated both experimen-
tally and analytically. Both shell and solid green composites are modeled through
ANSYS Composite PrepPost module and analyzed by ANSYS Static Structural.
PLA-bamboo green composite is fabricated by hot compression, and the tensile
properties are evaluated experimentally. The experimental results are then compared
with the simulated results.

3 Modeling of Solid and Shell Composites

A rectangular plate of 150 mm × 150 mm × 1.5 mm is created as shown in Fig. 1.
ANSYS Composite PrepPost is used to enter the material data. The properties of
some materials already exist in ANSYS. In this study, the shell and solid composites
are created by entering the properties of PLA and bamboo. The properties of PLA
and bamboo considered are shown in Tables 1 and 2, respectively.

The mesh for the geometry is created after entering the materials data, as shown
in Fig. 2. The size of the mesh element and the mesh thickness is considered as
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Fig. 1 Rectangular
composite plate (Source
Author)

Table 1 Properties of PLA Properties Values

Density 1250 kg/m3

Melting temperature 180 °C

Young’s modulus 3.45E+09 Pa

Poisson’s ratio 0.33

Bulk modulus 5.2273E+09 Pa

Shear modulus 1.241E+08 Pa

Tensile yield strength 5.41E+07 Pa

Tensile ultimate strength 5.92E+07 Pa

Thermal conductivity 0.144 J m−1 s−1 c−1

Source Author

Table 2 Properties of
bamboo

Properties Values

Density 693 kg/m3

Young’s modulus 1.73E+10 Pa

Poisson’s ratio 0.384

Bulk modulus 2.4856E+10 Pa

Shear modulus 6.255E+09 Pa

Tensile yield strength 0.17 J m−1 s−1 c−1

Source Author

5 and 1 mm, respectively. Both shell and solid models are created and converted
into composites by defining the fabric and stackup properties. The thickness of the
bamboo fabric and polymer film is considered as 0.187 and 1.5 mm, respectively.
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Fig. 2 Models of shell and solid composites (Source Author)

ANSYS Composite PrepPost follows both top-down and down-top stackup. In the
top-down sequence, the first defined ply is placed first which is on the bottom of the
stackup, and the other plies are placed over it. In this study, stackup is defined as
top-down for unidirectional fabric.

After defining the material and the rosettes, the orientations and offset directions
are defined by oriented selection sets. Rosettes are coordinate systems that used to
set the reference direction of oriented selection sets. The offset direction is specified
by the orientation point and direction, as shown in Fig. 3. The fiber alignment is
specified by the reference direction and the relative angle of the modeling plies. The

Fig. 3 Orientation point, orientation direction, and fiber direction (Source Author)
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stacking sequence is executed by the order of modeling plies to the offset of the
oriented selection sets. The sequential order of ply generation is shown in Fig. 4.

The composite models are created in ANSYS Composite PrepPost module by
updating the properties of solid models. The ply sequence and the thickness of each
ply are considered while generating the composite models. Each ply is bonded to
each other in solid composite model. The ply creation, stackup, and properties play
a vital role in the creation of composite models. The different views of the solid and
shell composite models are shown in Figs. 5 and 6, respectively.

ANSYS Composite PrepPost is connected to the ANSYS Static Structural for
the purpose of analysis after generating the shell and solid models of composites.
The stress, strain, displacement, deformation, and forces on the components can
be determined using ANSYS Static Structural. The effect of static and time-varying
loads under different conditions can be executed using ANSYS Static Structural. The

Fig. 4 Flowchart of ply generation (Source Author)

Fig. 5 Different views of solid composite model (Source Author)
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Fig. 6 Different views of shell composite model (Source Author)

general procedure to perform the analysis is started with the creation of component
in workbench. The proper meshing of the component generates a model for analysis.
The solution taskbar is updated after applying the boundary conditions. Finally, the
results are evaluated according to the loading conditions of the component. After
updating the ANSYS Composite PrepPost setup, the setup is directly connected to
the model of Static Structural, as shown in Fig. 7. The model consists of two options:
(i) transfer shell composite data for analyzing shell composite and (ii) transfer solid
composite data for analyzing solid composite, as shown in Fig. 8.

Fig. 7 ANSYS composite PrepPost module connection with static structural (Source Author)

Fig. 8 Flowchart of model connection with shell and solid composite (Source Author)
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Fig. 9 Time-variant force graph for the application of force in stepwise (Source Author)

Fig. 10 Application of force in the fiber direction (Source Author)

ANSYS Static Structural setup for analysis blog is open once the data of shell
and solid composite is updated. In the analysis, the minimum time for every step is
fixed according to the force variant. The force can be applied either in a static or
time-variant form. In this study, the number of steps and minimum elapsed step time
for every step is considered as 1000 and 1 s, as shown in Fig. 9. For every step, a
force of 100 N is applied on the plate of shell and solid composites incrementally up
to 100 steps. The one end of the plate is fixed by using a fixed support option in the
Static Structural. The other end of the plate is selected and applied a force of 100 N
in vector form. The force is applied in the direction of the fiber as shown in Fig. 10.

4 Composite Preparation and Testing

The green composite is developed using bamboo fiber and PLA. PLA pellet used as
binding material is purchased from Natur Tec India Pvt. Ltd, India. The crystalline
melting and glass transition temperature of PLA are 150–170 and 55–60 °C. The
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density of PLA is 1.25 g/cm3. The bamboo fiber is supplied by Sri Lakshmi Group,
Andhra Pradesh, India. The fabrication of the green composite is performed using the
compression molding setup. A compression molding setup is developed in house by
retrofitting the upper and lower plates of the mold in the universal testing machine
(UTM). The required pressure for compression is applied using the UTM. Two
heating elements are placed above and below the top and bottom mold plates. The
temperature of the mold plates is measured using K-type thermocouples. Initially,
the moisture from the fiber and PLA pellets is removed by keeping them in an oven
at 80 °C for 4 h. Then PLA film of 1.5 mm in thickness is fabricated by maintaining
the temperature and pressure of 170 °C and 3 MPa. The shaped film is allowed
to cool for 3 h under the same pressure in the mold. A total of three layers of
bamboo fiber are stacked alternatively between the PLA films and compressed at a
temperature of 170 °C. The fabricated composite plate is removed from the mold
once the consolidation is completed under the pressure of 6 MPa. The tensile testing
of the composite is performed at a crosshead speed of 2 mm/min using the UTM as
per ASTM 3039.

5 Results and Discussion

The effect of tensile load on the developed composite is analyzed both experimentally
and analytically. The maximum tensile stress of the composite obtained experimen-
tally is 73.23 MPa; whereas, the maximum tensile stress of the shell composite
obtained analytically is 72.53 MPa, as shown in Fig. 11. This indicates that the
analytical value is quite close to the experimental value. The deviation between the
experimental and analytical tensile stress is 0.009%. Figure 12 shows the maximum
tensile stress of the solid composites is 65.20 MPa. This indicates that there is a
10.9% deviation in the tensile stress while comparing the analytical tensile stress
with experimental tensile stress. In shell composite, tensile stress is the maximum

Fig. 11 Maximum stress and strain of shell composite (Source Author)
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Fig. 12 Maximum stress and strain of solid composite (Source Author)

at the fixed end, and the stress is the minimum at the side end. Similarly, the tensile
stress is maximum at the fixed end and minimum at the force applying end for the
solid composite. The maximum tensile stress deviation between the shell and solid
composites is 7.33MPa. This shows that the performance of shell composite is better
than the solid composite. The maximum strain in terms of displacement is 7.2 mm
for solid composites. This exhibit almost the same maximum tensile strain obtained
both analytically and experimentally tested specimens. The strain is more in the shell
composite when compared one-on-onewith solid composites. Figure 13 shows stress
versus strain plots for both solid and shell composites which clearly indicate a slight
variation in the maximum tensile stress between the solid and shell composite.

Fig. 13 Stress versus strain
of shell and solid composites
(Source Author)
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Fig. 14 Strain energy of solid and shell composite (Source Author)

The strain energy of the solid and shell composite is shown in Fig. 14. The strain
is the maximum at the force applying end and minimum at the fixed end in solid
composite; whereas, the scenario is completely different in shell composite. The
maximum strain energy is in the middle of the fixed end region and minimum at the
corner of the fixed end of the shell composite. In solid composite, all the particles
are closely packed, and the applied force acts on every node of the composite. The
strain energy is more due to the presence of shell elements in the shell composite.
Both strain and strain energy at the corner of the fixed end are the minimum in shell
composite. Figures 15 and 16 show the behavior of strain energy with respect to the
strain. The figures clearly indicate that the strain energy increases with an increase
in the strain. The figures also reveal that the strain energy of solid composite is less
when compared with the strain energy of shell composite.

Fig. 15 Variation of strain energy with strain in solid composite (Source Author)

Fig. 16 Variation of strain energy with strain in shell composite (Source Author)
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6 Comparative Analysis of the Mechanical Properties

It was reported that the PLA-untreated bamboo fiber composites had the maximum
tensile strength of 60.6 MPa [20]. Another study reported that compatibilization
between polymer and fibers is necessary for obtaining composites with improved
tensile and impact properties with respect to raw PLA which is required in the auto-
motive or electronic sectors [7]. Ramesh et al. [17] showed that the PLA-treated
aloe vera fiber (TAF) hybrid biocomposites containing 1% montmorillonite (MMT)
clay resulted in improvement in the impact, flexural, and tensile strength by 10.43,
6.08, and 5.72% when compared with PLA biocomposite. Sujito et al. [18] studied
the effect of bamboo fiber loading (15–75%) on the tensile and flexural properties
of PLA-short single bamboo fiber green composites. The investigation showed that
the tensile and flexural properties were significantly affected by the fiber content.
The best tensile and flexural properties of the developed green composites were
obtained at the bamboo fiber loading of 40%. The green composite at this fiber
loading had the maximum tensile strength of 110.47 ± 5.35 MPa, Young’s modulus
of 4.33 ± 0.27 GPa, flexural strength of 164.47 ± 43.34 MPa, and flexural modulus
of 9.93 ± 2.67 GPa; whereas, the neat PLA considered for the purpose of inves-
tigation had the maximum tensile strength of 11.5 MPa. The improvement in the
interfacial adhesion between the reinforcement and matrix due to the addition of
polymeric diphenylmethane diisocyanate (pMDI) coupling agent resulted in signif-
icant improvement in the tensile strength of PLA-sugar beet pulp (SBP) composite
(64 MPa) as compared to the tensile strength of the composites without the addition
of coupling agent (37.5 MPa) [8]. PLA-recycled newspaper cellulose fiber (RNCF)
composite containing 30 wt% RNCF exhibited the tensile strength of 67.9 MPa
which was quite higher than the tensile strength of virgin PLA (62.9 MPa) [21].
The uniform dispersion of 10 wt% micro-fibrillated cellulose (MFC) fiber in PLA
resulted in improvement in Young’s modulus (4.7 GPa) and tensile strength (75MPa)
by 40% and 25%, respectively [22]. PLA composite reinforcedwithman-made cellu-
lose achieved the highest tensile and flexural strengths of around 92 and 152 MPa,
respectively [23]. Composite of PLA and three layers of denim fabric showed tensile
strength and modulus of 75.76 MPa and 4.65 GPa, respectively [24]. The above
discussion shows that many attempts have been made to improve the mechanical
properties of PLA-based green composites. Chemical treatment of fibers, use of
compatibilizer, varying the fiber loading, etc., are some of the attempts made to
improve the mechanical performance of PLA-based green composites. In this work,
the maximum tensile strength of 73.23 MPa is obtained for the developed PLA-
bamboo composite which is comparable to the other type of PLA-based green
composites.
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7 Conclusions

In this study, both experimental and simulation works are performed to investi-
gate the characteristics of PLA-bamboo green composites. The PLA-bamboo green
composite is fabricated by compression molding and then mechanical testing is
performed. The simulation is performed by developing shell and solid composite
models using ANSYS Composite PrepPost module and then analyzed through
ANSYS Static Structural. The simulation results show that the maximum tensile
stress of shell and solid composites are close to the experimental tensile stress
(73.23 MPa) of PLA-bamboo composite. PLA-based green composites reinforced
with different fibers like sugar beet pulp (SBP), recycled newspaper cellulose fiber
(RNCF), micro-fibrillated cellulose (MFC), and abaca fiber exhibiting almost the
same tensile strength. The maximum tensile stress of the shell composite is more
(72.53 MPa) than the solid composite (65.20 MPa). The experiential strain and the
strain obtained through simulation are almost same. However, the strain in shell
composite is more as compared to the solid composite. The strain energy of the shell
composite is also more than the solid composite.
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Chapter 8
Green Hydrogels

K. Viswanath Allamraju

1 Introduction

Hydrophilic polymeric frameworks that are prepared for absorbing goliath volumes
of water and encountering developing and shrinkage suitably to energize controlled
medicine release are called hydrogels. Their porosity and comparability with liquid
circumstances make them significantly engaging biocompatible prescription trans-
port vehicles. Their applications are intricate and for a couple of biomedical needs
as they are adaptable into moved physical structures, for instance, nanoparticles,
microparticles, areas, films, and coatings. USA has been the greatest creator of
hydrogels and is required to remain so for a few additional years [1]. Hydrogels
are promising, stylish, astute, and ‘wise’ sedate movement vehicles that consider the
specific necessities for concentrating on drugs to the specific regions and controlling
prescription release. Enzymatic, hydrolytic, or environmental enhancementsmuch of
the time take care of business to control the hydrogels for the medicine release at the
alluring site [2]. Like the various sides of a coin, there are furthermore the shortcom-
ings related with their use. The fundamental weight in sedate movement would be the
hydrophobicity of most drugs. The water-appreciating polymeric focus is likely not
very immaculate to hold opposite hydrophobic drugs, which is a test since various
that are correct presently used and fruitful in ailment treatment are hydrophobic. The
flexibility of these hydrogels is frail and this at times causes unexpected appearance
of the prescription before arriving in the goal site. The going with review discusses
on how hydrogels are being constrained eventually for improved concentrated on
steady movement. The propelled design wherein the hydrogels are manhandled for
sedate transport is made sure about. The engaging physical properties of hydrogels,
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especially their porosity, offer gigantic focal points in sedate transport applications,
for instance, upheld appearance of the stacked drug. A high close by centralization
of the dynamic pharmaceutical fixing is held over a huge stretch of time by methods
for a suitable release framework compelled by scattering, developing, creation, or
subject to some regular overhauls.

Scattering-controlled drug movement with hydrogels uses storehouse or cross
section contraptions that license dispersal-based prescription release through a
hydrogel work or pores stacked up with water. In the store transport structure, the
hydrogel layer is secured on a drug containing focus making cases, circles, or pieces
that have a high medicine center in the especially point of convergence of the system
to energize a predictable prescription release rate. While the store transport system
produces time-self-ruling and predictable drug release, the system structure works
by methods for the macromolecular pores or work. This kind of release is time-
subordinate drug release wherein the basic release rate is comparing to the square
base of time, rather than being consistent.

The developing controlled medicine release from hydrogels uses drugs dissipated
inside a smooth polymer whichwhen in contact with a bio-fluid beginning extending.
The augmentation during developing occurs past its breaking point empowering the
prescription dispersal close by the polymer chain loosening up. The system, regard-
less suggested as Case II transport, supports without time, consistent drug release
vitality. Since the slant between the dissipated prescription in the hydrogel and its
general condition allows the dynamic fixing spread from a territory of higher obses-
sion inside the hydrogel to a lower one, the methodology is in like manner suggested
as odd vehicle as it solidifies both the strategies of scattering and developing for
engaging medication release. Visual drug transport bearers have been made using
hydrogels that are covalently crosslinked. These fragile, biodegradable hydrogels
with high developing cutoff remain in-situ in the lacrimal channel offering increas-
ingly critical comfort for the patient. Collagen or silicone thatmay be used picks if the
punctal-plug structure could be used by chance or always, separately. Poly(ethylene
glycol) hydrogels are typically used for making ophthalmic drugmovement systems.
Prescription release considering common changeswould be an ideal transport system
as the release ends up being controlled, and ambiguous indications at off-target
regions are facilitated. Along these lines, sensitive prescription movement contrap-
tions open to changes in pH, temperature, ionic quality, or glucose center have been
developed that are gainful in the treatment of sicknesses, for instance, dangerous
development, and diabetes, depicted by close by physiological changes express to
the diverse infirmity stages. The polymer game plan of the hydrogel open to the
biological upgrades is controlled to make it responsive to nature [3].

Hydrogels broadly improve the medicinal consequence of prescription move-
ment and have found enormous clinical use. The transient and spatial transport of
macromolecular meds, little particles, and cells have exceptionally improved through
hydrogel use for quietmovement [2].Medicine transport using hydrogels, regardless,
has not been freed from troubles, and anyway consistent upgrades are being made
to separate the hydrogel arrangement generally fitting for express drug movement
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purposes. Likewise, this paper discusses the continuous examples in steady move-
ment applications using hydrogels, including their translation to the middle and their
applications to viably pass on hydrophobic drugs.

Hydrogels can be characterized into two particular classes, the characteristic
and the manufactured hydrogels. Common hydrogels incorporate collagen, fibrin,
hyaluronic corrosive, matrigel, and derivatives of normal materials, for example,
chitosan, alginate, and aptitude filaments. They remain themost physiological hydro-
gels as they are segments of the extracellular framework (ECM) in-vivo. Two funda-
mental disadvantages of characteristic hydrogels, be that as it may, make their last
microstructures and properties hard to control reproducibly between tests. To begin
with, the fine subtleties of their mechanical properties and their reliance on poly-
merization or gelation conditions are regularly ineffectively comprehended. Second,
because of their common root (ox-like fibrogen, rodent tail collagen …), their piece
may fluctuate starting with one bunch then onto the next. Conversely, engineered
hydrogels, for example, poly ethylene glycol diacrylate, poly acryl amide, poly vinyl
liquor are progressively reproducible, despite the fact that their last structure can like-
wise rely upon polymerization conditions in an unpretentious manner, with the goal
that a thorough control of the planning convention, including temperature and condi-
tion control, might be fundamental. As a rule, manufactured hydrogels offer greater
adaptability for tuning synthetic arrangement and mechanical properties; clients can,
for instance fluctuate the fixation or sub-atomic load of the forerunner, or adjust the
level of cross-linkers. They can likewise be chosen or tuned to be hydrolysable or
biodegradable over factor timeframes.

Hydrogels might be artificially steady or they may debase and in the long run
break down and disintegrate. They are called reversible or physical gels when the
systems are held together by atomic traps and/or auxiliary powers including ionic,
H-holding r hydrophobic powers [4].

Physical hydrogels are not homogeneous, since groups of sub-atomic snares, or
hydrophobically or ionically related spaces, can make in homogeneities. Free chain
finishes or chain circles additionally present transient system abandons in physical
gels. At the point when a poly electrolyte is joined with a multivalent particle of
the contrary charge, it might shape a physical hydrogel known as an ionotropic
hydrogel, and calcium alginate is a case of this kind of hydrogel. Hydrogels are called
changeless or concoction gels when they are covalently cross-connected systems [5].

The manufactured hydrogels ofWichterle and Lim depended on copolymerizaton
of HEMA with the cross-linker EGDMA. Substance hydrogels may likewise be
produced by cross-connecting ofwater-dissolvable polymers, or by transformation of
hydrophobic polymers to hydrophilic polymers in addition to cross-connectingwhich
is not fundamental. Now and again, contingent upon the dissolvable arrangement,
temperature, and solids focus during gel development, stage detachment can happen,
and water-filled voids or macropores can shape. I compound gels, free chains closes
speak to gel arrange “deserts” which do not add to the flexibility of the system. Other
system surrenders are chain circles and entrapments, which likewise do not add to
the lasting system versatility.
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In numerous applications, a utilitarian-added substance is mixed into a polymer
framework to improve its properties. Notwithstanding, when the polymer and
utilitarian-added substance are applied to a surface, the useful atom might be effec-
tively lost. In ideal cases, it might be conceivable to fuse the added substance legit-
imately into the polymer as a comonomer. In ongoing investigation, a functional-
ized polymer has been acquired through the blend of connecting a photodynamics,
antimicrobial color, rose Bengal, to vinyl benzyl chloride by means of etherifica-
tion and afterward polymerizing this into an igure water-dissolvable polymer using
chain development copolymerization [6]. The measure of unincorporated color was
resolved utilizing dialysis I support arrangement at pH= 7.4. At the point when rose
Bengal was first responded with vinyl benzyl chloride before polymerization, it was
discovered that it was about 100% joined into the copolymer.

2 History

Theword “hydrogel,” as per Lee,Kwon, andParl, goes back to an article distributed in
1894. Anyway, the material portrayed there was not a hydrogel as we depict it today;
it was without a doubt a colloidal gel made with inorganic salts. Is yet wonderful to
see how the historical backdrop of the term itself is reliably long [7]. At any rate,
the primary cross-connected system material that showed up in writing and has been
portrayed by its common hydrogel properties, one for all the high water proclivity,
was a poly hydroxyl ethyl meth acrylate (PHEMA) hydrogel that grew a lot later, in
1960, and with the driven objective of utilizing them in changeless contact applica-
tions with human tissues, hydrogels are in actuality the principal materials created
for utilizing inside the patient [8, 9]. From that point forward, the quantity of learn-
ings about hydrogels for biomedical applications started to rise, particularly from the
time of 70s [7]. The points and objectives and the quantity of materials changed and
expanded continually throughout the years. As recommended by Buwalda et al. [8],
the historical backdrop of hydrogels can be isolated in three fundamental squares. A
hydrogel’s original that includes awide scope of cross-connectingmethods including
the concoction changes of a monomer or polymer with an initiator. The general point
is to create material with high expanding, great mechanical properties, and moder-
ately straightforward basis. At that point, beginning in the seventies, an alternate idea
of hydrogel developed in importance: a second era of materials equipped for a reac-
tion to explicit upgrades, for example, varieties in temperature, pH, or grouping of
explicit particles in arrangement. These particular upgrades can bemisused to trigger
in like manner explicit occasions, for instance the polymerization of the material, a
medication conveyance or an in-situ pore development [10].

At long last, a third era of hydrogels concentrating on the examination and
improvement of stereo-complexed materials (e.g., PEG-PLA association) [11, 12]
hydrogels cross-connected by other physical cooperations such as cyclodextrines)
[13, 14]. This advancement in hydrogels science is rapidly prompting an expanding
enthusiasm for the improvement of the supposed “keen hydrogels,” polymeric grids
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with a wide range of tunable properties and trigger upgrades. The subject is hypothet-
ically boundless, and the potential applications, the designing, and clinical gadgets
that can be gotten from it ate over any creative mind. Since the spearheading work
of Wichterle and Lim in 1960 on cross-connected hydrogels [8], and in view of
their hydrophilic character and potential to be biocompatible, hydrogels have been
of extraordinary enthusiasm to biomaterial researchers for a long time [15–17]. The
significant and persuasive work of Lim and Sun in 1980 [18] exhibited the fruitful
use of calcium alginate microcapsules for cell embodiment. Later during the 1980s,
Yannas and associates [19] fused regular polymers, for example, collagen and shark
ligament into hydrogels for use as counterfeit consume dressings. Hydrogels depen-
dent on both common and manufactured polymers have kept on being of enthusiasm
for epitome of cells [20], and most as of late such hydrogels have gotten particularly
alluring to the newfield of “tissue designing” as frameworks for fixing and recovering
a wide assortment of tissues and organs [21].

3 Physical and Chemical Properties

Despite a great deal progress, a fundamental understanding of gel properties is not
yet sufficient for a rational design of novel gel systems. For such designs, it is
miles important to understand how solute molecules interact with the gel, in partic-
ular, how they partition between the gel phase and the surrounding liquid section.
Partitioning relies upon on two predominant effects: size exclusion and molecular
attraction/shock. Growing: Hydrogels are crosslinked polymer networks swollen in
a liquid medium. The imbibed liquid serves as a selective clear out to allow unfas-
tened diffusion of a few solute molecules, while the polymer network serves as a
matrix to keep the liquid together. Hydrogels may absorb from 10 to 20% (an arbi-
trary lower limit) up to lots of times their dry weight in water. The person of the
water in a hydrogel can decide the overall permeation of vitamins into and mobile
merchandise out of the gel. When a dry hydrogel starts to soak up water, the primary
water molecules getting into the matrix will hydrate the maximum polar, hydrophilic
groups, leading to number one sure water. As the polar corporations are hydrated,
the network swells and exposes hydrophobic companies, which also engage with
water molecules, leading to hydrophobically sure water, or secondary sure water.
Primary and secondary certain water are regularly combined and simply called the
whole sure water. After the polar and hydrophobic Web sites have interacted with
and bound water molecules, the community will imbibe additional water, because
of the osmotic driving pressure of the network chains in the direction of limitless
dilution. This extra swelling is opposed by way of the covalent or physical crosslink,
leading to an elastic network retraction pressure.

Thus, the hydrogel will attain an equilibrium swelling level. The additional
swelling water is imbibed after the ionic, polar, and hydrophobic companies that
turn out to be saturated with bound water which is referred to as loose water or bulk
water, and is believed to fill the distance between the community chains, and/or the
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center of larger pores, macropores, or voids. As the network swells, if the network
chains or crosslink are degradable, the gel will start to collapse and dissolve, at a rate
relying on its composition. There are a number of methods utilized by researchers
to estimate the relative quantities of free and bound water, as fractions of the overall
water content. All of them are controversial, since there may be proton NMR proof
that the interchange ofwatermolecules between the so-referred to as certain and loose
states is extraordinarily rapid, possibly as rapid as one H2O molecule every 10–9 s.
The three essential strategies used to symbolize water in hydrogels are primarily
based on the use of small molecular probes, DSC and NMR. When probe molecules
are used, the labeled probe solution is equilibrated with the hydrogel, and the atten-
tion of the probe molecule within the gel at equilibrium is measured. Assuming that
most effective unfastened water inside the gel can dissolve the probe solute, it is
easy to calculate the free water content material from the amount of the imbibed
probe molecule and the known (measured) probe molecule concentration inside the
outside answer. Then, the sure water is obtained through difference of the measured
total water content of the hydrogel and the calculated free water content. The use
of DSC is based totally on the belief that only the free water may be frozen, so it
is assumed that the endotherm measured while warming the frozen gel represents
the melting of the loose water, and that value will yield the quantity of unfastened
water inside the HG pattern being tested. Then, the bound water is acquired by way
of difference of the measured general water content of the HG test specimen and
the calculated unfastened water content material. In another formulation, swelling
is the belongings to absorb water and maintain it for a relative lengthy time. It may
be evaluated by using measuring the dry weight and the swollen-state weight and
computing both a ponderal variation (water uptake) or a volume of adsorbed solvent
(both the quantities are considered as percentages).

W.U. = swollen weight − dry weight

dry weight
× 100 (1)

V.A.S. = swollen weight − dry weight

water density
× 100 (2)

As simple as it may seem, the assessment of swelling is the important assay to be
performed on hydrogel samples, as it is able to be a degree for lots of their properties:
crosslinking degree, mechanical properties, degradation charge, and so on. For many
gels, the evaluation of swelling and swollen-state stability is the simplest, cheapest,
and surest way to discriminate between crosslinked gels and the now not crosslinked
authentic polymer [21].
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4 Mechanical Properties

The mechanical properties can be varied and also be compromised depending on the
rationale of the material. The possibility of obtaining the higher stiffness gel is by
increasing the cross-linking degree via heating thematerial. The variation inmechan-
ical properties are connected to a broad range of dependent and independent variables
and reasons, and therefore, different analysis should be implemented according to
thematerial, the surroundings, and objective of study. Suppose, while gelatin shows a
recognizable improvement in modulus of elasticity by cross-linking [22], silk fibroin
has a very high modulus of elasticity, but it will be reduced after the revitalization
[23]. Themechanical properties such asmodulus of elasticity, Poisson’s ratio, storage
capacity, and lossmoduli can bemeasuredwith the help of dynamicmechanical anal-
ysis device or rheometer [24, 25]. In the case of hydrogel, the modulus of elasticity is
the results of the bond betweenwater and gelmatrix. In the case of tissue engineering,
high stiffness material is required for seeding osteoblast than the culture adipocyte.
The same method is valid for the growth of a varied prosthetic mechanism. This type
of mechanism can be observed in the case of substitute for intervertebral disk.

5 Porosity and Permeation

The formation of pores in hydrogels is occurred by phase separation in synthesis
process, or pores can be existed in small size within the network. The important
factors of a hydrogel matrix are difficult to quantify such as pore size average, pore
size distribution, and the pore interconnections. The parameter called “tortuosity”
which includes sum of pore size average, pore size distribution, and the pore inter-
connections. This parameter helps to determine the effective diffusion path length
across a HG film barrier.

The effective diffusion path length = Film thickness × Pore volume fraction

Tortuosity

The composition and cross-link density of hydrogel polymer network effects the
film thickness, pore volume fraction and tortuosity. The geometric properties of
molecules are used to explore pore sizes in hydrogels [26]. Pore length distributions
of hydrogels are strongly suffering from three factors: concentration of the chemical
cross-links of the polymer strands. That attention is determined through the initial
ratio of cross-linker to monomer. Concentration of the bodily entanglements of the
polymer strands. And also which is determined by means of the preliminary atten-
tion of all polymerizable monomers inside the aqueous solution. Net price of the
polyelectrolyte hydrogel is determined by the initial attention of the cationic and/or
anionic monomer. These three elements can be quantified the use of the composi-
tion of the hydrogel, that is, with the aid of the nominal concentrations of monomer
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and cross-linker. The porous structure of a hydrogel is influenced by the proper-
ties of surrounding solution and Donnan and Osmotic effects. The dissolved ionic
solutes are called as Donnan effects. Uneven partition between gel phase and the
solution phase caused by dissolved uncharged solutes is called as Osmotic effects.
Porosity describes the presence of void cavity within the bulk material. Porosity is a
morphological aspect of a material.

In a sample, pores can show extraordinary morphologies: They can be closed,
opened as a blind give up or interconnected, again divided in cavities and throats.
These porosities were studied and evaluated in papers in the beyond decades the
usage of a numerous spectrum of techniques. First of all, porosity can be eval-
uated with the aid of theoretical methods, which includes unit dice analysis, mass
method,Archimedes approach, and liquid-displacement approach. These evaluations
are generally coupled with optical and digital microscopy. Other thrilling strategies
are the mercury porosimetry, based totally onWashburns equation, with the inconve-
nience of being a detrimental assay, the gasoline pycnometry, the gasoline adsorption
(that can be issued the usage of one of a kind strategies which includes small quan-
tity adsorption, monolayer, and multilayer adsorption), liquid extrusion porosity,
and capillary flow porosity, X-raymicrotomography, microscopy techniques (optical
microscopy, stereomicroscopy, scanning electronmicroscopy, tunnelingmicroscopy,
and atomic force microscopy).

6 Applications of Hydrogels

6.1 Diapers

An exciting application of hydrogels thermodynamical affinity for water, as not
fancy as it can be, is the manufacturing of super-adsorbent diapers with the property
of being dry even after a great adsorption of fluids. This is due to, as previously said,
the character of hydrogels water adsorption: these materials do not act as sponges,
unstably trapping drinks into their pores; however, alternatively they hold water (or,
now and again, other solvents) if they are carrying good sized portions of water at
the identical time. The development of hydrogel-containing diapers, most of them
loaded with extraordinary formulations of sodium polyacrylate [27–29], within the
past decades reduce down on a massive wide variety of dermatological conditions
related to a prolonged contact with wet tissues. Nevertheless many health challenge
arose on the big usage of disposable diapers: ≈95% of nappies in western interna-
tional locations are disposable ones and critiques approximately fabric nappies are
still conflicting [30]. Indeed, many chemical substances used inside the production
of such products like scents, leak-proof substances, and super-adsorbent polymers,
appear to be key elements for the improvement of many conditions, from chronic
diaper rash and asthma, to greater serious problems which include male infertility
or even testicular cancer. Furthermore, disposable diapers, considering that they are
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used in large quantity, create a first-rate environmental issue on account that it is no
longer clean to take away them [31]. However, this is a subject that, as some distance
as interesting and important, goes beyond the reason of our review. Watering beads
for plants: Another easy utility of hydrogels consists in hard powders of polyacry-
lamide or potassium polyacrylate matrix bought with a massive variety of names
(plant gel, super crystals, and water gel crystals) and used as long-term reservoir
of water for plant boom in gardening, domestic, and every now and then industrial
horticulture. On the opposite aspect as the only of diaper’s hydrogel, these substances
are optimized for their capability of freeing water, in place of the ability of keeping it.
The sustained release of many diverse species is, indeed, one of the main electricity
of hydrogels on the market, from gardening to genetic engineering. However, even
if businesses producing such crystals are selling their practicality and versatility, in
the remaining years, the scientific community is thinking approximately their real
utility. As Chalker-Scott fromWashington State University talked about in her publi-
cations at the topic, considering that the typically used watering crystals are created
from non-renewable materials, whose monomers can be toxic (e.g., Acrylamide),
the potential dangers in their usage are manner higher than the blessings of water
storage and controlled release that can, in addition, be obtained in many different
methods with lower environmental impact [32].

6.2 Perfume Delivery

During the nineties patents describing risky species delivery technologies started out
to grow in number. In particular, themost vastest patented inventions in the field seem
to be issued through Procter & Gamble, processing the fragrances into cyclodex-
trin complexes [33–36]. The standard aim becomes to develop gadgets capable of
slowly dispensing fragrances to the surroundings in the long-time period and update
the conventional salt-based (sodium dodecylbenzenesulphonate) capsules with new,
more sensible, and, let us say it, fancier house care solutions. The position of hydro-
gels inside the method revolves around, as soon as again, their swelling properties
that can be exploited in materials, “wherein launch of a perfume scent is induced
through dynamic swelling force of the polymer while the polymer is wetted” [34].
These devices launch risky particles thanks to osmotic diffusion of the species from
the swollen hydrogel to new water in the environment.

Cosmetic enterprise is a market continuously increasing in size and product offer.
One of the motives of this behavior is related to the long course to approval vital
for medical gadgets, clinical procedures, tablets, or biomolecules, which will make
allowed to be sold in the marketplace. So, while on the opposite hand, the beauty
marketplace requires less time and money costs for the approval of a product, it is
not unusual to test new innovations and devices in cosmetics earlier than and in more
risky clinical applications. For a product to be authorized in cosmetics, the most vital
parameter to be assessed is Primary Irritation Index (PII). This index is simple to
obtain and exist both for skin and eyes, and indeed every stage of PII corresponds
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a determinate effect [37, 38]. Considering that almost all of hydrogels used on this
field are appropriate for cells subculture and for different biomedical applications,
it is not always unexpected that their irritation index is a number of the lowest.
Thus, with especially a small investment groups are able to launch available on the
market new cosmetic products totally based on hydrogels, which includes so-called
“beauty masks.” Usually made with engineered collagen (Masqueology TM through
SEPHORA USA Inc., BioCollagen Cosmeceuticals by way of NOVOSTRATA UK
Ltd.), hyaluronic acid (SEPHORA USA Inc.), or polyvinylpyrrolidone (Pecogel®),
these mask declare to hydrate the skin, repair its elasticity, and sell anti-getting older
actions [39]. Pecogel through Phoenix Chemicals Inc., is a big choice of hydro-
gels, based totally on polyvinylpyrrolidone, with differences in composition and/or
crosslinking method. Pecogels are suitable for cosmetic purposes, which includes
sunscreen cream or mascara [40]. Furthermore, in a number of the commercially to
be had compounds which include hydrogel face masks by way of Fruit & Passion
Boutiques Inc., the moisturizing action of those natural polymeric gels is coupled
with more complicated drug-delivery systems evolved to release of biomolecules
like vitamin C or B3. The beauty enterprise is on the reducing edge of hydrogels,
indeed a pH-sensitive material P(MAA-co-EGMA) has been developed for release
of cosmetics drugs like arbutin, adenosine, and niacinamide, well understanding
molecules for wrinkle remedy and for skin whitening [41]. This hydrogels alternate
is permeability responding to the pH changes: At pH 4.0, it holds the pharmaceuti-
cals within the matrix, when in contact with pores and skin, at pH 6 and above, the
permeability upward thrust and the medication will be delivered. The authors said
that this conduct is due by means of the ionization/deionization of MAA carboxylic
groups.

6.3 Plastic Surgery

From their first development into the clinical research subject, hydrogel were seen
as good materials for application in contact with the human body due to their extra-
cellular matrix-like (ECM-like) houses [7, 42]. This is the main reason why attempts
have been made to introduce hydrogels like new substances for plastic reconstruc-
tion. On this path, for plenty years, hyaluronic acid (HA) became thought just like the
panacea for every pain [43] is not surprising, considered that HA has been studied to
be applied in tissue-filling applications. One brilliant business enterprise operating in
the area isMacrolane TM. Starting in 2008,Macrolane’s remedies and products were
specially studied to enhance breast length and shape and provide a more biocom-
patible alternative to traditional and aggressive silicone prosthesis. Anyhow, quickly
the medical community began to factor out the controversial conduct of these strate-
gies in latter mammographies: briefly, HA labored as a defensive agent, appearing
as denser tissue, and consequently ruining the final results of the exam. Thus, in
recent times, Macrolane TM is used for diversely located filling except breasts. The
compound is injected inside the frame with a syringe and allow it gels restoring the
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volume. This procedure started to receive criticisms by way of the medical commu-
nity; however, yet in the interim, there is still no longer a enough amount of courses
investigating the residences and possible risks of the gel, concerns commenced to
rise specifically approximately the long-term side effects of this treatment and extra
mainly approximately HA’s function in cancer control and development [44, 45].
Another promising use of hydrogels is bulking agents for remedy of urinary incon-
tinence: smart injectable gels can be involved in clinical approaches in which these
substances may be used to tighten the urethral channel and reduce patient’s incon-
tinence. With this type of easy solution, it is miles possible to erase or at least
reduce a regular social handicap and assist sufferers to keep an ordinary life [46]. An
instance of product used in this area is Bulkamid® through Contura International,
a polyacrylamide hydrogel is a commercial product advanced to help ladies with
incontinence narrowing the conduct. There are few reason for the incontinence, and
an exhaustive category is made by way of Lose et al. where they subdivide each
class, Bladder/Urethra in continent, in overactivity/underactivity, of their work they
wrote that bulk injectable structures are promising to enhance urethral coaptation.
Problematics like infections and frame response had been evaluated. In a sample
composed by 130 women, researchers have found ten patients with infections, five
with injection Web site online pain, two with incontinence, and simplest one with
injection site laceration.

6.4 Environmental Applications

Over past the years, countries gradually commenced to care approximately environ-
mental troubles and pollutants. Many governments decided to choose greener and
more secure for the surroundings policies. Water pollutants is one of the biggest
troubles afflicting especially poor areas of Africa, Asia, and South America. Thanks
to their affinity for water, hydrogels is probably used in two unique ways to treat
water source. First the matrix may be used as a holder for purifying microorganism.
Many thrilling studies, on this unique path, had been developed by encapsulating
microorganisms inside various carrier materials [47]. Chlorella and Spirulina are
the most used ones. These microorganisms are already used to do away with pollu-
tion chemical substances from water resources. The idea is to maintain the bacteria
inside the network and consequently protect and manage the bacteria-culture while
cleaning the Web site online of depuration. Both synthetic and herbal hydrogels had
been used. The great operating hydrogels in literature seem like alginate derived [47]
or alternatively carrageenan and agar [48]. A second thrilling manner to solve the
problem of pollution is to alter the hydrogels to let them capture and maintain the
pollutant in the networks. Many authors have attempted this way to seize steel ions:
the organization of Irani has dispatched to submit a paper in which they speak a
new composite hydrogel for PbI(II) removal. Briefly, they created a polyethylene-g-
poly (acrylic acid)-co-starch/OMMT (LLDPE-g-PAA-co-starch/OMMT) hydrogel
composite, which use it like an adsorbent pollutant (Pb(II)) remover. They placed
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the hydrogel in an answer containing lead acetate and then measured the adsorption
with an atomic absorption spectrometer (AAS); after that they did a de-absorption
phase and repeat for numerous cycles. The electrostatic attractions, ion alternate, and
chelation are feasible reason for the metallic adsorption that took place all through
the experiments. They stated that the equilibrium adsorption statistics of the hydrogel
was regular with Langmuir isotherm and the 430 mg/g adsorption ability was in line
with other common place adsorbents [49, 50].

Another feasible manner to gain a thrilling water filtering is explained in a paper
by Yan et al., where the group achieved etherification and consequent functional-
ization of chitosan beads that allows you to achieve carboxy-methylated chitosan
with a stronger adsorption of metallic ions. This has been proven to enhance selec-
tive adsorption of particular ions like Cu(II), Pu(II), and Mg(II) [50]. It is thrilling
properties that can be exploited in dye elimination application and that has been
exhibited to be viable by magnetical doping of hydrogel microspheres with interpen-
etrated network (IPN) structures [51]. Hydrogels could be both used like a probe to
locate heavy metal ions like inside the work by means of Wang et al. [52]. Moreover,
other utility of polyacrylamide gels is a flood control device referred to as WATER
GEL BAG® produced by means of TaiHei Co., Ltd. One of the biggest environ-
mental troubles currently tough to solve is for the positive lack of oil in seas and in
different water sources. In the past years, the quantity of oil substance dispersed into
the hydrosphere around the sector is risen dramatically. Food processing, hydrocar-
bons enterprise, and refining manner have improved the danger of pollution. It was
observed that effluents receiving wastewaters from enterprise have 40.000 mg/L oil
awareness [53]. Different form of depolluting device have been tried like bentonite
organically [54, 55], palygorskite [56], a magnesium aluminum phyllosilicate, and
activated carbon. In 2010 authors tried to develop a hydrogel to hold water with
oil-pollutant molecules [57]. They claim that a very promising hydrogel is chitosan,
thanks to an excessive presence of amino corporations and hydrogen which could
react with vinyl monomers. Authors explained use of polyacrylamide grafted at the
polysaccharides rises the functionality to draw and maintain stable particles which
stay in suspension in water, called flocculants. The better crosslinking degree, the
lower the retaining functionality. This is because of a smaller distance between two
nodes inside the matrix network. Reducing this distance, the swelling degree will
decrease. Furthermore the initial concentration of wasted oil within the environment
is another essential parameter because of its belongings of affecting the adsorption
kinetic. In truth, a higher concentration corresponds to quicker swelling kinetics.

As already talk for the environmental programs section, hydrogels can hold inner
their matrix a large wide variety of microorganism for purification of water, for
production of biomolecules, or for easy way of life of microorganism by way of
themselves. Indeed, agar is famous because of the golden well-known substrate for
bacterial way of life in biotechnological applications [58]. Since it is indigestible
through a splendid variety of microorganisms, it provides an excellent surround-
ings for their lifestyle on a solid substrate [59, 60]. Different kinds of agar have
been studied, every capability use for likewise one-of-a-kind varieties of bacterial.
Between them, brucella agar, columbi agar, schaedler agar, or trypicasesoy agar are



8 Green Hydrogels 237

the most common. None of those gels has superior outcomes in comparison with
the others; instead, all people are suitable for distinct programs in motive of their
exclusive professionals and their cons [61, 62].

6.5 Electrophoresis and Proteomic

Gel electrophoresis presently represents one among the most widespread tech-
niques for protein separation. In addition to the most normally employed polyacry-
lamide crosslinked hydrogels, acrylamide-agarose copolymers had been proposed as
promising systems for separation matrices in two-dimensional (2-D) electrophoresis
because of the coolest decision of both excessive and occasional molecular mass
proteins made viable by means of cautious control and optimization of the hydrogel
pore structure. As a count of fact, a thorough information of the nature of the hydrogel
pore structure in addition to of the parameters through which it is prompted is crit-
ical for the design of hydrogel structures with most suitable sieving properties. What
is the proteomics? The time period proteomics changed into first coined in 1995
[63]. Proteomics is to take a look at the proteome, and is the huge-scale observa-
tion of proteins, particularly their structures and functions, in a given type of cell
or organism, at a given time, underneath described conditions, to make an analogy
with genomics, the examining of the genome. The proteome is the complete set of
proteins, produced or modified by means of an organism or system. This varies with
time and wonderful requirements, or stresses that a cellular or organism undergo.
Proteomics is an interdisciplinary domain formed on the idea of the research and
development of the Human Genome Project. While proteomics commonly refers to
the huge-scale experimental analysis of proteins, it is miles often especially used for
protein purification and mass spectrometry. In the field of proteomics, the ability to
come across a massive wide variety of proteins in unmarried evaluation represents
a key problem to obtain fast and green operation [64]. In this context, the blended
use of 2D gel electrophoresis coupled with mass spectrometry has allowed sizeable
advances during last few a long time and has emerge as nowadays one of general
tactics for proteins separation and identification [65, 66].

Among the substances used for 2D gel electrophoresis, polyacrylamide
crosslinked hydrogels have been appreciably investigated inside the literature [67],
due to the fact their tunable mesh length porosity appears to be perfect for keeping
apart proteins and DNA samples. Typically, acrylamide concentrations higher than
5% are used to shape the separation matrix, with the acrylamide concentration being
selected to maximize decision of the range of proteins of interest. Lower acrylamide
concentrations are vital when resolution of big highmolecular mass (HMM) proteins
(>500 kDa) is sought but at the expense of poor mechanical stability of the gel matrix
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that regularly yields difficulties in handling those media [54]. Other polymeric struc-
tures alternative to polyacrylamide gels have additionally been proposed as sepa-
ration matrices for 2D electrophoresis which include agarose, changed polyacry-
lamide gels, and acrylamide-agarose copolymers [68–70]. In particular, the bless-
ings of the acrylamide-agarose machine particularly lay inside the possibility of
improving the decision of large HMM proteins without compromising the decision
of low molecular mass proteins, partly because of the optimal average pore size
of these substances. Indeed, the electrophoresis migration technique via the poly-
meric gel matrix is driven by way of the interactions between the protein fragments
and the porous network of the gel, causing the excellent of protein resolution to be
pretty structured on special structural parameters function of the gel matrix [71].
Among these, implying gel pore size, pore length distribution, and stiffness of the
gel plays essential role. In order to achieve advanced separation performance in 2D
electrophoresis applications, it is miles therefore important to recognize the unique
nature of the pore shape of the gel and the parameters through which this pore shape
may be managed and manipulated [72, 73]. In particular, it is far of first-rate interest
to analyze structure-property relationships of these hydrogels in the attempt to opti-
mize their functional overall performance. A wide big variety of hydrogel chemical
compositions became studied and their effect on structural and functional houses of
the hydrogel become elucidated. By using dynamic rheological checks and creep-
healing exams, a correlation became discovered among the rheological response of
these hydrogels and their sieving homes. More specifically, the assessment of the
crosslinking density by using dynamic assessments and using viscoelastic fashions
for figuring out the resistance of non-everlasting crosslinks to move in the network
structures shed mild at the pore structure of the hydrogel matrix and helped to clarify
its influence at the electrophoretic separation overall performance. The mechanical
stability of the crosslinked hydrogels was additionally investigated by way of tensile
tests and correlated with the crosslinking density of the gel matrix.

6.6 Hydrogels for Tissue Engineering

Hydrogels are three-dimensional polymer scaffolds used in several packages of tissue
engineering. A particularly crucial group of techniques is the so known as in-vivo
tissue regeneration. In this case, a patient’s very own cells are combined with the
polymer and held in-vitro till geared up to be implanted. The hydrogel acts as a natural
extra-mobile matrix that eventually promotes cellular proliferation and tissue re-
boom. The pseudo-extra-cellular matrix, comprised of growth factors, metabolites,
and other materials, brings cells collectively and controls tissue shape with the last
goal of replacing the natural tissue that become lost or damaged. When components
of the complete of sure tissues or organs fail, there are numerous alternatives for
treatment, including repair, replacement with a synthetic or natural replacement, or
regeneration. The figure underneath indicates how tissue or organ injury, ailment, or



8 Green Hydrogels 239

failure has evolved to reach the field of tissue engineering. Tissue repair or replace-
ment with an artificial substitute is limited to those situations where surgical methods
and implants have finished success. Although implants have been a fairly successful
alternative, tissue engineering holds out exceptional promise for regeneration of the
failed tissue. The first choice of the diseased or injured organs is extracorporeal
treatment, wherein blood is circulated thru polymeric membrane change devices.
These gadgets are normally passive alternate structures; however, more recently
experimental structures may incorporate entrapped or encapsulated cells from other
human or animal sources. Those latter structures are referred to as bio-artificial or
bio-hybrid organs. Total replacement of the diseased or malfunctioning organ or
tissue with a natural replacement requires transplantation of an acceptable, whole-
some replacement, and there is a restricted supply of such organs and tissues. Thus,
tissue engineering holds out fantastic promise for regeneration of organs (determine
4). Hydrogels have end up more and more studied as matrices for tissue engineering
[66].

Hydrogels designed for use as tissue engineering scaffolds may also comprise
pores massive enough to accommodate living cells, or they may be designed to
dissolve or degrade away, releasing boom factors and developing pores into which
residing cells can also penetrate and proliferate. One huge advantage of hydrogels as
tissue engineering matrices vs. extra hydrophobic options along with PLGA is the
convenience with which one may additionally covalently incorporate cell membrane
receptor peptide ligands, so as to stimulate adhesion, spreading, and boom of cells
inside the hydrogel matrix. However, a large downside of hydrogels is their low
mechanical strength, posing considerable problems in handling [74]. Sterilization
issues are also very challenging. It is clear that there are both good sized advantages
and downsides to the use of hydrogels in tissue engineering, and the latter will
need to be overcome before hydrogels which becomes sensible and beneficial in this
interesting field. It needs to be cited that a gel used as a tissue engineering matrix
may additionally never be dried, but the overall water inside the gel is still made
from certain and loose water.

6.6.1 Merits of Hydrogels in Tissue Engineering

Aqueous surroundings can shield cells and fragile drugs (peptides, proteins,
oligonucleotides, DNA)

• Good shipping of nutrient to cells and merchandise from cells
• May be without problems modified with cell adhesion ligands
• Can be injected in-vivo as a liquid that gels at body temperature
• Usually biocompatible.

6.6.2 Demerits of Hydrogels in Tissue Engineering

• Can be hard to handle
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• Usually robotically weak
• May be difficult to load capsules and cells after which crosslink in-vitro as a

prefabricated matrix
• May be difficult to sterilize.

In-vivo, the formation of organs and tissues is based on the coordination in time
and area of cell differentiation, polarity, shape, division, and death. This coordination
is predicated at the mobile integration of indicators from microenvironment, mainly
such as the extracellular matrix (ECM) and intercellular communication [75]. The
transduction of a typical mixture of those elements coupled to specific cytoplasmic
additives can result in the three modern steps in differentiation. First, stem cells are
specified toward a certain fate, then they shift from a specified country to a deter-
mined state, wherein the mobile fate cannot be reversed and subsequently reach their
differentiated kingdom. The main venture of tissue engineering is to reconstitute in-
vitro an environment that induces the differentiation of cells and their organization in
an ordered purposeful tissue. The cell substrate is of specific importance, due to the
fact in-vivo the extracellular area is occupied by means of the ECM. The chemical
composition of the ECM and the ensuing mechanical residences are both essential
aspects, because the transduction of both chemical and bodily alerts via cellular adhe-
sion molecules affect mobile form, polarization, migration, and differentiation [76].
Furthermore, the ECM topography orients tissue polarity and the morphogenesis
of new organs. Molecular hydrogels hold massive potential for cells subculture and
tissue engineering; peptide-based totally molecular hydrogels, specifically those of
long peptides, could provide appropriate environments for cellular growth, division,
and differentiation. Zhang group and the Stupp organization have confirmed that
peptide-based totally hydrogels may want to manual the differentiation of stem cells
[77]. Theproject in this area becameaway to split cells fromgels post-subculture such
as using quick-peptide-based totally molecular hydrogels formed by using biocom-
patible techniques for 3D cell subculture, stem cellular managed differentiation and
cellular delivery [78]. Responsive molecular hydrogels for the recuperation of cells
post-way of life were additionally studied [79]. Collagen is the maximum ample
protein mammals, making up about 30% of the general frame protein content. In
order to imitate collagen nanofibers, a serial of quick peptides bearing collagen
repeating tripeptide of Gly-Xaa-4-Hyp (GXO, X was Lys (K), Glu (E), Ser (S), Ala
(A), or Pro (P)) turned into synthesized [80]. There are two most important bottle-
necks right now in tissue engineering. The first one is correlated with the opportunity
of obtaining, in-vitro, advanced vascular tissue [81, 82]. In second instance, once a
pseudo-physiological angiogenesis is achieved, the ambitious aim is to create engi-
neered complete organs [83]. First attempts on this path in which made through
printing 3D organ-like systems with ECM and cells, or through decellularization
and seeding. Under these circumstances, hydrogels are normally studied as transient
substitutes of the extracellular matrix (ECM) due to comparable physico-chemical
properties, which includes stiffness and hydrophilicity [43]. Hydrogels used as scaf-
fold in TE ought to be biocompatible and elicit the smallest response by means of the
body. This is a very complex problem, indeed, for the subculture of eukaryotic cells
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implies numerous precautions. Cells morphology, metabolism, and universal pheno-
type are without delay correlated with the indicators they receive, to start with from
the physical and chemicals homes of substrate. The micro- and nanostructure, the
porosity, and the stiffness of the surfaces are all crucial signals for the cells (topog-
raphy and mechanical residences) [83]. A very crucial phenomenon, for instance, is
the touch guidance, introduced by using Weiss in 1934 [84], for which cells aligns
to the shape and the microstructure of a given surface. Especially for some kind of
cell culture (e.g., myocytes), this phenomenon is essential for the creation of latest
working tissue [85, 86]. Hydrogels for TE must be advanced trying to fit this neces-
sity. For the purpose, different substances have been investigated. Actually, studies
are focused specifically on degradable scaffold to allow mobile migration while the
matrix degenerates. Researches verified the significance of engineered degradation
on non-degradable scaffolds by way of viability test [87, 88]. These hydrogels can
be divided through the starting place of the polymer that they are made of: either if it
is far herbal or synthetic. In the prevailing article, the eye will be targeted on natural
derived hydrogels.

1. Dextran: Dextran is herbal polysaccharide received from the digestion of
amylopectin. Lowmolecular weight dextran is been used like a plasma expander,
thanks to the distinctly inert and nontoxic conduct of this polysaccharide [89].
The maximum interesting function of dextran are its protein rejection properties,
the so called non-fouling [74], coupled with first-rate biocompatibility due to its
glycocalyxmimic conduct [90]. This property is beneficial to create an ECM-like
hydrogels for tissue engineering, and for instance, Yunxiao and collaborators
created a copolymer between methacrylate-aldehyde-bifunctionalized dextran
(DEXMA-AD) and gelatin B. This fabric was obtained via ultraviolet (UV)-
crosslinking among a methacrylate organizations on Dex-MA-AD and the alde-
hyde corporations, allowing the inclusion of gelatin inside thematrix that granting
enzymatically degradation and cellular adhesive homes. Researchers reveal that
this sort of hydrogels ought to promote adhesion of vascular endothelial cells
[91, 92].

2. Gelatin: Gelatin is the denatured form of collagen, one of the major component
of ECM. Collagen but contains immunogenicity problems because of the pres-
ence of antigens from the unique tissue. Gelatin is a protein materials with a
long α helix with a high content in glycine (≈25%) [93]. Gelatin exist in two
specific shape, processed in acid solution (kind A, commonly porcine), or in
alkali solution (kind B, generally bovine) [94]. In its natural shape, it is quickly
dissolved in water, but it can be crosslinked to achieve a hydrogel with higher
mechanical residences and degradation rate. The crosslinking can be achieved
in many exceptional ways, but from the physical side, we ought to use UV retic-
ulation or the chain polarity. From the chemical one, it is very commonplace
to polymerize, with enzymes too, the chains with a sure on the side agencies
of amino acids. Lysine and glutamic acid are the most employed for it. Thanks
to his similarity to the herbal ECM, many compounds were been evolved with
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gelatin-coating or covered element. Chitosan-gelatin, fibroin-gelatin, alginate-
gelatin, and dextran-gelatin are very commonplace. Das and collaborators tried
to create a fibroin-gelatin biomaterial for bioprinting cells laden in a 3D tissue
constructs. They evolved two kinds of hydrogels: one crosslinked by sonication
and the alternative crosslinked using tyrosinase enzyme. The results showed that
sonication-gelatin fibroin hydrogel proven better osteogenic differentiation at
the same time as tyrosinased-gelatin-fibroin supported better chondrogenic and
adipogenic differentiation [95].

3. Chitosan: Chitosan is a polysaccharides from chitin of the crustacean skeleton. It
is composed with the aid of the repetition of N-glucosamine units. An essential
index to assess chitosan’s properties is the degree of acetylation, described as
the quantity of amine in the cloth. For instance, it is far proved that chitosan
ought to decrease the adsorption of protein and the binding of bacteria [96].
Some studies file a primary period in which chitosan repelled cell adhesion,
and a second wherein cells starts to bind to it. There is a non-uniformity in
consequences about this refractory-period, anyhow it can be exploited to seed
unique form of cells. For example, Tao Jang et al. posted a look at wherein they
used photopolymerization on chitosan with a view to deposit cells between the
chitosan patterns. They endorse that after the refractory-period, while cells are
disposing in no chitosan lined regions, it is miles viable to seeds every other sort
of cells for the improvement of a more complex system [97]. Take a look at every
other chitosan that has been coupled with gelatin to create an in-situ gel for cell
seeding and/or drug delivery. In particular, the group evaluated the distinction in
crosslinking with the aid of two distinctive enzyme [98].

4. Hyaluronic acid: Hyaluronic acid—HA—is a glycosaminoglycan GAG
enclosed inside the herbal ECM, and middle of the fabric is a polysaccharide
with high affinity for water. Usually, to growth the mechanical houses of this
biomaterial, a covalent cross-linking between chains is done. Researchers have
mentioned that a too high degree of modification and crosslinking ought to influ-
ence the biocompatibility property of the fabric [99]. In-vivoHA can have unique
molecular weights. Low and excessive molecular weight HA cause an opposite
cells behavior [100]. HAmacromolecules shown an anti-inflammatory, immuno-
suppressive properties, and blocks angiogenesis, even as cleaved small fragments
set off the contrary conduct, permitting endothelial cells migration and angiogen-
esis [101, 102]. Indeed, lowmolecular weight HA had been correlated with a few
cancers, like prostatic one [100, 103]. HA hydrogels were received in an effort
to exploit the angiogenic power of the molecule in the course of the degradation
of a cloth. Kisiel’s organization, for example, crosslinked HA with protease-
degradable peptides and brought mobile adhesion ligands to improve the cell
spreading on the material [104]. On every other hand, Shu et Al. attempted to
mimic the ECM copolymerizing HA and gelatin. They introduced a thiol insti-
tution to the Hyaluronan, and in this way, they were able to cross-link modified
Hyaluronan with modified gelatin through disulfide bonds [105].

5. Pectin: Another polysaccharides utilized in tissue engineering hydrogels is
pectin. It is received from cells walls after a low pH, high temperature processing.
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Unfortunately, till now, researchers have not reached the intention to standardize
this product in an economically sustainable way [106]. Based on its esterification
degree, pectin is classed from low methoxyl to excessive methoxyl, tuning this
property adjustment the mechanical conduct of the cloth. Reticulation can occur
by means of lowering pH to obtain bodily gel, or the use of divalent or triva-
lent ions to obtain water-insoluble gel [107, 108]. In the tissue engineering field,
pectin seems very interesting because of its promotion of nucleation of mineral
phase while immersed in a selected organic solution [106, 109].

6. Alginate: Derived from brown algae, alginate is a polysaccharide composed of
beta-D-mannuronic acid and alfa-l-gluronic acid. Its reticulation can also occurs
by divalent cations (Ca2+, Fe2+, Ba2+) [110]. In tissue engineering, alginate can
be used as an immunoisolation barrier [92]. Alginate scaffold for the regen-
eration of annulus fibrosus are also been advanced. Alginate scaffold for the
regeneration of annulus fibrosus also are been developed. This hydrogels have
formed reminiscence capability, are cytocompatible, and help proliferation and
metabolic activity [111]. Moreover, alginate hydrogels were used to reduce liver
cells death [112] and with silk fibroin as a substrate for stem cells culture [113].

6.7 Cardiac Applications

In the last decade, advancements were made toward growing injectable hydrogels
[114] for the purpose of cardiac repair. Hydrogel injections by myself have been
shown to attenuate the decline in cardiac feature and left ventricular remodeling
commonly seen after myocardial infarction in both large and small animal models.
Furthermore, hydrogels have additionally been shown to improve cell retentionwhile
co-injected for mobile cardiomyoplasty and to lengthen launch of therapeutics while
used as a transport vehicle.

6.8 Dental Applications

Pulp regeneration therapy is essential to overcome the constraints of conventional
remedy to result in reparative dentinogenesis. Presently, dentists have not any choice
but to eliminate the complete dental pulp with an endodontic method while a dentin
disorder with pulp exposure reaches an important size ensuing in an irreversible pulp
condition. To triumph over this limitation, it is far considered critical to develop pulp
regeneration therapy as well as clarify the mechanisms of pulp wound healing. Pulp
wound recovery and regeneration have not unusual processes, and results of some
of research have indicated that pulp wound recovery includes initial inductions of
apoptosis of broken pulp cells [110], followed by way of reactionary dentinogenesis
by surviving odontoblasts and reparative dentinogenesis through odontoblast-like
cells [115, 116]. Reactionary or reparative dentin is formed toward the residual
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dental pulp, however, not in the area wherein the dentinpulp complicated has been
lost. To achieve the regeneration of the dentinpulp complicated, induction of suitable
pulp wound healing and formation of recent dentin in dentin defects are essential,
and a few research have reported crucial pulp treatments to shape new dentin in
defects [117]. Fibroblast growth factor-2 (FGF-2), which is normally stored inside
the extracellular matrix and launched through enzymatic degradation of extracellular
matrix molecules, performs a function in physiologic conditions such as enamel
and dentin formation of the tooth germ [118], in addition to pathologic situations
[119]. It was previously proven that a sluggish and persistent launch of biologically
energetic FGF-2 was performed through in-vivo biodegradation of gelatin hydrogels
that included FGF-2 [120]. Furthermore, a controlled launch of FGF-2 from gelatin
hydrogels triggered neovascularization and regeneration of numerous tissues, along
with bone [121], periodontal tissues [122], and others [123].

7 Conclusions

The role of green hydrogels is very important in order to increase the output of corps.
Hydrogels triggers the neovascularization of tissues alongwith bone to regenerate the
new tissues. FGF-2 helps to reduce the dentin formation of the tooth germ. Chitosan
decreases the adsorbtion of protein and the binding of bacteria. It is concluded that
the field of green hydrogels is very fast and lot of scope to do research to contribute
to the world.
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Chapter 9
Green Composites from Renewable
Sources

Aravind Kumar, T. Krithiga, D. Venkatesan, D. Joshua Amarnath,
and S. Sathish

1 Introduction

Green composites can be considered as the sustainable materials envisaged for the
next generation gaining rapid interest among various industries and also academic
institutions. This detailed chapter is just an overview of the snapshot to provide a
complete insight into the recent progress in fabrication of green composites, testing,
characterization and at last few applications. Two or more materials are gathered
through physical/chemical means with an interface available betwixt such materials
to develop a new substance known as composite. The distinct materials can be repre-
sented as matrix form and dispersed form of phase substance which may be referred
to reinforcement [1].

Such substance may act as load bearing component, whereas the adjacent matrix
form completely bonds the attached reinforcement together and divides the load
evenly among them. In spite of different properties possessed by matrix as well
reinforcement, but on combining together yields a superior material with excellent
propertieswhen compared to their parentmaterials. Composites are graded as various
types. (i)Metal matrix type, (ii) ceramics type and (iii) polymer-based type ofmatrix.
Out of these, polymer matrix is of growing concern nowadays owing to its maximum
stiffness, less weight, fabrication easiness and excessive strength. In case of polymer
composites, the matrix occluded in composite is a polymeric material and usually
it is based on aliphatic/aromatic hydrocarbons. The material of reinforcement can
be synthetic type fibres generally carbon or else glass fibres. Thus, the polymers
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are substituting the metal matrix materials in various engineering fields such as
automobile, sports, aerospace equipment and so on [2].

Synthetic composites are primarily based on petroleum products. Owing to
growing trend of petroleum resources as well as its minimum reserves and also to
deduce the carbon footmark, research scientists are carefully identifying the alterna-
tives to substitute the petroleum-derived composites [3]. Fewmajor issues accounted
with synthetic polymeric units are

1. Surplus quantity of plastic waste generation and disposal problems owing to its
biodegradable nature.

2. Underdeveloped recycling techniques for degrading polymer composites.
3. More heat/pressure requirement involved during the synthesis of composites

along with synthetic fibres.
4. Deficit for petroleum resources.
5. Rising demand for petroleum-based products [4].

Due to represented factors above, nowadays, research people aim at polymers
derived from sustainable and eco-friendly base materials being more surplus in
availability. This keeps a concern on natural fibres and fibre matrices allocated for
synthesis of polymeric composite units. Many research studies forecasted that the
involved energy in natural fibre development technique is definitely greater than
fifty per cent of consumed energy that could be attributed to generation of synthetic
fibres. In spite of higher energy consumption, natural fibres possess certain merits
which include lighter weight, non-irritating, non-toxic, non-abrasive and extremely
biodegradable [5].

The definite selection of natural fibres for the purpose of reinforcement material
can be probably recalled back to nearly 12,000 years. Plant fibres were involved as
reinforcement material that can be viewed in brick construction materials during the
Egyptian era. Henry Ford designed an automobile body completely out of natural
fibre–hemp. Such natural fibres possess good thermal insulation and better acoustic
properties. Perhaps, these materials were used for structural panel construction units
and also as sandwich vertical beams recommended in housing project units. The
verdict of such naturally available fibre materials in construction technology is quite
large owing to its maximum performance that can be expressed in terms of reliability,
durability, stability, low cost maintenance as well as cost-effectiveness [6].

2 An Insight to Green Composites

The polymeric composite units were composed of both natural fibre units and
biopolymers said to be known as green composites. Few natural fibres were coir pith,
sisal, hemp, flax units, etc. The biopolymer material includes lactic acid, poly-lactic
acid (PLA), starch, furan, etc.
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2.1 Classification of Fibres

The coir, cotton kapok unit, jute, hemp, flax and manila type sisal belongs to the
category of cellulosic vegetable fibres (Fig. 1). Wild silk material, crossbred unit and
horse, rabbit, camel and alpaca can be obtained using aforementioned origin. Fibres
generated from such cellulosic background can be comprised based on its origin as
seed, leaf, bast, stalk and green grass. The resulted fibres from leaf, stem and bast
are developed in to bundles and hence said to be known as fibre bundles, whereas
fibre resulted from the seed were known as fibres. The three essential components
occluded within the natural fibre units are lignin, cellulose and hemicellulose [7].

Out of this, cellulose is recommended as the primary component responsible for
providing inherent strength and excellent stability to such fibre, whereas hemicellu-
lose is associated with fibre structure. In general, natural fibre units are exclusively
meant for certain non-structural application purpose which encompasses bag, rope,
broom and even furniture in the rural areas. Moreover, apart from having coarse
texture and available from white to deep brown colour, these can also be utilized
effectively in roofing and insulation purpose.

NATURAL FIBRES

Vegetable Fibres

Fruit,Bast
Leaf,  Seed

Animal Fibres

Wool,Hair,Silk

Mineral Fibres

Asbestos,Bauxite, 
Alumina

Fig. 1 Classification of natural fibre units Source Author
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2.2 Extensive Role of Fibre Units

1. Coir

Coir fibre is considered to be extracted from rice husk, coconut shell exterior cover,
and hence as a consequence, it may be utilized as a seed-driven fibre unit (Fig. 2-
1). Coir is extremely water resistant and even resistant towards salt water damages.
During harvest of fibre unit, the presence of coconut at premature stage generates a
soft and fine pliable fibre (white in colour), whereas a strong brown fibre is obtained
during fully mature stages which is even less flexible than the former one [8].

2. Bamboo

The fast growing plant belonging to grass variety is available in monsoon climate
regions. Possess maximum inherent strength and stability to maintain tempera-
ture level, especially during the coupling of additive agents. Such bamboo fibres
(Fig. 2-2) were involved in furniture making, surf board development and interiors
to automobile components [9].

3. Hemp

It is obtained as a plant extract from cannabis family of species. These hemp units
are explicitly utilized in textile manufacturing processes and also in paper industry
(Fig. 2-3). During earlier centuries, they have found applications in manufacturing
the sails of canvas ships, nets, rigging weirs and stable caulk owing to its excellent
strength inbuilt with salt water resistance [10].

Fig. 2 Natural fibres. Source Google
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4. Bagasse

Such fibre is developed from the squeezing remains of sugarcane and it has also been
used as material for undergoing combustion operations in sugarcane industry itself
also in pulp production industries to manufacture paper cloth (Fig. 2-4).

5. Jute

One of the cost-effective fibres generated in surplus quantities in India as well as
China and Bangladesh is the jute fibre (Fig. 2-5). The associated specific modulus
parameter of such jute fibre nearly approaches to that of glass fibre material and can
even remain stable up to a temperature level of 20 °C without incurring any kind of
damage to the inbuilt properties [11].

6. Flax

It is one of the very ancient fibres in the universe, such fibres can be definitely woven
into various types of fabric units easily which are further utilized to manufacture
excellent composites containing different properties (Fig. 2-6). Moreover, such flax
material is eco-friendly in nature, economical to involve in process operations and
also can be rivalled to modern synthetic fibres as per previous research studies.

Apart from above wood derivatives, various other natural fillers of organic basis
have also been prompted to identify application in certain sectors. Few examples
include cellulose, sisal, cotton, jute, kenaf, hemp and starch. Perhaps, environment
friendliness can be established using post-consuming recyclable plastic materials
instead of modern polymer matrices [12, 13].

Such wood flour matrix and fibre materials are much interesting due to its
salient features of low cost, elastic modulus factor, dimensional stability but with
less improvement in their tensile properties (Table 1). The main drawbacks are its
lower toughness, poor adhesive nature associated betwixt filler materials and that of
polymermatrix and thermal dissociation developed at operating temperatures beyond
200 °C [14].

Anyhow, hemp, sisal, kenaf and flax are geometrically similar to each other and
essentially fibres of maximum length derived from bast of various plant species.
These can be absolutely used as filler materials that can be made by means of proper
segmenting into short or lengthier fibres. Starch is an organic polysaccharide that
may exist in various plant species which aids as a source of energy. It is composed
of monomers of glucose derivatives bonded with alpha linkages [15].

The proper addition of granular starch material to a polymer matrix results in
a reduced property of large elongation at breakpoint and simultaneously enhanced
elastic modulus factor due to high proportion of starch content [16]. A notable short-
coming of such filler material is the ability to absorb large amount of water due to its
maximum surface distribution and hygroscopic nature. Few other natural fillers of
organic form utilized in less extent are nutshells, rice husk, its ash, fibres of empty
palm fruit, corn plants, coconut shells, etc. [16].
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Table 1 Physical characteristics of few plant-derived fibres

S. No. Fibre type Fibre Elongation % Tensile
strength
(MPa)

Density
(kg/m3)

Young’s
modulus
(GPa)

1 Stem Jute 1.25–1.52 400–800 1400 15–55

Hemp 1.5 575–900 1480 25–80

Flax 1.4–3.2 350–2000 1500 20–80

Bamboo 1.35 200–600 600–910 20–45

Kenaf 1.58 160–940 1450 22–62

2 Fruit Oil palm 5–19 50–410 700–1500 1–9

3 Wood Softwood – – 1100 25

Hardwood – – 1200 39

4 Leaf Sisal 3.2–7.1 470–710 1500 9.5–22.2

Banana 2–3.5 162–790 720–880 7.6–9.5

5 Synthetic Glass 2.9 4500 2500 80

Aramid 3.5 3125 1500 65

2.3 Polymer Matrices

The primary polymer matrix materials involved in the branch of green composites
could be narrated in the following section.

2.3.1 Polypropylene

Several literatures reported the combination of polypropylenewith natural fillermate-
rials extracted from flax, wood, sisal, kenaf, hemp and starch. The attention towards
alternative cellulosic sources trace a fact of justification that these compounds are
much more renewable compared to wood. Certain adhesive promoters are also well
applied [16]. Few mentioned examples in previous literatures involve polypropy-
lene grafted with maleic anhydride (PPgMA), styrene-styrene rubber embedded
with ethylene/butadiene supported with maleic anhydride (SSEBgMA), silane-
based components, copolymer formed out of propylene, ethylene and diene grafted
with matrix of maleic anhydride (PEDgMA) which definitely allowed a significant
enhancement in its morphological and mechanical characteristics.

Quite interesting phenomenon have been traced out of wood fibres impact on
morphological behaviour and crystallization trends of polypropylene based organic
composites. It is proven that wood fibres do not account to kinetics of crystal growth
effectively, whereas it can render an elevated phenomenon of nucleation, still it is not
evident whether the experimental improvement in mechanical characteristics could
be primarily attributed to enhanced polymer-wood adhesion or even better wood
supported dispersion or otherwise both. It is henceforth marked that the existence
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of amorphous portions within the polymer geometry can play a prominent factor to
reduce the mechanical behaviour [17].

2.3.2 Polyethylene

The published literatures highlight polyethylene-derived composites involving
various fillers such as corn starch [18], rice starch [19], kenaf/sisal fibres [13, 20],
wood chips [19] and other fibres.Moreover, papers were being subjected to existence
regardless post-consumed recyclable polyethylene,HDPEavailable from sealedmilk
bottles [21], wood fibres through food packing containers, polyethylene arising out
of greenhouse filmy materials, sago starch and olive stones [22].

Wood fibres are generally blended with 50–70% by molar weight of polymer
supported matrix. Thereby, a marked enhancement in stiffness, flexural strength
and ductility reduction was also observed [23]. This drawback can be overcome
by adapting polar adhesive promoters that is listed as maleic anhydride supported
polypropylene/polyethylene (MASPP/MASPE) or even a copolymer constituting
ethylene and acrylic acid [24].

Others:

Many classes of polymerswhen combinedwithwood such as sisal fibres/polystyrene,
starch or wood flour, phenolic resins, polycaprolactone, natural fibres, palm flour,
isora fibres, rubber and polyester resins were listed along with natural rubber [25].

2.4 Fibre Extraction Procedure

Retting technique and decortication procedure are generally applicable to dissemi-
nate the fibre bundles from agglomerated bast and leaf part of plants. Retting can be a
process of subjecting the crop or deseeded part of straw to either chemical/biological
treatment in order to assure the fibre bundles to be separated easily from the woody
stem so as to ascertain the complete dissemination of fibre bundles. Dew entails of
retting leaves the stem part in the agricultural field to undergo rot. Hence, such a
process is to be carefully monitored to confirm the separation of bast fibres from the
entire core of attached plants without loss in its inbuilt quality. Such dew technique is
much famous in European countries in spite of its explicit dependency on geograph-
ical distribution and this develops coarser fibres of low quality than being obtained
using water retting procedures. Water retting issues entails the discrete soaking of
plant stem parts in any water source [26].

A decorticator is an equipment used to firmly strip aggregated bundles of fibre
from leaf or stem. Leaves are certainly crushed and hardly beaten by a reciprocating
wheel embedded through blunt knives such that the fibres alone remain. The left
out leaf parts were washed using water. Such decorticated parts are slowly washed
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before subjecting them to drying via solar energy or hot air. The resulted dry fibres
are then properly combed and arranged into various grade forms.

2.5 Pre-treatment of Fibres

Pre-treatment procedures conducted on fibres using both physical/chemical steps
drastically improve the procured adhesion that occurs at the interface of fibre-matrix
and thereby deduces moisture adsorption of organic fibres. Further, the chemical step
involved in fibres also tend to aid in enhancing mechanical characteristics under the
impact of controlled environmental ageing factors.

2.5.1 Physical Modification

Such modification has been always done with the aid of certain instruments to
modify the surface and structural fibre properties with the possibility of enhancing
the mechanical strength of involved fibres. The hydrophobic nature of fibres, thereby
strongly impacts the mechanical bonding embedded onto matrix material. The treat-
ments followed during decades are thermal method, stretching and calendaring
process [27].

The thermal treatment is a traditional procedure tomodify the organic fibres.When
such fibres are exposed to heating temperature above transition range prevailing for
lignin content, it is emphasized that softening alongwithmigration of the sameoccurs
on the fibre surface. The transition point of kraft lignin is 145 °C and starts to degrade
in its content at 215 °C. Therefore, the prolonged heating beyond 200 °C would
make it to soften. Surface disruptions through discharge treatment techniques such
as plasma heating at low temperatures, sputtering step and corona decomposition are
of much interest with a relative aim to improve the functional properties involved in
organic fibres to a successful manner. The sputtering etch provides surface roughness
and thereby enhances adhesion. This etchmay also be possible by lengthier treatment
operations which may also leads to better dye ability and surface wettability. Plasma
heating may reduce the fibre strength which may also be affirmed due to elevated
operating times involved in such treatment [28].

2.5.2 Chemical Modification

Chemical method involves the addition of chemical agents to disrupt the fibre surface
or the entire fibre throughout. Modification comprises oxidation, mercerization,
grafting, crosslink and coupling treatment as five main methods.

The above-mentioned research is definitely emphasized on filler surfacemodifica-
tion in order to acquire enhancement of interstitial adhesion between the polymeric
macromolecular matrix (hydrophobic) and filler materials (hydrophilic) and their
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essential dispersion in the polymer matrix. This is considered as a serious issue
such that the gradual addition of organic filler materials may prone to undesirable
mechanical behaviours which can be ultimately true when low strength/diameter
ratio of fillers are used. Trendy changes in mechanical properties using mild addition
of 25% by weight ratio of natural fillers to recyclable polyethylene are listed below
[28].

Oxidation can take place under the influence of mild chemical condition with the
introduction of aldehyde, carboxyl and ketone group along the cellulose chains by
appropriate oxidation of both primary/secondary hydroxyl radicals. Mercerization is
an alkaline addition for fibres using sodium hydroxide. Such treatment renders the
fibre to swell which leads to nearly 30% breakage of hydrogen bonds during post-
treatment procedures. Suchbondswill reunite andproducevarious effects (i) decrease
in spiral angle with increase of molecular detection, (ii) axial split of elementary
fibres which thereby elevates fibre density and further structural collapse of cellular
matrices and (iii) modification of primary cellulose to secondary cellulose.

As a whole, the overall advantage of green composites lies upon its extra-ordinary
stiffness and excellent thermos-mechanical resistance in spite of its deduced ductility
parameter and tensile strength. Hence, it is oblique that themodification of chemicals
or adhesive promoter’s usage can be effectivemeans to excel the occludedmechanical
properties. In general, modification process completely relies on physical/chemical
steps primarily focused on successful grafting of chemical units that are viable to
enhance the interstitial interactions. Few steps can be recalled as follows [29–38].

1. Acetylation

The selected fibres are completely dipped in a bath of glacial acetic acid for about an
hour along with addition of acetic anhydride with careful blending of conc. sulphuric
acid to few minutes, further filtrated, then washed and dried in an oven. This step
is an esterification reaction which abruptly stabilizes the cell walls which could
be pronounced in facts of humidity acquisition as well as simultaneous geometric
variation.

2. Mercerization

Also known as alkali treatment, it is tested on short fibres by slow heating at nearly
60 °C in 12% NaOH solution for 4–5 h. Further, it is washed and dried via ventilated
oven used to generate better fibre quality with an improvement in fibre wetting.

3. Benzylation

After alkali addition, the opted fibres are treatedwith benzoyl chloride for an hour and
followed by filtration, slow washing and drying. Further, it is blended with ethanol
for 2 h followed by gradual rinsing and oven drying such a process reduces the
hydrophilic character of fibres.



260 Aravind Kumar et al.

4. Stearic acid addition

Mixture of ethanol and stearic acid was added dropwise to fibres based on its total
weight and further dried through hot oven.

5. Peroxide addition

Fibres are saturated with benzoyl peroxide in acetone solution for thirty minutes,
further decanted and then dried. Such addition has shown elevated improvement in
mechanical properties as proven by recent research studies.

6. TDI treatment

Immersion of fibres in chloroform bath followed by little addition of a catalyst based
on di-butylin di-laurate derivative followed by 2 h continuous stirring along with
addition of toluene di-isocyanate, and at last dipped in acetone and then only oven
dried.

7. Permanganate treatment

Fibres are strictly immersed in acetone-permanganate mixture (conc may vary
from 0.005 to 0.25%) not less than a minute followed by decantation and drying.
Hydrophilic behaviour is decreased by such treatment.

8. Anhydride treatment

Maleic anhydride mixed with toluene solution is utilized in such treatment, in which
the fibres are entirely dipped for impregnation combined with hydroxyl reactions on
the fibre surface. This step consequently reduces water absorption capacity.

9. Isocyanate treatment

Such isocyanate compound reacts with hydroxyl units onto fibre surface, thereby
impacting better association of interstitial adhesion towards the polymer matrix
molecule. Mostly, it performed at moderate temperatures to about 50 °C for an
hour.

10. Silane treatment

Fibres are cohesively mixed with 2:3 water alcohol mixture comprising a silane type
adhesive promoter for 2 h at a pH of 4 and then subjected to drying. Such silanes
undergo reaction with hydroxyl units thereby results in surface quality improvement.

11. Plasma treatment

It enhances significant modification onto fibre surface. Anyhow, chemical as well as
morphological modification may be quite heterogeneous which in turn depends on
process conditions. Hence, such a step is difficult to materialize resulting in critical
attention towards process control and also the final surface dissemination step.
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2.6 Biopolymers

Polymers resulted from non-conventional resources can be typically segregated to
three broad groups (i) natural organic polymers—starch/cellulose, (ii) artificial poly-
mers resulting from natural organic monomers—poly-lactic acid (PLA), (iii) poly-
mers produced out of microbial fermentation—poly-hydroxyl butyrate (PHB). Poly-
lactic acid, one among the distinguished biodegradable polymers can be synthe-
sized from natural source of feedstock including corn starch and also produced
from rice, sugar beet, potatoes and other wastes obtained from agricultural activ-
ities. PLA production comprises feedstock raw material conversion into dextrose,
therein undergoes further conversion into lactide/lactic acid through fermentation
reaction in presence of catalyst. The formed lactide is ready for further processing so
that themonomer can be purified and aftermath polymerization, PLA can be obtained
through polymerization reaction which takes place in presence of a suitable catalyst.

2.6.1 Poly-L-Lactic Acid

PLLA has gained much attention and available on a wider basis which possesses
high ordered melting point, wherein the process parameters are relatively similar
to polypropylene. It possesses high grade of mechanical properties and also exhibit
strong anisotropic effect such that thefibrewill orient itself in four principal directions
(0–135 °C).

2.6.2 Polyesters

This broad group includes poly-hydroxyl alkanoates and poly-dicarboxylates of alky-
lene form. They are synthetically leaded by condensation reactions leaded owing
to chemical reaction betwixt dicarboxylic acids along with diols. PLA is a struc-
tural material due to its tendency to polymerize with high molecular weight. Also,
hydrophobic and vapour permeable such permeability renders sufficient lifetime
to achieve mechanical competence without drastic hydrolysis. This provided the
composting capacity such that all other techniques are also employed [35].

2.6.3 Starch

It is a complex substance comprising amylo-pectin and amylose polysaccharides. The
properties do not vary with amylo-pectin/amylose ratio and also according to plant
source. A major propaganda of starch is corn but also extracted using rice, potato
and wheat. Polymer behaves crystalline nature due to amylo-pectin presence. Poor
mechanical properties and water solubility were two major demerits such organic
polymer requires short form of durability where rapid degradation is conceivably
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advantageous. It is processed to a substance as foam which may be an alternate to
polystyrene and involved in loose packing filter, moulded parts and food trays.

2.6.4 Cellulose Acetate

Cellulose acetate is an organic polysaccharide which is obtained through a chem-
ical reaction betwixt anhydrous acid and cellulosic products extracted from wood
pulp, cotton linters, sugarcane or recycled paper. The techniques involved in cellu-
lose acetate manufacture were first recognized during the last periods of nineteenth
century and this was used in films, filaments and organic lacquers, which also expose
maximum toughness and moreover high transparency [37].

2.7 Bio-based Thermosetting Materials

Most of these were obtained through vegetable oils due to graft reaction of acrylate,
hydroxyl group and that of maleate compounds or else the combined form of these
substances onto triglycerides of fatty acids. Fewwere derived from cashew nut liquid
from its shell obtained from cashew nut shells as an aggregated by-product from nut
processing industry. This liquid contains large content of anarcardic acid, and during
heat extraction operation, it may be converted to cardanol. This is being polymerized
using free radical type of polymerization.

2.7.1 Liquid of Cashew Nut Shell

This liquid was a waste product of cashew extraction process. A viscous and dark
liquid resulted from honey comb structure available in cashew shell which has been
a topmost option for obtaining cost-effective and environmental-friendly resins. It
comprises of anacardic acid with a few amount of cardol and cardanol in raw form,
but when heated as well distilled, it possibly remains in technical grade [39].

2.7.2 Poly Butylene Succinate (PBS)

It obtained from succinic acid, 1,4-butane diol and PBS, which is a biodegradable
polymeric material that is having greater attention in the area of bio-composites.
Owing to its wider temperature aspect for polymeric processing, it is applicable for
injection/extrusion moulding, film blowing and thermos forming.
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2.7.3 Cellulose

The structural component exists in plant structures and it may be available in basic
or esterified using cotton, trees, sugarcane or else recycled paper material. Examples
of such esters are cellulose acetate (CA) and CA butyrate. It is mostly plasticized
using citrate material to render it as a polymer matrix such that it can be effectively
used as a polymer resin.

2.7.4 Merits of Biopolymer Techniques

1. Relative decrease of fossil fuel importing dependency.
2. Reducing petrol consumption.
3. Possible reduction in emission of greenhouse gases.
4. Simultaneous reduction of solid waste contamination.
5. Reducing the polymer waste.
6. Tremendous enhancement in agricultural sectors employment [40].

2.8 Parameters Impacting Composite Strength

The associated properties rely on characteristics of constituent components such as
resins and fibres. The mechanical strength along with stiffness carries the entire load
and its volume proportion. The resin component facilitates its relative position within
the biocomposite and also used to transfer the adsorbed load from bottom of fibres
to its intact portion. The three essential factors of resin/fibre properties along with
its interfacial behaviours are more critical to design the strengthened composites.
Certainly, modification also improves moisture resistance and also composite char-
acteristics [8]. In addition to that, processing techniques also have specific impact on
themechanical behaviours of such composites. These associated properties may vary
with respect to harvest quality, body and age of the plant from which it is derived,
extraction operations and the ambient conditions of environmental site [10].

2.9 Rheology and Processing Techniques

With a focus to processing of polymer–organic filler composites, when correlated
with neat polymer, it may be proposed as a common rule that viscosity enhancement
is observed as a consequence of reduction in processing techniques which may also
occur due to higher filler content. Anyhow such processability does not compro-
mise owing to moderate increase in viscosity and torque along with higher shear
expressions [41].
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There are only fewbackupswhich dealswith rheological studies of polymer ingre-
dients that are filled with organic materials. Early discoveries prompted viscosity
increase in both polyethylene and polypropylene-derived composites embeddedwith
woodwaste. In fewcases, viscosity undergoes a gradual enhancement by addingmore
filler content [42]. It is also demonstrated the varying nature of HDPE composites
by changing the filler addition employing a capillary tube rheometer. Moreover, wall
slipping phenomena is present and extremely dependent on weight % and nature of
fillers. Flow analysis by elongation depicted that viscosity relies on filler content
rather than nature of filler. A selective analysis of Trouton’s factor ratio confirmed it
to be effectively reluctant upon type of fibre along with the observation of consistent
interaction that occurs through the fibres [43].

It is being noted that rheological characteristics of PP embedded onto wood flour
bio-compositeswith/without adding PP graftedmaleic anhydride adhesion promoter.
Such promoter aids in mild processing and anyway by keeping an increase in filler
quantum, rheology tends to modify significantly owing to the development of bonds
between filler-polymers, assisted by the promoter material [44].

2.10 Merits

Composites possess excellent mechanical properties per unit volume and its dura-
bility allows successful manufacture of large and complex shapes. They may be
formed into complicated shapes and can be cut to desired length easily. These
comprise jute, wood fibres, sisal, bamboo, banana leaves and coconut shells. These
fibres can be blended either alone or in combined form as in hybrid varieties and
sometimes partial addition to industrial fibres. These are non-conventional, non-
abrasive to process instruments and may be subjected to possible incineration during
the end of its lifecycle to recover energy owing to its maximum calorific value. Plant
fibres possess less density, high stiffness, low production cost and highly renewable
which adds to its extreme advantage when compared to fossil source derived fibres
(47).

Plant fibres are carbon neutral and thus eco-friendly. Low specific density
of cellulose-derived fibres prone to weight compensation in the manufacture of
composite inclusive of directmerits on transportation. Higher amount of fibre volume
proportions of various plants as compared to fossil-based reinforcements will lead to
discrete cost savings of material due to less amount of investment rendered on plant
fibres than binding matrices.

2.11 Demerits

The application of natural fibre polymer composites is being strictly prohibited owing
to the natural fibre inbuilt properties inclusive of moisture absorbing ability, poor



9 Green Composites from Renewable Sources 265

adhesion, reduced wettability along with synthetic counterparts and lesser thermal
stability encountered during productive operation. Mechanical properties occluded
with these natural composites slowly deteriorate on ageing as the fibre interface
matrix portion is extensively influenced by moisture. The extent of deterioration and
reversible nature of fibre characteristics is extraneously dependent on the degree of
moisture absorption. Less amount of thermal influence, in other words, the chance
of moderate temperature degradation from 240 to 250 °C [45].

2.12 Applications

In spite of lack in adequate strength accustomed by synthetic composites in most
of the cases, various green composites are still then employed in bearing materials
without load condition as in case of sports equipment, furniture, internal/external
panels for vehicles and proper housing built for electronic goods. Flax is recorded
widely to be strongest in its mechanical behaviours that can be legibly manipulated
and showcases the properties as compared to glass fibres when rightly woven to
conditions at an optimum level. Even though hard, its lightweight tendency makes
the flax-based bio-composites to be useful for wider ranges of different products
[46].

Of the above-mentioned bio-composites, cashew shell-based ones are mostly
utilized in varying conditions. Sisal fibre derived composites with reinforcement
have been analysed with a mechanical strength of around 25 MPa and its Young’s
modulus to be 9 GPa. The bending tests proved their roofing applications owing
to its adequate mechanical strength. Plant fibre manufacturing technology formed
from bio-composites centre has developed a variety of construction products based
on natural feedstock materials. One of those is the Isonat@R fibre of insulation,
obtained from hemp developed on UK farming companies and also available from
waste fibres of cotton. This contains nearly 15% polyester so as to provide stability
and loftiness. It can also be decomposed using incineration or composting without
creating harmful effects. It is able to absorb and release the humidity effectively and
such a characteristic feature is utilized in moisture control of buildings with no loss
in its thermal performance, and also with no impact on insulation durability [47].

With a focus to industry-oriented applications, various modes have been proposed
and it can be postulated thatwood can bemostly used organic filler, in specific a cheap
filler material for poly-olefins. Wood flour can be gathered from sawmill aftermath
a simple sieve analysis. Wood fibres were derived from wastes accumulated in a
sawmill by means of thermomechanical process under wet condition. The industrial
utilizations comprise door/window frames, railroad sleepers, furniture, automotive
panels, gardening tools, packaging materials, shelves and in other applications in
which it does not involve high resistance in case of mechanical equipment, but
inculcate low maintenance and purchasing expenditures [48]. Further, it is much
convenient to employ recycled polymeric composites than the virgin ones, thereby
enabling enhanced cost efficiency as well as eco-sustainability. Some more include
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indoor panels, platforms, footboards, upholstery, insulation panels for noise control
were absolutely imported by American, Japanese, Italian, British and German firms
[40].

In specific, automotive industry plays a prominent role in market. The earlier
carmaker using polymer fillers with fibreswasBenz in 1990s by adopting door panels
constituting jute fibres [49]. This has been a popular set-task for other carmakers
who engaged such polymeric composites containing natural fillers as ingredients
for parcel shelves, headrests, roof upholstery, door panels, etc., such that they can
confirmproven advantages such as less environmental impact, improvedweight, high
elasticmodulus parameter, and less costs. Sometimes, it was necessary to enhance the
mechanical characteristics through certain pre-treatment techniques rendered onto
fibres (physical/chemical method) based on application specific, for example, such
treated fibres may be used in mats, non-woven structural parts, etc. [30].

Few literatures assured that such pre-treatments subjected onto natural fibres could
pave the way of developing better quality composites with enhanced mechanical
features as compared to glass fibre intruded organic composites [50]. A consequence
which would be no way possible to establish otherwise, however, the hydrophilic
mechanism of organic filler encourages agglomeration, moisture absorption and also
improper adhesive action with that of polymer matrix, and in fact, large measures
were adopted to avoid the issue of interfacial adhesion [49]. Among these, experi-
mental observations on silanemediated adhesion promoters or alkaline/resin addition
to fibres prone to the chance of semi-conductor applications if the fibres are having
longer lengths.

2.13 Moving Towards Environmental Sustainability

Some recent studies envisaged that, unfortunately, suchgreen compositematerials are
not completely eco-compatible owing to certain limitations concerned with its recy-
clability (if processing temperature for recycling goes beyond 200 °C, the main char-
acteristics will worsen due to degradation process) and even their biodegradability
depends on filler and not based on conventional polymer matrices [51].

For such reasons, research studies mainly emphasized on the development of
100% eco-friendly green composites by alternating non biodegradable ingredients
with biodegradable materials during the last decade. Many biodegradable poly-
mers derived from nature exist as proteins (albumin, casein, elastin, silk, etc.),
polysaccharides (cellulose, starch, collagen, chitin, etc.), poly-lactic acid, polyesters,
lipids, lignin, natural rubber, few polyamides, poly vinyl acetates/alcohols, and poly
lactones. Most of the cases involve degradation of above polymers through enzyme
controlled chemical reactions under suitable humid environments [52].

In general, biodegradable polymers are classified on the basis of origin as
microbial-assisted polymer (PHA), agro-polymers (starch), agro-monomers synthe-
sized via chemical method (PLA) or traditional monomers (man-made polyesters).
Many examples were reported in literature. For instance, Japanese scientists have
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demonstrated green composites developed from bamboo and starch fibres. In certain
cases, they undergo alkaline pre-treatments and also chemical grafting technique.
The interesting fact on Monsanto Biopol (a poly-hydroxy butyrate copolymer)
synthesized from bananas and jute fibres [53].

Soya protein-based works were also made to produce polymer matrices. For
example, Netravalli with his group mates involved soya proteins along with natural
fibres yielding superior quality green composites which tend to show universal char-
acteristics proximately better than large wood types. Soya and corn oil procured
as feedstock materials for polymer production was an interesting note to few auto-
motive applications inbuilt with excellent resistance, lightness, extreme flexibility
and evergreen durability [52]. Few examples for these are seats, panels, furnishing,
packaging, etc. Few concerns were working on artificial silk manufacture through
the principle of genetic engineering that could also be applied to biodegradable
composite materials as well [54].

Takagi have experimented polymeric composites with regards to dispersion
class biodegradable cellulose and resin nanofibres, employing a stirring mechanism
revolving at low speed along extended times and also upon varying the resin mould
pressure. This process significantly enhanced flexural modulus and mechanical
strength due to elevated mould pressure that can be compared to control composites,
wherein there was no stirring process [47].

2.14 Considerations on Environmental Impact

It has been proposed that usage of organic fillers derived from nature executes certain
advantageswhen compared tomineral-based inorganic constituents. Ultimately, such
an environmental impact can be absolutely reduced by moving to renewable sources
rather than fossil derived sources. Moreover, biodegradable polymers usage fully
establishes biodegradable systems, thereby reducing the issues of solid material
production every-day and handling of surplus quantity of polymeric waste [55].

The benevolent aspects were further analysed by invoking the concluded data by
which total life cycle analysis (LCA)may provide a complete evidence. For instance,
Joshi et al. collected anddiscussedLCAstudies on composited supportedwith natural
fillers as well as glass fibres. It is well known that LCA analysis permits the determi-
nation of total environmental impacts associated with products/processes via “cradle
to grave” mechanism, thereby evaluating overall mass/energy flows obtained from
product manufacturing stage to the effective use in its life cycle [56]. All such steps
are associated with direct/indirect environmental implications which have to be eval-
uated quantitatively. The complete LCA process is governed by ISO 14043 and ISO
14040 regulatory standards [57].

The life cycle process of glass fibre reinforcement comprises both monomer and
glass production and then to polymerizationwhilst glass is to be treatedwith a view to
yield fibres. The feedstockmaterials are to be processed to get the final product. Then,
the product will be used for some time period till its cycle gets over which can follow
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waste disposal technique, incineration or else recycling. Hence, it is understood that
every step comprises of both mass flow and energy calculations that are not easy to
quantify, with prevalent ecological impacts and obviously represented using suitable
environmental indicators occluded with overall energy pattern for CO2, SO2, CH4,
CO, NOx emissions, phosphates, nitrates, sulphates, BOD/COD emissions in water,
etc.

The aforementioned information clearly examines the various outcomes of salient
LCA studies demonstrated in the previous literature. The earlier one agrees the selec-
tion of polypropylene blend filled with glass/hemp fibres for automotive insulations,
predicting that organic composites pave the way to definite deduction of conven-
tional energy demand and also air pollutant emissions [58]. The next one compared
the design of car panels using epoxy/ABS resins with hemp organic fibres. Notable
decrease in energy utilization along with carbon emissions was also evaluated.
Anyhow, NOx, phosphates were not fully reduced owing to inclusion of man-made
fertilizers employed for hemp growth [59].

At last, another one compared the pellets out of polypropylene along with
bamboo/glass fibres. The outcomes envisaged a gradual enhancement of the primary
environmental indicators: air pollutant emission, BOD/COD emissions and other
carcinogenic/toxic impact [60]. The most worsened indicators of nitrate/phosphate
emissions owing to artificial fertilizers usage in agricultural fields. Another author
revealed four type of interesting indicators amidst NRF and GRF composites
mentioning, (1) natural fibre wins due to energy consumption strategy along with
lower emission rates excluding nitrate, (2) substitution of higher % of polymers
leading to excellent gain in mechanical properties, thereby higher fractions of NF
volumes used resulting inminimal usage of oil derived polymeric units, (3)minimum
specific weights of NF exposes to reduced emissions along with decreased energy
consumption directly than GFR composites, (4) combined credits of carbon as well
energy owing to profitable incineration process of NF at the end of its life offers a
double merit of maximum energy recovery since theoretical output of CO2 emission
just equals to the amount that is utilized by plants during photosynthesis [57].

Recently, few authors have examined LCA studies on green composites too,
without considering certain aspects. Such gap factorsmay compromise certain stages
in life cycle studies itself such as filler production, use or manufacture or disposal,
energy input from fertilizers or other environmental parameters [60].

Specifically, the front part of bonnett was taken as the utilitarian unit and the
related effects were: cancer-causing agents, respiratory organics, respiratory inor-
ganics, environmental change, radiation, ozone layer, eco-poisonousness, fermen-
tation/eutrophication, land use, minerals and petroleum products. Reusing, burning
and landfill situations were considered [61]. They found that the jute fibre composites
permit improving the natural execution. Specifically, fuel utilization ends up being
lower because of theweight decrease of the vehicle, albeit some obscure effects in the
creation and removal stages were discovered and identified with the co-ordinations
of jute strands transportation and reusing situation. Besides, the authors featured that
stages, for example, development, gathering, mercerizing, drying and fibre refining
were credited without any effects, revealing that jute creation for a few little rancher
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networks along theAmazonRiverwas thought of, with the streamgiving additionally
the humus and the entirety of the supplements required [62].

Three situationswere considered, in particular, (1)mulling over a reuse for the half
of materials in any case burned, (2) one portion of the composite material is viewed
as arranged municipally, (3) breaking down the commitment of a theoretical powder
filled composite having a similar explicit load as sugarcane bagasse composite.
Effect classifications were abiotic consumption, fermentation potential, eutrophi-
cation potential, an earth-wide temperature boost potential (100 years’ premise),
ozone layer exhaustion potential and photochemical ozone creation potential. The
examination was precise, since it considered helper procedures, for example, diesel,
phosphate, nitrogen, potassium, phosphorus and lime creation/sources; nonetheless,
still no land use impacts were unequivocally included [63]. The general examination
recommended that the green composites are better that the powder filled composites
in car applications, particularly, when weight decrease is especially significant. It is
additionally proposed that sugarcane bagasse fibre creation prompts lower natural
effects contrasted with powder creation, the composites are lighter, sugarcane has
a positive commitment as far as carbon credits and the reuse of the finish of-life
material is the ideal method to limit the ecological effects.

Similar authors assessed the specialized presentation and natural effects of similar
composites in contrast with flawless polypropylene. Diverse finish of life alternatives
included cremation, reusing and landfill. The composites indicated better natural
execution during the whole life cycle, particularly, in the development stage [64].
Additionally, for this situation, reusing with monetary benefit of the composites was
the best choice to limit the natural effects. For additional inside and out examination,
an intriguing survey by Jorge on ecological effect and LCA of language cellulosic-
determined items can be considered.

3 Conclusion

Itwas notable that various deformations such as compression, bending, tension, shear,
torsion, abrasion, flexing and wear were accounted in common on fibres. Moreover,
the usage of polymeric-based composites blended with organic fillers in place of
mineral-based inorganic fillers is of greater attention in view of simultaneous reduc-
tion in the usage of petroleum-based conventional resources and in more common
a diverse consumption of both financial and environmental resources. Instead such
green composite materials find several applications in industrial sectors mentioning
process ability, ductility, as well dimensional stability. Along universe, researchers
aim at bringing suitable solutions which involve chemical alteration of filler along
with usage of adhesive promoters/additives. Anyhow, a complete biodegradability
with less environmental impact can only be suitable by using biodegradable natural
ones for traditional polymeric materials. In such cases, several limitations arise, and
right now, the research investigation has been analysing the effective selection ofmost
prominent biodegradable matrix along with simultaneous optimization involved in
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the synthesis and processing of suitable material. Still, the market is an open phase,
and effort can be put-forth in exploring novel applications, improvement in salient
properties, the physical appearance, durability and marketing ability of these natural
compositematerials. All these pertinent issues require, also continues to avail prompt
and benevolent research efforts in a view to explore new formulations (virgin type of
recycled varieties, still-more biodegradable substances, type, attracting appearance,
quality and composition of fillers), structurally characterizes them, utilize them for
most specific applications, and in normal, to refine operating techniques for process.
If the prevailing competition for such green composites arises, the governing market
demand will also enhance leading to simultaneous reduction in cost and also greater
improvement in quality can also be achieved.
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Chapter 10
Recent Trends in the Surface
Modification of Natural Fibers
for the Preparation of Green
Biocomposite

G. L. Devnani

1 Introduction

Recent economic growth and technological developments are inspiring scientific
community to look for novel materials which can compete with the cutting-edge
technology and at the same time should be environment friendly and sustainable
too. Natural fibers reinforced in different polymer matrix offer excellent mechanical
and thermal properties. That is why they are getting significant attention in this
decade as a replacement of synthetic fibers as a reinforcing material in bio and green
composites. Biocomposites are the composite materials in which either one or both
the constituents of the composite material are biodegradable while green composites
contain both the biodegradable components. Figure 1 shows various categories of
biocomposites in which either the matrix is biopolymer and fiber is synthetic, fiber
is natural and matrix is synthetic or both the constituents are biodegradable [42].

There are few issues with natural fibers which need to addressed, like poor adhe-
sion and compatibility with hydrophobic polymer matrix, thermal stability, tendency
to aggregates and poor resistance to moisture. Substantial amount of work on these
lignocellulosic fibers and their reinforcement in different polymer matrix has been
done, and a seminal number of reviews have been written. Faruk et al. reviewed all
the studies done in the field of natural fiber-reinforced composites from 2000 to 2010
[18]. They discussed about various natural fibers like flax, hemp, jute, kenaf, sisal,
abaca, pineapple, ramie, coir, bamboo, rice husk, oil palm, bagasse, their chem-
ical composition, structure and properties. They also compiled various treatment
methods, physical as well as chemical to improve the tensile strength, thermal prop-
erties and morphology of these fibers. They also collected the papers on different
polymer matrix, thermoset as well as thermoplastic used with different natural fibers.
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Fig. 1 Various categories of biocomposites. Source Author

They also discussed the factors influencing the processing of these composites,
various fabrication procedures and their advantages and disadvantages. The char-
acterization techniques like tensile testing, flexural and impact properties were also
elaborated in this study. Pickering et al. discussed about recent developments and
specifically mechanical performance of these green composites. They analyzed the
effect of various factors like fiber and matrix selection, interface strength, geometry
and orientations of fiber, fiber dispersion, porosity on the mechanical characteris-
tics of natural fiber-reinforced polymer composites [50]. They also examined the
effect of hybridization on the performance of these composites. Influence of mois-
ture andweathering alongwith applicationswere also discussed in this review. Sanjay
et al. did a comprehensive review on properties and characterization of natural fiber-
reinforced polymer composites. They emphasized on tensile, flexural, impact, inter-
laminar, hardness and water absorption properties. Along that they also compiled
the studies done on thermal and tribological properties of these novel materials.
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FTIR, XRD and SEM characterizations were also discussed [55]. Ku et al. consid-
ered majorly tensile properties of these composites in their review paper [31]. They
told about density, tensile strength, elongation, elastic modulus, of these natural
fibers. They also collected information on density, water absorption, heat deflection
temperature, coefficient of thermal expansion, tensile strength and elastic modulus
of different polymer matrix like PP, LDPE, HDPE and PS. Mathematical modeling,
rule of mixtures, transverse rule of mixtures, Halpin–Tsai equation, shear log theory
and their application in composites were also discussed. Koronis et al. provided the
application aspects of these composite materials in the field of automobile industry
[30]. They discussed about green interior and green exterior composites in automo-
bile industry. Different reinforcing elements like abaca, kenaf, hemp and flax, ramie
jute, their mechanical performance and major issues and challenges regarding the
application of natural fibers as reinforcement were talked in this study. The impor-
tance of matrix materials, mechanical characteristics of natural resins and concerns
related to use of bio-basedmatriceswere also analyzed. Sydow andBienczak brought
diversity of application of these natural fiber-based composites in food packaging in
their review [61]. They discussed the barrier properties of these composites which is
a very important aspect when we use these composite materials in food packaging.
A comprehensive summary of the literature based on these diverse review papers has
been presented in Table 1.

2 Issues with Natural Fibers

The main disadvantage of natural fibers is the poor compatibility and adhesion
between fiber and matrix and the poor resistance to moisture absorption. Good adhe-
sion betweenfiber andmatrix is the key factorwhich ultimately decides the final prop-
erties of composites. Being lignocellulosic in nature, natural fibers are hydrophilic
while the polymer matrix in which they are reinforced is basically hydrophobic in
nature so compatibility between two opposite natured material is a key challenge for
academicians and researchers. Lot of physical and chemical treatmentmethodologies
have been suggested to improve the compatibility and adhesion between the fiber and
matrix which is classified in Fig. 2. Mohanty et al. [43] gave an overview on different
surface modification methods and their effect on the quality of biocomposites. They
discussed about production, chemical composition and various properties along with
advantages and disadvantages of natural fibers. Mechanism and chemistry of surface
treatmentmethods like alkali treatment, graft copolymerization, etherification, acety-
lation, treatment with isocynate and maleated polypropylene were explained [43].
Li et al. [35] also compiled information on various chemical treatment method-
ologies of natural fibers for the application in natural fiber-reinforced composites.
They reported the outcomes and findings of papers based on alkaline treatment,
silane treatment, acetylation of fibers, benzoylation treatment, acrylation and acry-
lonitrile grafting maleated coupling, permanganate treatment, peroxide treatment,
isocynate treatment and other chemical treatments [35]. John and Anandjiwala [24]
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Table 1 Seminal review available on diverse aspects of natural fiber-based biocomposites

S. No. Title Key aspects covered References

1 Green composites: A brief
review

Summary of both
academic and industrial
research findings on this
topical subject.
Processability and
rheology were also
explained

[41]

2 Biocomposites reinforced
with natural fibers:
2000–2010

Compilation of
compositional, treatment,
characterization studies

[18]

3 A review of recent
developments in natural
fiber composites and their
mechanical performance

Mechanical performance
of green composites

[50]

4 Characterization and
properties of natural fiber
polymer composites: A
comprehensive review

Detailed review on
mechanical properties
and characterization
studies done for these
novel materials

[55]

5 A review on the tensile
properties of natural
fiber-reinforced polymer
composites

Apart from tensile
properties, modeling
studies were also
compiled

[31]

6 Green composites: A
review of adequate
materials for automotive
applications. Composites

Technical performance
of different biopolymers
and their green
reinforcements was
compiled for automobile
applications

[30]

7 The overview on the use of
natural fiber-reinforced
composites for food
packaging

Biodegradable polymers
like starch, cellulose,
polyhyroxyalkanoate,
chitosan, polylactic acid
(PLA) and their
composites reinforced by
natural fibers were
discussed with emphasis
on food packaging
applications

[61]

8 A review on synthesis and
characterization of
commercially available
natural fibers: Part II

Less common and new
natural fibers were
discussed

[38]

Based on individual fibers

(continued)
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Table 1 (continued)

S. No. Title Key aspects covered References

9 A review on natural areca
fiber-reinforced polymer
composite materials

Literature survey related
to polymer composites
reinforced with areca
fibers, different
characteristics of areca
fibers, different surface
treatment methodologies
composite development
with different matrices,
characterization along
with acoustics properties

[28]

10 Flax (Linum usitatissimum
L.) fiber-reinforced
polymer composite
materials: A review on
preparation, properties and
prospects

Various factors like plant
growth, harvesting,
surface treatment
methodologies along
with structural property
relationship of flax fibers
were reviewed

[52]

11 Bagasse composites: A
review of material
preparation, attributes and
affecting factors

Factors involved in
modification and
preparation of bagasse
fibers and its reinforced
biocomposites were
analyzed

[64]

12 Mechanical properties
evaluation of sisal
fiber-reinforced polymer
composites

Fiber percentage, fiber
morphology, surface
modification and
hybridization aspects of
sisal fiber in various
polymer matrix were
discussed

[57]

13 Recent developments in
bamboo fiber-based
composites: a review

Recent advancements in
processing methodology
and various applications
related to bamboo fibers

[45]

14 Banana and plantain
fiber-reinforced polymer
composites

From fiber extraction to
reinforcement and
comparison with other
fibers, most of the
aspects

[3]

15 A review of coir
fiber-reinforced polymer
composites

The synthesis and
development of various
matrices reinforced by
coir natural fiber and the
mechanical and thermal
characteristics have been
studied

[4]

(continued)
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Table 1 (continued)

S. No. Title Key aspects covered References

16 Review on mechanical
properties evaluation of
pineapple leaf fiber
(PALF)-reinforced
polymer composites

Compilation of
mechanical properties
evaluation of PALF and
several parameters
affecting performance
like type of fiber, its
length, matrix type, fiber
geometry

[63]

Fig. 2 Different treatment methodologies. Source Author

described about the latest developments of chemical modifications and characteri-
zation techniques in the field of natural fiber-based composites. They discussed the
effect of chemical modification on the performance of aspen fiber composites, abaca
fiber composites, bagasse fiber composites, bamboo fiber composites, banana fiber
composites, coir fiber composites, date palm fiber composites, flax fiber composites,
hemp fiber composites, henequen fiber composites, isora fiber composites, jute fiber
composites, kapok fiber composites, kenaf fiber composites, luffa fiber composites,
oil palm fiber composites, pineapple fiber composites, ramie fiber composites and
sisal fiber composites [24]. Many other papers and compilation work are available
in literature which is summarized in Table 2.
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Table 2 Compilation of available work on surface treatment methodologies of natural fibers

S.
No.

Title Key aspects covered/discussed References

1 Surface modifications of natural
fibers and performance of the
resulting biocomposites: An
overview

Various treatment methodologies for
natural fiber reinforcement in
synthetic as well as biodegradable
polymers were discussed

[43]

2 The surface modification of
cellulose fibers for use as
reinforcing elements in composite
materials

Different physical treatment
methodologies like plasma, laser,
corona, radiation for natural fibers
along with chemical methods such
as grafting and alkali treatment were
discussed extensively

[9]

3 Chemical treatments of natural fiber
for use in natural fiber-reinforced
composites: A review

Chemical treatments including
silane alkali, benzoylation,
acetylation, maleated coupling,
acrylation, treatment with
isocyanates, permanganate and
others were discussed

[35]

4 Recent developments in chemical
modification and characterization of
natural fiber-reinforced composites

Various treatment methodologies to
make natural fiber more compatible
and less hydrophilic

[24]

5 Pretreatments of natural fibers and
their application as reinforcing
material in polymer composites—a
review

Plasma treatment and graft
copolymerization were emphasized
along with discussion of other
treatment methodologies of natural
fibers

[26]

6 Physical modification of natural
fibers and thermoplastic films for
composites—A review

Steam explosion, thermomechanical
methods, plasma, corona treatment
were analyzed in detail along with
other physical methods

[46]

7 Chemical treatments on plant-based
natural fiber-reinforced polymer
composites: An overview

Along with traditional treatment
methodologies, information on some
new chemical treatments like stearic
acid, triazine sodium chlorite was
presented

[25]

8 Surface modification of plant fibers
using environment-friendly methods
for their application in polymer
composites, textile industry and
antimicrobial activities

Recommended
environment-friendly methods such
as enzyme treatment, plasma
treatment, fungi and bacteria

[27]

9 Surface treatments of natural
fibers—a review: Part 1

Special discussion on electric
discharge, mercerization and graft
copolymerization

[2]

(continued)
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Table 2 (continued)

S.
No.

Title Key aspects covered/discussed References

10 Interface and bonding mechanisms
of plant fiber composites: an
overview

In-depth analysis of structure
property relationship of fiber and
matrix and according to that
selection of suitable treatment
methodology

[65]

11 Hydrophobic treatment of natural
fibers and their composites—A
review

Different treatment methods were
suggested to decrease the moisture
absorption and degradation of fiber

[5]

12 Radiation-induced modifications in
natural fibers and their
biocomposites: opportunities for
controlled physicochemical
modification pathways

Effect of electron beam and gamma
(γ ) radiation on natural fibers were
compiled

[32]

13 Effects of fiber treatment on
mechanical properties of kenaf
fiber-reinforced composites: a
review

Effect of treatment methodologies
on a specific fiber kenaf and its
reinforced polymer composites

[21]

3 Different Surface Treatment Methodologies for Natural
Fiber

From Table 2, it is clear that lot of experimentation and research work had been
done to improve the performance and compatibility of natural fibers with polymer
matrix but with the advent of newer characterization techniques like high precision
microscopy, surface characterization and innovation in knowledge like nanotech-
nology and biotechnology there is always a scope of improvement in the existing
performance of natural fiber-based polymer composites. All the treatment method-
ologies and their recent developments have been discussed below in a systematic
manner.

3.1 Physical Treatment

Physical treatment is applied on natural fibers to basically serve two purposes (a)
to separate the bundles of fibers into filaments (b) modification of fiber surface to
make it more compatible with polymer matrix [9, 46]. Following are the different
treatment schemes used for this purpose (Fig. 3).
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Fig. 3 Different physical treatment for natural fibers. Source Author

3.1.1 Steam Explosion

Steam explosion method was developed by Mason as a biomass pre-treatment tech-
nique. By using saturated water steam, raw materials are heated 160–260 °C for
seconds to minutes time duration at some specific pressure and then suddenly, pres-
sure reduced to atmospheric pressure. At high-pressure and high-temperature condi-
tion, raw material expanded because of overheated liquid and gap which would be
filled by steam,whenpressure is reduced thenvaporization of overheated intracellular
leads to cellulose explosion due to quick expanding volume, several holes formed so
that molecular substances can release from cell. This method got popularity among
researchers because of its tremendous advantages, such as no pollution, economical
and energy efficient. Steam explosion technique is a fast pre-treatment for affecting
plant cellwith a sharp change inpressure at high temperature.By this treatment, ligno-
cellulosicmaterials spilt into itsmain constitutes such as cellulose, hemicellulose and
amorphous lignin. Cellulose percentage increased during steam explosion and incre-
ment in crystallinity of stem exploded banana fiber (54.1), pineapple leaf (63.7) and
jute fiber (52.9) was obtained [1]. Steam explosion on commercial cellulose was used
at temperature (150–200 °C) and reaction time 5–30 min, in initial characterization
91.9% cellulose content was obtained, no degradation was seen in thermal property,
and steam explosion method is recommended better substitute over other mechan-
ical treatments [36]. Review of properties of PALF fiber using different methods also
suggested steam explosion method for removal of non-cellulosic content from fiber
by exposing fiber in steam with its additive at high temperature and high pressure
[63]. Lei and fang also improved the performance of sisal fibers by continuous steam
explosion [33].
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3.1.2 Plasma Treatment

Sir William Crookes described plasma as the fourth state of mater in 1879 and in
1929, first time “plasma” term was used by Langmuir. Plasma consists of electron,
neutral atoms, positively and negatively charged molecules. Plasma contain char-
acteristics of visible glow discharge which has colors, and range of blue white to
dark purple depends on gas type. Plasma treatment is considered as an eco-friendly
treatment for modification of fiber’s surface. This treatment has advantages such as
that it requires very less chemical because of less consumption during treatment [60].
After this process, no more drying is needed as it is a dry process, does not destroy
bulk properties, by this method material can easily be modified which are hard to
modify, it does not produce any waste, and this process takes very less time. Surface
modifications of cellulose and poly vinyl alcohol were done by using non-thermal
argon plasma, and this treatment did not hamper the arrangement of various polymer
chains in the composites [13].

3.1.3 Treatment by UV Radiation

The effect of UV radiation on the performance of natural fiber-based composites
depends on several parameters like intensity of radiation, exposure duration and
wavelength of exposure. Under optimized conditions, it improves the performance
of natural fiber-based composites. Mahajan et al. compiled the research work related
to UV radiation effect on natural and synthetic fiber-based composites [39].

3.1.4 Corona Discharge Treatment

This technique uses low-temperature corona discharge to induce changes in the fiber
surfaces to make it more compatible with polymer matrix. Corona discharges are
comparatively lower power electrical discharges that occur in the range of 1 atmo-
spheric pressure range. The corona is produced by heavy electric fields linked with
small cross-sectional wires, needles on an electrode [10] used corona treatment on
flax natural fiber along with other treatments. They applied 1 kW of discharge power
at the rate of 4 m min−1, 5 times of each side and found that contaminants were
removed and surface roughness had increased [10].

3.1.5 Treatment by γ Radiation

Gama radiations consisting very high energy are capable of modifying the properties
of polymer surfaces. The optimum exposure of gamma radiation improves the tensile
properties of composite materials in some extent for the use of materials in different
practical purposes. The cause of this enhancement in tensile properties was the high-
energy gamma radiation, capable of making cross-link among the molecules. A
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significant amount of improvement due to gamma radiations in various composites
like jute polyester and jute pp was experimented by Kabir et al. [59].

3.1.6 Ultrasonic Treatment

Ultrasonic techniques are not so popular or used in comparisons with other methods.
But this is also an effective method for removal of various substances and pollutant,
without using surfactants from fiber surface. It is an electromagnetic radiation which
has range from 10 to 400 nm. From past some years, ultrasonic method has been
used in several industries [12]. Renouard et al. showed that ultrasonication can be a
useful method to modify lignocellulosic material composition. They used coir, hemp
and short flax fibers for their work. After 24 h, they observed the optimal degradation
and found that ultrasonic application on these fibers only degraded hemicelluloses
present in the fibers [54].

3.1.7 Other Physical Treatments

Apart from abovementioned treatments, there are few other physical treatments
like simple mechanical treatments which involve stretching, rolling, etc., which can
improve the tensile strength of the fiber but at the same time can increase elonga-
tion [66]. Solvent extraction is also used some times to get high content of cellulose
in plant fibers however a precaution is required that this can not degrade the fiber
surface [51]. Thermal treatment, fiber beating and laser treatment are few other
physical treatment methods that can be used depending on situation and properties
of fibers [40].

3.2 Chemical Treatment Methodologies

These lignocellulosic fibers contain basically cellulose, hemicelluloses and lignin.
Cellulose is the main component which is responsible for providing strength to
the fiber. Different chemicals are applied for treatment of natural fibers. The main
purpose is to increase the cellulose content of the fiber and to remove the unwanted
impurities like wax and oil. Chemical treatment also improves the adhesion between
fiber and matrix by creating some new bonds and disturbing old structure. Different
chemical treatment methodologies are shown in Fig. 4. The detailed description of
various chemical treatment methods used is given below, and recent developments
and findings have been covered in Table 3.
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Fig. 4 Different chemical treatment for natural fibers. Source Author

3.2.1 Alkaline Treatment

Treatment of natural fibers with optimum concentration of alkali is very economical
and promising treatment methodology. The chemical changes occur according to the
reaction.

Fiber− OH+ NaOH = Fiber− O− Na+ H2O+ surface impurities

The alkali treatment removes a certain amount of lignin, hemicellulose, oils and
waxes. The removal of these cementing materials causes the crystallinity index and
cellulose content of the fibers to increase. The tensile strength also increases due to
increased cellulose content. The improvement in performance of composites because
of alkali treatment of natural fibers which have been studied by several researchers.
The increasing roughness and fibrillation are assumed to be responsible for better
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Table 3 Compilation of some recent chemical treatment of natural fibers

S. No. Fiber Matrix Treatment
method

Observation/key
findings

References

1 Milki weed PVA 5% NaOH at
50–60 °C for
different time

PVA composites
were prepared by
hand layup
method. Tensile
properties of alkali
treated composites
were significantly
high as compared
to untreated
samples

[56]

2 Kans grass
filler

HDPE and
LDPE

Maleic
anhydride
grafted
compatibilizer

Performance of
kans grass
filler-based
polyethylene and
polypropylene
composites has
been improved at
10% filler loading

[7, 8]

3 Hemp fiber PLA and epoxy Silane and
acetic
anhydride

PLA composites
based on hemp
fibers were
developed, and
10–13% more
activation energy
was observed in
case of acetic
anhydride treated
composites while
epoxy composites
observed improved
performance in
case of silane
treated composites

[49, 58]

4 Kenaf PLA Hydrogen
peroxide in
alkaline
medium

Treatment
improved the
adhesion between
Kenaf fiber and
PLA matrix

[53]

5 Polyethylene
fibers

Natural rubber Potassium
permanganate

Several
microfibrillation
between the
microfiber and the
natural rubber
matrix was
observed

[34]

(continued)
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Table 3 (continued)

S. No. Fiber Matrix Treatment
method

Observation/key
findings

References

6 Alpha fiber Polypropylene Etherification Significant
improvement in
the properties of
composites as
compared to
untreated one

[6]

7 Bagasse Polypropylene Ionic liquid Ionic liquid treated
composites
upgraded the
properties of
composites

[47]

8 Agave
Americana

– Stearic acid Treatment
improved the
properties of fiber

[37]

adhesion between natural fiber and polymer matrix. Devnani and Sinha [16] applied
different concentrations of alkali that is 5 and 10% on African Teff straw fiber and
found that there is significant improvement in the properties of fiber in terms of
strength, morphology and crystallinity [16]. They also worked on kans grass fiber
and got excellent results with 5% treatment of NaOH [17].

3.2.2 Graft Copolymerization

Modification of natural fibers through graft copolymerization is another very popular
method to improve the physical and chemical properties of natural fiber-based
composites. Through grafting, a suitable polymer is attached to the fiber surface
whose solubility parameter is same with the polymer matrix. Grafting does not affect
the biodegradability of cellulosic fiber. Grafting of methyl methacrylate and acry-
lonitrile is the well-established practices for natural fibers [20]. Maleic anhydride
grafted polyethylene and polypropylene were used as a compatibilizer to improve
the adhesion between kans grass filler and HDPE as well as PP composites [7, 8].

3.2.3 Silane Treatment

The chemical formula of silane is SiH4, and these coupling agents can reduce
the hydrophilic tendency of natural fibers by removing the hydroxyl groups. The
hydrolyzable alkoxy groups form silanol in the presence of moisture. The hydroxyl
group present in fiber then reacts with forming stable covalent bonds.

CH2CHSi(OC2H5)3 + H2O = CH2CHSi(OH)3 + 3C2H5OH
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CH2CHSi(OH)3 + Fiber− OH = CH2CHSi(OH)2O− Fiber+ H2O

Silane treatment in the case of hemp fibers was reportedmore effective as compare
to alkali treatment [58].

3.2.4 Acetylation

Acetylation is another important surface treatment method for natural fibers to make
it more hydrophobic. It also reduces the swelling tendency of natural fibers in the
presence of water. The acetyl group reacts with hydroxyl group of water and reduces
the hydrophilic behavior of natural fibers. Thismethod also improves the dimensional
stability.

Fiber− OH+ CH3 − C(= O) − O− C(= O) − CH3 = Fiber

− OCOCH3 + CH3COOH

Flax fibers were acetylated by putting in solution consisting of 250 ml toluene,
125 ml acetic anhydride and a small amount of catalyst perchloric acid (60%).
The temperature was kept at 60 °C. More than 25% enhancement in strength was
experienced in case of flax-based polypropylene composites [11].

3.2.5 Peroxide Treatment

Being a convenient method, peroxide treatment is also attracting researchers to
improve the mechanical properties of natural fibers. Benzoyl peroxide and dicumyl
peroxide are the common organic peroxides which have been used extensively for
the natural fibers to improve their performance. During the process, decomposition
of organic peroxide takes place in free radicals and this free radical reacts with cellu-
lose of the fiber. Treatment of kenaf fiber was done in alkaline medium containing
hydrogen peroxide. Substantial improvement in the morphology and strength was
observed in its PLA-based composites [53].

3.2.6 Benzoylation

Importance of benzoylation is to decrease hydrophilic nature of natural fiber and to
increase adhesion between fiber andmatrix. Benzoyl chloride is the common reagent
used for this purpose, and it reacts with hydroxyl group of the cellulose and improves
the performance of the natural fiber. Remarkable improvement in mechanical prop-
erties of sugar palm fiber was observed in case of alkali pretreated and benzoylated
fibers [44].
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3.2.7 Permanganate Treatment

Potassium permanganate is the chemical which is used for this method. The Mno4−
group of the potassium permanganate reacts with cellulosic group of the natural fiber
and forms a complex ion. Highly reactive Mn ion induces the graft polymerization.
KMnO4 treatment enhanced the roughness and fibrillation in polythene fibers which
significantly improved the properties of its rubber composites [34].

3.2.8 Etherification

Etherification is a chemical treatment which facilitates fiber to react easily with
polymer chain of matrix by grafting bifunctional monomers [48]. A significant
improvement was noted in thermal stability of alfa fiber-reinforced polypropylene
composites in case of etherified fibers [6].

3.2.9 Few Uncommon Chemical Treatments

Apart from these treatments, there are few other uncommon treatments which
researchers have experimented and got encouraging results. Ionic liquid treatment
by ChOAc (choline acetate) in case of bagasse powder improved the performance
of its polypropylene composites [47]. Similarly, 1% stearic acid solution in ethanol
significantly removes the amorphous portion of the Agave Americana fiber [37]. An
eco-friendly sodium bicarbonate treatment was also applied on sisal fibers, and
improvement of performance was observed in its epoxy composites as compare to
untreated one [19].

3.3 Biochemical Treatment (Enzymatic and Fungi)

The abovementioned chemical treatment used for surface modification has many
advantages but in spite of that they are toxic in nature which can create problems
for the environment. A new biochemical treatment method is enzyme treatment
which is getting importance day by day because of its environment-friendly nature.
Enzymes attack basically on non-cellulosic components of fiber moreover enzymes
can be recycled and cost effective too. Ramie fiber was treated by bacterial cellu-
lase. Fibers modified enzymatically were incorporated as reinforcing material for the
fabrication of poly(butylene succinate) biocomposites. Due to enzymatic treatment,
polysaccharide layers and gum from the surface of ramie fibers were removed and
hence contributed toward the enhanced compatibility between fibers and poly buty-
lene succinate [62]. Use of enzymes as alternate of dew retting was also analyzed.
Enzyme retting with polygalacturonas enzyme was experimented for flax fibers and
improvements were observed in its biocomposites [14, 15]. Pectane lyase enzyme
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pre-treatment was used for the development of bagasse/PLA composites, and effect
was observed [22]. Another eco-friendly biochemical method is fungi treatment.
White rot fungi treatment caused the pits on hemp fiber surface which not only
provided the roughness on fiber surface but also increased the adhesion between
fiber and matrix [23, 29].

4 Conclusion

Bio-based green composites are the promising option as a replacement of synthetic
fiber and matrix-based composites whose sustainability is dwindling because of
dependence on non-renewable petroleum feed stock. Natural fiber-based green
composites are not only environment friendly but also offering versatile properties,
at the same time they are creating potential of employment opportunities in the rural
sector where these fibers originate. To overcome the existing issues like poor adhe-
sion, compatibility and thermal degradation, various treatment methodologies have
been suggested by researchers including physical, chemical and biochemical route.
Compilation of existing literature including alkali treatment, graft copolymerization
along with few uncommon treatment methodologies like ionic liquid treatment have
been discussed. Suitable treatment methodology along with optimum concentra-
tion and exposure can definitely improve the properties of natural fiber-based green
composites and overcome the existing shortcomings with these novel materials.With
suitable treatment method, natural fiber-based green composites have huge potential
to replace the existing synthetic composites.
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1 Overview of Natural Bioresources

Natural bioresources are renewable and biodegradable material that can satisfy the
basic and essential needs of humans. These needs consist mainly of critical socio-
economic parameters like food, shelter, fuel, etc. The living species and their popu-
lation primarily represent the bioresources. The survival and further development of
the human race require enhanced resources of food, material, and energy [1]. The
bioresources close the material cycle at the end of their useful life and break into the
water, minerals, and consumable carbon dioxide [2]. The importance of bioresources
is not defined by howmuch it is needed for humans due to inexhaustible nature. Every
plant and animal is also an integral part of the natural environment. Each bioresource
is not only crucial for the ecological cycle but also for the aesthetic point. The biore-
source safety of a country mainly depends upon their use and conservation. Thus, it
is necessary to know clearly about the resources and socio-economic conditions.

Plants and animals provide material requirements for human survival. Twenty
different species of plants and animals offer 80%of the human food requirements [3].
With the increase in the humanpopulation, geneticallymodifiedplants andvegetables
are necessary tomeet the needs.Theproduction canbe further enhancedby improving
the forestry andbyapplicationof research and technology advancements in vegetable,
animal farming, and fisheries.

A single bioresource can produce onemajor andmultiple co-products. The process
is normally represented as multi-branched or cascade utilization of bioresource. The
production of one primary and several co-products is called amulti-branched process.
Cascade utilization of bioresource is the use of the material separated from the
main product line to make valuable products. The economical combination of multi-
branched and cascade usage makes a process optimized and sustainable [4].

A significant share of chemical feedstock comes from bioresources, and it is now
mandatory to increase this share by using better technology and findingmore suitable
feedstocks [5]. The use of bioresources for producing energy and heat is primitive,
but with the growth of population, and depleting fossil fuel reserves has forced the
researchers to give priority to biofuels. The energy demand of the world is increasing
with the improvement in GDP and living lifestyle.

The main contributors to the energy share are fossils, mainly crude oil, natural
gas, and coal. Shale oil and coal tar are now also contributing to the world’s energy
in the present scenario. The global energy consumption was 370 EJ in 2017. The
oil shares 40% of the energy consumption, whereas 20% of coal and gas each.
Fossil fuels were the main contributor to the energy with an 80% share in total
global energy production. Among renewable energy sources, bioenergy is the most
significant source. Bioenergy accounted for 70% of renewable energy consumption,
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Fig. 1 Energy consumption in 2017 [6] “author”

and half of the contribution of this energy comes from Africa. Figure 1 shows the
energy consumption pattern of the world in 2017 [6].

Renewable energy technologies have made considerable progress in decar-
bonizing the electricity sector. Hydro-systems produced most of the renewable elec-
tricity, followed bywind and biomass. As per the International EnergyAgency (IEA),
154 billion liters of biofuel was produced in 2018 worldwide [7].

The primary use of biomass is as a solid biofuel, which includes wood chips,
wood pellets, fuelwood for cooking and heating, etc. This type of biomass is usually
used in space heating for residential, commercial, and industrial processes and estab-
lishments. Secondly, biomass can be used as liquid biofuels, mainly in the form of
bioethanol and biodiesel. The contribution of biomass-based biofuels (bioethanol,
biodiesel, etc.) is increasing in the transport sector as an alternative option for
replacing the traditional fuels. The research has been carried out to find the most
suitable feedstocks with a technology that can make the process more economical to
compete with fossil-based fuels. The biomass required to produce these fuels comes
from the three sources. The residue of agricultural waste is one primary source of
the biomass, which approximately supplies biomass for 3% of the overall bioenergy
production and a significant contributor to global power if adequately utilized, as it is
quickly perishable. The major crops which can contribute to this type of biomass are
mainlywheat, rice, andmaize. The forestry sector is themost promising sector for the
bioenergy mix globally. It is the major contributor of the bioenergy worldwide. The
final biofuel of the forestry origin is mostly in the form of wood, pellets, charcoal,
and wood chips. Unfortunately, most of the time, it is used for inefficient, traditional
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burning/heating purposes. Africa and Asia are the primary users of forestry biomass.
One of the leading products from forests that are used for bioenergy production is
wood fuel. Municipal and industrial waste is the third-largest resource of the bioen-
ergy supply. Municipal waste mainly consists of the waste generated in the urban
areas in the form of solid or sewage. Whereas, industrial waste is mostly related to
the paper and pulp and food industry. Finally, aquatic bioresources form the edible
food source, like fish, prawns, etc., and value-added bio-products, like algae-derived
biodiesel [8].

1.1 Classification of Bioresources

Natural bioresources refer to all kinds of naturally occurring resources of biological
origin. Humans can use bioresources for numerous purposes: to produce value-added
products, food, and energy carriers. They can be categorized into primary, secondary,
tertiary, and quaternary bioresources based on their quantity and usage. The main
sourcing sectors of the bioresources are forestry, agriculture, livestock and poultry,
andwaste. Figure 2 shows the types of bioresources. Primary bioresources aremainly
directly related to food and animals. The amount and availability of the primary
bioresource depend upon geographical location and other natural conditions. Wheat,
corn, fruits, vegetables, and animals are the main participants. Figure 2 shows the

Fig. 2 Types of bioresources Reprinted and reuse with permission from Körner et al. [9] Elsevier
Copyright (2015)
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different types of primary bioresources. The main sectors can further be divided into
raw or unprocessed resources, commercial, and industrial products. Non-processed
and commercial products are produced after limited processing, whereas the indus-
trial products need detailed processing to convert them into final products. Primary
bioresources are used primarily to meet food requirements rather than energy. These
bioresources are produced as by-products of the processing stageof the primarybiore-
sources. Different physical or chemical processes can be used to generate secondary
resources. The quantities are significant, and the amount of impurities is lower. For
example, rice husk is obtained once the rice is separated and sent to the next section.
The residue collected as leaves, branches, or lawn cutting from the parks and residen-
tial areas can be regarded as secondary bioresources. The industrial section provides
us with paper or cardboard, which can easily be recycled. Tertiary bioresources are a
kind of residue, which is separated from the main bioresources. The primary sources
are the post-harvesting waste and household waste, which is separated from the
fruits or vegetables includes the peels, waste oil, and other food residues. This type
of bioresource is generally considered as the throw-away part of a bioresource and
can be very useful to produce biofuels like biogas and biodiesel. Waste pulp, waste
cooking oil, and spoiled foods can form the cheapest feed sources of such biofuels.
Quarterly bioresources can be divided into short-, medium- and long-term categories
based on their availability after the first use. Short-term bioresources include human
feces, urine, and animal dung. This kind of bioresources can be available shortly after
the use of primary resources. Mid-term bioresource can be available after weeks or
months; packaging boxes are the example of mid-term bioresources. The long-term
bioresources are generally available after years of their first use, for instance, wood
furniture or homes constructed by woods [4, 9]. The primary bioresources have
always remained in high demand irrespective of geological boundaries or historical
timeframe. However, with an ever-mounting increase in human consumption and
improved lifestyle, secondary, tertiary, and quaternary bioresources must be opti-
mally utilized. Technologies and processes should be developed to convert them into
useful products like biogas, biodiesel, chemicals, and bio-fertilizer.

1.2 Agricultural by-Products

Biomass originating from agriculture forms a base material for many secondary
energy carriers, e.g., ethanol, bio-methane, and hydrogen. Alternative energy can
be complemented by using microbial action on biomass to produce these chem-
icals. Abundant biomass resources can be derived from lignocellulosic substrates
that mainly contain 60–70% holocellulose which includes cellulose and hemicel-
lulose and 10–25% lignin [10]. So, the next sections will focus on lignin, lignin
nanoparticles (NPs) and their biodegradable composites.
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2 Overview of Lignin and Lignin Nanoparticles (NPs)

2.1 Lignin

The three primary amorphous tridimensional polymer units are containing syringyl
(S), guaiacyl (G), and p-hydroxyphenyl (H), as shown in Fig. 3 present in lignin and
combined by C − C and ether linkages. All units comprise of a phenyl group and
a propyl side chain; therefore, the representative aromatic unit in lignin is generally
called a phenylpropane unit [11].

The number of methoxy groups in syringyl, guaiacyl, and p-hydroxyphenyl unit
are the elementary difference in these units. The contents of these units are related to
the structure of the plant. The soft wood lignin consists of guaiacyl units, hardwood
has both guaiacyl and syringyl units, and the grass lignin consists of all units. Mostly,
the ether and C − C relation are present in monomeric lignin units. The aliphatic
side chain carbon atoms are presented as α, β, and γ and number 1 and 6 is assigned
to carbon of aromatic area. From the β-O-4 connection type, a bond of β carbon of
the aliphatic side chain exists with the oxygen atom of the C4 of the aromatic region
as shown in Fig. 4. The amount of β − 1, β − β, etc., linkages varies from source to
source, depending upon the environmental factors [11, 12].

A concise lignin model to demonstrate the usual connections in lignin is shown in
Fig. 5. These relations define the lignin reactivity to chemical digestion. The β−O−4
relation is themost important in lignin. Themonomer units present consist ofC–Cand
C–O connection, as can be seen in Fig. 5. These monomer units may vary in different
lignin sources (softwood or hardwood), and the structure and rigidity of lignin depend
on the degree of crosslinking and substitution between the monomer units [13].
Lignin is rich in phenolic and aliphatic hydroxyl groups. These hydrophobic and
hydrophilic functional groups can be used for further modification and polymeriza-
tion purposes, which make lignin an appropriate and attractive polymer for other
value-added applications [14, 15].

Fig. 3 Primary units present in lignin reprinted (adapted) with permission from Li et al. [11].
Copyright (2015) American Chemical Society
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Fig. 4 Typical linkages between the primary units of lignin reprinted (adapted) with permission
from Li et al. [11]. Copyright (2015) American Chemical Society

Fig. 5 Lignin descriptive structure model reprinted (adapted) with permission from Li et al. [11].
Copyright (2015) American Chemical Society

Lignin’s relatively small solubility and complex structure with a very largemolec-
ular weight and microstructure distribution are possible reasons to find lignin as a
biomass waste product. Hence, only 3% is employed as binders (pellets for feed,
bricks, pottery, etc.) in agricultural and other sectors [16, 17]. The increased demand
for conventional applications (paper processing, biomass fuels, composting, feed for
animals, etc.), new applications, and potential lignin markets has been identified.
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The majority of the products are graded as low-value products that are based
on the source and the techniques adopted [18, 19]. Some isolation and purification
techniques for lignin separation are described in the subsequent sections.

2.1.1 Separation and Extraction of Lignin

Lignin is separated and extracted from various biomass sources like sweetgrass,
corn stover and wheat straw, etc. Lignin is mostly a by-product of the pulp and paper
industry, where the cellulose forms the primary product of choice, while lignin is
burnt as boiler fuel or wasted. However, with the growing trends of lignin utilization
and valorization in industry, numerous methods have been proposed for the selective
extraction of lignin with an emphasis on preserving the actual structure of lignin.
Still, these methods have their respective advantages and disadvantages [20]. Also,
partial cleavage of lignin bonds takes place in the extraction process, which may vary
in different extraction methods hence affecting the functional groups, properties, and
molecular weight of the isolated lignins. Biomass pretreatment can be divided into
main groups, namely mechanical fractionation (ball milling), chemical fractiona-
tion (acidic, alkaline), solvent fractionation (organosolv, ionic liquid pretreatment,
etc.), and biological fractionation (enzymatic) [21]. All of these techniques have
certain benefits and limitations associated with them; for example, ionic liquids have
replaced the conventional solvents and have addressed several drawbacks of conven-
tional methods regarding equipment corrosion, high operating conditions (extraction
temperature, extraction time). Still, their industrial implementation has been limited
because of expensive raw materials required for their synthesis and involvement
of more complicated procedures and steps [22]. A better understanding of these
pretreatment methods is essential to consider lignin as a significant starting point for
biofuel and renewable sources.

2.1.2 Mechanical Pretreatment

Themechanical pulping is the oldest process employed for the extraction of cellulose
fiber from biomass. In mechanical pulping, intense mechanical strength is applied to
separate cellulose fibers from biomass. Large abrasive grinding wheels are used for
grinding the biomass, and the resulting mixture is used to make pulp by dissolving it
in water [23]. Although this process has a high yield of cellulose fiber, a significant
amount of lignin is also included in the pulp which results in low strength and altered
properties of cellulose fiber. The cellulose obtained by this method is majorly used
in the production of newspapers, books, and magazines [24].
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2.1.3 Chemical Pretreatment

Chemical pretreatment (acid and alkaline) is the most common method to achieve
commercial-scale lignin [25, 26]. These pretreatments lead to high sulfur contents
present in ligninwith extensive structural changes depending on the pulping additives
and process parameters [27, 28]. Every commercial isolation method has certain
reagents involved that affect themolecularweight and purity of the end product, along
with the scope of processing for the new chemicals [28]. Cellulose-rich pulp/paper
processing is currently the leading manufacturer for commercial-grade lignin, but in
these techniques, the emphasis is given on only cellulose production [29].

Sulfite pulping: Sulfite pulping (lignosulfonate process) is the oldest acid pulping
technique, which was initially implemented for cellulose extraction during the paper
production cycle. The process proceeds in a regulated oxygen atmosphere, and the
sulfur combustion leads to the formation of sulfur dioxide (SO2), which reacts with
water to form sulfuric acid. The reaction takes place at 125–150 °C and 3–7 h [30].
The sulfuric acid (H2SO4) is used to digest wood; the pH of the cycle is main-
tained between 1.5 and 5 affected by the bases used in the process. The isolated
polymer contains 5% sulfur having carbohydrate residues as impurities. The obtained
lignin is water-soluble, large distribution of molecular weight and a relatively small
volumeof ash. Sulfite pulping requires a complex isolation procedure due to itswater-
soluble characteristics. A complex separation strategy is adopted to deal with water-
soluble lignosulphonates, in which water-insoluble product is formed by long-chain
alkylamine that needs to be extracted by using some organic solvents. Eventually,
lignosulfonate regeneration takes place by subsequent addition of a base [30, 31].

Kraft pulping: Kraft pulping is the form of chemical pulping used to degrade and
dissolve lignin by using chemical reactions to remove pure cellulose from the wood
[32]. In this approach, sodium hydroxide (NaOH) and sodium sulfide (NaS2) both act
as a nucleophile to cleave β-aryl bonds present between lignin-carbohydrate linkages
leading to the production of chemically resistant cellulose [33]. This process is carried
out at a high temperature of 175 °C for about 2 h. The final product, which is known
as black liquor contains a mixture of pulping chemicals, with small quantities of
sodium/calcium carbonate, sodium thiosulfate, hemicellulose [33, 34]. Unlike the
sulfite pulping, kraft lignin is rich in phenolic hydroxyl groups due to extensive
cleavage of β-aryl bonds during pulping process. Kraft lignin contains less sulfur,
less carbohydrate residues and inorganic impurity, and a high degree of purity relative
to sulfite lignin. Nevertheless, kraft lignin is considered as the by-product in paper
manufacturing and major application is limited to power generation at the pulp mill
[14, 29, 35].

Soda/Alkaline pulping: The alkaline pulping process is used to produce cellulose
and lignin worldwide due to high energy efficiency. Alkaline pulping is the oldest
techniques for lignin production. In general, the process is extended to non-woody
biomass like bagasse and straw. This technique is used to treat the lignocellulose at a
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temperature of around 150–200 °Cwith dilute NaOH (≈ 14wt%).Major delignifica-
tion steps occur by the saponification of the ester bonds present among hemicellulose
and lignin, whereas lignin is deconstructed partially by the cleavage of the α- and
β-ether bonds. Lignins derived from soda processes can, therefore, be more valuable
and hence can be more beneficial for the value-added production of composite and
bioplastic products [36].

Organosolv lignin: The organosolv cycle employs the removal of lignin and hemicel-
lulose from lignocellulosic biomass using organic solvents. It involves the pretreat-
ment of biomass with an organic solvent (carboxylic acids, alcohols, ketones, cyclic
compounds, acetone, ketones, and amines) and occasionally binary solvents are used
to achieve high-quality sulfur-free lignin. Organosolv lignin is substantially pure as
compared to other methods, as the functional groups and properties are near to
the native lignin [37, 38]. The lignin obtained is of lower molecular weight, free
of sulfur, alkali/alkaline metals, etc. The recovery of expensive solvents at higher
temperatures involved in the process is the major constrain [39]. The lignin resulting
from the organosolv process is a good source for polymers and resins; however,
it is too costly. One major drawback of this process is that lignin is recovered by
extensive washing using water at the end of the process. Moreover, an acid catalyst
is added into the pulping process, which results in a breakdown of ether linkages
and promotes intramolecular condensation reactions, resulting in a more complex
structure of the organosolv lignin [40, 41]. Furthermore, the acid utilization in the
process raises material corrosion and environmental concerns [14, 42].

2.2 Lignin Nanoparticles (NPs)

Nanomaterials and nanotechnology lead to the implementation of new approaches
for the valorization of biomass [43, 44]. Lignin nanoparticles (lignin NPs) exhibit
novel properties, i.e., increased surface area and enhanced properties relative to the
original materials. Moreover, surface modification of lignin NPs can be performed
easily as lignin is enriched with many functional groups such as; aliphatic, hydroxyl,
and phenolic groups. This modification of lignin to lignin NPs could result in a
chemically changed structure and improved properties to enhance their uses [45].
The following section addresses some of the methods adopted for the synthesis and
preparation of lignin NPs.
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3 Conventional Synthesis Methods of Lignin NPs

3.1 Acid/Alkaline Precipitation Method

The acid precipitation method is used to synthesize the non-toxic and biodegradable
lignin NPs. This method addressed two different techniques to prepare lignin NPs,
which have variances instability when pH is modified. The first method involves
acidic conditions (hydrochloric acid), and ethylene glycol is used for the precipita-
tion of low-sulfonated lignin. This allows highly stable lignin NPs to be recovered
in various pH ranges as the synthesized lignin NPs possess densely packed lignin
domains. In the second process, lignin is acid-precipitated using nitric acid from
high pH aqueous solution (sodium hydroxide) leading to the formation of lignin
NPs, which only have stability at low pH ranges and the synthesized lignin NPs are
porous [46].

Gutiérrez-Hernández et al. developed a method for alkaline precipitation, [47]
using Agave tequila lignin obtained by organosolv pulping for the synthesis of lignin
NPs. Briefly lignin (17 wt%) is mixed with a predetermined amount of sodium
hydroxide (NaOH) for 60 min. After 120 min, NH4OH is added to the mixture and
is stirred at high speed of 25,000 rpm for about 5 min. Once the mixing is complete,
active formaldehyde is added into the mixture, which raises the temperature of the
mixture to 85 °C. The mixture is placed for 120 min under magnetic stirring to allow
crosslinking and ligninNPs formation.Using thismethod, six different types of lignin
NPs were synthesized depending upon the wt% of active formaldehyde used and the
lignin source. Zinc oxide (ZnO) has been extensively used in sunscreens to block UV
radiation. The synthesized lignin NPs can be blended with ZnO as it was revealed
that the blend of both materials possessed excellent qualities of photoprotection.

3.2 Self-assembly

Themechanism producing a pattern or organized structure due to the specific interac-
tions (incoherent configuration) of the pre-existing components usually takes place
in the absence of some external direction. Dai et al. [48] developed a first-of-a-
kind framework for green NPs using lignin. In preparing the spherical nanoparticles
with good dispersion characteristics, alkali lignin (AL) was used as a lignin source
along with resveratrol (RSV, a bioactive molecule) and Fe3O4 NPs. A basic self-
assembly method was followed in this preparation step, and AL/RSV/Fe3O4 NPs
prepared resulted in a stable nano-drug carrier, and the schematic presentation of
the process is shown in Fig. 6. The AL/RSV/Fe3O4 NPs demonstrated important
anticancer effects and improved the release and stabilization of in vitro resveratrol,
and the required tumor reduction in cytological and animal studies. In another study,
lignin NPs were prepared by Liu et al. [49] using ethanol as well as several stages of
catalysts for selective lignin dissolution from biomass, using sequential organosolv
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Fig. 6 Basic self-assembly method followed for the preparation of AL/RSV/Fe3O4 NPs reprinted
(adapted) with permission from Qian et al. [50]. Copyright (2017) American Chemical Society

fragmentation approach (SOFA) as the basis of the process. Several uniform lignin
streams were prepared, and physicochemical characteristics, and the reactivity of
lignin, were explored to fabricate lignin NPs of expected features and characteristics
via self-assembly. In thisway, high-quality spherical ligninNPs, small effective diam-
eters, and good stability have been developed using SOFA to boost the self-assembly
process and thus contribute to the productivity of biorefineries. This represents a
sustainable means to upgrade the low-value lignin.

3.3 Polymerization Followed by Surface Modification

The series of ionic responsive poly(n-isopropylacrylamide) (PNIPAM) surface-
modified lignin nanofiber mats were synthesized by employing Atom Transfer
Radical Polymerization (ATRP) technique. Lignin NPs grafted PNIPAM brushes
with different molecular sizes, thicknesses, and grafting densities were immobilized
in the electrospun lignin nanofiber mats by modifying the initial monomer concen-
tration and the surface initiator densities. The findings have been verified by the
various characterization techniques such as ATR-FTIR, scanning electronic micro-
scopes (SEM), thermogravimetric analysis (TGA), XPS, and water-contact angle.
This study showed that lignin NPs possessed a lower critical solution temperature
(CST), which was further like that of PNIPAM and demonstrated ionic responsive
characteristics. The water-contact angle of the lignin NPs improved correspondingly
with the increasing ionic concentrations. Figure 3.6 depicts the SEM images of lignin
NPs, and lignin NPs grafted PNIPAM brushes after modification using ATRP. It is
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evident from Fig. 3.6 that after modification through ATRP, there is a strong increase
in the diameter of lignin nanofiber mat. Therefore, it was suggested that these nanofi-
brous materials could serve as a platform to build thermo-responsive separating and
purifying devices.

In another study, Qian et al. [50] modified water-insoluble lignin by grafting
2-(diethylamino)ethyl methacrylate (DEAEMA) through ATRP. These lignin NPs
grafted DEAEMA possessed a size range of 237–404 nm. They demonstrated that
lignin NPs grafted DEAEMA can be used as surfactants in pickering emulsion.

3.4 Compressed CO2 Anti-solvent Strategy

Compressed/supercritical fluid-based strategy has been evolved as an emerging tech-
nology used in polymer NPs growth during the last two decades. Its features, such
as size distribution and morphology, make it essential in the production of phar-
maceutical and drug delivery applications. This is a multistage patented process
which involves several dissolutions and precipitation stages. The commercial-grade
lignin from black liquor is dissolved in dioxane. The mixture is centrifuged at high
speed to achieve undissolved lignin. Using a supercritical carbon dioxide system
and following an anti-solvent strategy, lignin NPs can be obtained from the lignin-
dioxane solution.Due to its physicochemical properties,CO2 has gained considerable
interest in the recent past year. It has excellent features, i.e., (TC = 304.2 K and PC
= 7.4 MPa), low-cost, non-toxic, non-flammable, and available in plentiful quanti-
ties. However, in macromolecules, namely polymers, it is a weak solvent since it is
sometimes referred to as the best anti-solvent in precipitation processes, in which
precipitates can be controlled by temperature and pressure controls [51]. The key
characteristics of the process should be considered in this method, such as that the
raw material is a waste-pollutant that can address the problems of contamination
of the paper industry; no leakage exists as the supercritical anti-solvent strategy is
employed. Those are all the approaches used to provide awider viewpoint for broader
lignin applications.

In a study by Myint et al. [52], lignin NPs were produced from kraft lignin by
adopting a compressed CO2 anti-solvent strategy. Kraft lignin was dissolved in N,
N-Dimethylformamide (DMF) first, after which lignin NPs were precipitated using
compressed liquid CO2 as an anti-solvent. This resulted in an identical and quasi-
sphere lignin NPs (≈ 38 nm) formation that demonstrated improved water solubility
and water stability compared to raw kraft lignin. It was observed that the pressure
and solution flow rate has been decreased with an increase in temperature and the
lignin concentration.
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3.5 Chemo-Mechanical Methods

The chemo-mechanical methods offer an advantage by allowing the development of
uniform particle sizes between 10 and 70 nm with an average particle size of 30 nm.
Moreover, it is a simple processing tool, most importantly, without contamination to
the atmosphere [53]. An additional patent has been granted for lignin NPs prepara-
tions with a controllable particle size, which includes: (a) preparation of alkali lignin,
(b) grinding the alkali lignin to prepare liquid suspension, (c) conversion of alkali
lignin into lignin solution, and (d) drying to obtain lignin NPs [54].

4 Sustainable Synthesis of Lignin NPs

4.1 Microwave-Assisted Strategy

Although many strategies have been adopted for lignin NPs synthesis and modifica-
tion, only a few green and simple methods are being explored to generate high yield
as well as regularly formed lignin NPs so far. A study was first attempted by Wang
et al. [55] and co-workers, lignin was modified in a microwave-assisted strategy by
using acetic anhydride. Acetylation of lignin was processed without catalyst, and the
solvent used acted both as reaction reagent and the dispersion medium. A solvent
treatment subsequently gave the standard lignin NPs in conjunction with the ultra-
sound method (US). Meanwhile, the solvent used can be recycled and reused, the
process can be streamlined, and costs and industrial growth sizes are minimized. The
lignin NPs were quickly formed without dialysis and can be easily centrifuged. The
maximumyield of ligninNPs achievedwas as high as≈ 83%.Meanwhile, ultrasound
therapy improved lignin NPs uniformity and dispersal characteristics. The modified
lignin NPs were found to be good UV-absorbents, and it was suggested that several
green chemistry principles can be achieved.

4.2 Ultrasonication

As discussed above, the structure of lignin is very complicated, which strongly
depends upon the separation process and plant species used. In a recent study Gilcal
et al. [56] introduced a physical method to generate lignin NPs using ultrasonication
of wheat straw and Sarkanda grass lignin. A dilute aqueous suspension of lignin
(0.7%) was prepared and was ultrasonicated for 1 h. A uniform stable nano disper-
sion was finally achieved. Lignin was dried in mild conditions for further study in
the samples that induced sonication. The synthesized lignin NPs were 10–50 nm, the
dimensions and morphology of the prepared lignin NPs were characterized to assess
any unusual changes in the structure and composition. For potential applications,
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ultrasonication is even more desirable because no toxic solvents are employed in this
method. Later in a research, Gonzalez et al. [57] developed ultrasonic treatment of
lignin NPs for different periods (i.e., 2, 4, and 6 h) of treatment by utilizing kraft
lignin as the lignin source. The obtained lignin NPs were around 10–50 nm in size.
Ultrasonication is considered as an easily implementable and straightforwardmethod
for lignin NPs synthesis.

4.3 Biological Methods

Enzymatic pretreatment for the saccharification and fermentation of lignocellulosic
biomass has been potentially used in recent years. The enzymatic hydrolysis not only
proved to be efficient in lignin to lignin NPs production, but it also improved the
properties of the lignin NPs being synthesized. Recently, Rangan et al. [58] synthe-
sized lignin NPs through the breakup of the lignin-cellulose complex with different
enzymes. The enzymes degradation helped to achieve lignin-rich nanoparticles from
Luffa cylindrica a lignocellulosic fiber. Later in a study, Juikar and co-workers [59]
in 2018 developed lignin NPs by controlled microbial hydrolysis using Aspergillus
sp a lignin-degrading fungal isolate. The mixture was shaken at 10 rpm for 15 days
at ambient temperature. The method has been tracked, and samples were analyzed
on alternative days. The samples were centrifugated for 15 min at about 1000 rpm to
remove biomass and unhydrolyzed lignin. The supernatant has been filtered, and the
filtrate consisting of lignin NPs has been used for further analysis using characteriza-
tion techniques such as field emission gun-canning electronmicroscope (FEG-SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM). The
lignin NPs size ranged from 2 to 150 μm with a mean value of 55 μm. The yield of
lignin NPs was compared with the homogenization (high shear homogenizer used
for nano-lignin NPs synthesis) and the ultrasonication process. It was found that the
biological method yield was lower, i.e., ≈ 59% compared with 82 and 65% in the
latter, respectively. Figure 7 depicts lignin NPs micrographs using FEG-SEM, TEM,
and AFM produced by the three techniques, i.e., homogenization, ultrasonication,
and biological methods, respectively. It can be concluded by the micrographs that
the lignin NPs produced by the biological method is well dispersed as compared
to the lignin NPs by homogenization and ultrasonication process which were found
to be aggregated and scattered randomly. They reported that the biological method
for lignin NPs synthesis is energy and environmentally friendly as compared to the
conventional methods.

4.4 Flash Precipitation

Flash nanoprecipitation (FNP) is a process in which an insoluble, low molecular
weight compound is rapidly mixed and stabilized in a polymer-stabilized delivery
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Fig. 7 Micrographs of FEG-SEM (first column), TEM (second column) and AFM (last column) of
lignin NPs synthesized by a homogenization, b ultrasonication and c biological methods, reprinted
and reuse with permission from Juikar et al. [59] Elsevier © (2017)

vehicle. In a recent study, Richter et al. [60] employed the green synthesis process
based on dissolved lignin polymer flash precipitation, which enabled themanufacture
of lignin NPs ranging from 45-250 nm in size. In this method, a predetermined
amount (0.25 gm) of commercially available organosolv lignin is dissolved in 50 ml
of acetone in a batch synthesis assembly. The solution is whisked for half an hour
and syringe filtered using a 0.45 μm filter. The addition of 9.2 ml of water leads
to lignin supersaturation in the solution and phase separation by NPs of lignin. The
obtained samples are subsequently diluted with 0.05 wt% water, and dynamic light
scattering (DLS) technique is adopted for the particle growth monitoring regularly
after a fixed interval of time.

Additionally, by coating it with cationic polyelectrolyte, poly (diallyldimethy-
lammonium chloride), the surface characterizations and properties of the lignin NPs
were refined and controlled. This method helped to synthesize lignin NPs to be stable
in extreme pH conditions. Ionic liquids (aprotic ionic liquids and protic ionic liquids)
and deep eutectic solvents (DES) have been recently used as an emerging solvent
for lignocellulosic biomass pretreatment. Lou et al. [61] isolated lignin NPs from
wheat straw by selectively extracting lignin using choline chloride-lactic acid-based
DES. The lignin NPs yield was about 85%, and the particles ranging from 70-90 nm
in size were synthesized. It was stated that DES could not break the ether bonds in
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lignin but also can break the linkages between lignin and the hemicellulose at the
same time. Hence, green solvents can produce purified lignin NPs by dissolution and
following a simplified flash precipitation method.

5 Biodegradable Composites

Mankind is very familiar with biodegradable composites since 121 BC. The compos-
ites were made stronger by mixing red willow reeds and gravel in 209 BC and later
further mixed with stone, clay, sand, reeds, and willow branches in 206–221 BC. But
with the awareness hike, the researchers are focused ondeveloping suchmaterials that
are eco-friendly and biodegradable. This approach highlights the research progress
to convert nonrenewable to renewable degradable materials. This progress leads to
the development of new materials with desired properties and structures [62]. These
newmaterials (bio-composites) reveal the improvement in thermal stability, increased
durability, tearing and tensile strength, and reduced water absorption tendency. The
classification of biodegradable composites depends upon manufacturing methods,
applications, densities, and some other systems. Due to these factors, the composites
can be divided into two major groups: matrix (biodegradable polymers) and natural
bioresources (natural fiber and agricultural waste) [63, 64].

Due to the versatility demands of bio-composites utilization, no general proce-
dure exists for their synthesis. Therefore, researchers have reported several types of
bio-composites like wood/plastic, cement composites, glass/fiber, filament/wound
composites, etc. It is pertinent to mention that a variety of production methods are
practiced to produce bio-composites, which include extrusion, injection, molding,
thermoforming, etc., [63, 65]. Currently, the research is focused on the improvement
and utilization of such biodegradable composites suited for engineering applications.

5.1 Lignin Biodegradable Composites

The discussionmentioned above highlighted the utilization of renewable resources to
develop materials, fuels, and chemicals. Natural bioresources are abundantly avail-
able biomass, and from all fractions of biomass, the lignin is not being used enough
due to complex structure [66]. Many functional groups are present in the lignin and
provide the sites for the modification to meet the product requirements. By these
modifications in structures and properties, the lignin composites can be developed
for various practical applications [67, 68]. Various approaches have been deployed
to convert lignin to value-added materials by combining them with other materials.
Particularly, to develop the eco-friendly composite materials, the lignin is added into
various biodegradable polymers [69]. Lignin composites were also recently used
in the vanadium redox flow battery for high ion selectivity. Ye et al. synthesized
the sulfonated poly (ether ether ketone) (SPEEK)—lignin composite membranes.
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Table 1 Brief list of lignin biodegradable composites “author”

Name of lignin biodegradable
composite

Applications Reference

Chitosan-alkali lignin composites Adsorption of dye and metal ion from
wastewater

[71]

Lignin@TiO2 composites Photocatalysis [72]

Lignin-lactide copolymer bio-based
composites

To enhance UV absorption and reduce
brittleness without a sacrifice in the
modulus of elasticity

[73]

Liginin-poly(butylene succinate)
(PBS)

Due to their antibacterial and antioxidant
properties it is used in biomedical
applications

[74]

Fe3O4 and lignosulfonate composite To remove dyes from water efficiently [75]

Biorefinery lignin and
polyhydroxybutyrate composites

3D printing [76]

Gellan gum, 2-hydroxyethyl
cellulose, and lignin

Food packaging and biomedical
application

[77]

Poly(lactic acid)/lignin-based biodegradable composites [78]

They found the outstanding ion selectivity and the superb protons conductivity of
the membrane by the addition of lignin and shows ultrahigh coulombic efficiency
(over 99.5%) and energy efficiency (over 83.5%) [70]. In Table 1, a brief list of some
biodegradable lignin composites is presented.

5.2 Lignin NPs Biodegradable Composites

The use of nano-lignin in macro-scale compounds, i.e., natural and synthetic, is an
important technique to develop suitable composites. In recent literature, the nano-
lignin as filler was used to develop polymer composites [79]. Some studies high-
lighted the utilization of lignin NPs as antioxidants, reinforcement, antimicrobial,
antimutagenic agents, and UV adsorbent for the synthesis of nanocomposites. These
nanocomposites can be used in different applications [51, 69, 80]. It was noticed
in many studies that the mechanical properties of nanocomposites are far better
than micro- and macro-composites [81, 82]. Lignin NPs have been used in different
biodegradable polymer matrix, i.e., wheat gluten [83], PVA [84], polylactic acid
(PLA) [85], natural rubber [86] and bio-PPT [87], etc., to make mechanically strong
nanocomposites.

The polylactic (acid) (PLA)/lignin NPs composites were developed by solvent
casting and melt extrusion. The hydrochloric acidolysis was used to synthesize the
lignin NPs. They found that the uniform dispersion of lignin NPs in the PLA matrix
by using the melt extrusion method. Meanwhile, the solvent casting method exhib-
ited a weak interaction of NPs and PLA, along with aggregated dispersion of NPs.
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Moreover, the higher loadings of NPs gave rougher surface structures and higher
degradation rates [88].

In another study, the biodegradable poly(butylene adipate-co-terephthalate)
(PBAT) has been used with lignin NPs to develop biodegradable composite. The
lignin NPs and composites have been developed by using acidic precipitation of
lignin and injection molding, respectively. Modified NPs are well dispersed in the
PBAT matrix at a low loading of NPs, exhibiting improved mechanical properties
and enhanced processing ability due to a decrease in the viscosity by the addition
of NPs in the PBAT matrix. It was also found that low compatibility decrease in
modulus when in a molten state [89].

The biodegradable polymer waterborne polyurethane (PU) is used to developed
biodegradable composite with lignin NPs. The lignin NPs were developed by ultra-
sonication treatment. The prepared lignin NPs at different loadings has been incor-
porated in the PU matrix to prepare the composite. The morphological analysis of
biodegradable composite confirmed the excellent dispersion of NPs in the matrix
along with improved thermal stability (@ > 400 °C). Moreover, due to the ultrasoni-
cationprocess for the development ofNPs, the noncovalent interactions are developed
between NPs and PU matrix, and due to this interaction, mechanical properties of
developed composites have been improved [57].

The PLA is also used with NPs to develop the composite film. The PLA/NPs
composite film and ligninNPswere prepared by hydrochloric acidolysis and the pick-
ering emulsionsmethod, respectively. The results confirmed the improved dispersion
of NPs in the PLA matrix. The mobility of PLA has been enhanced by the addition
of NPs, which lead to greater crystallinity. The PLA/NPs composite films exhibited
an increase in Young’s modulus and a decrease in elongation at break and tensile
strength as compared to pure PLA film. These improved properties by adopting
pickering emulsions method confirm that this composite film is advantageous for
industrial applications [90].

The agro-polymer wheat gluten (WG) is used with lignin NPs to develop the
bio-nano composites films [91]. The lignin NPs is synthesized by acidolysis. The
developedNPs have uniform size distribution and better thermal stability. The synthe-
sized bio-nano composites films exhibit improved mechanical strength and thermal
stability, homogenous distribution of NPs, and reduced water sensitivity. Moreover,
the loading of NPs in WG films caused a decrease in the transparency of the film.
This decrease in film transparency and excellent UV resistance help to use these
bio-nanocomposites films in food packaging and agricultural bag manufacturing
[83].

Recently, one study focused on the functionalization of NPs to enhance the prop-
erties of the composites. Chollet et al. prepared NPs via the dissolution-precipitation
process from Kraft lignin microparticles (LMP) and used diethyl chlorophosphite
and diethyl (2-(triethoxysilyl)ethyl) phosphonate-functionalized NPs as the additive
flame-retardant additive for polylactide (PLA). We observed that the functionaliza-
tion of NPs reduced the degradation of PLA during melt processing and improved
the thermal stability of the nanocomposites. Hence, the functionalized lignin NPs
can be used as a flame retardant additive even at low concentration [92].
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The biodegradable lignin NPs/poly(vinyl alcohol) (PVA) nanocomposite films
were prepared by a simple solution-casting method. The T-shaped microchannel
reactor was used to prepare the lignin NPs (average size 13 nm). The NPs showed
uniform dispersion in the PVAmatrix. Also, these nanocomposite films improve UV
efficacy by 13.3%. These films can be used for medicine and packaging [93].

6 Value-Added Applications of Lignin NPs

Lignin which is known to be the secondmost abundant biopolymer is a by-product of
cellulose with low value-added applications. However, in the last few decades, due
to its abundant sources, researchers have started to investigate its application. Lignin
usagewas startedwith its application in the polymer chemistry perspective [94]. They
also mentioned that lignin is the main renewable source of aromatic, which makes
it suitable to be used as polymer and other aromatic components like phenol and
monomers. The usage of lignin could reduce the dependability on petroleum feed-
stock. However, the use of lignin as polymer-based materials is a great challenge due
to its complex macromolecular structure. Not that long time after that, scientists have
moved the synthesis of lignin as nanoparticles due to its non-toxic which could lead
toward global sustainability [46] and high-value of technical lignin [43]. Synthesis of
general nanomaterials is usually harming the environment and costly. Thus, a cost-
effective, fast yet easy, and green path of nanomaterials synthesis is now preferred.
Nanoparticles from renewable resources like lignin are known to be biodegradable,
biocompatible, antioxidant and can be used in various applications [60]. This section
will discuss the immense and valuable lignin applications, including biomedical,
environmental, engineering, and technology fields.

A lot of successful production of lignin nanoparticles via different methods
is found targeted on the biotechnology and nanotechnology applications [95–97].
Nanoparticle lignin based is known to be an eco-friendly option and thus stimulates
its utilization in the nanocomposite,medicals, andbiomedical applications depending
on their source, chemical modifications, and physicochemical properties [98, 99].

6.1 Medicine and Pharmaceuticals

Drug-related industries are among the highest number of areas that are using lignin
nanoparticles. Lignin NP is embedded in medicine and pharmaceuticals, mainly due
to its antimicrobial and inherent antioxidant properties. Besides, lignin also possesses
biological activities, i.e., reducing cholesterol, antidiabetic, viral infections, and
cancers [100]. One of the important aspects of a drug is its release [101]. This is
normally achieved by its inherent properties like highly biodegradable, stable, non-
toxic, and inexpensive: properties that support potent drug delivery. Kraft lignin that
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is also a fat adsorbent could control and prevent obesity. Lignin known as lignophe-
nols has the ability of reducing cholesterol as it is a stable and act as an antioxidant
at the same time [102]. Lignin–carbohydrate–protein complexes (LC) were tested
against some viruses like herpes and measles and found to be a positive outcome
[103]. Another lignin lignosulfonic has the anti-HIV that applicable in low dosage
and found to be approved in clinical trials [104]. Lignin was also used as an antimi-
crobial application or as a cancer treatment as water-dispersed lignin could carry
silver ions [46].

6.2 Metallic Nanoparticles Synthesis

With its abundant sources, lignin is also used inmakinggreener andhigh-costmetallic
nanoparticles, which is opposite to its inherent economic image. Akali lignin that is
known to be water insoluble was also used in the ball milling method for crushing,
and the results show an increase in surface area by 10-fold. Based on similar studies,
alkali lignin and hemicellulose were a good candidate in producing precious metals
like Pt, Au, and Pd nanoparticles [105]. In addition, lignin was again used as a
reducing and capping agent in producing CuO nanoparticles with a particle size of
100–200 nm [106].

6.3 Crosslinking Agent

A self-healing hydrogel used lignin nanoparticles in its preparation along with
polyvinyl alcohol (PVA) and cellulose nanofibrils (CNF), where the lignin acts as a
spacer and found to have improved in the Gs values due to its anti-aggregation and
elasticity properties [107]. These hydrogels are widely used in several field applica-
tions, including pressure sensors, softmachines, and tissue scaffolds. Lignin nanopar-
ticles were also found used as crosslinking junctions to synthesize high mechan-
ical hydrogels like polyacrylamide (PAM)/lignin nanoparticle nanocomposite hydro-
gels. The resulted hydrogels were found to have high tensile strengths and highly
compressive at megapascal measurement [108] due to their strong hydrogen bonding
[109].

6.4 Antimicrobial

The hybrid of lignin together with nano-silver or nano-chitosan was used as an
antibacterial agent [110]. Another study used switchgrass lignin showed good
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promise for bacteria flocculation in wastewater treatment [111]. Traditional adhe-
sive hydrogels are known to have poor mechanical strength, less adhesiveness effec-
tive, and most importantly low antibacterial activity. Another plant-based adhesive
hydrogel was then delivered and prepared from silver-lignin nanoparticles [112]. It
showed significant cell affinity and, most importantly, high antibacterial activity due
to its catechol groups and antibacterial activity of silver-lignin nanoparticles.

6.5 Others

An interesting invention in making nano-colorant from nanoparticles lignin was
found to producemore fluorescent nano-colorants as compared to pristine lignin [97],
since lignin nanoparticles have the antioxidant ability, the solubility of nanoscale
lignin improved tremendously as compared to the conventional lignin. It also
exhibited excellent UV protection, finding applications in cosmetic products [47].
Nanoparticles were also used in emulsion microencapsulation. Lignin nanoparticles
also are suitable for this application where it was embedded with sodium dodecyl
sulfate (SDS) [113]. Lignin extracted from wheatgrass was employed with an ionic
liquid (IL) producing very fine lignin nanoparticles, ranging from 200 nm to 1.5μm.
In another study, lignin nanoparticles were graftedwith diethylaminoethyl methacry-
late as applied as surfactant for CO2/N2 pickering emulsion [114]. Lignin nanoparti-
cleswas also applied for the immobilization of oxidative enzymes due to their electro-
chemical responsiveness [115]. Hence, these studies show that lignin nanoparticles
have found various applications over the years. This is potentially promising as this
material is inexpensive and non-toxic.

7 Industrial Applications

Lignin and its derivatives have been used for a variety of purposes in industrial and
research purposes. Lignin and its derivatives have been used mainly for biofuels,
chemical reagents and polymer purposes. However, numerous other applications
such as adsorbents, drug delivery, fertilizer release, antifoulant additive, adhesives,
coatings, nano-catalyst for oxidation reaction, and energy storage composites have
also been found and investigated by the researchers. Table 2 highlights the main
uses of lignin and its derivatives for different applications on an industrial scale [94,
116–119].

M. S. Alqahtani et al. synthesized lignin nanoparticles using the citric acid
crosslinking technique to enhance the oral drug delivery system of a naturally
occurring compound, curcumin, which is a low soluble with limited bioavail-
ability, naturally occurring compound. Their studies proved that lignin nanoparticles
(LNPs) improved theLNP-loaded curcumin had high stability, higher cellular uptake,
slow-release, increased permeability (fivefold), and increased bioavailability (up to
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Table 2 Potential applications of lignin and its composites “author”

Application type Uses

Biofuels Diesel, syngas, hydrogen, char

Chemicals Dispersant, binder, polymer, adsorbents, adhesives, nano-catalyst, antifouling
agent, binders, sizing agents, antioxidant, anticoagulant, corrosion inhibitors,
fire retardant, agglomeration agent

Agriculture Controlled release of fertilizers, Sequestering agents of heavy metals

Biomedical Tissue engineering/regeneration, antiproliferation agent, drug delivery,
pickering for microencapsulation, antiviral

Battery Thermal energy storage (B-70)

Polymer Thermal stability, mechanical stability, adsorbing agent, a reactive component
in resin

tenfold) [120]. P. Figueiredo et al. derived peptin functionalized LNPs from dentin
phosphophoryn for increased cellular uptake into different types of cancer cells. They
concluded that functionalized LNPs showed a great commitment in cellular uptake
with improved stability and antiproliferative effect for three types of cancer cell lines
[121]. T. Zou et al. also studied the potential of LNPs for controlled drug delivery
of ciprofloxacin and reported that antioxidative lignin particles hold great potential
for the rapid release of ciprofloxacin when encapsulated with chitosan [122]. Y. Li
et al. in their study discussed that alkali lignin-based colloidal spheres resulted in the
controlled release of avermectin, and it helped in protecting the avermectin from UV
irradiation even after 96 h [123]. Apart from examples quoted above, numerous other
investigations have reported improved efficiency in terms of drug release, encapsula-
tion, cellular uptake, and bioavailability for biomedical applications of lignin-based
nanoparticles [48, 124, 125]. P. Figueiredo et al. have recently published a compre-
hensive review of such an application, and it can be consulted for further reading
[119].

Lignin nanoparticles, their composites, and derivatives have also found their wider
applications in greener fuel production. Many studies have recently been conducted
for the production of hydrogen, syngas, biogas, biodiesel [126], and biochar from
lignin and its derivatives [127–131]. Pei et al. reported the production of hydrogen
gas through the gasification of lignin in supercritical water. Their analysis revealed
that by controlling the tube wall temperature lignin-based gasification could produce
a higher production of hydrogen [132]. Similar results were also reported by Kang
et al., when they used nano-catalyst of lignin for improved production of hydrogen
[133]. S. Kang et al. analyzed the production of hydrochar using lignin, cellulose, d-
Xylose, andwoodmeal. They concluded that lignin could be effectively employed for
the production of solid fuel and adsorbent, albeit controlling parameters to produce
such fuels would be of great importance during the process [134].

Another important application of lignin material and its derivatives is in energy
storage devices. Recent advances in thermal energy storage (TES) devices have
been shifted to carbon-based materials, particularly materials with greener synthesis
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techniques because of stringent environmental laws [135–137].M. H. Sipponen et al.
employed fatty acid-lignin hybrid nanocapsules for TES. Their results proved the
vitality of lignin-based nanocapsules since these capsules prevented fragmentation
of high heating–cooling cycles up to 290. They also concluded that such high efficacy
of these lignin-based nanocapsules could go beyond TES systems [138]. H. Li et al.
reported the development of supercapacitors using a lignin-based carbon monolith.
They inferred that these additive-free electrodes depicted the highest volumetric
capacitance of 3 F cm−2/97.1 F cm−3 and energy density of 0.16 mWh cm−2 at
1.75 mW cm−2 with appreciable cycling performance after 10,000 cycles [139]. W.
Zhang also reported similar results for high capacitance applications using lignin-
based hierarchical porous carbon with porous morphology. They stated that specific
capacitance of such carbon was 286.7 F g−1 at a charge–discharge current density
of 0.2 A g−1 [140].

Numerous application of lignin and lignin-based materials have also been inves-
tigated which have shown enhanced properties ranging from anticorrosive behavior
[141], antimicrobial character [142], highmechanical and thermal strength [88, 143],
hydrophilic character [144]. Frollini et al. synthesized a thermal isolating structural
foam, which showed that the use of lignin could minimize the thermal conductivity
of such foams effectively. They also claimed that lignin-based cellulosic fibers could
act as a reinforcing agent by enhancing the impact of phenolic matrices up to 35 folds
[145]. Zheng et al. used lignin coatings to improve the fire retardancy of substrate
materials. Their study showed that sulfonated lignin had better performance than
kraft lignin, hence providing the usefulness of lignin materials as a fire retardant
[146]. P. K. Mishra and R. Wimmer synthesized lignin-based colloidal particles
for their applications in cosmetics and drug delivery applications. They suggested
considerable stability in terms of coating layers for synthesized colloidal lignin parti-
cles [147]. Lee et al., used lignin spherical particles in preparation of sunscreen for
UV protection. They emphasized that the inclusion of spherical lignin nanoparti-
cles produced sunscreen with higher sun protection factors and UVA exceptional
protection factors. They also stated that inclusion of light color lignin nanoparticles
could improve the aesthetic aspect of sunscreen too [148]. Similar results for the
improved performance of sunscreen were reported by other researchers also [149–
151]. Rehman et al. used the lignin nanoparticles as an anticorrosive material for the
protection of carbon steel. They reported enhanced protection against the corrosion
of carbon steel when lignin nanoparticles were employed as a protective coating on it
[141]. Dastpak et al., also claimed enhanced (up to 3 order magnitude) anticorrosive
property of stainless steel when coated with lignin nanoparticles [152].

8 Issues and Challenges

Despite wider applications and potential uses of lignin nanoparticles and lignin
derivatives, their commercial usage is hindered by very peculiar challenges such
as color, sustainability, stability, degradation, greener synthesis methods, and high
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polydispersity. Currently, many improved techniques and resources have been used
to derive the lignin from natural resources with minimum hazards; however, such
techniques have not been reported yet for any scale-up studies [60]. Application of
lignin nanoparticles, specifically in cosmetics products, can also be improved if the
color of lignin could be improved using some greener techniques which do not affect
the structure and properties of lignin nanoparticles [117]. Another challenge that
researchers are facing persistently is the solubility of lignin nanoparticles or lignin-
based materials into solvents specifically for analytical purposes such as NMR. Such
difficulty makes it harder for a complete investigation of these materials in devel-
oping products, and it could pave the way for the researchers to either find newer
greener solvents or modification techniques to make lignin materials soluble into
these solvents [153]. Furthermore, isolation of lignin from its source is still an issue
to be taken seriously and vigorously, and this area particularly holds the key to its
global acceptance as a greener filler nanomaterial. Finally, it can be concluded that
the wider application of lignin nanoparticles is highly dependent on our quest to
improve its developing methods, which are inexpensive, greener, and quicker.

9 Future Recommendations

The physical characteristics of lignin, which is used as a precursor for lignin
NPs depend majorly on biomass origins, heterogeneity, and methods employed
for pretreatment. It is important to adopt safer, greener, and eco-friendly methods
for synthesizing a wide range of lignin NPs. Moreover, major challenges such as
complexity, subsequent molecular properties, and lignin structures can be fulfilled
by replacing the conventional harsh solvents (acid/alkaline) with room temperature
ionic liquids (RTILs) and deep eutectic solvents (DES). In addition, various biolog-
ical techniques like enzyme treatment, gel-electrophoresis, and bio-membranes can
be utilized as a medium for the separation and production of lignin-based materials.

Forecasting energy and environmental issues cause the effective usage of natural
resources to be re-evaluated. Researchers are also convincing to identify potential
applications of sustainable technology for natural and renewable resources. There-
fore, lignin has tremendous potential and can satisfy the modern world’s existing
energy demand. It is important to find alternative sources for liquid fuels in a world
where there is excessive reliance on petroleum. Alternatively, progress in biotech-
nology may help to discover and characterize new enzymes and to generate them
in homologous or heterologous systems. Low-cost conversion of lignin to biofuels
and biochemicals would be the goal. The key focus of future work, which could lead
to the previously stated activities, will include the introduction of nanotechnology,
green biotechnology, and new technological developments in lignin processing and
techniques.

The biodegradable composites are the potential replacements for plastics in the
food-based industry, e.g., food packaging and single-use cutlery. However, these
cannot be suitably developed until core properties like color, sustainability, stability,
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and degradation are fine-tuned to the market demand. This sector can find extensive
applications worldwide. The cost of the lignin-based materials is a constraint in
replacingmany industrial and domestic processes. If low-temperature photo-catalytic
and immiscible solvent-based extraction processes can be developed, the price of
separation will be substantially reduced, economizing the overall costs. Moreover,
the catalytic nature of the process will improve product recovery, increase process
kinetics, and enhance the quality of the product.

Researchers need to consider how the processing conditions alter the chemistry
and material properties of lignin. Here are discussed common commercial lignin-
producing methods including sulfite, Kraft, and soda pulping as the key commercial
extraction processes. The current research in the sector has been limited to low
technology readiness levels. At the current state of knowledge, many processes can
be developed further into commercialized technologies with minimal investment and
funding support.
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Chapter 12
Recent Trends in Surface Modification
of Natural Fibres for Their Use in Green
Composites

Mariana D. Banea, Jorge S. S. Neto, and Daniel K. K. Cavalcanti

1 Introduction

In recent years, many industries have invested in sustainable processes aiming
to reduce their dependency of petroleum-based productivity chains, creating new
biodegradable materials that are less harmful to the environment [1–4]. Currently,
numerous types of natural fibres are used in various industrial sectors due to their
numerous advantages such as low cost, low density, renewability, biodegradability,
easy availability and worldwide abundance [5]. However, they have some important
drawbacks, such as poor interfacial adhesion between fibres (hydrophilic) andmatrix
(hydrophobic), moisture absorption, poor fire resistance, low impact strength and low
durability. In order to surpass these drawbacks, surface modification of natural fibres
is commonly used. It was shown in the literature that the fibre surface modifica-
tion can improve the fibre–matrix interfacial bonding, roughness, wettability, the
hydrophilic nature of fibres and also decrease the moisture absorption [6–16]. The
surface modification methods can be divided into two main groups: chemical and
physical approaches (see Fig. 1). It is seen from the literature that chemical treat-
ments are widely used to improve the interfacial adhesion between fibre and matrix
and improve the durability, while the physical approaches are used to enhance the
mechanical properties of the composites.

Figure 1 presents a classification of the main methods of surface modification of
natural fibres. These methods will be briefly presented in the next sections.
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Fig. 1 Scheme of natural fibres surface modification classification. Source Author

2 Chemical Approaches for Surface Modification
of Natural Fibres

Chemical treatments can increase the interface adhesion between the fibre andmatrix
by chemical bonding or mechanical interlocking at the interface and decrease the
water absorption of fibres [17, 18]. Several compounds were used to promote adhe-
sion by chemically coupling thefibres to thematrix, such as sodiumhydroxide, silane,
acetic acid, acrylic acid, maleated coupling agents, isocyanates, potassium perman-
ganate and peroxide. The most common chemical treatments used to treat/modify
the surface of natural fibres will be briefly discussed in this section.

2.1 Alkaline Treatment

Alkali treatment, also called mercerization, is one of the most popular chemical
treatments of natural fibres mainly because of its simplicity and low cost [3]. Sodium
hydroxide (NaOH) is commonly used in this method. It was shown in the literature
that the alkalization treatment removes the impurities and organic components such
as lignin, pectin and hemicellulose from the surface of the natural fibres, increasing
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in this way the roughness and wettability of the fibres [17]. This method not only
removes impurities but also exposes the fibres fibrils and functionalizes its surface
with –OH groups, thus increasing fibre–matrix interactions. However, the efficiency
of alkali treatment depends on the type and concentration of the alkaline solution,
time of treatment and the temperature used. It was shown that if the alkali solution
concentration is higher than the optimum condition, an excess of the delignification
of the fibre can occur, which results in weakening or damaging the fibre. Various
studies from the literature [17, 19–26] reported improvements in interfacial shear
strength (IFSS), improvement of fibre strength and improved interfacial bonding for
alkali modified natural fibre. Table 1 summarizes a number of studies on the effect
of alkaline treatment on the main characteristics of natural fibres and interfacial
adhesion.

2.2 Silane Treatment

Silane (SiH4) is used as a coupling agent to modify the surface of natural fibres
in green composites [28]. Silane treatment consists of hydrolysis of alkoxy groups
on silane with water to form silanol (Si–OH) groups which can further react with
hydroxyl groups on the fibre surface. Figure 2 shows the reaction mechanism of
silane with the functional group of natural fibres. It was shown that silane treatment
increases the hydrophobicity of natural fibres and strength of composites with higher
increases occurring when stable covalent bonding occurs between silane and the
matrix [6].

It was also shown in the literature that the silane treatment can benefit from a
previous alkalinization process [3, 29, 30]. For example, Sepe et al. [30] analysed
the effect of alkalinization (1 and 5% NaOH) and silane (1.5 and 20 wt% of silane
coupling agent) chemical treatments in epoxy composites reinforced with hemp
fibres, and the test results showed that silane treatment of hemp fibres improved both
tensile and flexural properties of the composites. Figure 3 shows the effect of the
silane treatment on hemp fibre-reinforced composites.

2.3 Acetylation Treatment

Acetylation is a chemical reaction in which a hydrogen atom is substituted for an
acetyl group (CH3C=O group) in a compound. During acetylation of natural fibres,
esterification occurs by reaction of acetyl groups (CH3CO–) with hydroxyl groups
(–OH) (see Fig. 4). The substitution of the polar OH with the less polar CH3CO
will render the fibre a more hydrophobic nature, thus promoting better compatibility
with the non-polar matrix [16]. Commonly, the acetylation treatment of the natural
fibres is preceded by an alkaline treatment [5]. It was showed that it improves inter-
facial bonding, tensile and flexural strength, stiffness, as well as thermal stability of
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Fig. 2 Schematic of the chemical reaction between the silane groups and the functional groups of
the natural fibres. Source Author

Fig. 3 SEM images of the surfaces of a untreated, b 1% silane-treated, c 5% silane-treated, and
d 20% silane-treated hemp fibre-reinforced composites ( Reproduced from Sepe et al. [30])
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Fig. 4 Schematic of the reaction of acetic anhydride with natural fibre. Source Author

composites [31]. Several researchers report that depending on the concentration of
acetylation, it can prevent up to 65% of moisture absorption [16, 32]. However, over-
treatment can be deleterious tomechanical properties, due to degradation of cellulose
and cracking of fibres which can occur with the catalysts used in this process [5].

2.4 Benzoylation Treatment

Benzoyl chloride (C6H5C=O) is used to improve interfacial adhesion and thermal
stability of natural fibres by reacting to hydroxyl groups (OH) from the fibre surface
[9, 16]. This results in addition of benzoyl groups on the cell wall of fibre. However,
the condition that this reaction takes place is that several constituents (i.e. waxes,
oils, hemicellulose and lignin) are removed using pre-treatments in order to expose
the reactive OH groups on the fibres surface [33, 34]. After pre-treatment, the OH
groups are replaced by benzoyl groups, as can be seen in Fig. 5.

2.5 Peroxide Treatment

The peroxide chemical treatment of natural fibre to be used in green composites
has attracted the interest of several researchers [6, 35, 36]. The chemical compound
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Fig. 5 Schematic of the reactions involved in the benzoylation process using a NaOH solution.
Source Author

uses the functional group (ROOR) which contains divalent ion bond O–O which
is conducive to dissociate free radicals (RO), in addition to having the tendency
to react with the hydrogen group of cellulose fibres and matrix [6, 9, 18]. During
peroxide treatment, the natural fibres are treatedwith 6%dicumyl peroxide or benzoyl
peroxide (see Eqs. 1–3) in acetone solution after they were previously pre-treated by
alkalinization [11].

RO - OR → 2RO,RO + Polymer → ROH + Polymer (1)

RO + (C6H10O5)n → ROH + (C6H10O5)n (2)

Polymer + (C6H10O5)n → Polymer - (C6H10O5)n (3)

2.6 Maleated Coupling Agents

Maleated coupling is another technique used for enhancing the properties of green
composites reinforced with natural fibres. The main difference compared to the other
methods is that this method modifies not only the fibre surface, but also the matrix
as the maleic anhydride (MA) is commonly grafted to the same polymer used as the
matrix to ensure compatibility between the matrix and the coupling agent [16, 28].
MA reacts with the hydroxyl groups of the natural fibres and also forms C–C bonds
with the polymeric chains of the polymer matrix, which increases the compatibility
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Fig. 6 Schematic of the
chemical process of the
maleated coupling. Source
Author

between the fibre and matrix and in this way the interfacial adhesion [12, 16, 28].
Figure 6 illustrates a schematic of the chemical process of the maleated coupling.

One of themost common polymers used in the literature is the polypropylene (PP)
matrix, which in the presence of MA results in grafted maleic anhydride polypropy-
lene (MAPP) [28, 37]. Baykus et al. [37] investigated the alkaline treatment and
the mixed treatment (alkaline + maleic anhydride) on jute fabric-based composites
with polypropylene (PP) and polyethylene (PE) matrices. They found that the mixed
treatment produced an increase in tensile strength of 90% in PP matrix composites
and 40% in PE matrix composites, when compared to composites without treat-
ment. González et al. [38] studied the incorporation of 10 to 40% by weight of
agave fibre in polylactic acid (PLA) and maleated PLA (MAPLA) and showed that
MAPLA presented an increase in tensile strength and Young´s modulus, in addition
to decreasing the absorption coefficient and diffusion of water.

2.7 Other Treatments

Several other chemical treatments (i.e. isocyanate treatment, stearic acid treatment,
graft copolymerization, permanganate treatment, sodium chlorite treatment and
etherification treatment) were used in the literature to reduce the hydroxyl groups of
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natural fibres, in addition to improving the interfacial adhesion of the fibre/matrix
[9, 28, 39, 40]. For instance, Tayfun et al. [39] evaluated the influence of isocyanate
treatment on polyurethane composites reinforcedwith flax fibres, and the results indi-
cated that the composites treatedwith isocyanate exhibited the best results in terms of
tensile strength and Young’s modulus when compared to untreated fibre-reinforced
composites. Zafeiropoulos et al. [41] used stearic acid (CH3(CH2)16COOH) to treat
flax fibres. They reported that this treatment removed non-crystalline constituents
of the fibres, altering the fibre surface topography. They also found that treated flax
fibres were more crystalline than the untreated ones and stearation decreased the
fibre surface-free energy.

3 Physical Treatment Modifications

Physical treatments (i.e. plasma, corona, ultraviolet (UV), heat treatments electron
radiation and fibre beating) have been also used to modify the surface of natural
fibres for their use in green composites [16, 28, 42]. These treatments improve the
adhesion between the fibre andmatrix by changing the surface properties of the fibres
without changing their structural composition [9, 43]. However, physical treatments
are more expensive compared to chemical ones, mainly because of the equipment
involved in the surface modification processes [43].

3.1 Plasma Treatment

The plasma treatment is a technique thatmodifies the surface of natural fibres through
a gas ionization process [44, 45]. Several gases can be used, such as oxidizing gases
(H2O,O2 andN2O), inert gases (Ar orHe), active gases (NH3)which generate amino
groups and polymerizing gases (monomer gases for direct polymerization, Ar or He
pre-treated) [18]. Plasma treatment can be carried out under atmospheric pressure and
vacuum pressure and at low and high temperatures [16, 18, 44]. However, for natural
fibres low temperatures are preferred because of the flammable constituents of the
natural fibres [16, 28]. It was showed that plasma treatment induces surface etching
which improve the surface roughness of the fibre and result in a better interface with
the matrix through mechanical interlocking. In addition, it can introduce various
functional groups on the natural fibre surface, which form strong covalent bonds
with the matrix, thus resulting in strong fibre–matrix interface [28, 33]. Figure 7
illustrates the effect of the plasma treatment on the surface of the fibre by surface
etching and functionalizing.

An important factor to be considered in plasma treatment is the exposure time,
since the longer the exposure period, the higher the possibility of the fibre surface
to suffer degradation and damage [44]. As an example, Fig. 8 shows the effect that
plasma treatment has on coir fibre surface over time.
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Fig. 7 Schematic of the effect of plasma treatment on the surface of fibres by surface etching and
functionalizing. Source Author

3.2 Corona Treatment

Corona treatment is a surface modification technique that uses plasma generated
by the application of a high voltage to sharp electrode tips separated by quartz and
causes the formation of electromagnetic fields that oxidize the surfaces of the fibres
[13]. The corona discharge produces chemical and physical changes of fibres as well
as increased surface polarity (due to increased carboxyl and hydroxyl groups) and
increased fibre roughness [12, 13, 16]. However, this treatment has some disadvan-
tages, such as the lowdepth of penetration of the electrical discharge and the difficulty
to be applied to three-dimensional surfaces including natural fibres [46]. On the other
hand, the great advantage in relation to the other physical treatments, mainly plasma
treatment, is the fact that the process has low cost and energy consumption, as do
not need vacuum chambers for low temperatures. Gassan and Gutowski [46] used
corona plasma to treat jute fibres to be used in epoxy composites. The treatments
increased the polarity of fibres but decreased fibre strength and tenacity leading
to reduced composite strength with corona treatment. Oudrhiri et al. [47] treated
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Fig. 8 SEM analysis of untreated coir fibres (a, b), 30 s plasma treated (c, d) and 60 s plasma
treated (e, f) coir fibres (Reproduced from [44])
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aloe vera fibres with corona discharge during 5, 10 and 15 min. and observed the
degradation of fibres due to etching mechanism caused by corona.

3.3 Ultraviolet Treatments

The ultraviolet treatment is a technique that uses electromagnetic radiation ranging
from 10 to 400 nm [18]. The process causes chemical changes (C–C, C–O, C–F, C–
Si) in the surface of the natural fibres and promotes the cleaning of fatty acids, waxes
and other constituents exposed on the fibre surface [7, 28, 48]. Themain advantage of
this technique is its simplicity, low investment and versatilitywhen compared to other
physical treatments. Benedetto et al. [48] investigated the effects of UV irradiation
on banana composites for 7 and 15 days. They found better mechanical and thermal
properties of the composites. Gassan and Gutowski [46] used UV to treat jute fibres
and found 30% increase in the flexural strength of composites.

3.4 Thermal Treatments

Thermal treatment is one of the physical methods which involves heating of the
natural fibre between the temperatures 100 and 200 °C. This process reduces the
moisture content, and the lignocelluloses bundles are detached into single filaments.
By heating the fibres at moderate temperatures, the crystallinity of the fibre also
increases. It was shown in the literature that the thermal treatment can increase the
physical adhesion between the fibres and the matrix and also increase the mechanical
properties of the composites [49]. However, longer thermal exposure can alter the
chemical and physical compositions which may be prejudicial for the composites
properties [18].

4 The Effect of Surface Modification of Natural Fibres
on the Mechanical and Thermal Properties of the Green
Composites

4.1 Mechanical Properties

Numerous researchers have investigated the effect of fibre modification on the
mechanical properties of green composites [22–24, 37–39, 50]. All these studies
have highlighted that the adhesion between the fibre and matrix plays a significant
role in the final mechanical properties of the composites since the stress transfer
between matrix and fibre determines the reinforcement efficiency. The type of fibre
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and matrix and fibre loading are also key factors responsible for the mechanical
properties of green composites.

Table 2 presents a summary of the several recent studies on the effect of fibre
treatment on the mechanical properties of natural fibre composites. It is evident that
the fibre modification methods have different efficacy in improvement of adhesion
between the fibre and matrix and consequently the mechanical properties of the
green composites. In general, chemical modification of natural fibres enhances the
mechanical properties of the composites. However, the improvement depends on the
concentration of the chemical used and exposure time, as it was showed that the
mechanical properties deteriorate beyond a critical concentration and exposure time
[23]. Furthermore, combination of treatments with two different chemicals proved
better mechanical properties than the individual treatments in some cases [37].

In some studies, the impact strength of the polymer composites decreased after
fibre treatment, as the composite tends to absorb less impact energy after fibre
treatment due to the enhanced fibre/matrix adhesion [36].

Table 2 shows that physical treatments contribute significantly to improving of
the mechanical properties of the composites. However, it was shown that prolonged
physical treatmentwill damage the fibres and consequently themechanical properties
of the composites [48].

4.2 Thermal Properties

Thermal stability of natural fibres is an important aspect to be considered since the
processing temperature plays a key role in the green composites manufacturing.
Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and
differential mechanical thermal analysis (DMA) are widely used in the literature
to investigate the thermal stability of composites. The percentage of weight loss,
the degradation temperature, T g and viscoelastic properties (storage modulus, loss
modulus, and the damping factor) are the most common thermal properties deter-
mined by these techniques. The effect of fibre modification on the thermal properties
of green composites was intensively investigated in the literature [26, 29, 40, 52–58].

Table 3 summarizes several recent studies on the effect of chemical treatments on
the thermal properties of natural fibre-reinforced composites. It can be seen that in
general, chemical modification of natural fibres improves the thermal stability of the
composites. However, sometimes, the gain in thermal stability affects negatively the
mechanical properties of composites, for example, tensile and flexural strength. The
balance in improvements in thermal properties depends on fibre treatment type and
time. It was also showed that combination of treatments (mixed treatments) promotes
increased thermal stability and composite conductivity [52, 59].
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5 Conclusions

Poor adhesion between natural fibres and matrix, thermal stability and moisture
absorption of natural fibres are the principal challenges that need to be addressed
in order to increase the use of green composites in industry. The modifications of
fibres and/or matrix in order to overcome these limitations are critical steps in future
development of green composites. This chapter presents the main chemical and
physical methods used to modify natural fibres to be used in green composites. It
was evident from the literature that natural fibres that undergo chemical and physical
surface modifications reveal improved fibre–matrix interfacial adhesion, improved
fibre roughness and wettability. In addition, various treatments help to minimize the
hydrophilic nature and decrease the moisture absorption of natural fibres.

The fibremodification approaches discussed in this chapter have different efficacy.
In general, chemical approaches are more studied in the literature than physical
approaches and provide better improvements in properties. The improvement in
mechanical and thermal properties depends on concentration of the chemical used
and exposure time.Moreover, combinationof treatmentswith twodifferent chemicals
showed better mechanical and thermal properties than the individual treatments in
some cases.

It can be concluded that the selection of the appropriate fibre modification tech-
nique will depend on the particular fibre/matrix used and the composite end-use
application. It is fundamental to understand the interfacial properties and bonding
mechanisms of fibre–matrix, and this requires significant research efforts in order to
maximize green composites applications.
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Chapter 13
Biodegradable Polymeric Materials
for Medicinal Applications

Sobhi Daniel

1 Introduction

The design and development of biocompatible and biodegradable materials is a
promising and challenging task in the fabrication of materials targeting medic-
inal applications. The 1982 Consensus Development Conference Statement of the
National Institute of Health (NIH) defines a biomaterial as any substance (other than
drug) or combination of substances, synthetic or natural in origin, which can be used
for any period, as a whole or as a part of a system which treats, augments or replaces
any tissue, organ or function in the body [1].

Biodegradable materials can be defined as those materials which modify their
chemical and physical structure when these materials are in contact with the biolog-
ical environment. If a material is biodegradable, then, by extending the right condi-
tions and in the presence ofmicroorganisms, fungi, or bacteria, itwill ultimately break
down to its basic elements and reverse back to earth. Preferably, these substances
degrade without leaving any toxins behind. Biodegradation is a term used to desig-
nate the process of breakdown of amaterial by nature; however, in the case ofmedical
purpose, biodegradation emphasized in the biological processes that cause a steady
dissection of the material inside the living body. Biomaterials degradation is a very
significant feature to contemplate when they are used for the medical purpose since
their capability to function for a convinced application depends on the length of
time that it is essential to keep them in the body. Biodegradation in a biotic envi-
ronment may be defined as a gradual collapse of a material intervened by a specific
biological activity. When materials are exposed to the body fluids, they may experi-
ence alterations in their physicochemical properties as a result of chemical, physical,
mechanical, and biological correlations between the material and the neighboring
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environment [2]. A very crucial component in biodegradation is the interaction with
the immune system and the specialized cells. An ideal biodegradable biomaterial
should have degradation products that are non-toxic and easily metabolized and
cleared from the body.

Frequently used biodegradable materials used in medicinal applications include
ceramics, metal composites, and polymeric materials. Biodegradable polymers are
designated as the “materials of today” [3]. In recent times, the biodegradable poly-
mers have become highly significant in the field of biomaterials and tissue engi-
neering, due to the unnecessary supplementary surgery to eliminate the implants
or scaffolds. In medicine, biodegradable polymers offer the great capability for
controlled drug delivery and wound management (e.g., clips, staples, adhesives,
sutures, and surgical meshes), for orthopedic devices (ligaments, tacks, screws, pins,
and rods), nonwovenmaterials and scaffolds for tissue engineering. The other impor-
tant applications of biodegradable polymers embrace implantable large devices,
in cardiovascular applications, intestinal applications, in dental applications, drug
delivery systems, personal protection equipment, surgical instruments, biological
liquids transfer and storage systems, artificial organs, carriers of cells or enzymes,
microfluidic devices, biosensors, in vitro diagnosis tools, etc.

2 Classification of Biodegradable Polymeric Materials

The general classification of biodegradable polymers is schematically represented in
Fig. 1. They are broadly classified in to natural, semi-synthetic, and synthetic based
on their occurrence and synthetic strategies.

1. Natural polymers: These are the polymers which are derived directly from the
natural sources
(a) Polysaccharides (starch, cellulose, chitin and chitosan, hyaluronic acid,
alginic acid, etc.).

Fig. 1 Classification of biodegradable polymers. Source author
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(b) Polypeptides such as collagens, gelatine.
(c) Bacterial polyesters, e.g., polyhydroxy butyrate.

2. Semi-synthetic polymers: These are the polymers in which raw material is
obtained from nature, but polymerization takes place after some chemical
modification.

3. Synthetic polymers: These are purely synthetic polymers derived from chemical
synthesis.

(a) Polymers having hydrolyzable backbone, e.g., polylactic acid copolymer
(PLA), polyglycolic acid (PGA), polylactide-co-glycolic acid (PLGA),
polycaprolactones, polydioxane, etc.

(b) Polymers having carbon back bonds such as polyvinyl alcohol (PVA),
polyvinyl acetate, polyacrylates, etc.

3 Commonly Used Natural and Synthetic Polymers

Natural biodegradable polymers are generally generated in nature by all living organ-
isms. Even though the process of degradation of naturally occurring polymers is
slow, they truly represent renewable resources since they are biodegradable. The
extensively used natural polymers include polysaccharides, such as cellulose and
starch. Other important classes of natural polymers are chitosan, gelatin, hyaluronic
acid, collagen silk, etc. Their biodegradability, flexibility, and bioactivity make
polysaccharides very promising natural biomaterials. The chemical structures of
the commonly used natural, semi-synthetic and synthetic biodegradable polymers
are shown in Fig. 2.

4 Mechanisms of Biodegradation in Polymers

The degradation of polymeric materials inside the body occurs mostly by three
general mechanisms, oxidation, hydrolytic, and enzymatic mechanism. The fore-
most significant organisms in biodegradation are fungi, bacteria, and algae. Natural
polymers (i.e., proteins, polysaccharides, nucleic acids) are decayed in biological
systems by oxidation and hydrolysis and biodegradable materials decompose into
biomass, greenhouse gas, and methane. In the case of synthetic polymers, micro-
bial consumption of its carbon backbone as a carbon source is required [4]. Polymer
degradationwithin the living body could also be interpreted as an interaction between
the organism tissue components and a polymeric material acting as a distant body at
the implantation. The key compounds causing polymer degradation in our body are
water, salt, trace elements, and the enzymes present in our body fluids [5]. Biodegra-
dation of polymeric materials within the biological environment commences with
the “biodeterioration” process. During this step, the polymeric materials are first
disintegrated into smaller components by the action of microbial organisms and
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Naturally occurring biodegradable polymers 

                           Semi-synthetic biodegradable polymers

Fig. 2 Commonly used natural, semi-synthetic, and synthetic biodegradable polymers. Source
author

abiotic agents present within the specific surroundings. Consequently, the polymeric
backbones are cleaved by different hydrolytic enzymes (as well as other catalytic
agents like free radicals) produced by various biodegrading microorganisms. This
ends up in the progressive reduction of the relative molecular mass of the polymer.
Several degradation products will be assimilated by the microorganisms resulting
in mineralization of organic compounds and results in the generation of biomass
[6]. Biocompatible polymers that change their properties in several physiological
environments are extensively accustomed to design and develop smart drug delivery
systems.
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Synthetic biodegradable polymers 

Fig. 2 (continued)

4.1 Oxidative Mechanism

One of the key degradation mechanisms of polymeric biomaterials that happens in
our biological system is through the oxidative degradation process. This mechanism
generally operates through the formation of highly reactive oxygen species (ROS)
like superoxide (O2−), per oxide (H2O2), gases (e.g., NO), and acid (HOCl) when the
polymericmaterials are exposed to the body fluids and tissues. The oxidative effect of
those ROS may cause the fragmentation of the polymeric backbone and eventually
ends up in their degradation. Also, in the presence of oxygen in air or water the
formation of ROS is feasible and resulting in the assembly of hydroxyl free radicals
(OH•) and singlet oxygen, which might deteriorate several critical biomolecules. For
instance, superoxide could accelerate the degradation of aliphatic polyesters by the
cleavage of ester bonds via the nucleophilic attack of O2. It is also reported that
polyurethanes are attacked initially by neutrophils which secrete reactive oxygen
species (ROS) and HOCl, one among the foremost oxidative compounds [7].
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4.2 Hydrolysis

Hydrolytic degradation of polymers will be defined as the fission of chemical bonds
in the polymer backbone by the attack of water to make oligomers and at last
to corresponding monomers. This process occurs in polymers which are having
water-sensitive active functional groups. Also, usually, these varieties of polymers
possess heteroatomswithin themain or side chains. Biodegradable polymers undergo
hydrolytic bond cleavage to make water-soluble degradation products which will
dissolve in an aqueous environment, leading to polymer erosion [8]. For instance, the
degradation of the polymers through hydrolysis of ester bonds leads to the alteration
of their chemical structure.

Usually, biodegradable polymers encompass hydrolyzable bonds such as glyco-
sides, esters, orthoesters, anhydrides, carbonates, amides, urethanes, ureas, etc. The
hydrolytic cleavage can be catalyzed by the presence of acids, bases, or salts. The
acid-labile chemical bonds are stable at neutral pH but were degraded or hydrolyzed
in acidic media. This unique property is having immense application in the devel-
opment of drug delivery devices. The acid-labile functional groups include acetal,
orthoester, hydrazine, imine, cis-aconyl bonds, etc. [9]. Important labile chemical
bonds present in the main chain of the biodegradable polymers is shown in Fig. 3.
During the process of hydrolytic degradation, initially, the hydrolytic cleavage of the
main polymeric chains occurs and which in turn leads to a decrease in the molecular
weight of the material. While degradation proceeds, the molecular weight of degra-
dation products is reduced by further hydrolysis which allows them to diffuse from
the bulk material to the surface and then to the solution, causing significant weight
loss [10].

Examples of such synthetic polymers that are used in biomedical devices and
drug delivery platforms include polylactic acid (PLA), polycaprolactone (PCL), poly
(glycolic acid) (PGA), and polydioxanone (PDO).

4.3 Enzymatic Degradation

Polymeric biomaterials cast-off in the biomedical applications will be get tarnished
in the body fluids and tissues by several enzymes either by the process of oxida-
tion or hydrolysis. Enzymes are known for their biological catalytic activity, and
they will accelerate the degradation reaction rates in living organisms without under-
going any permanent change. Generally, the degradation of polymers in the living
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Fig. 3 Important labile
chemical bonds present in
the main chain of the
biodegradable polymers.
Source author

body may take place under the action of hydrolases and oxidases enzymes [11].
Hydrolases enzymes include proteases, esterases, glycosidases, and phosphatases,
among others. For example, the degree of biodegradation of polyurethanes, in the
presence of cholesterol esterase enzyme, is about 10 times higher than in the pres-
ence of buffer alone. Initially, the microorganisms will be attracted to the surface of
the polymer and, the enzymes secreted by the microorganism converted the polymer
macromolecule into their tiny components and eventually converted them into CO2

and H2O.
The mode of degradation mechanisms in the case of enzymatic process primarily

occur through the diffusion of the enzyme from the bulk solution to the solid surface
and are tracked by the adsorption of the enzyme on the substrate, resulting in the
establishment of the enzyme–substrate complex. After the diffusion process, the
enzyme-catalyzed hydrolysis occurs, and ultimately by the diffusion of the soluble
degradation products from the solid substrate to the solution will occur. Enzy-
matic degradation of natural origin polymers proceeds through the action of specific
enzymes.

Most materials employed for the fabrication of medical devices comprise
synthetic polymers such as polyurethane, polyethylene, polypropylene, polystyrene,
polyester, polycarbonate, polyvinyl chloride, polyacrylate, elastomers, fluoropoly-
mers, silicone, or polyethylene terephthalate. For the construction of drug
delivery devices, generally, polyacrylates, polyesters, isopropylacrylamides, poly(2-
oxazoline)s, polyethyleneimine as well as naturally-based polymers (collagen and
chitosan) and poly(ethylene glycol)s for hydrogels formulation are used [12].
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5 Design Principles of Biodegradable Polymeric Materials
for Medicinal Applications

The ultimate properties and function of the polymeric biomaterial are governed by its
chemical, structural, and mechanical features of the polymer and how it will interact
with the biological environment inside the human body [13]. The main principle
behind the production of biodegradable polymer comprehends the introduction of
weak linkages inside the polymeric backbone, in such a way that these linkages
can easily be cleaved inside our body by the action of either temperature, pH, the
concentration of the salt contents, the action of microbials or in the presence of
highly reactive free radicals [14]. Thus, several synthetic strategies are adopted to
formulate biodegradable polymers of varying degradation rates. The incorporation of
functional groups such as carbonyl, ester, imine, acetal, hydrazone, etc., as a linking
group in the main chain, which can be easily cleaved by chemical hydrolysis, aids
the biodegradation process in a quite faster pathway.

The universal guidelines that have to be tracked while designing a biodegradable
polymeric material targeting medicinal applications include an increased ratio of
hydrophilic/hydrophobic ratio, selection of heteroatom-containing polymeric chain
instead of the fully integrated carbon chain, branched-chain polymers, condensation
polymers instead of addition polymers, replacement of macro-size polymers with
lower molecular weight oligomers, lower surface area, water solubility, and purity.
Another important design principle behind the biodegradable polymer includes the
surface modification of polymeric chains, which can create meticulous densities of
hydroxyl groups on the material surface, and then these groups can provide sites for
the covalent attachment of specific biomaterials such as proteins or peptides [15]. In
this case, the design of the materials is based on principles of surface segregation of
a component with the lower surface energy. Thus, the surface science techniques can
have a major role in the fabrication of biodegradable polymers, as evidenced by the
application of these degradable polymers.

The prime factors which have to be taken into account during the design of
biodegradable polymeric materials include

(1) The polymeric materials should not induce a sustained inflammatory response.
(2) possess a degradation time overlapping with their function.
(3) have suitable mechanical properties for their expected use.
(4) produce non-toxic degradation products that can be instantly resorbed or

expelled and.
(5) include appropriate absorptivity and processability for proposed application

[16].

Consequently, the biodegradable polymers should have the possibility to become
part of new medical devices with precise and distinctive physical, chemical, and
mechanical properties, such as electrical conductivity, optical properties, chemical
reactivity, andmechanical strength [17]. In conclusion, the variables like the structure
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of the polymer, its chemical composition, distribution of the monomeric units, pres-
ence of functional groups, nature of main chain and side chains, structural configura-
tions, molecular weights and polydispersity of the polymer, morphology, annealing
effects, storage history, etc., might be considered while selecting and designing a
biodegradable polymer. The synthesis of biodegradable polymers can be done by
any one of the following synthetic reactions such as ring-opening, polycondensation,
bulk synthesis, dehydrative coupling, transesterification, and polymerization.

6 Biomedical Applications of Biodegradable Polymers

An ideal biopolymer for a medicinal application should satisfy the following criteria.

• The mechanical properties of the material should match with the application and
will remain sufficiently strong until the surrounding tissue is healed.

• It should not appeal an inflammatory or toxic response within the body
• Thematerial should bemetabolized in the body after satisfying its purpose, leaving

no trace.
• The material should be easily processable into the final product form.
• It should have an acceptable shelf life and must be easily sterilized.

The important applications of biodegradable polymeric materials in medicine
are schematically represented in Fig. 4. Beholden to their unique properties,
biodegradable polymers now replace metals, alloys, and ceramics for use as
biomaterials.

Biodegradable polymeric materials have been extensively used in various medical
applications which include the applications focusing both in vivo and invitro studies
over the past decade. The major important applications include the administration of
pharmaceuticals and biomedical devices, controlled drug delivery systems, different
forms of implants and devices for fracture repairs, ligament reconstruction, surgical
dressings, dental repairs, artificial heart valves, contact lenses, cardiac pacemakers,
vascular grafts, tracheal replacements and organ regeneration, implants in the blood
vessels and as absorbable clinical sutures, etc. [18–20].

7 Drug Delivery Devices

The design and development of novel drug delivery systems lead to the development
of novel biodegradable polymers with good biocompatibility and target specific
capabilities. The oral drug delivery route is known as the golden standard for the
consumption of drug administration. An ideal drug delivery device can be termed as
a highly biocompatible material and will be releasing bioactive agents at the precise
rate at the exact site and simultaneously maintaining the optimum level of drug to
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Fig. 4 Applications of biodegradable polymeric materials in medicine. Source author

avail maximum efficacy and minimize associated side effects [21]. Advanced mate-
rials used in drug delivery applications are either in the form of micro-/nanogels,
microparticle/nano-particles, hydrogels or as imprinted polymers. Stimulus respon-
sive nanomaterials which can be termed as intelligent or smart materials were found
to be highly potential compared to the traditional drug delivery devices [22]. The
most widely used biodegradable hydrogels include hydroxypropyl methyl methacry-
late (HPMA), polyethylene glycol (PEG), polyglutamic acid (PGA), poly(l-lysine),
polyethyleneimine (PEI), dextran, dextrin, chitosan, etc. [23]. Chitosan, a cationic
polymer has been examined as an excipient in controlled delivery formulations and
mucoadhesive dosage forms because of its gelling and adhesive properties. Chitosan
can hypothetically be used as a drug carrier, a tablet excipient, delivery platform for
drug formulations, disintegrate, and tablet coating [24].

One resolution is to design pharmaceutical polymers that endure physiochemical
changes in retort to environmental incentives such as temperature, pH, electric or
magnetic field, enzymes, solvent polarity, etc. The stimuli-responsive biodegradable
polymers, which can release the drugs at the desired site with respect to the change
in pH or temperature are of potential applications in cancer drug delivery devices
since the cells around the cancer cells normally have a lower pH value between 5
and 6 and a higher temperature ~42 °C because of the increased metabolic activity
near the cancer cells.
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Fig. 5 Schematic representation of formation of hydrogels. Source author

An important category of stimuli-responsive cross-linked polymers are hydrogels.
These polymers are centered on hydrophilic, water-soluble oligomeric or polymeric
chains that have been bonded to each other to establish a covalent network. The
synthesis of a hydrogel-based drug involves the crosslinking of linear polymer or
simultaneous polymerization of monofunctional monomers and crosslinking with
polyfunctional monomers. Usually, polymers containing hydroxyl, amine, amide,
ether, carboxylate and sulfonate as functional groups in their side chain are explored
for the synthesis of hydrogels [25]. The synthesis of a hydrogel is schematically
shown in Fig. 5.

Controlled drug release systems based on molecular imprinting strategy is an
advanced drug delivery system and have gained much recognition in recent years.
Molecularly imprinted polymers are artificial polymers with recognition binding
sites which are able to recognize a target analyte or its structural analogues from
a complex. Molecularly imprinted polymers are prepared by the co-polymerization
of functional and crosslinking monomers in the presence of the imprint molecule.
The functional monomers initially forms a complex with the target molecule and
following polymerization; the functional groups are apprehended in location by the
highly cross-linked polymeric structure. Subsequent ejection of the imprint molecule
exposes the binding sites that are correlative in size and shape of the analyte. Thus,
a specific molecular memory is launched in to the polymeric matrix proficient of
rebinding the targeted analyte with high specificity and selectivity [26–28]. The
synthetic strategy adopted for a molecularly imprinted polymer is shown in Fig. 6.

8 Surgical and Orthopedic Devices

Biodegradable polymers are extensively used in surgical devices such as implants,
suture materials, and staples, which are the major domain of polymers in general
surgery. These materials for surgical purposes are mainly concerned in diverse areas
such as in orthopedics and traumatology, maxillofacial surgery, vascular surgery,
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Fig. 6 Synthetic strategy for a molecularly imprinted polymer. Source author

microsurgery, neurosurgery, etc. [29, 30]. The suture materials will provide arti-
ficial fiber support until the natural fiber (collagen) is synthesized in our biolog-
ical system. The important parameters that must be considered in surgical suture
materials depend on tensile strength, friction/trauma to tissue, degradability, and the
stability of knots.Degradable biological suturematerials are fabricatedwith collagen-
basedmaterials, catgut, silk or cellulose (cotton). Syntheticmaterialswidely explored
are PGA, a copolymer of a small amount of lactide with glycoside (PGA/PLLA),
etc. Recently, several clinical studies have been published using PGA, PGA/PLLA
and PDS sutures or bands in the repair of tendons, ligaments and dislocations of
joints. Reinforced composites of PGA and PGA/PLLA-polylactide/polyurethane
(PLLA/PU) composites are widely employed for artificial skin and vascular pros-
thesis [31–33]. Many biodegradable materials, such as poly(P-hydroxybutyrate),
poly(valerolactone), poly(p-dioxanone) and poly(amino acid), have been considered
as potential candidates for thefixation process, and themost important ones employed
in surgery are poly(l-lactide) (PLLA), polyglycolide (PGA) and their copolymers
[34].

The emerging applications of biodegradable polymers in orthopedic applications
comprised of in the fabrication of fixation devices, which in turn include pins,
rods, screws, tacks, and ligaments. In orthopedic treatments, the effective use of
a bone morphogenic protein will catalyze the healing process after a fracture or may
help to avert osteomyelitis following surgery. Most of the commercially available
biodegradable devices are polyesters composed of homopolymers or copolymers of
glycolide and lactide. There are also products made from copolymers of trimethy-
lene carbonate, e-caprolactone and polydioxanone. Synthetic biodegradable poly-
mers explored in orthopedic devices have advantages over metal implants and reduce
the need for a consequent operation for implant removal. These polymeric materials
have found immense applications where lower-strength materials are adequate, such
as in the fixation screws of the ankle, knee, hand areas as interference, tacks, and
pins for ligament attachment and meniscal repair, suture anchors, and rods and pins
for fracture fixation.
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Middleton et al. [35] has compiled a review of the synthetically biodegradable
polymers offered in orthopedic devices. The other important categories of biodegrad-
able polymeric materials include polyaryletherketones (PAEKs), which are progres-
sively utilized as biomaterials for orthopedic, trauma, and spinal implants. Polyether
ether ketones (PEEK) are used in trendy settings for spinal implants, femoral stems,
bearing materials for hip and knee replacement, and hip resurfacing. Polyurethane
(PU) biomaterials have been investigated for compatible orthopedic-bearing mate-
rials. Silicones, synthetic polymers, are broadly used in health care and orthopedic
applications. The most common orthopedic applications of silicone are hand and
foot joint implants [36].

Bioabsorbable polymers like polyglycolic acid (PGA) is used in the fabrication of
pins and screws. Polylactic acid (PLA) is also used in a variety of implants including
pins, rods, tacks, screws, and plates. Extensively explored implants in orthopedic
devices are made from the copolymers of PLA and PGA. Other bioabsorbable mate-
rials used are poly(orthoesters), poly(glycolide-co-trimethylene carbonate), poly (
p-dioxanone), poly(ε-caprolactone) (PCL), poly (hydroxybutyrate) (PHB), and PHB
hydroxy valeric acid, etc.[37]. PDS has also been effectively used in tissue regenera-
tion and fracture repair applications [38]. Composites produced using calcium phos-
phates and collagens are believed as the most biomimetic system for bone substitute
and re-forming applications. Chitosan and collagen incorporated chitosan composite
micro-granules can be effectively utilized as bone substitutes. Chitosan membranes
engineered with silica xerogels also have been appraised for applications in the bone
regeneration process [39–41].

9 Wound Dressings

A perfect wound dressing should accomplish the healing of the wound with infinites-
imal time and cost-effective. It should possess qualities such as simple and painless
to apply, antimicrobial, maintains a moist wound environment, and requires minimal
dressing modifications and protecting the wound. Biodegradable and antimicrobial
wound dressing will decrease the indisposition by diminishing interaction during
wound care, eradicating the need for repeated dressing shifts and dispensing drugs
that can reduce the risks of infection. Due to the advancement in the field of synthetic
biodegradable polymers, the wound management system has been modernized in
several corridors in recent times [42–46]. Numerous investigations have detailed the
use of polymers in dressings and in medical devices for prospective advancement in
regulating the wound healing process.

Natural polymer films such as alginate, fucoidan, silk sericin, keratin, chitosan,
and hyaluronic acid are widely exploited in wound dressing procedures. Chitosan
and chitosan coupled with hyaluronic acid were found to be excellent wound healing
systems that have been used for the development of dressing for skin ulcers. Poly-
meric forms likefilms, foams, hydrogel, or hydrocolloids are themajor configurations
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in the wound management process. Polyurethane (PU) is utilized in numerous semi-
permeable dressings owing to its ability to furnish great fences and penetrability
to oxygen [47]. Hydrocolloids are polymers having inherent hydrophilic character-
istics due to the occurrence of many hydroxyl groups. The hydrocolloids can be
developed either synthetically or naturally. The important category of hydrocolloids
used in wound healing applications is generally polysaccharides. Agar, alginate,
pectin, gelatin, etc., are examples of natural hydrocolloids. The current flea market
for hydrocolloid dressings explored its uses in healing diabetic foot ulcers [48].

Hydrogels synthesized using crosslinked polymers (hydrophilic), for example
polyvinylpyrrolidone, polyacrylamide, and polyethylene oxide, are also having
widespread use in wound dressing applications. Hydrogels are employed as wound
dressings in the form of elastic films or amorphous gels. Also, poly(lactide-co-
glycolide) (PLGA), polyethylene glycol (PEG), polyurethane (PU), polycaprolac-
tone (PCL), etc. are the other important category of synthetic biodegradable poly-
mers employed [49–51] in wound dressing fabrication. Polymer blend solution of
poly(lactic-co-glycolic acid) and poly(ethylene glycol) (PLGA/PEG) sprayed with
a portable airbrush were found to be inherently adhesive polymer fibers and can
accumulate on and heal the wound. Recently, Mir et al. [52] reported the effective
usage of silver salts incorporated (PLGA/PEG/Ag) as a sprayable and antimicrobial
wound dressing agent.

10 Dental Applications

Current advances in biodegradable polymers have led to the development of novel
materials for dental applications and have extended their use in protective, rejuve-
nating, and regenerative treatments. The utilization of biomaterials in dentistry is
more broadened similar to other medical fields in terms of both quantity and quality.
Polymers derived from natural sources have been applied in oral and maxillofa-
cial surgery as extra-cellular matrix (ECM) substitute in skeletal muscle, bone,
and periodontal regeneration [53]. The natural biodegradable polymers explored
in dental applications include chitosan, collagen, hyaluronic acid, and alginate. The
most frequent synthetic biodegradable polymericmaterials employed for periodontal
regeneration are poly(lactic acid) (PLA), polyglycolic acid, (PGA, polylactide-co-
glycolide (PLGA), polycaprolactone (PCL), etc. Polylactic acids are utilized for
dental pulp and dentin restoration, and bioactive polymers are explored in advanced
drug delivery systems. PLGA is used in a variety of dental applications ranging from
creating screws for bone fixation, handling periodontal pathogens, and generating
buccal mucosa or indirect pulp-capping procedures. PLGA can also be utilized for
periodontal treatment, antibiotic delivery, and in the forms of PLGA implants, disks,
and dental films [54]. Also, gel composite fabrics of PLGAcan be used in bone regen-
eration, The other important category of biodegradable polymericmaterials normally
used in dentistry is polyethylene (PE), polymethyl methacrylate (PMMA), polycar-
bonate (PC), polyethylene glycol (PEG), polydimethylsiloxane, polyurethane (PU),
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poly(ε-caprolactone) (PCL), polypyrrole(PPy), hexamethyl disilazane (HMDC), n-
isopropyl acrylamide, n-test-butyl acrylamide and hydrogels of different natural and
synthetic polymers. Recently, Agata Szczesio-Wlodarczyk et al. [55] reviewed the
dental composites based onmethacrylate resins. Hydrogels based onmicro-cellulose
(MC), chitosan, and its composites, the natural well-known polymer gelatine, and
its combination with hydroxyapatite (HA) were also explored in dentistry.

Polymeric materials (PMs) and polymeric films (PMFs) have extended its hori-
zons in medicine and dentistry. PMs and PMFs are tapped in dentistry owing to
their advanced antimicrobial, drug delivery properties, and corrosion resistance [56].
Novel techniques include the use of antibacterial polymer coatings for inhibiting
bacterial growth on artificial tooth surfaces in other dental materials and dental
composite kits increasing the restoration’s longevity. Examples of such antibacterial
coatings include copolymers of acrylic acid, alkyl methacrylate and polydimethyl-
siloxane copolymers, pectin-coated liposomes, and carbopol. PMFs like acrylic acid
copolymers are employed as a dental adhesive. Innumerable polymeric films were
found to be protecting the teeth against erosion by preventing the direct contact of
the acidic environment in the oral cavity with the teeth. Beyer et al. [57] analyzed
the proficiency of a polymer-modified citric acid solution of propylene glycol algi-
nate to reduce tooth erosion. Chitosan is also found to be an excellent candidate
for the protection against erosion and enamel demineralization process and can be
attributed to its ability to form a protective multilayer on the tooth surface in the pres-
ence of mucin from saliva [58]. For controlled drug release applications, different
pectin-coated liposomes and polymers such as polycarbonatemicelles have also been
employed. Also, polycarbonate, blendedwith polyethylene glycol (PEG) and antimi-
crobial agents were explored in controlled drug release applications. Travan et al.
[59] reported an antimicrobial nanocomposite containing lactose-modified chitosan
incorporated with Ag-NPs and polymerized PMMA in the dental industry.

Biomimetic titanium surfaces smeared with nanohydroxyapatite (n-HA) and
poly(lactic-co-glycolic acid) (PLGA)/collagen nanofibers have been analyzed for
dental and bone-implant surfaces to improve osseointegration [60]. Biocompatible
modified polymeric films have been coated on NiTi alloy wires to increase corrosion
resistance and improve mechanical properties [61].

11 Cardiovascular Applications

Biodegradable polymeric materials are extensively explored in numerous areas in
cardiovascular applications. These applications mainly focused on drug delivery,
stent and graft preparation, fabrication of artificial valve, and tissue regeneration [62].
Treatments for cardiac ailment include tactics ranging from medicines to surgical
intrusions. Popular surgical treatments encompass skirting the injured tissue like
bypass grafts, or substituting them, as in heart transplants. Frequent biodegradable
polymers that include both natural and synthetic ones have been used to control
cells that are related to cardiovascular tissue engineering applications. The natural
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polymers embrace cellulose, hyaluronic acid (HA), chitosan, collagen, gelatin, etc.
Synthetic biomaterials explored in cardiovascular applications principally involve
polymers, metals, or a combination of both the synthetic biodegradable polymers
and mainly embrace poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(ε-
caprolactone) (PCL), poly(ethylene glycol) (PEG), polyhydroxyalkanoate (PHA),
and their copolymers [63]. Typical synthetic biopolymers that have been used for
myocardial tissue engineering include polyglycolic acid (PGA), polylactic-l-acid
(PLA), polylactic glycolic acid (PLGA), and polyurethane. Polyurethanes (PUs) are
typically utilized in cardiac pacing leads as an insulator. PU is also being examined
as a substrate in cardiac stem cell therapy and durable devices to biodegradable
scaffolds [64]. The cytocompatibility of synthetic polymers can be improved by
different chemical modification processes.

Polytetrafluoroethylene (ePTFE) is one of the popular polymeric material
employed in routine cardiovascular applications due to its superior material perfor-
mance. These characteristic features of ePTFE have made it an excellent selection
for producing shunts, renovation, and valve repair and have even been used for
casing implantable devices to minimize inflammation [65]. Polyethylene tereph-
thalate (PET), PET, is recommended for fabricating vascular grafts. Polymers,
possessing the inherent properties such as biodegradation, drugs releasing capacity,
or biomimicking, are of great concern in the development of cardiovascular implants.

Biocompatible and bioabsorbable polymeric stents have enticed much consid-
eration as substitutes to metal stents. Endovascular stents have become the most
reliable medical devices for treating coronary artery diseases. The stents overcome
the limitations and drawbacks of bypass surgery and balloon angioplasty by enabling
scaffolding, widening, and supporting the blocked vessels. Also, these types of stents
displayedmany advantages like short duration of post-stenting, avoid chronic inflam-
matory processes as well as the ability of the vessel remodeling. Moreover, biore-
sorbable stents are recommended for tracheomalacia treatment in infants because
removal surgery is not necessary. Thus, the advanced progress in the field of poly-
mericmaterialsmakes the stent-based polymers as an attractive tool in cardiovascular
medicine. Cardiovascular tissue engineering techniques embrace injectable bioma-
terials, cell therapies, and artificial organ fabrication. Injectable materials mostly
employed in cardiovascular applications are hydrogels composed of alginate, fibrin,
chitosan, collagen or matrigel and self-assembling peptides generally in the form of
nanofibers. Injectable polymeric materials formerly engendered interest due to their
biocompatibility, the capability to offer advantageous chemical surroundings, and
their potential non-invasive delivery routes [66].

Biodegradable polymers are not only intended for stents but also effectively
utilized as a drug carrier in drug-eluting stent (DES). Generally, polymers employed
as stent platforms and coating matrices for drug-eluting stents (DES), are vascular
stents that allow the delivery of antiproliferative drugs to inhibit vascular smooth
muscle cell (SMC) growth. Biomimetic polymers, such as phosphorylcholine (PC),
poly(vinylidene fluoride), and hexafluoropropylene (PVDF-HFP), do not interfere
with the stent and are presently explored in the second- and third-generation DES
[67]. Integrating a biocompatible polymeric coatingwith poly(L-lactic-acid) (PLA) is
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one of themost predominant approaches to reduce the bio-corrosion of biodegradable
metals and maintaining their biocompatibility. Polymeric coating can normalize the
metal corrosion by isolating it from the corrosive environment or by conquering the
dissolution of metal or equivalent cathodic reaction. Polymeric coating can control
the metal corrosion by isolating it from the corrosive environment or by suppressing
the dissolution of metal or corresponding cathodic reaction. Incorporating a poly-
meric coating not only can act as a corrosion barrier, but also it can be encum-
bered with drugs that can be released in controlled amounts to prevent post-surgery
inflammations or restenosis [68].

In parallel to cardiovascular applications, a large number of biodegradable poly-
mers are effectively employed in intestinal applications such as colon-specific drug
delivery, its formulation aspects, and in the fabrication of stents.

12 Tissue Engineering Applications

Tissue engineering is an effective pathway for the fabrication of biological alter-
natives that repair, retain, or enhance the proper functioning of tissues. It can be
described as a tool by which we can assess the structure–function relationship of
individual tissues. In tissue engineering, biomaterials have to be designed to substi-
tute or regenerate completely (or partly) the injured tissue. The biomimetic materials
will act as a three-dimensional matrix as a scaffold in the regeneration process. An
essential role for biomimetic materials is to furnish a three-dimensional matrix as
a scaffold and guaranteeing the preservation of cells and signals for redeveloping
the tissue or organ [69]. Creating physiologically functional artificial tissues and
organs is an essential requirement of tissue engineering, and technological advance-
ments in tissue engineering repeatedly strengthen its progress. Several synthetic and
natural biodegradable polymers and their composite materials have been cast-off to
engineer scaffolds for bone tissue engineering, nerve rejuvenation, controlled drug
release, dental structure regeneration, guided tissue regeneration (GTR), strength-
ening of dental composite, bone and cartilage rejuvenation [70]. Nano-configuring
of biomaterial scaffolds from nanoparticles, nanocomposites, and organic–inorganic
hybrid polymermaterials has also exhibited progress in organ regeneration and tissue
engineering applications.

The most frequently explored synthetic polymers for tissue engineering include
aliphatic polymers, poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-
co-glycolide) (PLGA), poly(E-caprolactone) (PCL), poly(p-dioxanone), copolymer
soft trimethylene carbonate and glycolide. These materials are smart biomate-
rials to construct scaffolds and have been widely applied with favorable results in
regenerative medicine.

Blends ofD-PLAandL-PLA (PDLLA), PLA, PGA, and PLGAhave been utilized
clinically to cure patients facing damaged or lost organs or tissues. Natural biopoly-
mers encompass polysaccharides (e.g., starch, alginate, chitin/chitosan, hyaluronic
acid derivatives) or proteins (e.g., soy, collagen, fibrin gels, silk) [71–74]. These
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materials operate as fundamental prototypes for cell connection and expansion owing
to their intrinsic biocompatibility. Collagen and fibrin have been widely probed in
cardiac tissue engineering due to its ability of natural interaction with cells inside the
human body. Biodegradable synthetic polymers that have been effectively employed
for myocardial tissue engineering include polyglycolic acid (PGA), poly(lactic
acid) (PLA), polylactic glycolic acid (PLGA) and polyurethane. polyurethanes have
also marked its potential applications in dermal regeneration. Poly(E-caprolactone)
(PCL) is an appealing material when long-term implants are preferred. Another
group of thermoplastic polymers that have been developed recently for tissue engi-
neering includes multi-block copolymers comprising poly(ethylene oxide) (PEO)
and poly(butylene terephthalate) (PBT) (PEOT/PBT)). Fascinating class of other
degradable materials explored in tissue engineering is polyphosphate-esters (PPEs),
polyphosphates), polyanhydrides (PAs) and polymorpho-esters (POEs).

The augmentation of precursors like polyols and macromonomers based on
polyesters emerged as novel candidates in injectable and situ curable polymer formu-
lations. Poly(propylene fumarate) is an example of an injectable polymer systemused
in tissue engineering applications Polyurethanes also offer many advantages in the
design of injectable and biodegradable polymer compositions.

Recently hydrogels have revolutionized the field of tissue engineering where they
are engineered as scaffolds to monitor the growth of new tissues. The design and
application of biodegradable hydrogels have significantly enhanced the prospective
power of hydrogelmaterials in the biomedical field and facilitated the advancement of
excitingmaterials focused on tissue engineering applications. Examples of hydrogel-
forming polymers of natural origin are collagen, gelatin, fibrin, HA, alginate, and
chitosan, and the synthetic polymers are PLA, PPF-derived copolymers PEG deriva-
tives, and PVA [75]. Nanofibers have also emerged as scaffolds for musculoskeletal
tissue engineering, which include bone, cartilage, ligament, and skeletal muscle,
skin, vascular, neural tissue engineering. Natural polymers and synthetic polymers
explored as a fibrous scaffold in biomedical applications. For the fabrication of
nanofibers includes collagen, gelatin, chitosan, HA, silk fibroin, PLA, PU, PCL,
PLGA, PEVA, and PLLA-CL.

13 Conclusions

The design and development of biodegradable polymers is an emerging area in the
field of medicinal chemistry. The fabrication of newer and newer smart materials
targeting human cells is highly demanded in the current scenario. The mechanistic
aspects of degradation, its sustainability in the human physiological conditions, and
the longevity of thematerials are themajor concerns and challenges to the researchers
in this area. Certainly, the present area must be explored in different dimensions of
human life that persist on the planet earth. The filed tissue engineering, fabrication
of implants, artificial valves and stents, and artificial organs, bioabsorbable wound
healing devices are among the few in the category of biodegradable materials. By
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adopting the natural mechanisms of degradation, the naturally biodegradable poly-
meric materials can be derivatized and by the incorporation of nanomaterials, the
mechanical strength and the corrosion resistance of the composite materials can be
enhanced. The synthetic materials widely explored can be fine-tuned and can be
configured to newer formats to meet the advanced applications such as in the devel-
opment of novel drug delivery devices, stimuli-responsive targeted drug delivery
applications, antibacterial and anti-viral agents, biodegradable safety equipment,
etc. We hope by the advancement of newer technologies and the emergence of novel
materials, applicatisons of biodegradable polymers will surely open broad horizons
in the medicinal field.
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Chapter 14
Applications of Biodegradable Green
Composites

Ayfer Yildirim and Hilal Acay

1 Introduction

Increased uncontrolled environmental pollution in recent years has increased
concerns all over the world. The fact that the oil reserves are limited and the recy-
cling of petroleum-based polymers is difficult has led to the need to turn to the
production of new polymers that can replace these materials. Green polymers and
green composites have been used in many areas to produce solutions to rapidly
increasing environmental problems. Materials called biodegradable green compos-
ites consisting of matrices and reinforcers made entirely from natural resources,
besides being lightweight, can be used for mechanical, thermal, etc. They can also
fulfill the features [1].

Biocomposites can supplement and replace petroleum-based composite materials
in many applications. This can offer powerful advantages. Since biocomposites are
derived from renewable resources, material costs can be reduced significantly with
their large-scale use. Also, the green composites being biocompatible and biodegrad-
able have widespread their use in biomedical applications such as tissue engineering.
Enzymatic or hydrolytically degradable implants used in the regeneration and repair
of damaged tissues are becoming more and more preferable in the medical sector
today [2]. Besides being used frequently in the medical sector, green polymers and
composites are also preferred in short-lived disposable product applications such as
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packaging, bottles, beverage cans, and textile products [1]. The fact that the automo-
tive sector, other than the medical and packaging sector, has regulations regarding
sustainability, encourages this sector to use renewable materials as well. The intro-
duction of green composites in the automotive industry took place in 1940 when
Henry Ford produced the first green automotive part with soybean extract. However,
cheaper production of petroleum-based polymers at that time reduced interest in
biopolymer-based materials, but later the need to reduce vehicle weight and use
sustainable materials began to increase interest in green materials [3]. The samples
of green composite applications in the literature were bio-based roof [4], hemp rein-
forced sunglasses, PLA-based golf ball holder, PLA/kenaf composite prototype car
roof, door panel (Kestrel Hemp Car). Biomobile vehicle is given. Besides, some
natural polymers and their composites, especially cellulose, chitosan, starch, algi-
nate, etc., are biodegradable and sustainable and are easily used in adsorption [5, [6]],
electronic devices [7], and construction [8] area because of their attractive properties
such as environmentally friendly, disposal, or composting.

As the application of green composites in different industries increases, it is known
that the interest in using these multifunctional materials as an alternative to conven-
tionalmaterialswill increase. Therefore, the purpose of this book chapter is to provide
guidelines for the selection and application of some important composite materials.
To provide a better overview of the progress in this area, it is to classify composites
according to their applications. This specific chapter aims in providing detailed infor-
mation about various applications of green biodegradable composites in biomedical
applications, food packaging, adsorption, electronics, construction, and some other
areas.

2 Applications of Green Composites

2.1 Biomedical Applications

It is known that biopolymers are already widely used in medical applications [9];
however, the inclusion of new green composite materials, which offer unmatched
performance and functionality, has recently taken place [10]. The new developments
to be achieved are exciting in terms of offering life-changing medical treatments,
for example, soy-derived polymers as bone fillers; bacterial nanocellulose has also
been reported to be beneficial for artificial blood vessels. Besides, nanofiller can be
applied to clinical medicine as biodegradable composite materials. Biodegradable
nanocomposites are very useful in tissue engineering for regeneration of primary
tissue structures [11–13] Various applications of different polymer composite bioma-
terials [14] are given in Fig. 1. Since biomedical applications are broadly given in
the other part of the book, they will not be mentioned further.
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Fig. 1 Various applications of different polymer composite biomaterials [14]

2.2 Food Packaging

Basically, a food package should delay moisture gain or loss due to its mechanical,
optical, and thermal properties, prevent microbial contamination, and provide barrier
properties against the penetration of compounds such as water vapor, oxygen, carbon
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Fig. 2 Required properties of food packaging materials (Rhim et al. 2013)

dioxide, aroma, and paint [15]. The properties of food packaging materials are given
in Fig. 2 (Rhim et al. 2013).

Today, consumer demands are directed toward less processed, food-free, and
healthy food products. Packaging used for food is an important factor affecting
food quality and preserving its shelf life. There has been an increasing consumer
demand for better quality, fresh-like, and convenient products; therefore, food pack-
aging becomes important more than ever to provide safe products and minimize food
losses. Most of the food packaging materials are based on nondegradable synthetic
polymers, thus representing a serious global environmental problem. Besides, the
dependency on fossil resources brings the sustainability problem for raw mate-
rials of food packaging production. Biopolymer-based packaging materials repre-
sent an alternative to plastic films, and they are originated from naturally renewable
resources as polysaccharides, proteins, and lipids; from chemical synthesis of bio-
derived monomers, such as polylactate; and from polymers naturally produced by
microorganisms, such as polyhydroxybutyrate and polyhydroxyvalerate [16]. Table
1. summarizes the advantages of natural biopolymer films over traditional synthetic
films (Source: Rhim and Ng [17]).

The well-known application of biodegradable polymers in food packaging is
as edible films that are used for individual coating of small food products or
placed within the food. Biopolymer films can also improve the quality of food
products and act as an efficient carrier agent for incorporating various additives
including antimicrobials, antioxidants, coloring agents, and other nutrients [16].
The economic production of bio-based food packaging materials requires using raw
material abundant in nature.
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Table 1 Advantages and
application areas of natural
biopolymer-based packaging
materials

• They are biodegradable

• They can be used as edible coatings

• They can increase the nutritional value of foods enhance its
characteristics like appearance, odor, and flavor

• They can be used as active packaging with the incorporation
of antimicrobial agents and antioxidants

• They can control the transfer of moisture, gases, lipids, and
solutes

• They can be used for microencapsulation and controlled
release of antimicrobial agents, antioxidants, and active
ingredients

• They may be component of a multilayer food packaging
materials with non-edible films

• They have low cost

• They are abundant and annually renewable resources

• They are suitable for individual packaging of particulate food
such as nuts

• Using them lead to reduced packaging volume, weight, and
waste

• They can extend shelf life and improve the quality of usually
non-packaged items

Source: Rhim and Ng [17]

Being a natural polysaccharide, chitosan can be used in many fields such as
pharmaceutical, agriculture, food, cosmetics, textile and water treatment, directly
or indirectly, as well as its biodegradability and biocompatibility properties [18–
20]. Also, good film-forming and mechanical properties make chitosan an important
edible film component and can create transparent films that can meet a variety of
packaging needs [21].

Jridi et al. (2014) investigated the physicochemical and mechanical properties
of chitosan (obtained from shrimps), cuttlefish gelatin, and composite films in their
work. The results showed that the chitosan film had higher tensile strength and lower
tensile elongation compared to other films. In their study, Boran et al concluded that
the films they obtain by producing laboratory-scale chitosan and pectin-based films
from industrial wastes provide practical applications in food products as coating or
packaging materials and may reveal many desired features in the future. [22] have
prepared chitosan and gelatin-based biodegradable films that can be used as pack-
aging materials. In a study conducted by Sun et al. [23], it was aimed to characterize
physical, mechanical, and bioactive chitosan films combined with thinned immature
apple phenols. In this study, they concluded that chitosan films combined with imma-
ture apple phenols can be an alternative to synthetic materials and can contribute to
the extending shelf life of foodstuffs [23].

In addition to composite materials consisting of biopolymers such as chitosan,
nanotechnology is seen from studies that have been able to provide a new lightweight
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material with stronger packaging barriers that protect food quality during transporta-
tion, prolong the freshness of fruits and vegetables during storage, and protect meats
or poultry frompathogens. Today, it is known that these nanomaterials have been used
in a variety of food contact packaging and containers as a new alternative additive
to improve the polymeric properties of packaging materials [24].

Recently, nanoparticles have been used as additives to improve polymer perfor-
mance. Nanoclays (layered silicates) [25], cellulose nanowhiskers [26], ultra-fine
layered titanate [27], and carbon nanotubes can be counted as various nanoreen-
forms currently being developed [28]. However, among them, it is stated that only
layered inorganic silicates such as clay have attracted great interest by the pack-
aging industry [29]. Nanotechnological advances can enable more environmentally
friendly economic degradable materials in this regard.

2.3 Adsorption Applications

Uncontrolled discharge of industrial waste and sewage waters leads to increased
amounts of undesirable inorganic and organic pollutants in water resources. Due
to their very high toxicity, these contaminants that cause many symptoms such as
nephritis, acute diarrhea, gastrointestinal ulceration, skin irritation, severe headaches,
and cancer in the digestive system become a serious problem. Different efforts have
been promoted to develop various physical and chemical methods to eliminate this
problem. Because of its low-cost, high efficiency, and activity for removing a large
number of organic pollutants, dyes and heavy metals from wastewater, adsorption
is one of the most favorable appreciable methods compared to various conven-
tional methods used such as ion exchange, precipitation, reverse osmosis, solvent
extraction, coagulation, and filtration [18, 30, 31].

For an ideal adsorbent to be preferred for removing water contaminants, it should
have the advantages of high adsorption capacity, efficiency, low cost, environ-
mental safety, and easy regeneration [6]. Therefore, due to their biocompatibility
and biodegradability, a great deal of research is supported for natural biomaterials
and their composites. In particular, those that are nontoxic, biodegradable biocompat-
ible, and natural biopolymers that are abundant in natüre are preferred as biosorbents
for the treatment of various wastewater systems including industrial wastewater.

Among the possible adsorbents to be used, biodegradable green materials such as
cellulose, chitosan, alginate, starch, and agricultural wastes are suitable adsorbents
media shown in Fig. 3. When their economic and environmental importance is made
remarkable, biodegradable green materials have been extensively preferred as green
efficient adsorbents forwastewater treatment fields regarding the economic feasibility
and environmental importance of them. It is of great importance in their preference
that they have superior properties such as easy modification, high biodegradability,
low cost, non-toxicity, biocompatibility, and environmental friendliness. However,
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Fig. 3 Biodegradable green sources for adsorption mechanism

their application is limited due to their low surface area, dissolution, and lowmechan-
ical strength. Due to overcome of the above-mentioned disadvantages, their transfor-
mations into composites have become much more attractive by providing physical
and chemical modification processes to increase the adsorption capacities of these
structures and provide better conditions for their weak mechanical properties [32,
33].

Many partially/completely green biodegradable composites have been used to
enhance the adsorption capacity of adsorbents to remove pollutants fromwastewater.
Composite materials can generally enhance adsorption capacities compared to the
capacity of elements of composite alone. Table 2 shows the summary of possible
green and biodegradable composites and their adsorption capacities for the treatment
of wastewater pollutants.

Cellulose is the most common organic compound and biopolymer in the world.
Approximately, 33% of plants, 90% of cotton, and 50% of wood are composed of
cellulose. Biodegradable cellulose has a wide range of uses due to its natural avail-
ability on Earth. Cellulose can be obtained from cotton, trees, straw plant sources,
and also some bacteria sources [36, 55]. Natural cellulose has a high surface area
and tensile strength, transparency, biocompatibility, biodegradability, and impres-
sive mechanical properties. These properties make natural cellulose a very important
choice in composite formation as backing for green composites. Cellulose ingredients
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Table 2 Biodegradable green composites for removal of wastewater pollutants

Composite Type of removed
material

Biosorption
capacity
(mg/g)

References

Cellulose extracted (rhizomes of Alpinia
nigra)/organophillic montmorillonite
composite

Eosin Y dye 199.9 [34]

Cellulose/gelatin composite hydrogel Cu(II) 28.4 [35]

Bacterial cellulose/gram-negative species of
bacteria composite

Pb(II) 52.00 [36]

Cellulose/montmorillonite hydrogels MB 277 mg/g [37]

Magnetic nanocomposites of cellulose Pb (II) 21.5 [38]

Chitosan-based composite hydrogels RB
MB

21.74
9.66

[39]

Chitosan-blended/polyvinyl alcohol
composite

Pb(II) 76.60 [40]

Chitosan/polyacrylic acid/bentonite
composites

Malachite green 454.55 [18]

Xanthate-modified
chitosan/poly(n-isopropylacrylamide)
composite hydrogel

Cu(II)
Pb(II)
Ni(II)

115.1
172.0
66.9

[41]

Poly(1-vinylimidazole)-modified-chitosan
composite

Cr (VI) 196.1 [42]

Chitosan–montmorillonite nanocomposite Fe(III) 78.13 [43]

Polyurethane/chitosan bio-based composite Food Red 17 267.24

Magnetic glutamic acid/chitosan and
silica-coated composite

MB
CV
CLY 7GL

180.01
375.4
217.3

Nanochitin-contained chitosan
nanocomposite hydrogels

Cu(II) 64.9

Chitosan/polyaniline composite Tartrazine 584.0 [44]

Magnetic alginate/rice husk beads
biocomposite

MB 274.9 [45]

Calcium alginate/clay hybrid composites Organic acid
anions

3.6 [46]

Organic montmorillonite-sodium alginate
composites

PAH 1.2 [47]

N-doped carbon dots/alginate composite Gd (III) 201.21 [48]

Alginate/natural bentonite composite MB
CR

1171
95.55

[49]

A silica sand/anionized-starch composite MB
CV
Cu(II)

653.31
1246.40
383.08

[50]

(continued)
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Table 2 (continued)

Composite Type of removed
material

Biosorption
capacity
(mg/g)

References

Corncob biochar-based montmorillonite
composite

Pb(II)
At

139.78
86.86

[51]

White-rot edible fungi Pleurotus
ostreatus-based-chitosan nanocomposite

RO16 65.5 [52]

Argania spinosa tree nutshells bio sourced
composite

Diclofenac
carbamazepine
sulfamethoxazole

153.8
105.3
125.0

[53]

Encapsulated cellulose-based modified
citrus peels/calcium alginate composite

MB
CV

881.36
923.07

[54]

can be widely used in packaging industries, cigarette filters, textile fibers, coatings,
membrane filtration, lamination, nano-macro composites, various medical and phar-
maceutical products [56–58]. Besides, its large surface area and multiple functional
groups make cellulose attractive in adsorption applications. The functional groups
on the cellulose structure have structural auxiliaries such as reactive surfaces and
the ability to change surface chemistry, which empowers it as a promising additive
for various composites for biosorbents. Nowadays, biodegradable natural cellulose-
based composites are getting increasing attention as nontoxic sorbents toward the
removal of the wastewater contaminants.

Goswami andDas investigated the biosorption performance of cellulose extracted
from rhizomes of Alpinia nigra/organophilic montmorillonite composite onto the
Eosin Y toxic dye [34]. Biodegradable cellulose/gelatin composite hydrogel has
been synthesized as biosorbent for copper (II) (Cu(II)) ions biosorption with
79.5% biodegradability rate [35]. Also, cellulose/montmorillonite hydrogels have
been prepared for adsorption of methylene blue (MB) dye [37]. In another study,
biodegradable bi-functional cellulose derivatives and cellulose/clay composites have
been used to remove calcium (Ca(II)), magnesium (Mg(II)), iron (Fe(II)), lead
(Pb(II)), and Cu(II) metal ions from widespread underground water. The removal
result order was as Pb(II) > Mg(II) > Fe(II) > Cu(II) > Ca(II) [59]. Also, bacte-
rial cellulose/gram-negative species of bacteria composite has been prepared and
investigated for biosorption of Pb(II) metal ion [36].

Another substance used as a biosorbent is chitosan.. It is the second-most abun-
dant biological material in nature, which is biologically and chemically compatible
with low cost. This is because themacroporous chitosan has extreme biological prop-
erties such as biocompatibility, biodegradability, anti-antigenic, nontoxic, excellent
film-forming ability, bio-adsorptive, as well as super absorbency. All these important
featuresmake chitosan a very interesting ingredient that can be used in environmental
and biological fields [60, 61]. Chitosan is an ecologically interesting and promising
natural polysaccharide for removing many pollutants from the aqueous wastewater
system through the presence of a large number of hydroxyl and primary amine
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groups. There are many studies in the literature where chitosan-based composites
are prepared and used as a biosorbent, which shows a very good adsorption capacity
in the purification of pollutants that cause water pollution. For example, rhodamine B
(RB) and MB dye adsorption were examined by chitosan (CS) / by graphene oxide,
carbon nanotubes, and layered double hydrotalcite composites [39]. In another study,
chitosan-blended polyvinyl alcohol composite was prepared for adsorption of Pb(II)
metal ions, and adsorption capacitywas found as 76.60mg/g [40].Xanthate-modified
chitosan/poly(n-isopropylacrylamide) composite hydrogel was used for the adsorp-
tion of Cu(II), Pb(II), and Ni(II) metal ions [41]. Poly(1-vinylimidazole)-modified-
chitosan composite was performed for adsorption of chromium (VI) (Cr (IV)) ions
as adsorption capacity 196.1 mg/g [42]. Chitosan–montmorillonite nanocomposite
for ferric (III) (Fe(III)) ions adsorption was investigated [43]. A full biodegrad-
able magnetic adsorbent based on glutamic acid-modified chitosan and silica-coated
Fe3O4 composite was prepared and used for adsorption of MB, crystal violet (CV),
and cationic light yellow 7GL (CLY 7GL).

Another conspicuous substantial nature biosorbent is alginate that could be
extracted from brown seaweed as a natural and renewable polysaccharide polymer
material, owning affluently hydroxyl and carboxyl functional groups. Due to its supe-
rior properties such as affinity, hydrophilicity, easy separation, non-toxicity, biocom-
patibility, and strong alginate, it has a wide range of applications such as tissue repair,
drug release, wastewater treatment, and adsorption [59, 62]. By combining all these
extraordinary properties with some other substances, green biosorbents with extraor-
dinary selective detection and adsorption have been obtained in the application of
adsorption.

Many studies have been done with this biosorbent in the past. To illustrate,
magnetic alginate/rice husk beads, an eco-friendly and low-cost biocomposite, are
used for MB removal with adsorption capacity as 274.9 mg/g [45]. In another study,
organic montmorillonite-sodium alginate composites were prepared and the removal
performance of polycyclic aromatic hydrocarbons (PAH) from aqueous medium
was investigated [47]. Alginate/natural bentonite composite beads were prepared
for adsorption of MB and congo red (CR) dyes [49]. n-doped carbon dots/alginate
composite were greenly generated for adsorption of gadolinium (III) (Gd (III) [48].

Starch, the major dietary source of carbohydrates and can be extracted from corn,
rice, potato, wheat, cassava, tapioca, and other crops, is abundantly available, highly
biodegradable, renewable, and cheap. At high temperatures and pressures, starch
loses its crystallinity and becomes thermoplastic, but the films cast from this material
are brittle, which limits their applications [63, 64]. Therefore, it has been becoming
important to improve its thermal and mechanic properties to make its use areas more
extensive by transforming to composite structure. In a conducted research, a silica
sand/anionized-starch composite was synthesized and used for adsorption of MB,
crystal violet (CV), and Cu(II) metal ions from water. Adsorption capacities were
found 653.31, 1246.40, and 383.08 mg/g, for MB, CV, and Cu(II), respectively [50].

Biodegredable agricultural waste-based composites have attracted excellent atten-
tion for adsorption process. It provides a convenient way to collect agricultural
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wastes such as tree nutshell, mushroom, citrus peels, and corncob that are extraordi-
narily advantageous and biodegradable, and to use them for a greener environment,
thus increasing the ability of agricultural wastes to adsorb pollutants in wastewater.
Biologicalwaste-based composites are usually impregnatedwith other biologicmate-
rials that can improve the adsorption capacity by increasing their specific surface area,
porosity, mechanical and thermal cavity to provide appropriate modifications. In a
related study, corncob biochar-basedmontmorillonite composite was synthesized for
the adsorption of Pb(II) and a pharmaceutical emergingorganic contaminantAtenolol
(AT) [51].White-rot edible fungiPleurotus ostreatus-based-chitosan nanocomposite
was synthesized for investigation of reactive orange 16 (RO16) dye [52]. In another
approach presented by Mauchtari et al. [53], high-surface-area-activated carbon was
prepared with Argania spinosa tree nutshells bio-sourced composite as activated
carbon/TiO2 was used for removing pharmaceuticals, diclofenac (DCF), carba-
mazepine (CBZ), and sulfamethoxazole (SMX) from aqueous solution. Encapsu-
lated cellulose-based modified citrus peels/calcium alginate composite was prepared
and used as effective adsobent for MB and CV dyes. The good adsorption capacities
were found as 881.36 and 923.07 mg/g for CV and MB, respectively [54].

2.4 Electronics

Electronics that have become an indispensable part of daily life will grow even
more in the future and are expected to cover almost every aspect of our life in
the future. In this section, we present a versatile and general understanding of elec-
tronic applications of different biodegradable green composite materials. Electronics
have many applications such as communications, optics, imaging, sensing, energy
storage, energy collection, artificial muscles, neuroscience, and bioengineering [65]
(Fig. 4) (Yıldırım and Acay). With the rapid development in electronic biomate-
rials and related production techniques, the use of biodegradable green composite
materials in electronic materials is becoming very important. In recent years, great
efforts have been made to investigate the synthesis and properties of environmentally
friendly biodegradable composites. By combining with some other biological mate-
rials, creating composites, the mechanical properties of these green biomaterials can
be improved on a large scale, which is promising in the development of electronic
devices [66].

Applications of electronic devices such as computers, mobile phones, andmedical
devices are becoming more and more widespread in our lives with the rapid develop-
ment of science and technology and provide us with great convenience. Electronics,
which are widely used in many fields such as telecommunications, entertainment,
and health services, leave a deep impact on people. In particular, the choice of
green biodegradable electronics is important to eliminate environmental problems
such as electronic waste storage [7]. Preliminary results of synthesized bio-based



384 A. Yildirim and H. Acay

Fig. 4 Green biodegradable-based electronic fields (Yıldırım and Acay)

biodegradable composites have been studied for new and different electronic appli-
cation fields such as ultrasonic welding, electromagnetic interference shielding, flex-
ibility, transient bioelectronics, and printed circuit boards, as a promising technology
for environmental improvement.

Recently, ultrasonic welding used as a suitable fusion bonding technique to
combine various engineering components in the electrical and electronics industry
has attracted attention. In this technique, which is mostly used for thermo-
plastic bonding, high-frequency ultrasonic vibrations are provided and shredding
is produced by generating heat at the joint interface. Moreover, the advantages of
this method are that they do not require additional parts and materials, they are very
cheap and environmentally friendly in terms of cost, and they also save time. In a
previous study on this field, [47, 67] in their study investigated the ultrasonic welding
behavior of the poly(lactic) acid (PLA)/bamboo fully degradable green composite by
examining the effect of the welded sample on the tensile failure load with welding
parameters (holding time, welding time, and holding pressure) by application of
high-frequency (20 kHz) ultrasonic vibration.

With the developing technology, portable and wearable electronics are very
popular due to the rapid growth of the internet and digitalization and the development
of innovative functional materials in parallel. Besides, the increase in telecommu-
nication systems causes electromagnetic interference difficulties and consequently,
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data pollution, device reliability, and health negatively affect. In order to prevent such
problems, using environmentally friendly solutions that can only benefit humanity by
using sustainable and biodegradable all-green composites, also versatile, affordable,
and high-performance shielding solutions of electromagnetic interference (EMI)
have become inevitable. Emitting electromagnetic fields at various frequencies by
electrical devices cause low performance/serious damage to this equipment. Electro-
magnetic shielding developed for the reflection and/or absorption of electromagnetic
radiation by a material is needed against the protection of electrical devices from
EMI. In addition, the composites that are especially important for wearable devices
offer reasonably low mass densities, often with good stretchability and flexibility.
Tolvanen et al. [68], have examined EMI shielding capacity with green composites
using biochar obtained from pine nuts, graphite as filler, and poly (lactic acid) as host
and highlight that these green composites show rather high efficiency for shielding
(shielding effectiveness >32 dB). As a result, they emphasize that the materials
developed are suitable for use in wearable and portable radiation-sensitive elec-
tronic device applications. In another similar study, biodegradable poly(lactic acid)
cheap conductive carbonaceous fillers were developed [69]. In addition, the study
has been concluded that the prepared composite shows good mechanical strength
and low-density functional properties and thus can be sufficiently used in packaging
applications and against electromagnetic interference.

Research has been conducted into the use of biodegradable natural polysaccharide
sodium alginate immersed into the CaCl2 crosslinker for producing the alginate
fiber [70]. The impedance experiments were performed for conductivity change.
Since these and similar materials prepared are biodegradable and do not require
conductive cables, they can create versatile applications for environmentally friendly
and low-cost flexible electronics.

Liu et al. researched the synthesis of poly(vinyl alcohol)/chitosan composites by
evaluation of dynamic mechanical analysis, tensile testing, and thermogravimetric
analysis and concluded that obtained composite can be an alternative application in
sustainable and transient bioelectronics [71].

Production of printed circuit boards (PCB) is increasing in parallel with the
increasing demand for electronic devices. In this application, the approach of using
environmentally friendly biodegradable materials is in great demand. Zhan andWool
prepared the bio-based composites from soybean oil resins, chicken feathers, and
E-glass fibers for using the printed circuit boards in PCB. They investigated the elec-
trical, thermal, and mechanical properties, also flammability, and peel strength of
biocomposites and found that these bio-based materials showed comparable values
with traditional materials [72]. In addition, 35, used bio-based composites (natural
protein and natural cellulose fiber) from agricultural wastes, natural cellulose fibers
extracted from banana stems and wheat gluten, in order to provide the materials for
completely biodegradable printed circuit boards and other electronic applications. In
the study, it was emphasized that biocomposites did not experience any loss in their
performance even after exposure to 90% humidity for 48 h and 100 °C for 8 h [73].
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2.5 Construction Applications

When designing construction materials, it is very important to consider issues such
as safety, health, and the environment while using the products. Because of this,
the development and use of biodegradable green polymers and their composites are
considered as one of the substantial ways for reducing the environmental challenge
from the use of non-biodegradable petroleum-based polymers in the construction
industry.

Recently, various biopolymers as starch, cellulose, lignosulphonate, some water-
soluble polysaccharides, and agricultural residues are used in a wide range of appli-
cations of construction materials including grouts, concrete, mortars, plasters, and
plasterboards, paints, and oil well fluids of drilling. Also, natural fiber-reinforced
composites have been gaining a lot of popularity in non-structural construction appli-
cations using door and window frames for wall insulation and floor lamination [74].
In addition, biodegradable fiber like bamboo and coconut are studied for both indoor
and outdoor applications. Several studies have been carried out over recent years
to obtain eco-friendly, biodegradable, low-cost, and lightweight natural polymer
composites in this sector.

The use of agricultural residues and by-products for construction directly
promotes sustainability and green buildings. Green buildings that use bio-based
materials and technologies to reduce the harmful effects of the production, use, and
disposal of cement and concrete on the environment are becoming important all over
the world. Sugarcane bagasse, abundant and easily available agricultural residues,
has been valorized by developing completely biodegradable composites combined
with wheat gluten for construction applications [75]. In their study [75], pointed
out the conclusion that bagasse-gluten composites have the potential to be an ideal
alternative for gypsum-based ceiling coverings. In addition, fiber cement composites
containing natural cellulosic fibers are important materials that appear in the building
industry. Everaert et al. [76] have investigated the biodegradability of the cellulosic
fiber cement composites; thus, the effect of the composite’s particle size and material
aging has been evaluated. The study carried out by Živkovic et al. [77], highlighted
the two types of natural fibers, flax and basalt, and their hybridization composite (flax
fiber reinforcement in the central zone, basalt fiber reinforcement in the outer layers)
has been used for the construction of boats and yachts. Another study fiber-based
composite was examined by Chandekar et al. [78]. They have performed chemical
treatment by improving jute fibers, fiber–matrix interface adhesion, and reviewed
composites obtained with different polymeric matrices that provide a basic direction
for future construction material research of these jute-reinforced composites.
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2.6 Other Applications

It is expected that technical innovations for green composites will continue, perma-
nent political and environmental pressures will increase with the definition of new
applications and investment in new methods for collecting fibers and processing
biological fibers [79].

Toys are one of the potential application areas for green composites. Examples
of biodegradable green composite toys (except wooden toys) are limited. However,
studies on toys made from recycled plastic with cellulose reinforcement are exciting.
This results in both consumer and commercial interest in the use of materials with
environmental credentials in toy applications.

It is seen that Boat Hulls and Canoes offer great opportunities for biocomposite
applications in the marine sector. The excellent sound behavior of plant fibers makes
them a promising material for musical applications. The use of natural composites
in snowboards/skis and surfboards is already a reality, and several examples can
be found. Biocomposites also offer immense opportunities for an increasing role as
alternate material, especially as wood substitutes in the furniture market [2].

The agricultural sector is another area where composite material is evaluated. In
addition to PLA, which is the most used polymer in this field, it is used as a mixture
of polybutylene adipate terephthalate (PBAT) and PBS polymer or as a composite
component [80].

The main biopolymers used in the cosmetics industry are proteins and polysac-
charides. While proteins and peptides are used in applications especially on hair and
skincare, peptides are also used in topical moisturizer applications [81]. Increasing
demands from different markets will tend to increase the application areas of
biocomposite materials.

3 Conclusion

The use of biodegradable polymers as matrices and the use of natural fibers as rein-
forcements in composite materials appear to contribute to the development of green
composites in terms of performance and sustainability. Green composites provided
important commercial markets especially for value-added products in the packaging
industry.Applications in the automotive, construction, and electronics industry, usage
for furniture, luggage, grinding disks, and safety helmets have also been proposed by
scientists and manufacturers. Also, using the adsorption technique for the removal of
contaminants from the aquatic environment by using bio-based composites is a great
research area. However, to cover other areas, scientists and researchers still need to
speed up work on scaling up products. Therefore, launching laboratory-scale ideas is
an expected effort from the scientific community. In the future, depending on further
development and research of these green composites, an increase is expected in
different areas of use, such as structural applications. However, it seems that several
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problems need to be resolved before green composites become fully competitive
with synthetic fiber composites. In recent years, great progress has been the estab-
lishment of nanocomposites (i.e., the use of nanocellulose as fibers made from crys-
tals or natural fibers). These nanomaterials are thought to compete with components
made from conventional materials. Nanotechnology can offer many opportunities to
improve the properties of green composite products. For example, the use of cellu-
lose nanocrystal and cellulose nanofibers has been researched for a variety of uses
as it is stronger than steel and harder than aluminum. As more bio-based composites
are developed and designed, used, and disposed of in the future, green composites
are expected to enter daily life with enormous environmental benefits, and this will
last for years.
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80. Yoruç ABH, Uğraşkan V (2017) Green polymers and applications. Afyon Kocatepe Univ J Sci
Eng 17(017102):318–337

81. Augustine R, Rajendran R, Cvelbar U, Mozetič M, George A (2013) Biopolymers for health,
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Chapter 15
Mechanical Properties of Flax-Cotton
Fiber Reinforced Polymer Composites

Ashwin Sailesh and K. Palanikumar

1 Introduction

A natural fiber composite material consists of natural fibers and polymeric resin
which are glued together under optimum operating conditions. A proper knowledge
on the properties of reinforcing fiber, polymeric matrix, the process of fabricating
the composite material, and proper bonding at the interface is a crucial aspect which
contributes a lion’s share in determining the properties of the material [1]. In general,
a variety of natural fibers are available for the use of reinforcement. Among them,
flax fiber proves to be the best in terms of mechanical properties, acoustical, and
vibration properties. The most notable aspect of a flax fiber reinforced composite is
that the compositematerial weight is less than that of glass fiber reinforced composite
material [2].

Omkar Nath et al. [3] tested the behavior of polymer composites reinforced with
jute-cotton fiber embedded in a polyester resin. The results of the various testing
carried out revealed that input parameters such as fiber loading and fiber orientation
are the critical parameters which have to be concentrated upon. Adding to this, the
water absorption rate of the composite gradually elevates in accordance with fiber
loading.

Sabinesh et al. [4] conducted experimental investigation on the behavior of cotton
fiber reinforced isophthalic polyester composites under tension and flexural condi-
tions. A range of fiber fractional volume of the reinforcing fiber was considered. The
author reported that the tensile behavior of the composite material increases with

A. Sailesh · K. Palanikumar (B)
Department of Mechanical Engineering, Sri Sai Ram Institute of Technology, Chennai 600044,
India
e-mail: palanikumar_k@yahoo.com

A. Sailesh
e-mail: ashwinmech9191@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
S. Thomas and P. Balakrishnan (eds.), Green Composites,
Materials Horizons: From Nature to Nanomaterials,
https://doi.org/10.1007/978-981-15-9643-8_15

393

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9643-8_15&domain=pdf
mailto:palanikumar_k@yahoo.com
mailto:ashwinmech9191@gmail.com
https://doi.org/10.1007/978-981-15-9643-8_15


394 A. Sailesh and K. Palanikumar

an increase in the fiber fractional volume. Menderes Koyuncu et al. [5] explored on
the potentiality of the cotton fabric as a possible reinforcement in composite mate-
rial and the effect of alkali treatment on composite material properties. The results
revealed that the modification of the fabric by means of alkali treatment enhance
the mechanical property significantly when compared with the untreated fabric. The
studies also suggested that the cotton fabric can be utilized as potential reinforcement
in composite material.

Pickering et al. [6] reviewed the recent developments in natural fiber composites
and their mechanical performance. It was postulated that mechanical behavior of the
natural fiber composites are in par with glass fiber. Ajith Gopinath et al. [7] experi-
mented on the mechanical properties of natural fiber reinforced composite material
with jute fiber as the reinforcement and two different polymeric matrices, namely
epoxy resin and polyester resin. The reinforcing fiber was chemically modified by
using proper quantity of sodium hydroxide solution. The behavior of the prepared
composite material was explored by subjecting the material to destructive testing.
The author concluded that the strength of jute-epoxy composite material was supe-
rior to that of jute-polyester composites indicating a poor bonding in the interfacial
region of the latter.

Cai et al. [8] explored the process of fiber modification and its influence on the
interfacial bonding and the resulting composite material properties. Abaca fibers
and epoxy resin were considered as the reinforcement and matrix, respectively. The
abaca fibers were subjected to NaOH treatment. A varied concentration of NaOH
was utilized for this purpose. It was concluded that the interfacial bonding was
superior at a low concentration of chemical treatment when compared to a higher
concentration. Also, the chances of fibrillation to occur are more at elevated levels
of NaOH concentration.

Yahaya et al. [9] experimentedon the layeringpattern of thefiber on the behavior of
the composite material. Kevlar and kenaf fibers were reinforced in the epoxy matrix.
Two different sequences of layering of the reinforcing fibers were followed. In the
first sequence, kenaf fiber was considered as the skin layer, and in the other, kevlar
was the skin layer. The fabricated composite samples were tested for their mechan-
ical properties, and the test results showed some significant trends. The composite
material with kevlar as the skin layer possessed superior tensile and flexural strength,
whereas the impact strength was not satisfactory. On the other hand, the behavior
in the kenaf reinforced sample was in contrast. It was concluded that the behavior
exhibited by the material depends on the layering sequence of the reinforcement.

Sood et al. [10] reviewed the effect of fiber treatment on the flexural properties
of natural fiber reinforced composite materials and postulated that alkali treatment
of natural fibers along with the inclusion of coupling agents improves the flexural
behavior. The review also suggested that the treatment of the matrix material with
the aid of coupling agents can enhance the overall characteristics of the composite
material. Fragassa et al. [11] explored on the mechanical behavior of flax and basalt
fiber embedded in a vinyl ester. Composite samples were destructively tested so
as to evaluate the behavior of the material during the application of mechanical
loading conditions. The test results concluded that in a hybrid natural fiber reinforced
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composite material, the bonding between the different fibers and the matrix material
is a crucial aspect that has to be concentrated upon. The good bonding between the
different fibers and the matrix material can ameliorate the mechanical properties of
the composite material.

Ku et al. [12] studied the tensile behavior of a range of natural fiber composites.
It was concluded that the tensile properties of a natural fiber reinforced composite
material depends largely on the interfacial adhesion between the reinforcement and
the matrix material. In addition to this interesting aspect, the author evidenced that
as the fiber content increases the tensile strength of the composite follows the same
trend up to an optimum level and then follows a decreasing trend. Ramesh et al. [13]
experimented on the characteristics and fabricating techniques of flax fiber reinforced
polymer matrix composites. An intensive exploration of the features of the flax fiber
composites was made, and it was revealed that the modulus of elasticity of the flax
fiber followed a decreasing trend with an elevation in the flax fiber diameter. This
shows that an optimum fiber diameter is essential to achieve a satisfactory modulus
value. It was also suggested that modification of the fiber surface has a negative
influence on the thermal conductivity and diffusivity to a great extent.

Aruchamy et al. [14] fabricated and experimented on the mechanical properties of
woven natural fiber reinforced polymeric composites materials. Cotton and bamboo
fibers were weaved as a single fabric mat and embedded in the epoxy resin. Hot press
compression molding technique was employed for the fabrication. Analysis of the
mechanical behavior and interfacial relationship was carried out as per American
standard specifications. The author highlighted that tensile behavior of the prepared
sample follows an increasing trend for a certain fiber weight percentage, after which
there was a gradual dip in the tensile strength, which is an important observation.
The same trend was observed in the case of flexural properties as well. The result
also revealed that the hybridization of fibers weaved in a single fabric would yield
better results compared to the non-hybridization of fibers.

Boopathi et al. [15] explored the various mechanical and physical characteristics
of untreated and chemically modified Borassus fruit fiber. Alkali treatment of the
reinforcing fiber using sodium hydroxide solution was performed. The influence of
alkali treatment on the fiberwas studied. The test results revealed that the fiber-matrix
interface was enhanced on alkali treatment of the fiber. Also, the alkali treatment of
the fiber led to the formation of a strong hydrogen bond, which ameliorates the
fiber’s properties and could be used as reinforcement in a composite material. On a
similar note, Tran Huu Nam et al. [16] evaluated the influence of alkali treatment on
the behavior of coir fiber reinforced poly (butylene succinate) resin. It was evident
that the chemical modification of coir fiber in a suitable alkali medium leads to
the formation of strong mechanical interlocking between the reinforcement and the
matrix material. This contributes to superior strength under tension.

Ramesh et al. [17] experimented on the characteristics of natural fiber composite
material reinforced with sisal-jute-glass fibers in a polymer matrix. Composite
samples were fabricated by the conventional hand lay-up technique. The fabricated
composite material was tested according to the ASTM standards. The test results
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concluded that the combination of sisal, jute fiber, and glass fiber improved the
overall mechanical property.

Ghosh et al. [18] prepared a natural fiber composite material using banana fiber as
the reinforcing material and vinyl ester was distributed over the reinforcing material.
The influence of the volume fraction of the fiber on the characteristics of the material
was evaluated. The fabricated composite samples were according to the ASTM stan-
dards and were subjected to mechanical testing following the same guidelines. Based
on the evaluation made, it was highlighted that an increase in the volume fraction
of the reinforcing fiber, there was an unexpected dip in the tensile strength, which
subsided and followed an increasing trend.

The amount ofmoisture absorbed by a compositematerial pose a vital role in deter-
mining the mechanical behavior and the application area of the composite material.
Yamini et al. [19] experimented on the characteristics of the composite material with
coir and aloe vera fibers as the reinforcing fiber embedded with epoxy resin. The
composite material was prepared as per the American standards. The samples were
tested for the quantity of moisture being absorbed and reported that the composite
material absorbs more moisture due to the presence of more number of microvoids.
The same phenomenon was also evidenced by Venkateshwaran et al. [20], wherein
the formation of microvoids during the fabrication of the composite sample has a
more considerable influence on the overall mechanical behavior of the composites.
Hence, researchers prefer compression molding than the conventional technique of
fabrication. The notable aspect in compression molding is the possibility of forma-
tion of microvoids is very minimal because of the distribution of the matrix material
being uniform throughout. Hence, the mechanical behavior of the fabricated sample
is precise. Also, the interfacial adhesion is one step ahead compared to those in the
conventional hand lay-up technique of fabrication.

In a natural fiber composite material, the property of resistance to vibration and
energy-absorbing capability is greatly influenced by the order in which the fibers are
laid. This is evidenced by the experiment conducted by Senthil Kumar et al. [21]. This
feature also contributes to the overall characteristics of the natural fiber composite,
which is evident from the investigations made by Sathiskumar et al. [22]. Dhaka
et al. [23] experimented on the influence of fiber volume fraction on the moisture
absorption and the overall mechanical properties of the fabricated composites. The
investigations revealed that the interfacial adhesion decreases with an elevation in
the fiber volume fraction. As a result, there is a dip in the flexural properties of
the composite. As the volume fraction of the reinforcing material increases, the
cellulose content of the fabricated compositematerial increases.As a result,moisture-
absorbing capacity of the composite material is increased.

Kushwaha et al. [24] experimented on natural fiber composites with bamboo
fiber being reinforced with a polymeric resin. The fibers were subjected to chem-
ical modification by pre-impregnation. Mechanical and water absorption properties
were determined by subjecting the material to the required testing. The test revealed
that pre-impregnation had a positive influence on the overall mechanical character-
istics and the water-absorbing properties of the composite material. Hristov et al.
[25] studied and made a comparison on the influence of aging on the strength
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retention capability of flax fiber reinforced composite material with glass fiber
reinforced composite material. Adequate samples were fabricated. The fabricated
composite samples were subjecting to varied environmental conditions for different
durations. Then, the samples were subjected to mechanical loading to have a quanti-
tative measure of the strength. The results posed that flax fiber reinforced composite
material possesses a good strength retention property than the glass fiber reinforced
composite material. Adding to this, flax fiber reinforced composite material proved
to be environmentally friendly than that of glass fiber reinforced composite material.

Since the combination of cotton andflax as a single fabricmat has not been studied,
this experimentalwork dealswith the fabrication and evaluation of the behavior of the
flax-cotton fiber reinforced polymer composite under different conditions of loading.
The behavior of the material thus obtained will be correlated with the interfacial
images.

2 Materials and Methods

2.1 Materials

Based on the literature studies carried out, flax and cotton fibers are used as the rein-
forcement in the current experimental work. Flax and cotton fibers possess superior
mechanical properties. Hybridization of the reinforcement is performed by weaving
both the reinforcing fibers into a single fabric mat. A fabric mat consists of two sets
of thread or fiber which are woven together. They are technically termed as the weft
and warp. The weft is a set of fibers placed horizontally, and the warp is a set of fibers
placed vertically at the time of weaving using a power loom or handloom. Proper
selection of the loom is significant; this decides the properties of the fabric mat. A
power loom is preferred than the handloom due to a faster rate of production. Here,
flax fiber is placed on the weft direction and the cotton fibers in the warp direction.

Moving on to the matrix phase, finely blended epoxy resin and hardener mixture
are used as the polymeric matrix. Faster and more comfortable process of curing
makes epoxy to top the list. Thorough mixing of the resin and the hardener under
optimum condition is essential. The hardener acts as a catalyst and enhances the
curing process. Curing is the most critical step, which is to be concentrated upon else
the interfacial adhesion will be in vain.

2.2 Fabrication Method of the Composite Samples

Compression molding method was employed for the fabrication of the sample.
Though the cost of fabricating by the conventional hand lay-up technique is less, the
formation of microvoids and uneven distribution of the resin makes the hand lay-up
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Table 1 ASTM standards and test specimen dimensions [26–29]

S. No. Name of the testing ASTM standards Dimensions of the test specimen (in ‘mm’)

1 Tensile testing ASTM D3039 250 × 25 × 3

2 Flexural testing ASTM D790 127 × 13 × 3

3 Impact testing ASTM D256 66 × 13 × 3

technique less preferable when compared to compression molding. A notable aspect
of compression molding is that the rate at which curing is done is tremendously high
when compared to the hand lay-up process, which makes the compression molding
technique even more preferable than its competitor.

Themain requirement in compressionmolding is that the reinforcement should be
of the same size and shape of themold. The size of themold used in the present exper-
imental work is 300 mm× 300 mm. Hence considering the permissible allowances,
the woven fabric mat was cut as a perfect square shape of 270 mm × 270 mm. The
number of layers of the fabric to be used depends on the sample’s thickness as per
the ASTM standards. Accounting to this fact, 14 layers of the woven fabric was used
with epoxy matrix coated in between the fabric.

On completing the fabrication process, a proper check on the curing process was
done by visual inspection. The test specimens were prepared in accordance with
the American standards. The dimensions of the test specimen are tabulated below
(Table 1). The dimensional sketch of the test specimen is shown from Figs. 1, 2 and
3.

Fig. 1 Dimensional sketch of the tensile test specimen as per ASTM D3039

Fig. 2 Dimensional sketch of the flexural test specimen as per ASTM D790
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Fig. 3 Dimensional sketch
of the impact test specimen
as per ASTM D256

3 Mechanical Testing of the Composite Samples

On the successful preparation of the specimens, the mechanical tests were carried
out. Tensile and the bending tests were performed using different fixture setups in a
computer-controlled universal testing machine (UTM). Prepared test specimen was
placed along the longitudinal direction in between the fixtures of the UTM. Load was
applied as a pulling load, which created induced internal stress within the specimen
and under the peak load or the maximum load, and the maximum strength of the
specimen was recorded. This can be interpreted as the maximum load where the
composite specimen can withstand under pulling load conditions (Fig. 4).

Flexural strength of the composite sample prepared was measured using the UTM
with a standard three-point bending test setup attached to it. This arrangement looks

Fig. 4 Tensile test setup
with the composite specimen
loaded on to the UTM
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similar to that of a simply supported beamwith a point at the center. As the specimen
is rested horizontally on the supports of the apparatus, the load was applied at the
center of the test specimen. As the ends of the sample were arrested, the applied
load caused maximum deflection in the center portion of the composite sample. The
load corresponding to the maximum deflection or the displacement was recorded.
This can be interpreted as the maximum load where the composite specimen can
withstand under bending conditions (Fig. 5).

Impact testing of the composite material is conducted to determine the maximum
energy absorbed by the material due to sudden shock loads. A composite material
should possess sufficient impact strength so as to use it in the automobile industry.
The prepared composite test specimen was placed on the work holder of the Charpy
impact tester. The impact testing sample was an un-notched sample and was placed
vertically on the Charpy impact tester (Fig. 6).

During the process of testing the fabricated composite samples, the chances of
error occurrence are more. The sources of the errors are always uncertain. To account
for the errors that could arise during the testing, it is always preferred to have five test
specimens for each of the above-mentioned testing procedures. The average value
of the results shall be considered for further processing.

Fig. 5 Flexural test setup
attached in the UTM with the
composite specimen loaded
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Fig. 6 Impact testing setup
with the composite specimen
loaded

4 Results and Discussion

The results of the mechanical testing carried out are tabulated below (Table 2). The
detailed analysis is done subsequently (Fig. 7).

Table 2 Results of the
mechanical testing

Sample No. Ultimate tensile
strength (MPa)

Flexural
strength (MPa)

Impact
strength
(kJ/mm2)

1 129.914 102.181 29

2 128.746 96.571 32

3 128.884 89.171 38

4 129.524 90.280 40

5 129.775 91.355 36

Average 129.368 93.911 35
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Fig. 7 Comparison of the results of the mechanical testing

5 Tensile Behavior

Factors such as the orientation of the fiber, fiber length, number of layers of the
fabric material, the interfacial bonding, and the weaving pattern largely contribute
to the tensile strength of the fabricated composite sample. In general, the maximum
resistance offered by a material to external load is the ultimate tensile strength of
that material, and this holds good for a natural fiber composite material as well. The
average tensile strength and the average breaking load are recorded in Table 3 and
Fig. 8, respectively. These values indicate that if the composite material is loaded
beyond this threshold value will eventually lead to rupture, which is a sign of failure.

Table 3 Breaking load of the
tested composite samples

Sample No. Breaking load (N)

1 9743.55

2 9655.95

3 9666.30

4 9714.30

5 9733.12

Average 9702.64
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Fig. 8 Breaking load versus
ultimate tensile strength

Knowledge about the mechanism of rupture is essential when applying the fabri-
cated material to an industrial application. The reason for the rupture of the fabri-
cated composite could be attributed to the weakening of the bonding between the
reinforcement and the polymeric matrix. In the present experimental studies, as the
fabricated material is loaded against the peak value of the internal resistance of the
material, first, the matrix material, i.e., the epoxy resin, starts deteriorating. Hence,
the interfacial adhesiveness gets gradually reduced. As a result of the loss of interfa-
cial adhesiveness, formation of cracks in the form of microvoids takes place on the
internal surface of the fabricated composite material and as the applied load increases
the formed microvoids gets enlarged which is a sign of crack propagation, and at one
particular point which is technically the UTS point, a peculiar phenomenon known
as the fiber pull-out takes place which is a sign of complete failure of the fabricated
material (Fig. 9).

As the test material is loaded in the longitudinal direction up to a particular
amount of load, the fibers resist, but after the safe loading limit, the individual fibers
in the longitudinal direction, i.e., the warp side, start expanding gradually. This can
also be attributed to the weakening of the adhesive force. The weakening of the
adhesive force gradually increases and the interfacial contact becomes loose. As a
result, the warp set of fibers expands at a drastic rate, and this is termed as the %
elongation of the composite material. Since the warp and the weft set of fibers were
weaved in an interlocking manner, the weft set of fiber also loses its strength. At one
particular point, a drastic pullover of the fiber takes place, and the corresponding
load is known as the breaking load. Beyond this load, the material will surely fail
under any operating circumstances (Fig. 10).

It can be interpreted from the plot (Fig. 11) that the maximum stress that the
composite material can withstand is 129.914MPa. On reaching this maximum stress
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Tensile Load 

Tensile Load

Fixture

Tensile Test Specimen

Fixture

Fig. 9 Schematic representation of the test specimen for tensile testing

value, the fiber and thematrix get separated. Beyond this particular value, thematerial
undergoes severe elongation, and the stress value dips drastically, which indicates
that the material fails.

The debonding between the reinforcingmaterial and thematrix is clearly indicated
in the SEM image. Debonding is a phenomenon in which the adhesive loses its
adhesiveness, and thus the interfacial contact between the reinforcement and the
matrix becomes weak, paving its way to ultimate failure (Fig. 12).
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Peak Tensile Load 

Peak Tensile Load 

Fixture

Fractured Tensile Test 
Specimen

Fiber Pull Out

Fixture

Fig. 10 Schematic representation of fiber pull-out

6 Flexural Behavior

Flexural strength of the composite material is a measure of the material to withstand
bending loads. The flexural property of the material is equally important as that of
the tensile property. A three-point flexure test attachment is attached to the UTM,
and the test sample is placed on the supports. The load is given perpendicular to
the fibers, i.e., in the transverse direction. As the material is loaded transversely, the
failure mechanism in the flexural loading is a clear distinct featured when compared
to the tensile testing.
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Fig. 11 Stress versus strain
plot of the tensile tested
sample

Fig. 12 Scanning electron
microscopy image of the
fractured tensile test
specimen

Fiber 
Pull Out

Debonding between fiber 
and matrix

In the current experimental work, the test specimens were tested for its behavior
against a bending load, and the corresponding strength values are tabulated in Table 2.
The average value of the flexural strength of 93.911 MPa indicates the maximum
resistance that the fabricated composite material can offer to bend load beyondwhich
the composite material will fail.

It is observed that the flexural strength of the fabricated compositematerial largely
depends on the interfacial relationship. In order to establish a good interfacial relation,
it is required that the resin should be uniformly distributed over the reinforcing fabric
mat. In order to ensure proper and uniform distribution of the polymeric matrix, a
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Fig. 13 Plot illustrating the
maximum value of the load
and flexural strength of the
samples

pressure of 1500psiwas used in the compressionmolding setup during the fabrication
of the composite (Fig. 13).

The failure mechanism in the flexural loaded sample varies that of the tensile
loaded sample. In a flexural loaded sample, as the load increases gradually the forma-
tion of voids initiates. The size of the void initially being in the microscopic range
propagates and thus leads to failure. An important aspect to be noted in a flexural
test sample is that the microvoid propagates along the direction perpendicular to the
applied bending load, which is the horizontal direction. As the load is applied trans-
versely, the maximum bending displacement is observed in the bottom-most layer
of the composite material. The SEM image in Fig. 14 clearly shows the presence of
void in the composite sample. The propagation in the size of the void indicates the
weakening of the interfacial strength; hence, the process of debonding between the
fiber and the matrix takes place.

The flexural strength of the composite material also depends on the dimensional
accuracy of the sample. In a three-point flexure test, a certain portion of the mate-
rial will be overhanging away from the supports of the flexure attachment. So, the
effective test area is the area within the supports. As this effective test area is vital,
the dimensional accuracies at the time of sample preparation should be followed
properly, failing, which will lead to erratic results, and the material selection process
for an application will not be foolproof.

Adding to this, the type of fiber yarn shares an equal contribution to the final
flexural strength of the composite. Based on the literature reviewmade, it was evident
that yarn of 30 s count proves to be beneficial, and hence the same count of cotton
fiber and the flax fiber was used during the fabrication of the composite samples. The
variation in the flexural strength values as recorded in Table 3 can be attributed to the
uncertain minor errors that would have been aroused due to dimensional instability
during the preparation of the test specimen. Hence, it is always safe to have a larger
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Fig. 14 Scanning electron
microscopy image of the
fractured flexural test
specimen

Presence 
of Voids

number of experimental runs so that the overall value of a particular property could
be asserted from its average value.

7 Impact Behavior

Determining the material behavior toward sudden shock load is important as most
of the materials are subjected to impact loads in the practical scenario. The impact
testing of the fabricated composite samples was tested using a Charpy impact tester.
The impact strength of the fabricated composite sample is recorded in Table 2.

During an impact load condition, a material, in general, should absorb maximum
energy possible before failure. This measure is significant in developing real-time
products that are vulnerable to shock loads such as a spare part for an automobile.
With reference to the present work, the values of the impact strength of the fabricated
composites indicate that only aminimumamount of energy is absorbed before failure,
which is a severe concern, and evaluating the cause for the same is important. The
decrease in the impact strength can be attributed to the length of the fiber being pulled
out during the destructive impact testing. Fiber pull-out is the common mechanism
of failure in the case of a fiber reinforced polymeric composites (Fig. 15).

In the case of epoxy-based fiber composites, the length of the fiber pull-out is less
owing to the fact that epoxy resin andhardenermixturewhenproperly distributedover
the reinforcement establishes a superior interfacial bonding. Hence, as the interfacing
bonding is more, the length of the fiber pull-out is less and hence attributed to the
decline in the impact property. This can be elevated by a perfect bonding between the
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Fig. 15 Scanning electron
microscopy image of the
fractured impact test
specimen

Small length 
of fiber pull-out

Debonding between 
fiber and matrix

reinforcement and the matrix. Dimensional stability throughout the sample is very
important in computing the impact properties of the composite sample.

8 Conclusion

In the present experimental work, flax-cotton fiber reinforced polymer composite
material was fabricated by compression molding technique. Hybridization of the
fibers was followed where the flax and the cotton fibers were weaved as a single
fabric mat with the cotton fiber placed in the warp direction and the flax in the weft
direction. Keeping the quality of the fabric mat as the top most priority, the fibers
were weaved using a power loom.

Epoxy resin blended with a suitable hardener (HY951) mixed in an optimum ratio
was utilized as the continuous phase (matrix). Mechanical testing of the prepared
samples was carried out to evaluate the behavior of the material subjected to tension,
flexural and impact load conditions. Taking the various errors that may arise during
testing into consideration, the average of five test specimens was taken as the best fit
for all the mechanical testing. The average tensile strength of the composite material
was recorded at 129.914 MPa, the flexural strength at 93.911 MPa, and the impact
strength at 35 kJ/mm2.

The interfacial studies of the fractured samples were carried out. Based on the
analysis of the mechanical testing and the SEM images, the following interpretations
are noted, as shown below.

1. Interfacial bonding contributes a major share in influencing the mechanical char-
acteristics of the fabricated material. The relationship between the reinforcement
and the matrix material should be established properly. Many factors contribute
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to a good interfacial bonding. Uniform distribution of the matrix tops the list
of factors contributing to interfacial bonding. A wise selection of techniques of
fabrication ensures a uniform distribution of the matrix. Hence, the compression
molding technique was used for fabricating the composite samples. As a thumb
rule, uniform distribution contributes to superior interfacial bonding and hence
enhanced wettability property of the matrix. Wettability is an important prop-
erty of a matrix that is used to establish and maintain proper contact with the
reinforcement.

2. The next important parameter to be considered is the type of fiber yarn. In this
context, the tenacity of the yarn and the count of the fiber yarn are important. This
contributes an equal share toward the overall behavior of the fabricated material.
It is always wise to use bleached yarn for the weaving of the fibers. Bleaching
is a process in which the impurities present in the normal yarn are removed,
and hence proper weaving of the fibers is possible. Chemical treatment of the
fiber after weaving is also important as this modifies the surface roughness of the
fiber and ensures superior contact with the matrix. Chemical modification using
NaOH solution and silane treatment tops the chart.

3. Modification of thematrixmaterial by the addition of polymer enhancingmaterial
has a wide scope in improving the properties of the composite material.

4. Dimensional stability of the composite material is an important factor to be taken
care of. Dimensional instability may arise during the sample preparation for
mechanical testing. Hence, the proper care should be given to ensure a constant
property.

5. Proper selection of warp and weft side fibers is essential during hybridization.
As previously stated, warp refers to the vertical side of the fabric, and the weft
refers to the horizontal side of the fabric. Hence, it is wise to place a strong
fiber in the longitudinal direction (warp) and the other in the transverse direction
(weft). Proper interlocking between the warp and weft has to be ensured during
the weaving of the fabric.
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Chapter 16
Green Composite Film Synthesized
from Agricultural Waste for Packaging
Applications

Shobhit Dixit and Vijay Laxmi Yadav

1 Introduction

The extensive uses of non-biodegradable plastics have crossed the permissible limits
of plastics wastes and created environment imbalance condition all over the world.
The incinerated or land filled plenty available agro-wastes released greenhouse gases,
smoke and particulate matters directly in to the environment and breached environ-
ment laws. So, researchers should find the appropriateway in order to reduce the plas-
tics wastes generation by using alternate biodegradable material such as agricultural
wastes, i.e., wheat straw, rice straw, hemp, kenaf, jute, sisal, etc. [1–4]. The cellulosic
property of agro-waste has motivated the researchers to synthesize biodegradable
composites due to their renewable properties, provided remarkable mechanical and
thermal stabilities as compared to non-biodegradable plastics. Generally, polymers
such as polyethylene, polylactic acid, polypropylene, starch and agro-wastes have
remarkable stability for green packaging applications. The present chapter explores
the reliable use of abundantly available biodegradable agricultural wastes for pack-
aging applications such as food, sprout and active packaging’s. The perfect use of
agricultural wastes as a reinforcing agent in polymer matrix is the eye opener for
current researchers. Many researchers promoted the use of agro-waste to synthesize
biodegradable packaging film due to their cheap, lightweight, high tensile strength
and benchmark thermal stability. Enhanced cellulose percentage area in agro-waste
encourages suitability of this fiber to minimize the contribution of polymers with
green agro-waste. Thus, the suitable use of agro-waste to synthesize green composites
for packaging application is need of the hour [5, 6].
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Native-agro-waste incorporated polymeric films have lowmechanical and impact
strengths as compared to petroleum-derivedmaterials due to their hydrophilic nature.
Inherent composition (lignin and hemicellulose) does not permit agro-waste to rein-
force the polymeric film successfully. This behavior of agro-waste showed incom-
patibility found between the materials resulting in low desirable properties present
in synthesized film. Moreover, this signified the less mechanical stability of the
agro-waste reinforced polymeric film. However, many chemical modification tech-
niques have enhanced surface property of agro-waste for appropriate blending in
polymermatrix. This strategy helped to remove undesirable contents fromagro-waste
and created some void openings at the surface for improving blending characteris-
tics. Chemical, physical and biological treatments are some of the frequently used
popular techniques for reducing recalcitrance nature of agro-waste. The findings of
many scientists elucidated that the mechanical and thermal characteristics of modi-
fied agro-waste incorporated polymeric film had considerably higher as compared
to native-agro-waste reinforced polymeric film [7]. So the surface advancement in
agro-waste is an emerging field in the polymeric composite research (Fig. 1). The
prepared composite film is reliable as compared to synthetic packaging film in terms
of contact angle, water vapor migration rate, flexural strength, water vapor perme-
ability, mechanical stability and impact strength for green composite packaging
application.

Fig. 1 Pretreatment of agricultural waste (Source Author)
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1.1 Agro-waste

Agricultural wastes are generally produced from various from agricultural activities
by the farmers. Agro-waste is waste which has no economic value. In India, the
annual production of agro-waste is around 910 metric tons. Moreover, agro-waste
has lightweight, readily available, comparatively low cost product and simple to
process material. So, the safe disposal and better utilization of agro-waste are the
key prospects for green life. Many scientists claimed that agro-waste had a property
to use as filler in polymer matrix to increase composites tensile stability for various
applications such as automotive, packaging, household and building industries [8].
Thus, it will build a new green environment for human life.

1.2 Classification of Agricultural Waste

In present juncture, the environment aspects encouraged researchers to increase the
use of agro-waste as reinforcing agent in polymer matrix and maintain the envi-
ronment balance condition. Agro-waste can be categorized in two ways, i.e., field
residues and process residues (Fig. 2). Field residue is classified such as stems, stalks,
leaves and seed pods and process residues are classified such as husks, seeds, roots
and bagasse. [9]. Agro-wastes embedded products are required lowmaintenancewith
long life durable ability. However, these virtues are attracted industrialist to surging
use of agro-waste for green composite preparation.

Fig. 2 Classification of agricultural wastes (Source Author)
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1.3 Chemical Composition of Agricultural Waste

Agro-waste is composed of cellulose tightly embedded with hemicellulose protected
by a strong wall of lignin. The percentage of cellulose, lignin and hemicellulose in
agro-waste is varying with the type of agro-waste [9]. In order to attain the desirable
properties, the higher cellulosic percentage in agro-waste has provoked researchers
to use them for synthesizing green packaging film. The chemical composition of
different types of agro-waste is depicted in Table 1.

2 Green Packaging Film Synthesized from Agricultural
Waste

The required combination of agro-waste and polymers, i.e., green composites
sustained a promising alternative to replace the non-biodegradable petroleum-derived
materials for packaging applications. Themain key factor is reduced the consumption
of synthetic plastics, while researchers are moving toward renewable sources that are
agricultural wastes to synthesize green plastics [4]. Recently, polymers are used for
several applications like packaging, automotive and furniture goods. Thus, the use
of agricultural wastes opens the way for biodegradable composite film and prepares
a more sustainable waste-based packaging film that also helps to boost our economic
sector. The various polymers such as polyethylene, polypropylene, polylactic acid

Table 1 Chemical composition of several types of agricultural waste

Agro-waste Cellulose (%) Hemicellulose (%) Lignin (%) References

Wheat straw 38–45 15–31 12–20 [10]

Hemp 57–77 14–22.4 3.7–13 [10]

Banana 53.45 28.56 15.46 [11]

Coir 43.44 0.25 45.84 [11]

Jute 59–61 22.1 15.9 [11]

Seed flax 43–47 24–26 21–23 [10]

Sisal 65–68 10–22 9.9–14 [12]

Bagasse 40–55.2 25.3 16.8 [10]

Kenaf 72 20.3 9 [13]

Rice husk 35–45 19–25 20 [13]

Rice straw 41–57 33 8–19 [13]

Flax 62–72 18.6–20.6 2–5 [14]

Ramie 68–76 13–16 0.6–0.7 [13]

Bamboo 26–65 30 5–31 [14]

Source Author
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and polyvinyl alcohol have been frequently used for the packaging sector. Moreover,
many agricultural wastes, i.e., wheat straw, hemp fiber, rice straw, kenaf, banana, jute
etc. have been used as a filler in polymer matrix due to their considerable mechan-
ical strength [4]. Although, the use of biocomposites for packaging applications
made from lignocellulosic fiber is the most adaptable technique for green market
(Table 2).

3 Some Improving Interfacial Interaction Techniques
for Polymer/Agro-waste Composites

Pretreatment is the imperative technique involved in the effective reinforcement
of agricultural waste in the polymer matrix. Several strategies are available such
as physical, chemical, biological and physiochemical treatments for enhancing the
interfacial interaction between fiber and polymer [30]. In the present scenario, these
strategies have been reported in many literatures to attain the higher mechanical and
thermal characteristics of the agro-waste incorporated green composite film (Fig. 3).
Moreover, literature confirmed that treated-agro-waste was a promising substitute of
polymer to synthesize green composites for packaging applications and serve as a
potential alternative of non-biodegradable petroleum-derived materials [31]. In other
words, these interfacial interaction improving techniques are the possible solution
of poor mechanical stability of native agricultural waste-based polymer composite
film.

3.1 Physical Pretreatment

In order to change the specific surface area or degree of polymerization of agro-
waste, many physical treatment processes such as grinding, milling and chipping
machines are used. The main focus of using this treatment is to avoid the wastage of
chemicals use for requiring changes in lignocellulosic biomass. This treatment has
reduced the particle size that increases the bulk density of treated-agro-waste and
makes it appropriate for blending in the polymer matrix. The main disadvantage of
this treatment is required higher energy consumption to operate the process [32].

3.2 Chemical Pretreatment

This pretreatment involved the reaction changes in agricultural waste. This treatment
is easily removed undesirable materials (hemicellulose and lignin) from agro-waste
and increases its cellulose digestibility for polymer adhesion. Many chemicals such
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Fig. 3 Types of pretreatment (Source Author)

as alkalis (KOH, NaOH, Ca(OH)2 etc.), acids (HCl, H2SO4, H3PO4, etc.) and ionic
liquids have been commonly used for hydrolysis of hemicellulosewith delignification
process. This pretreatment can be considered in one of the most effective treatments
for making more cellulose accessible [32].

3.3 Biological Pretreatment

Biological pretreatment is considered as a minimum energy required process in
which agro-waste is kept under a control atmosphere with preferred microorganism.
That microorganism has created the desirable surface changes of the agro-waste
that makes biomass more acceptable for polymer adhesion. In this treatment, many
organisms, i.e., white, brown and fungi have been used for enhancing the suitability
of agro-waste in the polymer matrix. But this process has required larger residence
time with an effective control atmosphere represent this treatment less attractive as
compared to other pretreatment processes [33].

3.4 Physicochemical Pretreatment

This category of treatment is classified as a combination of physical and chemical
changes. In this treatment, agro-waste is treated at higher temperatures and pressure
which breaks the recalcitrance structure of agro-waste and creates some desirable
surface changes in the agro-waste. Many physicochemical treatment processes are
steam explosion, ammonia fiber explosion, liquid hot water hydrothermal treatment,
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wet oxidation, etc., are commonly used for improving interfacial interaction between
polymer and agro-waste [32].

4 Various Testing Methods for Analyzing
the Characteristics of Green Packaging Film

Several types of testing methods are used for analyzing the properties of agro-waste-
based green composites for packaging application. Various testing methods such as
water vapor transmission rate (WVTR), water vapor permeability (WVP), tensile
test, optical characteristic test, impact test and contact angle have been used by
researchers for analyzing the characteristics of packaging film [15].

4.1 Water Vapor Transmission Rate and Water Vapor
Permeability

WVTR is an essential property for analyzing the quality of packaging film. This
test explores the water vapor migration rate through the green composite film. A
low value of this rate signifies synthesized film is applicable to keep warm products
warm. In this test, a glass cup of 100 ml was taken and filled with distilled water.
After that, cup is covered by synthesized film tightly and observed the weight of
that wet cup chamber. This chamber is placed in an incubation chamber at a known
temperature with fixed relative humidity. The changes in a total weight of wet cup
chamber are analyzed at a regular interval of a time period. Water vapor transmission
rate can be determined using the following equation.

WVTR = WC1 − WC2

WC1 ∗ A ∗ day
(1)

where WC1 and WC2 represent the initial and final weights of wet cup chamber; A
represents the exposing area of wet cup chamber [34].

Water vapor permeability is also determined using the following equation.

WVP = WVTR ∗ thickness of green film

P(RH1 − RH2)
(2)

where P is saturation vapor pressure at constant temperature, and RH1 and RH2 are
relative humidity of inside and outside of the wet cup chamber.
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4.2 Tensile Test

This test is demonstrated the mechanical stability of green composite film using
universal testing machine. This property depends on materials thickness, testing
speed and method of preparation. In this test, film is cut in strip form at fixed gauge
length and gauge width according to ASTM. Generally, many researchers have been
usedASTMD0882 formaterials thickness less than 1mm.A sample is fixed between
the grips of testing machine and allowed to elongate a material at a known testing
speed. Further, the machine calculated the ultimate tensile strength and maximum
flexibility of the green film that plays a vital role in observing themechanical stability
of the material [4].

4.3 Dart Impact Test

Dart impact strength is an important property for industries of packaging sectors
to access the durability of the packaging film. A sample is cut in required dimen-
sions according to ASTM. Commonly, ASTMD1709 has been used frequently for
analyzing the impact strength of the green packaging film. In this impact test, a dart
of known weight is free fell on the surface of the film at a fixed height and observed
that film is punctured or not. If it is not punctured, again increase the weight of dart
and repeated the process. The phenomena helped to understand the impact strength
of the green packaging film. The energy required to fracture the surface of film is
equivalent to drop a known dart impact failure weight at fixed height on the sample.

4.4 Contact Angle Test

In order to elucidate the hydrophobic property of green film, water contact angle
is measured at vapor–liquid interface meets at solid surface of sample using drop
shape analyzer machine. Sessile drop method is the simplest way to observe the
water repelling quality of the prepared film. This test is measured by the wettability
of the surface of the sample. In this test, a drop of distilled water is dropped on
the surface of the composite film and examined the surface hydrophobicity of the
sample. Higher contact angle (greater than 90°) signified the hydrophobic property
of the green composite film [4].
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4.5 Optical Characteristics Test

This test visualized the transparency of the green composite film for packaging appli-
cations using UV–Vis spectrophotometer machine. Green film is cut in strip form
and placed in a cuvette using blank cuvette as a reference in the machine and scanned
over the wavelength of 400–800 nm visible range. This test is provided the trans-
parency of the sample over visible range and demonstrated the optical characteristics
of the green film [35].

4.6 Thermal Stability Test

Thermal stability test is provided information about ability of the packaging film
to resist the action of heat using PerkinElmer thermogravimetric analyzer. This test
represents themaximum temperature atwhichourmaterials can sustain theirmechan-
ical property. In this test, a known weight of green film is placed in a machine and
allowed to heat from 30 to 800 °C at required heating rate. This process is done in
a nitrogen-controlled atmosphere for avoiding the undesirable thermal cracking of
the green film. Thermal analyzer provided the graph between mass (%) with temper-
ature. This graph helped to understand the main thermal degradation temperature
range of the green composite film [21].

5 Conclusion

In summary, the effect of agricultural wastes on the packaging properties of the poly-
meric filmwas evaluated. This chapter has enlightened the perfect use of agricultural
waste as a reinforcing agent in the polymermatrix for packaging applications.Various
improving interfacial interaction techniques, i.e., physical, chemical, biological and
physiochemical treatments have been discussed in order to enhance the suitability
of agricultural waste in the polymer matrix in terms of water vapor migration rate,
transparency, mechanical and thermal stabilities. Published literature confirmed the
importance of various strategies for agricultural waste for polymer blending. This
chapter is also explored the testing methods, i.e., water vapor transmission rate,
water vapor permeability, contact angle, tensile test, impact test, optical characteris-
tics test, thermal stability test and some ASTM standards for tensile and impact tests.
This chapter described a brief introduction for the utilization of abundantly available
agricultural wastes as filler in the polymer matrix for green packaging application.
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Chapter 17
Green Composites for Application
in Antistatic Packaging

Leonardo de Souza Vieira, Isabela Cesar Oyama, Larissa Stieven Montagna,
Mirabel Cerqueira Rezende, and Fabio Roberto Passador

1 Introduction

1.1 Antistatic Packaging

The generation and accumulation of electrostatic charges are the main problems
encountered in the production and operation processes in the electronics industry.
Electronic components, boards, and integrated circuits are very sensitive to elec-
trostatic voltages generated by friction with their packaging and can be completely
damaged when transported, stored, or handled incorrectly [22, 57]. The genera-
tion of electrostatic charges by friction (or triboelectrification), when not properly
controlled, can even lead to the risk of fires or small explosions if there are gases,
vapors, or flammable powders in the factory environment [64, 69]. Estimates show
that, in the USA, 5% of the market related to the sale of electronic devices is affected
by losses caused by electrostatic discharge (ESD) damages [57].

In this way, the development of new materials and production processes which
mitigate the problem of generation and accumulation of electrostatic charges in the
electronics industry represent a reduction in operating risks and production costs.
Moreover, it is obtained an improvement in product quality and reliability, guaran-
teeing plain customer satisfaction and resulting in fewer expenses in repairing goods,
which increases the profits obtained by the company.

The packaging used to protect electronic devices against ESD is called antistatic
packaging and is used in large volumes in the electronics industry [57]. Antistatic
packaging must present a sufficiently low electrical resistivity in order to dissipate
electrical charges through their structure [54]. Antistatic materials present electrical

L. de S. Vieira · I. C. Oyama · L. S. Montagna · M. C. Rezende · F. R. Passador (B)
Polymer and Biopolymer Technology Laboratory (TecPBio), Federal University of São Paulo
(UNIFESP), 330 Talim St., São José dos Campos Zip code 12231-280, Brazil
e-mail: fabio.passador@unifesp.br

© Springer Nature Singapore Pte Ltd. 2021
S. Thomas and P. Balakrishnan (eds.), Green Composites,
Materials Horizons: From Nature to Nanomaterials,
https://doi.org/10.1007/978-981-15-9643-8_17

429

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9643-8_17&domain=pdf
mailto:fabio.passador@unifesp.br
https://doi.org/10.1007/978-981-15-9643-8_17


430 L. de S. Vieira et al.

resistivity in the range 103–1010 � m [18]. The norms regarding the establishment
of standards for the control and protection of equipment susceptible to damage by
electrostatic discharge are developed and disseminated by different organizations,
including the ESD Association. This organization is accredited by the American
National Standards Institute (ANSI) and represents the USA in the International
Electrotechnical Commission (IEC), an institution organized by the international
community for the development of a series of documents regarding the establish-
ment of standards for the ESD control. These documents receive the general desig-
nation IEC 61340 and are technically equivalent to the ANSI/ESD S20.20 standard,
developed by the ESD Association [18].

Antistatic packages are generally produced with non-biodegradable polymers
of fossil resource, such as polyethylene (PE) [58] and poly(ethylene terephthalate)
(PET) [64]. Thus, the production of packaging obtained from renewable resources
and biodegradable materials constitutes a promising research area, attracting several
companies and generating large investments in the development of more sustainable
alternatives [6, 49].

For example, a promising alternative to the use of conventional low-density
polyethylene (LDPE) obtained from fossil resources is the use of green low-density
polyethylene (green LDPE), in which the main raw material is sugar cane, that is,
a material from a renewable resource. The growth process of sugar cane consumes
CO2 present in the atmosphere and, in this way, contributes to reduce the amount of
this greenhouse gas in the environment. Green LDPE presents similar properties and
performance presented by petrochemical-based PE, which favors industrial interests
in this material [46].

Among the biodegradable polymers available to produce biodegradable pack-
agings are polycaprolactone (PCL) [27], poly(lactic acid) PLA [65], and
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) [12]. Besides green LDPE,
PHBV is also amaterial obtained from renewable resources that is widely studied due
to its good biodegradability and biocompatibility. Furthermore, PHBV has physical
and mechanical properties similar to PE and polypropylene (PP) [2, 32, 35, 71].

Antistatic packages produced from insulating polymeric matrices, such as green
LDPE and PHBV, need modification in their formulation in order to decrease the
electrical resistivity of the material. So, it can dissipate the electrical charges formed
by the friction between the electronic device and the packaging during transport and
storage of that electronic device. There are many ways to achieve this goal, and
the most common technique is the addition of electrically conductive particles that
leads to the formation of electron-conducting paths in the polymeric matrix [58, 64].
These electrically conductive particles may be generically called antistatic agents
[57]. The increase in electrical conductivity with the addition of increasing levels of
the conductive material has the characteristic of being nonlinear. There is a certain
amount of antistatic agent that, when added to the polymeric matrix, ensures that its
particles establish physical contact with each other and form a network of continuous
electron conduction throughout the composite structure, with an increase of several
decades of magnitude in its electrical conductivity [62]. This critical amount is called
the electrical percolation threshold [53]. A low electrical percolation threshold is



17 Green Composites for Application in Antistatic Packaging 431

desirable, avoiding major changes in the mechanical and rheological properties of
the polymeric matrix [58, 62].

Carbon black (CB) is one of the materials most employed as antistatic agent
mainly due to its relatively low cost [62, 68, 73]. Silva et al. [58] developed PLA/CB
composites reinforced with different contents of CB (5, 10 and 15 wt%) using a
thermokinetic mixer. Mechanical tests showed that the Izod impact strength of the
composites presented a slight decrease when compared to neat PLA. Thermogravi-
metric analysis (TGA) showed that the addition of 10 wt% of CB increased the
degradation temperature (T onset) by up to 32 °C when compared to neat PLA, which
was attributed to the formation of char that thermally insulated polymer chains not
yet thermally degraded. The electrical conductivity test by impedance spectroscopy
showed that the addition of 10 wt% of CB increased the electrical conductivity in 9
decades of magnitude which qualifies the material as a promising alternative for the
production of ESD protective packaging.

Nonetheless, CB has the drawback of presenting a high electrical percolation
threshold in many polymer matrices. Due to its low electrical conductivity and its
low tendency to disperse, it is necessary to add a relatively high amount of this carbon
material in the polymer matrix to establish an effective electron-conducting path in
the polymer matrix [64, 68, 73]. Wang et al. [68] explained that, in order to obtain
satisfactory antistatic properties in poly(vinyl chloride) (PVC)/CB composites, it is
necessary to add up to 25 wt% of CB to the PVC matrix, which may negatively
interfere with the mechanical properties of the material and impair its rheological
and processing characteristics.

Another disadvantage of the use ofCB is the unhealthy aspect related to its produc-
tion and handling, which involves the generation of many nanoparticles suspended
in the air and respiratory problems in those who inhale them [44].

In this way, there are various alternatives of reducing electrical resistivity of insu-
lating polymericmaterials available in the literature, which includes the use of surfac-
tantmolecules [16], metallic particles [76], oxidewhiskers [75], polymer electrolytes
[14], the addition of intrinsically conducting polymers such as polypyrrole and poly
(3, 4-ethylenedioxythiophene) [33], use of conductive ionomers [39], and the addi-
tion of carbonmaterials such as carbon nanotubes [9, 19], graphene [74], and graphite
nanoparticles [47].

1.2 Methods to Obtain Polymeric Materials with Antistatic
Properties

An interesting way of increasing the electrical conductivity of electrically insulating
polymers constitutes the addition of organic antistatic agents such as ionic and non-
ionic surfactants [5]. The molecules of surfactants with low molar weight migrate
to the outermost layers of the polymer and absorb water molecules present in the
atmosphere due to the hydrophilicity of its chemical groups, conferring conductive
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properties to the surface of the material [67]. An example of an antistatic agent used
in the production of materials with dissipative properties is ionic liquids, which basi-
cally consist of molten salts at room temperature. Ionic liquids have interesting prop-
erties because they are not volatile and flammable and present high thermal stability
and high ionic density [16]. Ding et al. [16] developed a material with promising
antistatic characteristics from the addition of 1-n-tetradecyl-3-methylimidazolium
bromide ([C14mim] Br) in PP polymer matrix with a weight ratio of 100/3. A
good dispersion of [C14mim] Br in the polymer matrix was reported, indicating
good chemical compatibility between the two phases. The addition of [C14mim] Br
molecules increased the impact resistance of PP, which was attributed to its effect of
a nucleating agent in the polymeric matrix, refining the structure of its spherulites.
Electrical conductivity tests showed that the addition of the antistatic agent led a
decrease of 7 decades of magnitude in the electrical resistance of PP (from 2.67 ×
1014 � to 2.60 × 107 �), obtaining a material with promising antistatic properties.
However, this technique presents a reduction in the dissipative properties over time
as the molecules of the antistatic agent migrate and deteriorate on the surface [67].
Another negative issue is the effectiveness dependence of the packaging in relation
to the relative humidity of the air [69].

Zhou et al. [75] prepared PVC/zinc oxide whiskers (ZnOw) composites with
different ZnOw contents (1, 2, 3, 4, 5, and 6 wt%) to obtain materials with antistatic
properties. Zinc oxidewhiskers (ZnOw) are ceramicmaterials with a semiconductive
character and are shaped like fine needles that grow in four different directions
and form a three-dimensional structure. Within the polymer, adjacent needles that
overlap are able to guarantee a flow of electrical charges through the composite
and increase the electrical conductivity of the polymer matrix. Results of electrical
tests indicated that the addition of 6 wt% of ZnOw can lead to a reduction in the
electrical resistivity of 6 decades of magnitude and can be a promising material for
ESD protection. The addition of ZnOw in another polymeric matrix (PP, in this case)
allows obtaining composites with equally attractive properties. The addition of 3
wt% of ZnOw decreases the electrical resistivity of neat PP from 1016 � cm to 109

� cm, which represents a considerable reduction of 7 decades of magnitude in this
electrical property [60].

The formation of gel polymeric electrolytes constitutes another alternative of
obtaining materials with electrically dissipative characteristics. Gel polymer elec-
trolytes are dimensionally stable and are developed basically by the introduction
of an ion-conducting mechanism inside electrically insulating polymers [14]. Che
et al. [14] prepared composites with PVC as polymer matrix and the addition of
bis [2-(2-methoxyethoxy ethyl] phthalate (BMEP doped with sodium thiocyanate
salt (NaSCN. Composites were processed using a torque rheometer, and different
contents of BMEP/NaSCN (or AP) were investigated. The Na+ cation dissociates
from the salt and establishes a coordination effect with the oxygen atoms of the ether
groups present in the BMEP structure. With the appearance of a potential differ-
ence, mobile cations migrate through percolative paths established by the network
of BMEPmolecules mixed inside the PVCmatrix, which can collaborate to increase
the electrical conductivity of the material. Electrical conductivity tests showed a low
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electrical percolation threshold (~20 AP phr), and a decrease of 7 decades of magni-
tude in the electrical resistivity of composites was obtained (1015 � sq−1 (0 phr AP)
to 108 � sq−1 (60 phr AP)). The effect of the addition of 40 phr of dibutyl phthalate
(DBP) plasticizer to the PVC/AP composite was also verified. The addition of DBP
promoted a further reduction in the electrical resistivity of PVC/AP composite. This
phenomenon was attributed to the plasticizing effect that DBP imparts to the PVC
polymeric chains, reducing its rigidity and facilitating the transfer of charge carriers
(Na+). Electrical tests were also carried out by varying the relative humidity (RA)
from 50 to 0%, and it was verified that the electrical resistivity of the composites
reduced only one decade of magnitude, indicating that an advantage of this method
consists in obtaining materials that do not depend on this environmental condition
to acquire dissipative properties.

Among the methods previously mentioned to produce antistatic packages, Maki
et al. [39] evaluated the production of antistatic packages using a different way, which
is without mixing or coating the polymer with an antistatic agent. Low resistivity was
reached using an ionomer of a copolymer of ethylene with potassium as the metal
ion type with other host resins. Generally, the ionomer has sodium or zinc ions in
its chain that do not promote antistatic properties. The change with the addition of
potassium helps to increase electrical conductivity. The authors developed a random
ethylene copolymer (derived from polymerization of ethylene-comethacrylic and
acid isobutyl acrylate) in which carboxylic groups (about 80%) were neutralized
with potassium resulting in the production of the ionomer. A multi-layer cast film
machinewas used to produce filmswith single andmulti-layer of potassium ionomer,
metallocene linear low-density polyethylene (mLLDPE) with an antistatic agent and
potassium ionomer/mLLDPE so as to characterize antistatic properties. The static
decay time, surface resistivity and volumetric resistivity and space charge distribution
(pulsed electroacoustic method) tests were evaluated. Static decay time test proved
that potassium ionomer has rather good static decay properties compared tomLLDPE
with an antistatic agent. It means that antistatic properties can be found on the surface
of the film if potassium ionomer is added in any desired layer. The same behavior
occurs with mLLDPE containing the antistatic agent. The stable performance of the
ionomer was gain in the multi-layer structure instead of the single layer. The study
of a two-layered film (one layer is the potassium ionomer, and the other is mLLDPE)
was essential to understand the reason why multi-layered structures present good
antistatic properties. The authors concluded that the use of potassium ionomer in
antistatic packaging is satisfactory because it showed antistatic properties equal to
polymeric composites with antistatic agents.

Jonas and Heywang [33] developed a method to coat plastic films with polypyr-
role. Polypyrrole is an infusible and insoluble conductive polymer due to branching
in its chain, so it was of great meaning finding a methodology to produce anti-
static packaging from plastic film coated with polypyrrole. Antistatic packaging
must have low electrical surface resistivity, and its antistatic characteristic cannot
change by atmospheric humidity and need to be stable for at least four weeks at
70 °C. Besides that, the authors produced films of polypyrrole-coated polycarbonate
following three steps. The materials used were a film of polycarbonate, polyvinyl
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acetate with ferric salt, and pyrrole monomer. The production of polypyrrole-coated
polycarbonate follows the following procedure. The pyrrole monomer was poly-
merized at the polyvinyl acetate surface, and a conductive polymer was created and
coated the polycarbonate film; it is important to frame that the polymer resulted
from coating process is thermoformable. The coating procedure enabled an elec-
trical surface resistivity of 103–104 � m−1; thus, this low surface resistivity allows
the use of the film in antistatic packaging.

In general, the mechanism of surfactant antistatic agents in packages is based on
themigration of them to the film surface when humidity is absorbed on the polymeric
surface. Therefore, humidity is essential to trigger the antistatic role, even at low
percentages. Besides electrical properties, antistatic packaging demands flexibility
in order to facilitate processing and minimizing defects of the final product. Up to
recent years, plasticizer derived from phthalate had been used mainly, but it has the
problem associated with its toxicity, which can lead to utterly hazardous diseases.

Linking the necessity of a non-harmful plasticizer and antistatic charge, Wang
et al. [70] engineered an eco-friendly biodegradable antistatic agent and plasticizer
to produce antistatic composites with the polymeric matrix. PVC/citrate electrolyte-
based antistatic plasticizer (CEAP)/tributyl citrate (TBC) composite was produced.
TBC is a biodegradable and non-toxic plasticizer. Foremost, the synthesis of CEAP
was made reacting citric acid, 2-butoxyethano, and sodium thiocyanate through an
esterification reaction. The composites were prepared in a torque rheometer with a
temperature of 160 °C, rotor speed of 30 rpm, and blending time set of 6 min. In
general, a decrease of two decades of magnitude in superficial resistivity at room
temperature was observed. Besides that, a reduction of one decade of magnitude in
electrical superficial resistivity was reached increasing the temperature (40–80 °C).
No significantmodification at surface resistivity occurred changing relative humidity.
The composite without TBC showed insufficient antistatic properties; thus, TBC is
essential as a plasticizer and contributes to ion’smobility in polymer chain decreasing
electrical surface resistivity.

Another way to produce antistatic packaging is the addition of metal fillers in the
polymeric matrix due to their permanent electrical conductivity and low cost [76].

The addition of carbon materials to insulating polymers is the most used tech-
nique for obtaining antistatic packaging. Carbon materials are suitable for the most
varied applications since carbon atoms are capable of forming materials with distinct
crystalline structures and versatile and attractive properties [62]. Among the carbon
materials studied and employed in dissipative materials to replace carbon black are
the carbon nanotubes [9, 19], graphene [74], graphite [47], and, more recently, glassy
carbon [46, 54, 63].

Carbon nanotubes and graphene are relatively recent and promising alternatives to
replace carbon black since they confer excellent mechanical, thermal, and electrical
properties to polymers [68]. Huang et al. [26] developed cellulose nanocomposites
reinforced with different contents of carbon nanotubes (CNT) (1, 3, 5, 8 and 10 wt%)
using a sequential solution dispersion, gelation, and hot-press drying process. The
use of cellulose in the production of composites for applications in antistatic pack-
aging is very promising, aiming at the substitution of polymers from non-renewable
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resources. The electrical percolation threshold occurs with the addition of 0.71 wt%,
and the addition of 5wt%ofCNT to the cellulose increased the electrical conductivity
from 10–13 S m−1 to only 5.6 S m−1, obtaining an electrically dissipative material.
Therefore, it is possible to obtain antistatic properties with a much lower amount of
filler compared to carbon black.

Notwithstanding its good properties, carbon nanotubes and graphene present a
high specific surface area (due to its nanoscale dimension) and a strong van der
Waals interaction established between its nanofillers, which increases the tendency
of agglomeration and hinders the distribution and dispersion processes of thesemate-
rials in the polymer matrix, impairing the properties of composites [24]. Another
disadvantage presented by carbon nanotubes is their high stable surface and their
hard surface, which impairs the interaction between the polymer matrix and the
nanofiller and the transfer ofmechanical stress among these phases. For this reason, it
is common the use of chemical/physical treatments inCNT tomodify its surface prop-
erties by the introduction of polar functional groups to the nanofiller. The increase in
the polarity of CNTmay facilitate its interaction with polymeric chains in polymeric
composites, increasing the mechanical properties of the material [36]. However, it
may lead to a loss in the electrical and mechanical properties of CNT.

In thisway, the need to search for an alternativematerial to the carbon black fosters
the interest of novel materials that can be employed in the production of polymeric
materials with antistatic properties. Although there are few studies in the literature
on the use of glassy carbon (GC) as a filler in polymeric matrices, it is verified that
this material gives good mechanical and electrical properties to polymers, making it
a promising material in the production of antistatic packaging [46, 54].

Szeluga et al. [63] prepared composites with 5, 10, and 20 wt% of GC in epoxy
resin (EP) and hybrid composites with the addition of GC and multiwall carbon
nanotubes (MWCNT). It was verified that GC presents a good adhesion to the poly-
meric matrix, which explains its good dispersion and distribution. It was verified that
the binary composites of EP/GC with 10 wt% GC presented an electrical resistivity
of 3.02 × 107 � cm, 7 decades of magnitude lower than the neat EP (4.82 × 1014

� cm). The addition of 0.25 wt%MWCNT led to a further decrease in the electrical
resistivity of the material (1.68 × 103 � cm), indicating a synergistic effect between
the carbon fillers.

The use of GC in thermoplastic polymer matrix composites for the production
of antistatic packaging has also shown to be a very promising alternative. Santos
et al. [54] produced composites of low-density polyethylene (LDPE) with different
contents of GC (0.5, 1, 5, 10, 15, and 20 wt%) using a thermokinectic mixer. It was
observed that GC particles are well-dispersed and distributed in the polymer matrix,
making it possible to obtain a relatively low electrical percolation threshold with
the addition of 0.5 wt% GC. A decrease of 2 decades of magnitude in the electrical
resistivity was also observed. The composite with 0.5 wt% GC presented the best
optimization of mechanical and thermal properties, comparable to neat LDPE, which
demonstrates that GC is a promising alternative of an antistatic agent in replacement
to CB.
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Oyama et al. [46] verified that low electrical resistivity was reached using contents
of GC below 0.5 wt% in a green polymeric matrix, green LDPE. GC contents of 0.1,
0.3, and 0.5 wt% were used in the green LDPE matrix. The materials were mixed in
a thermokinetic homogenizer. A reduction of 6 decades of magnitude in electrical
resistivity (from 1014 to 108 � m) was reached with the addition of only 0.1 wt%
of GC in green LDPE/GC composite. A reduction of 7 decades of magnitude in
the electrical resistivity was verified with the addition of 0.3 and 0.5 wt% GC. It
indicates that small contents of GC are able to produce conductive paths in the green
polymeric matrix.

As it is perceived in the examples previously mentioned, there are many works
present in the literature involving the obtainment of materials with antistatic char-
acteristics produced with polymers originated from non-renewable resources, such
as PVC, PE, and PP. However, it is also noticed the use of polymers obtained by
renewable resources and/or biodegradable polymers.

In this chapter, we will show the effectiveness of using green composites for
the production of antistatic packaging. The antistatic agent chosen is the glassy
carbon because it is from a renewable resource. The polymeric matrices used for the
production of the green composites were a biodegradable polymer and a polymer
from a renewable resource.

1.3 Glassy Carbon: A Green Antistatic Agent

Glassy carbon (GC), also named as vitreous carbon, is a carbon and isotropicmaterial
that generally presents both high hardness and elastic modulus, elevated chemical
inertness, and temperature resistance. It is commonly obtained from the carboniza-
tion of certain thermoset resins, such as phenolic and polyfurfuryl alcohol (PFA)
resins, at temperatures normally above 1000 °C in inert atmosphere [11]. Polyfurfuryl
alcohol resin, also named as furfuryl resin, is originated through the polymerization
of furfuryl alcohol, which can be obtained from the catalytic hydrogenation process
of furfural. Furfural consists of a heterocyclic and aromatic aldehyde produced by
dehydrating pentoses present in lignocellulosic biomass of plants and residual mate-
rials, such as corncobs, rice husks, and sugar cane bagasse [41]. In this way, GC
produced from furfuryl resin constitutes a green material, since it is originated from
renewable resources. When treated at high temperatures, the precursor resins of GC
lose considerably the content of oxygen, hydrogen, and nitrogen present in their
polymer chains, leaving high carbon content in their chemical composition (at least
90% by mass). The resulting carbon material has the term vitreous in its designation
for having a shiny appearance when polished and for having a fracture surface similar
to that presented by the glass [21].

GC belongs to the carbonmaterials class that is arranged by stacking of hexagonal
planes of C with sp2 hybridization, which is called graphitic materials [28]. Graphite
presents the most well-organized basic structure among graphitic materials. The
distance between its graphitic planes is 0.3354 nm, and the distance between the C
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Fig. 1 Schematic
representation of the GC
structure according to a the
Ribbon Model and b the
Shell Model [28]

atoms in the plane is 0.1412 nm [28]. Carbonmaterials obtained under heat treatment
at temperatures below 1300 °C have reduced levels of regularity in the stacking
of the graphitic planes. Thus, the length of these plans tends to be small, as well
as the number of hexagonal plans stacked. The arrangement of atoms formed in
these materials, with lower order than that present in graphite, is called turbostratic
structure [28]. The submission of graphitizable carbon materials to heat treatments
at temperatures above 1700 °C can lead to an improvement in the organization of
the turbostratic structure and an increase in the size and number of stacked planes.
This process is called graphitization. However, in carbon materials classified as non-
graphitizable (e.g., GC), the stacking of the graphite planes is highly disorganized
and linked by disorganized carbons, and thus, it is not possible to obtain a graphite
structure even when subjected to heat treatments at high temperatures [28].

Among the structuralmodels proposed for theGC are theRibbonModel, proposed
by Jenkins and Kawamura (Fig. 1a), and the Shell Model, proposed by Shiraishi
(Fig. 1b) [28, 30]. The RibbonModel proposes that this carbon material consists of a
network of folded and twisted carbon layers [30]. This model, however, is ineffective
in explaining some GC properties, such as its high porosity (closed pores) and its
low gas permeability. The Shell Model, however, elucidates this issue by presenting
the microstructure of the GC as layers of hexagonal carbon arrangements that form
closed structures (pores) [28].

GC has good chemical andmechanical resistance, high hardness, highmodulus of
elasticity (20–40 GPa), high electrical (~104 S m−1) and thermal conductivities, and
good gas impermeability [29, 45, 56]. These characteristics make this material suit-
able for a wide variety of applications, including heart valves, electrodes, refractory
applications, catalyst supports, and others [8, 29, 34].

GC can be obtained, basically, in the form of reticulated glassy carbon (RGC)
or monolithic glassy carbon (MGC) (Fig. 2a, b, respectively). RGC consists of a
macroporous material with many accessible pores (as shown in the zoom of Fig. 2a)
and a high surface area in relation to its volume, presenting high chemical stability,
lightweight, and low cost [45]. The most common applications for RGC include
water purifiers, gas separators, electrodes, natural gas stores, and biological growth
supports [25, 51].

Another common form of GC is MGC, whose structure is characterized by the
presence of a predominant amount of micro- and mesopores [21]. The diffusion
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Fig. 2 Reticulated glassy carbon (RGC) (a) and monolithic glassy carbon (MGC) (b) [20], SPI
[61]

of volatiles and the shrinkage of the material under heat treatment can lead to the
formation of tensions and discontinuities in its structure. In this way, the heating
rate must be strictly controlled, limiting the thickness of the piece obtained [8]. Its
high purity and its physicochemical properties make MGC an interesting choice for
the production of special crucibles (Fig. 2b) and tubes, catalyst supports, gaskets,
electrodes, heart valves, among others [31].

1.4 Green Polymer for the Production of Antistatic Packaging

The production of polymeric materials from renewable resources gained great noto-
riety in the 1970s during the oil crisis. At this time, the price of oil barrels had a great
increase, as well as the price of the products obtained from petroleum [36]. Since
then, the production of polymers from renewable resources has received massive
investments in science and in the industrial sector [6, 49].

Technological development in the area of biodegradable polymers has also
obtained remarkable prominence in recent years due to the potential risk that the
disposal of plastics can cause to the environment and to the most diverse ecosystems
around the world. The application of plastic is widespread in practically all areas
of the productive sector, and it is especially important in the packaging industry
since it consumes around 44.8% of all plastic produced annually [23]. The antistatic
packaging generally constitutes a single-use product. PP and PE are the most used
polymers in the production of packaging and present high chemical stability and
durability. This high chemical stability is a common characteristic of conventional
polymers of fossil resource, making the biodegradation rate of these materials rela-
tively low. It is estimated that, since 1950, about 79% of the plastic produced in the
world is still present in landfills or in the environment [52].
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Table 1 General properties
presented by Green LDPE
(SBF0323HC grade) [10]

General properties Value Unit

Melt flow rate (190 °C/2.16 kg) 0.32 g/10 min

Density 0.923 g/cm3

Tensile strength at break 20 MPa

Elongation at break 390 %

1.4.1 Green Low-Density Polyethylene (Green LDPE)

Polyethylene is one of the most used polymers in the world due to its excellent
mechanical properties and low density. The main applications include the production
of many types of packaging, car fuel tanks, wire, and pipes.

A Brazilian petrochemical company developed a different route to produce PE
changing the oil-base origin to a green one [43]. Green LDPE is produced by renew-
able feedstock, sugar cane, and has the same properties, processing and recycla-
bility possibilities as petrochemical LDPE. The green LDPE presents low electrical
conductivity, excellent thermal, mechanical properties, and great water vapor imper-
meability. Table 1 shows green LDPE properties. Summarizing, the process consists
in producing ethylene monomer from ethanol extracted from sugar cane. This is an
eco-friendly environmental process due to the capture of an enormous quantity of
CO2 from the atmosphere by sugar cane [43]. Besides this, sugar cane has been also
using to produce fuels for automobiles [15]. In this way, this material participates in
a green cycle.

Ethanol can be obtained from a variety of sugary feedstock like sugar cane, corn-
starch, cassava, potato, and sugar beet. Brazil is one of the leaders of sugar cane
production. This fact facilitates the continuous production of green polymers due to
the abundance of feedstock material, which reduces the cost linked to production,
and ease of logistics. Ethanol’s obtaining route consists of fermentation of sugar cane
stalk, followed by a catalytic dehydration reaction to produce ethylene, which has
exactly the same chemical structure as ethylene from fossil origin. Then ethylene is
polymerized to obtain green LDPE. It is worth mentioning that the same polymer-
ization reactor used for petrochemical LDPE can be used to polymerize green LDPE
[43].

1.4.2 Biodegradable Polymer for the Production of Antistatic
Packaging

Many biodegradables polymers have been proposed to replace petroleum-based
polymers in industry, such as cellulose [26], PCL [27], PLA [65], and polyhydrox-
yalkonates (PHAs) [12, 35, 66].
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Fig. 3 Schematic representation of the PHBV chemical structure. Source Author

Table 2 General properties
presented by PHBV (PHI
002)

General properties Value Unit

Melt flow rate (190 °C/2.16 kg) 5 to 10 g/10 min

Density 1.23 g/cm3

Tensile strength at yield 18.7 MPa

Tensile elongation at yield 1 %

Tensile maximal strength 39.6 MPa

Tensile strength at break 39.6 MPa

Elongation at break 3.2 %

PHAs are basically polyesters of high molar weight that possess good biodegrad-
ability and biocompatibility [1]. Among PHAs is the poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV), a polymer that presents properties similar to those
observed for conventional polymers, such as PE e PP [2, 32, 35, 71].

Poly (Hydroxybutyrate-co-Hydroxyvalerate) (PHBV)

PHBVconstitutes a statistical copolymer ofmere hydroxybutyrate (HB)with random
segments of mere hydroxyvalerate (HV) (Fig. 3) [35]. PHBV is produced during
the bacterial fermentation of sugars for the production and accumulation of energy
reserves in intracellular granules [50]. In industry, PHBV can be synthesized in
large bioreactors through bacterial fermentation of propionic acid and glucose. The
originated polymer can be captured and purified through the use of a specific solvent,
obtaining a solid and dry final product [48, 50]. The general properties presented by
PHBV are shown in Table 2.

PHBV presents a high rate of biodegradation since its ester bonds are easily
hydrolyzed by the action of bacteria and fungi, generating compounds of smaller
molar mass [13]. Biodegradation is an irreversible process of deterioration of a mate-
rial, causing structural modification and alteration in the chemical and mechanical
properties [38]. This process occurs through the enzymatic action of microorgan-
isms (such as bacteria and fungi) that use the product of degradation as resources of
energy, electrons, and atoms (e.g., carbon, nitrogen, oxygen, phosphorus, sulfur, etc.),
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which are necessary for the maintenance of their cellular activities [37]. Among the
bacteria involved in the biodegradation process of PHAs, it is possible to mention the
species Alcaligenes faecalis T1, Pseudomonas lemoignei, Pseudomonas fluorescens
GK13, Streptomyces exfoliates K10,Comamonas testosterone,Comamonas acidovo-
rants, etc. As an example of fungi capable of biodegrading PHAs are Aspergillus
penicilloides, Aspergillus fumigatos, Penicillium funiculosum, Penicillium daleae,
Paecilomyces marquandii, Candida guilliermondii, etc. [36].

The biodegradation process can occur inside the cells of the microorganisms
that naturally produce PHAs or outside the cells of microorganisms that do not
produce PHAs [36]. The high molar weight of the polymeric chains and their low
hydrophilicity make it difficult for whole macromolecules to enter the cells of these
microorganisms; therefore, it is necessary that the degradation occurs initially in an
external environment. The process begins with the formation of a layer of water
and excreted enzymes (depolymerases) called biofilm, where the polymeric chain is
broken down [36]. In PHBV biodegradation, the ester bonds of the polymer chains
are repeatedly hydrolyzed forming monomers HV and HB, which are soluble in
water and have a molar weight small enough to enter the cell wall through passive
diffusion. In general, monomers are metabolized inside cells during the tricarboxylic
acid cycle and through β-oxidation, generating energy for cellular functioning [55].

In the presence of O2, the complete process of biodegradation (mineralization)
leads to the metabolization of polymer macromolecules into carbon dioxide (CO2),
water, and new cell biomass. In the absence of O2 (anaerobic biodegradation), the
production of CO2 is replaced by the generation of methane (CH4) [49].

2 Experimental Section: Production of Green Composites
for Antistatic Packaging and Properties Analysis

2.1 Obtainment Process of Glassy Carbon, Milling
and Structural Characterization

GC was obtained by the cure of PFA resin using as catalyst a 3% wt/wt aqueous
solution of p-toluenesulfonic acid (APTS) (60%wt/vol.). The PFA cure was realized
in four steps: at 60 °C for 24 h, at 80 °C for 2 h, at 110 °C for 2 h, and at 180 °C
for 6 h. The cured PFA resin was subsequently subjected to a thermal carbonization
treatment from room temperature up to 1000 °C at 10 °C min−1 under an inert N2

atmosphere (1.0 L h−1). The sample was kept at final temperature for 30 min and
then cooled to room temperature.

GC plates (Fig. 4a) were ground in an IKA mini mill (model A11), for approxi-
mately 10 min to produce GC particulate (Fig. 4b). GC with particle size of around
75 μm was obtained using 200 mesh metal sieves.

Particulate GC was structurally analyzed on a Rigaku Ultima IV X-ray diffrac-
tometer (PANalytical, X’pert Powder model), operating at 40 kV and 30 mA with
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Fig. 4 Glassy carbon, in plate form (a), and the particulate material obtained after the milling
process (b). Source Author

CuKα radiation (λ = 1.54056 Å) at a scan rate of 5° min−1 varying 2θ from 5° to
70°.

2.2 Processing of Green LDPE/GC Composites

Neat green LDPE (SBF0323HC grade, Braskem, Brazil) and LDPE/GC composites
with 0.1, 0.3, and 0.5 wt% of GC were prepared in a thermokinetic homogenizer
(MH50-H, MH Equipamentos Ltda—Brazil) with rotation of 3000 rpm and 185 °C
during 30 s. After this processing, thin films (with 150μm thickness) were produced
by hydropneumatic press (PR8HP, MH Equipamentos—Brazil) at 180 °C with a
pressure of 2 bar for 3 min. Thin films (0.6 mm) were used for electrical and thermal
tests. Also, standardized specimens (3.2 mm) to tensile test were produced at the
same equipment and temperature, with a pressure of 5 bar for 5 min.

2.3 Processing of PHBV/GC Composites

Neat PHBV (PHI 002, Nature Plast, France) and PHBV/GC composites with 1.0, 2.5,
and 5,0 wt% of GC were prepared in a co-rotational extruder (AX Plastics, model
AX16:40DR—Brazil), with L/D = 40 and D = 16 mm (screw thread). The thread
rotation was 100 rpm, and the feeder rotation was 30 rpm. The temperature profile
set in the extruder for each heating zone was 165 °C, 170 °C, 170 °C, 170 °C, and
165 °C. The material obtained was subsequently pelletized. After this processing,
thin films (with 150μm thickness) were produced by hydropneumatic press (PR8HP,
MH Equipamentos—Brazil) at 190 °C with a pressure of 1 bar for 3 min.
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2.4 Mechanical, Thermal, Electrical, and Biodegradability
Tests

The mechanical behavior of the composites was evaluated by tensile tests according
to ASTM D638-14 [3] for green LDPE composites and ASTM D 882-18 [4] for
PHBV composites.

Specimens were performed in an MTS Criterion testing machine (model 45,
Brazil), with a load cell of 50 kN and strain rate of 40 mm/min. The films were
performed in an MTS Criterion testing machine (model 42, Brazil), with a load cell
of 250 N and an initial strain rate of 0.1 mm/mm/min. At least seven samples of each
composition were tested.

The thermal behavior composites were evaluated by differential scanning
calorimetry (DSC) in a DSC Q2000 (TA Instruments, Brazil) equipment using small
amounts (<10 mg) of dried samples that were placed into aluminum pans. The
heating cycle was performed from room temperature to 200 °C with a heating rate of
10 °C min−1 under N2 atmosphere. The degree of crystallinity (Xc) was calculated
according to Eq. 1:

Xc(%) = �Hm

�H ◦
m

× 1

(1 − ϕ)
× 100 (1)

where Xc is the degree of crystallinity,�Hm is the fusion enthalpy obtained by DSC,
�H ◦

m is the fusion enthalpy of the 100% crystalline polymer (for PHBV �H ◦
m =

146 J g−1 [40] and for green LDPE �H ◦
m = 293 J g−1 [72]) and ϕ is the content of

GC added to the composite.
The electrical characterization was performed on a Solartron Impedance/gain–

phase impedance analyzer (model SI 1260, Brazil) to measure alternating current
electrical resistivity by impedance spectroscopy. It produced ametal-nanocomposite-
metal structure by depositing a thin layer of gold/palladium alloy on both sides of the
samples using a metallizer (MED020 Bal-tec, Brazil) in order to form the electrical
contact. The electrical resistivity of the materials was calculated using the thickness
(l), contact area (A) values of the samples, and the impedance value (Z) obtained by
the analysis, as indicated by Eq. 2:

ρ = Z × A

l
(2)

The biodegradation test in aqueous medium was performed only for neat PHBV
and PHBV/GC composites based on the methodology developed by Silva et al. [59].
The microorganisms involved in the biodegradation test were extracted from vegetal
soil. In summary, samples of neat PHBV and PHBV/GC composites were immersed
in 20 mL of a mineral solution containing mineral salts necessary to microorganisms
cell development. Subsequently, an amount of a microbial solution (containing the
microorganisms extracted from the soil) necessary to obtain a final solution with
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microorganism concentration (cell mass/L) of 0.025 g L−1 was added to the mineral
solution. The test was carried out in Falcon tubes (50 mL) under stirring (120 rpm)
at 30 °C in a shaker New Brunswick™ (model Innova® 44/44R) with semi-open
Falcon tubes for gas exchange. Samples were taken every 15 days during a total
period of 45 test days of biodegradation in aqueous solution. It used four samples
for each composition. After removal, the samples were washed with distilled water
to remove material adhered to the surface and were vacuum dried.

3 Results and Discussion

Figure 5 shows the X-ray pattern obtained for GC. It is possible to observe the
presence of two diffraction peaks characteristic of a turbostratic structure. The first
peak is located at 2θ = 23.6° and is attributed to the plane (002), which is related to
the distance between the graphitic planes. The second peak is located at 2θ = 43.4°,
attributed to the plane (10), which is associated with the in-plane structure [34, 45].

Figure 6a, b show the graphs of elastic modulus and degree of crystallinity as a
function of the GC content for neat LDPE and green LDPE/GC composites and neat
PHBV and PHBV/GC composites, respectively.

It is possible to verify, in relation to green LDPE/GC composites, that the increase
in the GC content leads to an increase in the elastic modulus and a slight decrease
in the degree of crystallinity of the green LDPE. Probably, the adhesion between the
LDPE and the GC was strong enough to allow the transfer of mechanical stress from
the matrix to the reinforcing phase, increasing the stiffness of the material.

There is also a decrease in the degree of crystallinity of green LDPE (up to 2.6%)
with the increase in the GC content. Probably, the GC particles hindered the ordering

Fig. 5 X-ray pattern of GC.
Source Author
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Fig. 6 Graphs of elastic modulus and crystallinity degree as a function of GC content for
a LDPE/GC and b PHBV/GC composites. Source Author

of polymericLDPEchains in crystallites during the crystallization process, restricting
relaxation. It is suggested that a similar phenomenon occurred in PHBV present in
PHBV/GC composites since in these composites the degree of crystallinity decreased
up to 3% (Fig. 6b). The reduction in the crystallinity degree is the possible cause
for the decrease in the elastic modulus in the material, which dropped from 1900
to 1400 MPa (PHBV/2.5 GC). The decrease in the stiffness of PHBV constitutes a
positive factor for its use in the production of antistatic packaging since it is necessary
a certain flexibility in the material to facilitate the handling of the package. Thus,
regarding the flexibility requirements, green LDPE/GC composites have a certain
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advantage over PHBV/GC composites, since they have stiffness about four times
lower.

Figure 7a, b show the graphs of electrical resistivity for neat green LDPE and
green LDPE/GC and for neat PHBV and PHBV/GC composites as a function of the
GC content present in the composites.

The addition of 0.1 wt% GC decreased the electrical resistivity of green LDPE
by 6 decades of magnitude, ranging from 1.4 × 1014 � m to 1.7 × 108 � m. Green
LDPE/GC composites with 0.3 and 0.5 wt% GC showed an electrical resistivity of
4.8 × 107 � m and 2.1 × 107 � m, respectively, that is, 7 decades of magnitude
lower than neat green LDPE. In these composites, the GC content was sufficient for
the particles of the antistatic agent to come into contact with each other, forming an

Fig. 7 Graphs of electrical resistivity as a function of GC content for a green LDPE/GC and
b PHBV/GC composites with the scheme of formation of the electric percolation path. Source
Author
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electron percolation path in the material, resulting in a drastic reduction in electrical
resistivity.

It can be seen in Fig. 7b that the percolation threshold of GC in the PHBV matrix
is greater than that observed in the green LDPE matrix. According to Montanheiro
et al. [42], the electrical resistivity of neat PHBV is around 2.0 × 1010 � m; that
is, the electrical resistivity of the material is located in the upper boundary of the
electrical resistivity range of antistatic materials (103–1010 � m) [17]. The addition
of 1.0 wt% of GC to the PHBV matrix did not lead to any significant decrease in
the electrical resistivity of PHBV. However, the addition of 2.5 wt% and 5.0 wt%
GC content was responsible for the formation of an electron conduction path in the
material, reducing the electrical resistivity of PHBV to 3.0 × 107 and 1.4 × 107

� m, respectively. The formation of electrical conduction path in PHBV composites
is shown in the zoom of Fig. 7b. In this way, it is verified that the composites of green
LDPE/GC with 0.1, 0.3, and 0.5 wt% GC and the composites of PHBV/GC with 2.5
and 5.0 wt% GC are materials that satisfy the electrical requirements to be classified
as antistatic materials and may be used in the production of antistatic packaging. It is
also verified that the 2.5 wt%GC content is the electrical percolation threshold of GC
in PHBV matrix, which is slightly higher than the electrical percolation threshold of
GC in green LDPE (0.1 wt%); that is, it is necessary to use smaller amounts of GC
in green LDPE matrix to obtain materials with antistatic properties.

Santos et al. [54] produced composites of conventional LDPE with different GC
contents (0.5, 1, 5, 10, 15, and 20 wt%) and also observed a relatively low electrical
percolation threshold for GC (0.5 wt% GC) in the polymeric matrix, corroborating
with the interesting results verified for the green LDPE/GC composites.

The biodegradation test in aqueous medium was performed only for neat PHBV
and PHBV/2.5 GC composite, since it contained the lowest GC content neces-
sary to impart antistatic properties to PHBV. Although green LDPE/GC composites
present greater flexibility and a lower electrical percolation threshold than PHBV/GC
composites, green LDPE/GC composites are recyclable, but not biodegradable mate-
rials. The PHBV/2.5 GC composites, on the other hand, present a good biodegrad-
ability, as shown in Fig. 8. Control samples (Fig. 8a, c) present homogeneous surface
coloration and full physical integrity, while samples exposed to biodegradation in
aqueous medium (Fig. 8b, d) present a lack of brightness and a loss in its surface
homogeneity with the presence of cavities caused by the deterioration of the polymer
matrix promoted by the action of the microorganisms.

Figure 9 shows the graph of the residual weight of neat PHBV and PHBV/2.5
GC composite as a function of biodegradation time. The samples of neat PHBV and
PHBV/2.5 GC submitted to the biodegradation process in aqueous medium have a
gradually decreasing weight over time. It is also observed that both neat PHBV and
PHBV/2.5 GC composite show approximately the same decrease in weight (~52%)
after 45 days of biodegradation in liquid medium, suggesting that the hydrophobic
character of GC particles may not interfere in the microorganism’s adhesion and
proliferation on the PHBV matrix [7]. It is possible to suggest that in this biodegra-
dation process, the microorganisms converted high molar mass polymer chains into
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Fig. 8 Visual macroscopic analysis for neat PHBV: control neat PHBV sample (a) and neat PHBV
exposed to biodegradation in aqueous medium during 45 days; control PHBV/2.5 GC (c) and
PHBV/2.5 GC (d) exposed to biodegradation in aqueous medium during 45 days. Source Author

Fig. 9 Graph of residual weight of neat PHBV and PHBV/2.5 GC composite as a function of
biodegradation time. Source Author
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products of lowermolarmass, such aswatermolecules and carbon dioxide, justifying
the observed loss of weight [49].

4 Conclusions

The use of green composites is an interesting alternative for the production of
antistatic packaging. These packaging must have low electrical resistivity to dissi-
pate electrical charges through their structure and avoid damages in the electronic
component.

Many techniques are studied to produce antistatic packaging like the addition
of organic antistatic agents, such as ionic and non-ionic surfactants, metallic parti-
cles, metal oxide whiskers, the addition of intrinsically conducting polymers, use
of conductive ionomers, the formation of polymeric electrolytes, and the addition
of carbon materials like carbon black, carbon nanotubes, and glassy carbon (GC)
in polymeric matrices. Among all these techniques, the use of an antistatic agent is
an alternative that can be sustainable. GC can be used as an antistatic agent and is
characterized as a carbon material originated from a renewable resource since it is
obtained from the biomass of plants.

A sustainable way to produce antistatic packaging is using biodegradable or green
polymers from renewable resources. Green LDPE and PHBV are promising alter-
natives to produce antistatic packaging with GC. The use of different polymeric
matrices is an important step toward the diversification of the plastic market.

Mechanical, thermal, and electrical results confirm the good properties of these
composites, and the low electrical resistivity can be reached with low contents of GC
in green LDPE matrix (0.1–0.5 wt%) and PHBV matrix (2.5–5.0 wt%), especially
when compared to carbon black (10–15 wt%). A reduction in electrical resistivity,
on average of 99%, was achieved in both cases.

The use of biodegradable and green polymeric matrices is an advantage for
the sector, contributing to the environment through the production of eco-friendly
packaging.
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Chapter 18
Green Preparation and Environmental
Applications of Some Electrospun Fibers

Juanjuan Yin, Qingrui Zhang, Lexin Zhang, Jingxin Zhou, and Tifeng Jiao

1 Introduction

Electrospinning technology is a technology for preparing polymermicro–nano-fibers
[1–3]. This technology is simple and easy to operate and has high production effi-
ciency. A thin-film composite of continuous nanoscale fibers can be prepared from
a polymer solution. The electrostatic spinning device is mainly composed of three
parts: high voltage power supply, spinning head, and receiving screen. Under the
action of electric field force, the charges on the surface of the droplet at the tip of the
spinning needle are concentrated and repel each other, and the droplet is elongated
to form a Taylor cone [4, 5]. After spraying out, it solidifies in the air and finally
forms disorderly arranged nanofibers on the receiving device. Under the impetus
of the stepping pump, the spinning continued, and the fine stream ejected from the
needle was continuously deposited on the receiving screen and finally formed a film
product woven by nanofibers [6, 7]. In recent decades, the research on electrospin-
ning has mainly focused on the development of electrospinning nanofiber raw mate-
rials, multi-component polymer electrospinning, and electrospinning jet instability
models.

Electrospinning technology has many outstanding advantages, such as no compli-
cated and expensive equipment and instruments, and lower experimental costs. In
addition, the operation of electrospinning is simple and easy, and the applicable
raw materials are widely free from harsh requirements. The most important thing is
that the prepared fibers are at the nanometer level, and the average fiber diameter
is generally between tens and hundreds of nanometers. Therefore, the resulting film
has the characteristics of controllable fiber diameter [8], high tensile strength [9,
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10], and very large surface area [11–17]. Therefore, these advantages make the elec-
trospun nanofiber film have a wide range of potential applications in many fields,
including tissue engineering [18], drug sustained-release [19], nanosensors [20],
energy applications [21], biochips and catalyst loading.

At present, the construction of nanostructures of various materials (such as poly-
mers, inorganics, and multi-component composites) has been achieved through elec-
trospinning technology [22–24], which has shown great abilities in the fields of
catalysis, drug carriers, and filtration potential [25, 26]. Liu et al. have successfully
prepared a new composite film based on silver nano-particles modified polyvinyl
alcohol/polyacrylic acid/carboxyl functionalized graphene oxide (PVA/PAA/GO-
COOH@AgNPs) as Efficient Dye PhotocatalystMaterials forWastewater Treatment
[27]. Panaitescu et al. processedmodified poly(3-hydroxybutyrate) by using nanocel-
lulose and plasma technology as a candidatematerial for food packaging applications
[28]. Rauwel et al. introduced several nanomaterials in the book “Application and
Behavior of Nanomaterials in Water Treatment”, such as graphene/CNT and nanos-
tructured Prussian blue hybrid nanocomposites, controlled growth of LDH films and
rod-shaped MnO nanocomposites, and so on. It is applied to sewage treatment, and
a good purification effect is obtained [29]. In addition, the fiber material shows good
adsorption capacity due to itsmicroporous structure. This chapter provides a compre-
hensive review of the preparation process of various electrospun fiber materials and
applies these composite nanofiber materials to the fields of adsorption, catalysis,
and air filtration. It also provides challenges and prospects to inspire more exciting
developments in the future.

2 Preparation of Electrospinning Nanocomposite
Membrane and Its Adsorption and Degradation
of Organic Dyes in Wastewater

The preparation of electrospun nanocomposite membranes has been a hot topic in
manyfields, such as chemistry,materials science, and nanotechnology. In this section,
we will focus on the application of different types of polymer nanofilms in the
adsorption and degradation of organic dyes: (i) bioinspired polydopamine sheathed
nanofibers containing carboxylate graphene oxide nanosheet for high-efficient dyes
scavenger, (ii) preparation of TiO2 nanoparticles modified electrospun nanocom-
posite membranes toward efficient dye degradation for wastewater treatment, (iii)
polydopamine-coated electrospun poly(vinyl alcohol)/poly(acrylic acid) membranes
as efficient dye adsorbent with good recyclability, (iv) fabrication and highly effi-
cient dye removal characterization of beta-cyclodextrin-based composite polymer
fibers by electrospinning, and (v) self-assembled AgNP-containing nanocomposites
constructed by electrospinning as efficient dye photocatalystmaterials forwastewater
treatment.
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2.1 Bioinspired Polydopamine Sheathed Nanofibers
Containing Carboxylate Graphene Oxide Nanosheet
for High-Efficient Dyes Scavenger

Firstly, Xing et al. successfully prepared a new type of hierarchical bioinspired
nanocomposite materials of poly(vinyl alcohol)/poly(acrylic acid)/carboxylate
graphene oxide nanosheet@polydopamine (PVA/PAA/GO-COOH@PDA) by elec-
trospinning technique, thermal treatment, and polydopamine modification [30]. The
obtained compositemembranes are composed of polymeric nanofiberswith carboxy-
late graphene oxide nanosheets, which are anchored on the fibers by the heat-
induced crosslinking reaction. The preparation process demonstrates an eco-friendly
and controllable manner. These as-formed nanocomposites were characterized by
various morphological methods and spectral techniques. Due to the unique poly-
dopamine and graphene oxide containing structures in composites, the as-obtained
composite demonstrates well-efficient adsorption capacity toward dye removal,
which is primarily due to the specific surface area of electrospun membranes and the
active polydopamine/graphene oxide components [31–33]. In addition, it should be
noted that the adsorption capacities of the as-obtained PVA/PAA/GO-COOH@PDA
nanocomposites on MB show better performance than two other used dyes. The
main reason for the difference can be speculated to the matched strong π–π stacking
and electrostatic interactions between nanocomposites and MB molecules. At the
same time, the abundant amino and hydroxyl groups in the PDA surface give more
adsorbent activity points for dye molecules, which demonstrate the tailored strategy
to improve the absorption performance (Figs. 1 and 2).

Therefore, the present work is expected to open a new avenue for the design and
preparation of eco-friendly electrospun composites loaded with functional GO and
nanoparticles, which could enhance the practical application in wastewater treatment
by using functionalized composite nanofibers materials.

2.2 Preparation of TiO2 Nanoparticles Modified Electrospun
Nanocomposite Membranes Toward Efficient Dye
Degradation for Wastewater Treatment

Firstly, Hou et al. prepared nano-polyvinyl alcohol/polyacrylic acid/carboxyl func-
tionalized graphene oxide nanocomposite films by using electrospinning technology
[34]. The composite membrane prepared by electrospinning technology is composed
of polymer nanofibers with carboxyl functionalized graphene oxide sheets, which
are anchored to the fibers through a thermally induced crosslinking reaction. TiO2

nanoparticles are deposited uniformly and uniformly on the surface of the resulting
composite film. The preparation process of the nano-composite membrane is simple,
green, and environmentally friendly, and it is easy to operate and control. The
prepared composite membranes exhibited an effective photocatalytic ability for dye
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Fig. 1 Schematic illustration of the fabrication and dye adsorption of PVA/PAA/GO-COOH@PDA
nanocomposites by electrospinning and thermal treatment. Reproduced with permission from Ref.
[30]. Copyright 2017, American Chemical Society

Fig. 2 Adsorption kinetics curves of as-prepared PVA/PAA/GO-COOH@PDA nanocomposites
on MB (a, b), RhB (c, d), and CR (e, f) at 298 K. Reproduced with permission from Ref. [30].
Copyright 2017, American Chemical Society
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Fig. 3 Schematic illustration of the fabrication of PVA/PAA/GO-COOH@TiO2 nanocomposite by
electrospinning and thermal treatment. Reprinted with permission from Ref. [34]. Copyright 2017,
Elsevier Ltd

degradation, which was mainly attributed to the specific surface area of electrospun
membranes and the photoactivity of TiO2 nanoparticles. In addition, the composite
membrane reported here is easy to regenerate, which indicates potential large-scale
applications in wastewater treatment and dye removal (Figs. 3, 4 and Table 1).

At the same time, the author also studied the photocatalytic performance of the
prepared PVA/PAA/GO-COOH@TiO2 nanocomposite membrane to three model
dye solutions (CR, RhB, and MB). The degradation program currently studied was
characterized by placing the obtained PVA/PAA/GO-COOH@TiO2 nanocomposites
in different aqueous dye solutions [35–40]. In addition, this catalytic experiment
was measured and repeated three times. The degradation kinetics experiments of the
prepared PVA/PAA/GO-COOH@TiO2 nanocompositeswere carried out. The results
are shown in Fig. 4. This work is expected to open up a new way for the design and
preparation of environmentally friendly electrospun composite materials containing
functionalGOandnanoparticles. Theuse of functional composite nanofibermaterials
can enhance the practical application of wastewater treatment.
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Fig. 4 Photocatalytic kinetics curves of as-prepared PVA/PAA/GO-COOH@TiO2 nanocomposite
on CR (a and b), RhB (c and d), and MB (e and f) at 298 K. Reprinted with permission from Ref.
[34]. Copyright 2017, Elsevier Ltd

2.3 Polydopamine-Coated Electrospun Poly(Vinyl
Alcohol)/poly(Acrylic Acid) Membranes as Efficient Dye
Adsorbent with Good Recyclability

Inspired by the characteristics of adhesion proteins in marine mussels, dopamine,
which is a catecholamine, can self-polymerize under alkaline reaction conditions
and form a polydopamine (PDA) film on almost all types of substrates [41, 42].
The PDA coating can form a highly stable polymer layer on the target surface and
shows special adhesion in the presence of residual catechol groups on the PDA layer,
which helps to further react with appropriate molecules; it also provides the possi-
bility for customized PDA coatings for various applications [43]. For example, PDA
membranes are often used as modifiers to improve the hydrophilicity and reactivity
of target substrates (such as clay [44], polystyrene nanofibers [45], and even poly-
tetrafluoroethylene [46]). In particular, Gao et al. prepared a PDA-functionalized
graphene hydrogel in a one-step process and found that the PDA-coated graphene
hydrogel has good adsorption capacity for heavy metals and organic dyes in wastew-
ater [47].Recently, nanoparticles decoratedwithPDA(such as Fe3O4 [48] andnatural
zeolite [49]) have also been synthesized and used to remove various pollutants.
However, considering the above-environmental issues, we should focus on the use
of polydopamine as an adsorbent to remove dye contaminants in water for more
research.
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Fig. 5 Schematic illustration of the preparation of PVA/PAA@PDA membranes and their appli-
cations for dye adsorption. Reprinted with permission from Ref. [50]. Copyright 2015, Elsevier
Ltd

Yan et al. prepared a free-standing polyvinyl alcohol/polyacrylic acid (PVA/PAA)
film with polydopamine (PDA) coating based on electrospinning and self-
polymerization of dopamine [50]. The preparation process is simple, green, control-
lable, and low energy consumption, and there are no strict restrictions on the reaction
conditions. Thanks to the high specific surface area of electrospun membranes and
the rich “adhesive” functional groups of polydopamine, the membranes produced
exhibited effective adsorption properties formethyl blue, with an adsorption capacity
of up to 1147.6 mg g−1. Moreover, compared with other nanoparticle adsorbents,
the prepared free-standing membrane has high flexibility and is easy to handle and
recycle, and the most important thing is easy to elute and regenerate so that it has
potential applications in wastewater treatment prospect (Figs. 5 and 6).

2.4 Fabrication and Highly Efficient Dye Removal
Characterization of Beta-Cyclodextrin-Based Composite
Polymer Fibers by Electrospinning

As a class of cyclic oligosaccharides, cyclodextrins have hollow cones, which have
external hydrophilicity and internal hydrophobicity. This special structure has many
special physical and chemical properties. It can selectively bind small organic
molecules in aqueous solution, and the formed inclusion complex has different
degrees of stability [51–53]. Therefore, cyclodextrins and its derivatives are widely
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Fig. 6 Adsorption isotherms (a and b) and the corresponding Langmuir plot (c), Freundlich plot
(d) for MB adsorption on PVA/PAA@PDA-15 membrane. Reprinted with permission from Ref.
[50]. Copyright 2015, Elsevier Ltd

used in medicine, food, chemical engineering materials, especially wastewater treat-
ment [54–58]. For example, Li et al. prepared a material based on cyclodextrins to
removemalachite green [59]. The adsorption results are in accordancewith the Lang-
muir model, and the maximum adsorption capacity reaches 91.9 mg/g. Yilmaz et al.
synthesized two polymers based on β-cyclodextrin with the aid of 4, 4′-methylene-
bis-phenyldiisocyanate (MDI) or hexamethylene diisocyanate (HMDI) [60]. These
materials can remove azo dyes and aromatic amines, and the main adsorptionmecha-
nism is the host–guest interaction. At present, some cyclodextrin-based fiber systems
by electrospinning have been reported. For example, Cui et al. described the use of
plasma-treated polyethylene oxide-β-cyclodextrin nanofibers to enhance antibacte-
rial activity [61]. Celebioglu et al. demonstrated electrospinning of polymer-free
nanofiber structures formed from inclusion compounds between hydroxypropyl-
β-cyclodextrin and vitamin E [62]. The prepared vitamin E-containing fiber web
provides enhanced photostability of sensitive vitamin E by inclusion complexes even
after exposure to UV light.

Guo et al. prepared a new type of composite fiber adsorption material composed
of ε-polycaprolactone (PCL) and β-cyclodextrin-based polymer (PCD) by electro-
spinning, used to solve the increasing pollution of azo dye problem [63]. More
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importantly, PCD was chosen because of its infinite long chain and cavity struc-
ture. Due to a large number of free cyclodextrin pores on the fiber surface, the
resultingmembrane helps to formmore host–guest interactions. Therefore, according
to previous reports [64], its excellent selective adsorption capacity can be foreseen.
During the electrospinning process, long-chain polymermoleculesmay occupy some
cyclodextrin cavities, which is not conducive to the interaction between the host
and the guest and even leads to the reduction of poor adsorption. However, our
PCL/(n%) PCD composite fiber has countless holes, which can guarantee selective
adsorption capacity. Therefore, it is obvious that the PCL/(n%) PCD composite fibers
obtained can exhibit significant adsorption capacity for azo dyes and have host–guest
interactions. Moreover, the introduction of a β-cyclodextrin polymer can effectively
improve the mechanical strength and stability of the membrane. This shows that the
obtained composite material has great potential, which can help the problem of azo
dye pollution in wastewater treatment (Figs. 7, 8 and 9).

Fig. 7 Schematic illustration of preparation and application in dye removal of PCL/(n%)PCD
composite fibers by electrospinning. Reprinted with permission from Ref. [63]. Copyright 2019,
MDPI Ltd



18 Green Preparation and Environmental Applications … 465

Fig. 8 SEM images and diameter distribution histograms of neat PCL fibers (a),
PCL/(10%)PCD(b), PCL/(20%)PCD(c), PCL/(30%)PCD (d), PCL/(40%)PCD (e), and
PCL/(50%)PCD (f). Reprinted with permission from Ref. [63]. Copyright 2019, MDPI Ltd

2.5 Self-assembled AgNP-Containing Nanocomposites
Constructed by Electrospinning as Efficient Dye
Photocatalyst Materials for Wastewater Treatment

Graphene oxide (GO)-based nanocomposite fibers have attracted great interest due
to their adjustable dispersibility, large oxygen-containing functional groups, and
special chemical modification and preferred reaction positions/sites [65]. Liu et al.
have successfully prepared a new composite film based on silver nanoparticles
modified polyvinyl alcohol/polyacrylic acid/carboxyl functionalized graphene oxide
(PVA/PAA/GO-COOH@AgNPs) [27]. The new composite membrane utilizes the
advantages of graphene oxide (GO) nanocomposites and many novel advantages of
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Fig. 9 Kinetic adsorption of MB (a,b) and 4-aminoazobenzene (c, d). Reprinted with permission
from Ref. [63]. Copyright 2019, MDPI Ltd

electrospun fibers. At the same time, the Ag nanoparticles produced by the reduction
of ascorbic acid solution to AgNO3 are firmly fixed in the nanometer using hydrogen
bonding and electrostatic interaction with the surface of the fiber. First, due to its
chemical and mechanical properties and large specific surface area, the prepared
PVA/PAA/GO-COOH system was selected as the matrix material for electrospin-
ning [66]. Secondly, compared with conventional organic solvents, deionized water
is used as a solvent for preparing electrospinning solutions, which has the character-
istics of low cost and environmental friendliness.Most importantly, Ag nanoparticles
show that they can achieve good stability between the flexible surface of the fiber
and the effective GO nanosheets and function under visible light. The powerful π–π
force in the GO sheet can make various dyes in water have strong adsorption force.
In addition, the fixed carboxyl groups in GO nanosheets can generate strong elec-
trostatic interactions through their highly negatively charged characteristics, which
can promote the diffusion and enrichment of target dyes. For the degradation of MB,
the prepared PVA/PAA/GO-COOH@AgNPs nanocomposite membranes still have
significant catalytic activity even after eight catalytic degradations at room temper-
ature. Therefore, the author provides a green and novel method to prepare highly
efficient dye photocatalytic wastewater treatment materials (Fig. 10).
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Fig. 10 Schematic illustration of the fabrication of PVA/PAA/GO-COOH@AgNPs nanocompos-
ites by electrospinning and thermal treatment. Reprinted with permission from Ref. [27]. Copyright
2018, MDPI Ltd

3 Preparation of Electrospun Nanofiber
and Characterization of Catalytic Performance

3.1 Scalable Fabrication of Nanoporous Carbon Fiber Films
as Bifunctional Catalytic Electrodes for Flexible Zn-Air
Batteries

With the rapid development of flexible and wearable optoelectronic devices, there is
an urgent need to use flexible high-density energy storage devices as the power source
[67]. Recently, people have made tremendous efforts to develop flexible lithium-
ion batteries and supercapacitors. However, due to the low energy density of the
batteries and the limited cycle life, it has become a research difficulty [68]. Because
metal–air batteries are said to have high energy capacity [69], they are the next
generation of promisingwearable optoelectronic products for energy storage devices.
Of particular concern is that zinc–air batteries have received extensive research and
development attention due to their high energy density, low cost, and high safety [70].
However, most cathodes currently used in zinc–air batteries are bulky and rare. Meet
the specific requirements of flexible Zn-air batteries. In addition, the development
of highly efficient dual-functional electrocatalysts for the oxygen reduction reaction
(ORR) and oxygen release reaction (OER) of flexible rechargeable zinc–air batteries
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remains a huge challenge [71], although important progress has been made recently
used in traditional zinc–air batteries [72] (Figs. 11, 12 and 13).

Liu et al. found that newly developed nanoporous carbon nanofiber films (NCNFs)
with the large specific surface areas are flexible and show that they are excellent
when used as air cathodes in liquid Zn-air batteries used in ambient air [73]. The
performance has a high open-circuit voltage (1.48 V), maximum power density (185
mW cm−2), and energy density (776 Wh kg-1) and has a large specific surface area
(1249 m2 g−1), high electrical conductivity (147 S m−1), moderate tensile strength
(1.89 MPa), and tensile modulus (0.31 GPa). They show excellent performance for
ORR (initial potential = 0.97 V vs RHE; limiting current density = 4.7 mA cm−2)
and OER (initial potential = 1.43 V vs RHE, potential = 1.84 V @ 10 mA cm−2)
dual-function electrocatalytic activity.

Fig. 11 a Schematic representation of the fabrication procedure toward the NCNF. b Photographs
of the resultant flexible NCNF. c Chemical structure of PI polymer. SEM images of d the pristine
PI film and e, f NCNF-1000. g, h HRTEM, i STEM images and corresponding elemental mapping
images of C, O, N of NCNF-1000. Reprinted with permission from Ref. [73]. Copyright 2016,
Wiley-Blackwell
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Fig. 12 a CV curves of NCNF-1000 and Pt/C, in O2-saturated (solid line) and N2-saturated (dotted
line) 0.1 M KOH. b LSV curves of different catalysts for ORR in O2-saturated at 1600 rpm. c LSV
curves of NCNF-1000 for ORR at different rotating speeds and the inset is K-L plots of NCNF-
1000 at different potentials including the calculated number of electron transfer (n) per O2. d LSV
curves of different catalysts for OER at 1600 rpm in 0.1 M KOH. e Tafel slopes derived from (d).
f LSV curves of different catalysts for both ORR and OER in 0.1 M KOH at 1600 rpm (scan rate
5 mV s−1). The catalyst loading was 0.1 mg cm−2 for all catalysts. Reprinted with permission from
Ref. [73]. Copyright 2016, Wiley-Blackwell

Fig. 13 a Polarization and power density curves of the primary Zn-air batteries with different cata-
lysts.bGalvanostatic discharge curves of the primaryZn-air batterywithNCNF-1000 as a catalyst at
different current densities, whichwas normalized to the area of air–cathode. c Schematic representa-
tion of the rechargeable Zn-air battery. d Charge and discharge polarization curves. e Galvanostatic
discharge–charge cycling curves at 10 mA cm−2 of rechargeable Zn-air batteries with the NCNF-
1000 and Pt/C as catalyst, respectively. f Photograph of a blue LED (≈3.0 V) powered by two liquid
Zn-air batteries with the NCNF-1000 air–cathode connected in series. Reprinted with permission
from Ref. [73]. Copyright 2016, Wiley-Blackwell
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3.2 Carbon Nanofiber-Supported PdNi Alloy Nanoparticles
as Highly Efficient Bifunctional Catalysts for Hydrogen
and Oxygen Evolution Reactions

Currently, much attention is focused on developing efficient and clean renewable
energy technologies to increase energy demand and alleviate environmental prob-
lems [74–76]. As we all know, the production of hydrogen through water electrolysis
is a key strategy to overcome these energy challenges [77–79]. However, the water
decomposition half-reactions, namely the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER), have a high overpotential and are high energy
[80, 81]. An effective electrocatalyst is essential to enhance the electrochemical
water-splitting performance. In particular, precious metal catalysts (such as Pt and
RuO2) have been used as the most advanced electrocatalysts for HER and OER,
respectively [82–84]. However, the high cost and low global reserves of these metals
limit their wide practical application. In addition, a catalyst capable of driving both
HER and OER is very needed, which is a basic requirement as a high-efficiency
energy conversion device in water decomposition. Unfortunately, it is relatively diffi-
cult to develop effective, durable, and cost-effective bifunctional catalysts for HER
and OER. Note that highly efficient bifunctional catalysts with high HER and OER
activity are still highly desired. Chem et al. prepared carbon nanofiber-loaded PdNi
alloy nanoparticles, a highly efficient dual-function catalyst for hydrogen and oxygen
release reactions [85].

A new class of the PdNi alloy structure was prepared on CNFs by electrospinning
and subsequent carbonization. The as-synthesized PdNi/CNFs, which have a low Pd
loading, exhibit superior catalytic activity, and good stability in both the HER and
OER and are thus a promising alternative bifunctional electrocatalyst. The highly
efficient catalytic performance of the PdNi/CNFs is attributed to the synergistic
effects of the PdNi alloy and the properties of the CNF substrate. The combination
of these factors enhances the catalytic activity and is expected to enable the realization
of cost-effective hydrogen and oxygen generation. Therefore, the catalyst developed
in this work could be suitable for use in various water-splitting applications (Figs. 14,
15 and 16).

3.3 Preparation of Palladium Nanoparticles Decorated
Polyethyleneimine/Polycaprolactone Composite Fibers
Constructed by Electrospinning with Highly Efficient
and Recyclable Catalytic Performances

In recent years, in the context of rapid technological and economic development,
available water sources are increasingly scarce, and people have paid extensive atten-
tion to the protection and purification of water. Hazardous organic waste is the main
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Fig. 14 a, c, e FE-SEM and b, d, f TEM images of the Pd/CNFs (a, b), Ni/CNFs (c, d) and
PdNi/CNFs-1:2 (e, f). The insets are the corresponding HRTEM images. Reprinted with permission
from Ref. [85]. Copyright 2017, Elsevier Ltd

source of water pollution [86–92]. The conversion of harmful organic chemicals into
harmless or low-toxic compounds under mild conditions has become an extremely
important research field [93–95]. As we all know, 4-nitrophenol (4-NP) is widely
used in the synthesis of dyes and drugs and is one of the chemical products commonly
used in the chemical industry [96].

Nano-sized palladium nanoparticles show high catalytic activity due to
the tendency of aggregation and have serious limitations in the field of
catalysis. A solid substrate with a large specific surface area is an ideal
carrier for palladium nanoparticles. Wang et al. successfully designed and
prepared polyethyleneimine/polycaprolactone/Pd nanoparticles (PEI/PCL@PdNPs)
composite catalyst by electrospinning and reduction method using PEI/PCL electro-
spun fiber as the carrier [97]. A large number of pit structures increase the specific
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Fig. 15 HER electrocatalysis in 0.5 M H2SO4. a Polarization curves and b corresponding Tafel
plots of the Pd/CNFs, Ni/CNFs, PdNi/CNFs-1:2 and commercial Pt/C catalyst; c Histograms of
overpotentials at j = 10 mA cm−2 for the catalysts of Pd/CNFs, Ni/CNFs, PdNi/CNFs-1:2 and
commercial Pt/C; d The linear fit of the capacitive currents of the catalysts versus the scan rates,
inset in (d) is the electrochemical cyclic voltammograms of Pd/CNFs at potential scanning rates
from 20 mV s−1 to 200 mV s−1; e EIS of the Pd/CNFs, Ni/CNFs and PdNi/CNFs-1:2 at the
potential of 0.1 V versus RHE (the insets show the equivalent circuit of the fitted curves and the full
EIS spectrum of the Ni/CNFs); f chronoamperometric response (j-t) curve of PdNi/CNFs-1:2 at a
constant voltage of 50 mV versus RHE (the insets show a digital image of the H2 bubbles formed
on the PdNi/CNFs-1:2 membrane during the electrocatalytic process). Reprinted with permission
from Ref. [85]. Copyright 2017, Elsevier Ltd
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Fig. 16 OER and HER electrocatalysis in 1 M KOH. a Polarization curves and b corresponding
Tafel plots of the Pd/CNFs, Ni/CNFs, PdNi/CNFs-1:2 and commercial RuO2 catalyst for OER;
c Polarization curves and d corresponding Tafel plots of the Pd/CNFs, Ni/CNFs, PdNi/CNFs-1:2
and commercial Pt/C catalyst for HER in 1 M KOH electrolyte; e EIS of the Pd/CNFs, Ni/CNFs
and PdNi/CNFs-1:2 at the potential of 1.60 V versus RHE (the inset shows the equivalent circuit
of the fitted curves); f chronoamperometric response (j-t) curve of PdNi/CNFs-1:2 at a constant
potential of 1.60 V versus RHE (the inset shows a digital image of the O2 bubbles formed on the
PdNi/CNFs-1:2 membrane during the electrocatalytic process). Reprinted with permission from
Ref. [85]. Copyright 2017, Elsevier Ltd
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Fig. 17 Preparation process of polyethyleneimine/polycaprolactone/Pd nanoparticles
(PEI/PCL@PdNPs) composite and its catalytic performances. Reprinted with permission from
Ref. [97]. Copyright 2019, MDPI Ltd

surface area of electrospun fibers and provide an active site for the loading of palla-
dium particles, so the added PEI component effectively adjusts the microscopic
morphology of PEI/PCL fibers. The obtained PEI/PCL@PdNPs catalysts for the
reduction of 4-nitrophenol (4-NP) and 2-nitroaniline (2-NA) showed very effective,
stable, and reusable catalytic performance. It is worth mentioning that the reaction
rate constant of 4-NP catalytic reduction is 0.16597 s−1. Therefore, we have devel-
oped a highly efficient catalyst with potential application prospects in the field of
catalysis and water treatment (Fig. 17 and 18).

The stability and recyclability of the catalyst are another aspect of evaluating
the catalyst. Therefore, it is very important and necessary to explore the repetitive
catalytic capabilities of PEI/PCL@PdNPs catalysts for 4-NP and 2-NA, as shown
in Fig. 19. The catalytic efficiency of PEI/PCL@PdNPs catalysts after repeated
catalytic reduction of fresh 4-NP and 2-NA systems for 8 cycles was 95% and 92%,
respectively. The above results indicate that the PEI/PCL@PdNPs catalyst has high
catalytic activity, stability, and recyclability. Referring to the previous literature,
the catalytic efficiency has hardly decreased, which is attributed to the adhesion of
organic matter on the catalyst surface and the loss of palladium particles on the
catalyst surface during the washing of PEI/PCL@PdNPs with ethanol and ultrapure
water [98]. This work provides new research clues for the preparation of composite
materials loaded with PdNPs and ideal metal particle-based carriers.
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Fig. 18 UV absorption curves of 4-NP and 2-NA before and after adding NaBH4 aqueous solution
(a, d); catalytic reduction of 4-NP and 2-NA with PEI/PCL@PdNPs composite (PEI:PCL, w/w,
35:65) and photographs of 4-NP and 2-NA solution after reduction (b, e); the linear relationship of
the reduction process (c, f). Reprinted with permission from Ref. [97]. Copyright 2019, MDPI Ltd

Fig. 19 Recyclability test of PEI/PCL@PdNPs catalyst for the reduction of 4-NP (a) and 2-NA
(b). Reprinted with permission from Ref. [97]. Copyright 2019, MDPI Ltd

4 Hierarchical Electrospun Nanofibers Treated by Solvent
Vapor Annealing as Air Filtration Mat
for High-Efficiency PM2.5 Capture

In the past few years, environmental issues have received extensive attention due to
their danger to human health and the environment [99–101]. Particulate matter (PM)
is a very complex mixture of pollutants, with very fine particles and small droplets
[102]. PM2.5 is particularly harmful because these small particles can penetrate
the lungs and bronchi [30, 103–107]. In an indoor environment, these particles can
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be filtered through ventilation or central air-conditioning system, and the personal
protection of outdoor personnel is not good, because most commercial masks have
low PM2.5 removal efficiency because of their small diameter particles. Therefore,
how to effectively and conveniently remove these PM pollutants from the air has
become an urgent and challenging problem for researchers. For example, designing
and developing high-efficiency filter materials that can efficiently remove PM2.5
particles are the central focus: evidence-based, high porosity, high accumulation of
filter fibers. When the fiber diameter is small and the fiber diameter is large, the
removal efficiency of PM2.5 is higher. As we all know, electrospinning is a rela-
tively simple method for producing continuous fibers with nanometer and submi-
cron diameters. The fibers prepared by electrospinning have high porosity, fine pore
size, staggered pore structure, small pore size, and controllable diverse structure and
thickness, which make them ideal for air filtration materials.

Huang et al. introduced a new type of high-efficiency air filter mat that can be
used for outdoor protection [108]. The nanocomposite of the new high-efficiency air
filter was successfullymade of poly (ε-caprolactone)/polyethylene oxide (PCL/PEO)
using electrospinning technology and solvent vapor annealing (SVA). The SVA
treatment gives the fiber surface a wrinkle effect and enhances the PM2.5 capture
ability of the protective mask. This nano-wrinkled air filter mat can effectively filter
PM2.5 under severe pollution conditions (PM2.5 particle concentration is higher
than 225 mg m−3), and the removal efficiency is 80.01%. Field tests have shown that
the air filter mat has a high PM2.5 removal efficiency under dense fog. Compared
with commercial masks, themanufactured SVA-treated PCL/PEO air filter pads have
a simpler, greener, and more environmentally friendly preparation process and have
excellent degradation characteristics, with a wide range of potential applications and
high filtration efficiency (Figs. 20, 21 and 22).

5 Conclusions and Remarks

In summary, as a simple and widely used technology, electrospinning can satisfy
people’s desire to quickly prepare nanofiber materials from a wide range of mate-
rials. By studying the composition, structure, porosity, surface, and fiber orienta-
tion of nanofibers, fiber properties can be selectively tailored for various appli-
cations. Although nanofibers have broad application prospects in heterogeneous
catalysis and biomedical research, they still face a series of challenges, such as
low dispersibility and uncontrollable degradability. With the precise control of the
nanofiber microstructure, the preparation of surface-active nanofiber sponges will
provide the possibility of developing flexible and recyclable catalytic systems. As
a scaffold polymer nanofiber for tissue regeneration, its design, composition, and
structure still need to be further optimized in clinical applications. Currently, the
preparation of nanofibers is still in the laboratory research stage, the fiber output is
low, mass production cannot be achieved, and industrialization is difficult to achieve.
Although the electrospinningmethod is simple and can prepare a variety of nanofibers
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Fig. 20 A schematic illustration of the preparation and filtration of the obtained electrospun
nanowrinkled air filtration mat. Reprinted with permission from Ref. [108]. Copyright 2019,
Springer Ltd

Fig. 21 SEM images of the prepared electrospun PCL/PEO nanofibers (a, Sample 1) and SVA
treatment at different time intervals: b one day; c 2 days; d 3 days; e 4 days; f 5 days. Reprinted
with permission from Ref. [108]. Copyright 2019, Springer Ltd
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Fig. 22 Schematics of the air filtration mat that captured PM2.5 by airflow (a) and working state
with mask filtration (b); c PM2.5 filtration curves for the air filtration mat (Sample 1) with different
volumes of spinning precursor solution; d PM2.5 removal efficiency plots for primary fibers and
SVA-treated fibers. Reprinted with permission from Ref. [108]. Copyright 2019, Springer Ltd

with different compositions, different structures, and different arrangements, there
are still many challenges. For example, the nanofibers prepared by electrospinning
cannot obtain filaments separated from each other, and the yield is low, and the
strength Low,which limits the application. At present, people havemade some break-
throughs in these problems. By simulating the complex spatial distribution of natural
tissue, the three-dimensional scaffold has functional grading in terms of composition,
arrangement, porosity, and pore size, which will make it better for tissue regeneration
applications. It is believed that in the near future, electrospinning technology will be
fully developed, and eventually from laboratory to industry, from basic research to
clinical application.
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Chapter 19
Green Composites Films
with Antibacterial Properties

Rafael Selgas and Ángel Serrano-Aroca

1 Introduction

The polyhydroxyalkanoates are a family of lineal green biopolyesters composed of
units of hydroxyalkanoate (HA) forming a structure obtained by bacterial fermenta-
tion [45]. These biopolymers accumulate into polymers that are packed as granular
inclusions in the cytoplasm of several Gram-negative and Gram-positive bacteria
under conditions of nutritional deficiency [42]. Themost widespread and extensively
studied member of this family is poly(3-hydroxybutyrate) (PHB) [1]. It is highly
biodegradable, non-toxic, and biocompatible. Among its most prominent charac-
teristics are its high degree of crystallinity, its insolubility in water, and that it is
relatively resistant to hydrolytic degradation [86]. Moreover, in contrast to PHAs
produced by Gram-negative bacteria that can contain high levels of endotoxins, PHB
with a low endotoxin level is suitable for biomedical applications [43]. Neverthe-
less, its applications are limited because of its high fragility and poor mechanical
properties [8, 9, 39]. Therefore, the incorporation of various monomers to form a
copolymer is the current strategy to improve the properties of PHB. One of the more
promisingmaterials for biomedical applications is the poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) biopolymer, or PHBV, due to its null toxicity, high biocompatibility
with many diverse types of cells, and that nowadays can be produced at large scale
[12, 13, 93].

On the other hand, alginate is a naturally occurring anionic green biopolymer typi-
cally obtained from brown seaweed. It has been extensively investigated and used for
many biomedical applications, due to its biocompatibility, low toxicity, relatively low
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cost, and mild gelation by addition of divalent cations such as Ca2+ [25]. Commer-
cially available alginate is typically extracted from brown algae (Phaeophyceae),
including Laminaria hyperborea, Laminaria digitata, Laminaria japonica, Asco-
phyllum nodosum, andMacrocystis pyrifera [41]. It can also be produced from some
bacteria such as Azotobacter and Pseudomonas. The pathway of biosynthesis of
alginate from bacteria is generally divided into four stages: a synthesis of precursor
substrate, the polymerization and cytoplasmic membrane transfer, the periplasmic
transfer andmodification, and export through the outer membrane [64]. Furthermore,
there is the possibility of alginate production with customized characteristics and
wide applications in biomedicine due to recent progress in the regulation of alginate
biosynthesis and the relative ease of bacterial modification. There is a wide range of
alginate typeswith differentmolecularmasses and proportions between d-manuronic
and l-guluronic or chemically modified groups that give it a broad range of different
properties [31]. Alginate hydrogels can be prepared by various crosslinkingmethods,
and their structural similarity to extracellular matrices of living tissues allows wide
applications in biomedicine such as wound healing, delivery of bioactive agents such
as drugs and proteins, and cell transplantation [41].

However, although these two green and sustainable polymers have excellent prop-
erties, they do not have antibacterial activity, which is highly desirable inmany indus-
trial applications. In this regard, much work is currently underway to improve the
properties of these materials by adding compounds that, in addition to improving
their physical properties, also provide antibacterial activity to the final composite.
From all the types of compounds that can be used for this purpose, carbon nanomate-
rials, such as graphene oxide (GO) and carbon nanofibers (CNFs), are very promising
in this sense. Thus, our research group has focused the attention on the physical and
biological enhancements that can be achieved with the incorporation of these nano-
materials as reinforcement agents of these green made polymers. The antimicrobial
activity of new advanced materials can be analyzed by an easy-to-follow protocol,
reported by our research group [51], consisting of two complementary procedures
based on two existing methods: the agar disk diffusion test and the antimicrobial
activity measured on material surfaces according to the ISO 22196:2011 norm. The
importance of having detailed and consistent protocols for use in different laborato-
ries is that many of the antimicrobial tests reported in the literature are highly depen-
dent on the tests, and this makes difficult the result reproducibility. This protocol
can be used with many types of materials cut into 10-mm-diameter disk shapes.
Brittle hydrophilic materials such as alginate hydrogels can be swollen in a suitable
solvent such as autoclaved distilled water for 1 h to facilitate the cutting process.
Other solvents, such as ethanol, ketone, and dichloromethane, can be used to swell
hydrophobic materials for 1 h before cutting them. However, some materials such as
poly (3-hydroxybutyrate-co-3 hydroxyvalerate) do not need to be swollen and can
be cut directly. Finally, it is important to dry the disks in a vacuum oven and sterilize
each sample with ethanol and UV radiation for 1 h to avoid any risk of contamination
before being tested [51].
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2 Green Biopolymers

There are a great number of diverse industrial applications that depend on the use
of biodegradable materials. Additionally, there is a need to discover sustainable
solutions to face the environmental devastation caused by plastic contamination.
In this regard, polyhydroxyalkanoates (PHAs) constitute a very promising source
of bioplastics due to its unique properties. PHAs can be produced in a sustain-
able way by bacterial fermentation [45] and are biodegradable [28]. In the biomed-
ical field, one of the most promising biopolymers of the PHAs’ family is poly(3-
hydroxybutyrate-co-3-hydroxyvalerate), usually abbreviated as PHBV or PHBHV.
Its null cytotoxicity, easy complete biodegradability and high biocompatibility with
different cell types [12, 13] are the most important characteristics that render it a
powerful material in tissue engineering applications such as biodegradable implants,
tissue patches, biosensors, and scaffolds for bone regeneration [29, 44, 87]. However,
in spite of the mentioned excellent properties, PHBV exhibits some disadvantages
when comparing itwith conventional polymers [26, 40]. Thus, it has low impact resis-
tance, reduced elongation at break, high fragility and does not possess antibacterial
capacity [10]. Furthermore, it has a hydrophobic surface, which makes cell adhe-
sion and proliferation difficult [55]. To face theses drawbacks, there is an increasing
number of enhancement strategies focused on improving the properties of this micro-
bial polymer [66]. Thus, the reinforcement of PHBV can be achieve by combining
it with other materials such as polymers [35, 52, 63] or natural fibers [61, 82, 83].
For example, when mixing PHBV with polymers, such as PLA, an improvement of
the mechanical properties is achieved [38, 52]. Materials obtained from the mixture
of polyethylene (PE) with up to 30% PHBV exhibited mechanical properties like
tensile strength, Young’s modulus, and elongation at break, comparable to those of
commercial plastics. In addition, the rate of transmission of oxygen was reduced and
the rate of transmission of water vapor increased compared to that of pure PE [56].
Furthermore, it has been reported that mixing 20–35% PHBV with PLA achieves
high barrier properties for oxygen andwater vapor, whilemaintaining the biocompat-
ibility of the material [35], although the systems produced are immiscible and with
a minimal improvement in flexibility [23]. The incorporation of vegetable fibers in
biodegradable plastic compounds of natural origin is of great importance today [61].
These materials, in addition to being obtained from sustainable renewable sources,
they produce wastes that can be assimilated and degraded by microorganisms, thus
preventing their accumulation in the environment. Achieving the development of
these biomaterials would be a step forward in replacing petroleum-based plastics
[34, 88]. Biocomposites based on PHBV that contain 10–40% w/w of maple wood
fiber have been developed [87], and it was concluded that the tensile and flexural
modulus of 40% reinforced materials with fibers was improved by 167%, compared
to pure PHBV. Bamboo fibers have also been shown to be a valuable reinforcing
material for PHBV with 30–40% w/w [83]. In such materials, the tensile modulus
increased by 175% over pure PHBV. However, it is important to achieve sufficient
interaction between the bamboo fibers and the polymermatrix because otherwise, the
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PHBV tensile strength may decrease [68]. Therefore, the reinforcement of PHBV
with natural fibers turns out to be a good option, due to the biocompatibility and
biodegradability of the obtained composite materials, which are very promising for
advanced applications such as sustainable food packaging [5, 6]. In addition, the
incorporation of essential oils into PHBV is a feasible option to provide antimicrobial
action to the polymer [15]. Moreover, the surface of this biomaterial can be chem-
ically or biologically modified to promote cell adhesion and proliferation through
several techniques including treatment with plasma gas (N2, O2, NH3, Ar), chem-
ical treatment, and ultraviolet radiation [21, 37]. However, in addition to all these
presented strategies, there is a very promising approach based on the utilization of
carbon nanotechnology to reinforce these biopolymers, enhancing simultaneously
their physical and antibacterial properties.

On the other hand, alginate is a biopolymer produced from renewable sources such
as brown algae and microorganisms [91]. It is composed of d-mannuronic (M) and
l-guluronic (G) acid residues and is approved by the US Food and Drug Adminis-
tration (FDA) for human use in certain biomedical applications [24]. In the presence
of divalent cations, such as Ca2+, alginate chains are crosslinked and the resulting
hydrogel have many industrial applications: water treatment [16], biodegradable
plastic packaging [95], and biotechnology [62] because it is non-toxic, biodegrad-
able, and biocompatible. Also, it is renewable and has much lower cost than many
other biopolymers [91]. However, this polymer exhibits weakmechanical properties,
especially in the swollen state, which restrict its industrial applications and do not
have intrinsic antibacterial activity [50]. Thus, several techniques have been devel-
oped to enhance the mechanical properties of polymers: increase of crosslinking
density [2, 53, 76, 78], plasma-polymerization onto a hydrophobic substrate [3, 79,
80] and the incorporation of carbon nanomaterials such as carbon nanofibers [49]
and graphene oxide [71, 74]. In addition to produce reinforcement, the incorporation
of carbon nanomaterials such as CNFs and GO provided antibacterial activity to the
composites and that is the green nanocomposite materials in which we are going to
focus in this book chapter.

3 Carbon Nanomaterials

Due to the excessive use of antibiotics, hospital-associated infections are increas-
ingly spreading without any suitable treatment [18]. Therefore, there is an urgent
need to find new alternative non-toxic antibacterial strategies able to deal with
multidrug-resistant bacteria. Common antimicrobial strategies usually include the
utilizationof antibiotics [58],metal ions andmetal oxides [47], antimicrobial peptides
(AMPs) [92], and quaternary ammonium compounds (QACs) [32]. However, the
use of nanotechnology and in particular, carbon nanomaterials, against multidrug-
resistant pathogens has shown to be one of the most promising approach [7, 60, 73].
The antibacterial action of carbon nanomaterials is usually attributed to membrane
disruption, bacteria wrapping, electron transfer, and induction of oxidative stress by
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reactive oxygen species, which hinder the generation of resistance by microorgan-
isms [89, 100]. Thus, carbon nanomaterials (CNMs) such as graphene oxide [50] and
carbon nanofibers [70] have demonstrated to be a non-cytotoxic promising choice
for a next-generation of antibacterial agents against clinically relevant Gram-positive
pathogens [50]. Many studies have also confirmed the antibacterial activity of GO
against Gram-negative bacterial strains [46], and thus, it has been proposed as a
new nanoweapon to combat multidrug resistance bacteria [94] as a substitute to
antibiotics.

In the field of carbon nanomaterials, graphene is a very stable 2D compound
exceptionally strong and stiff [57] with a high thermal [4] and electrical conduc-
tivity [54]. It has the capacity to improve cell adhesion of several cell types like
osteoblasts and mesenchymal cells [36]. Moreover, its elasticity, flexibility, as well
as its great mechanical properties make it an excellent reinforcement option for
polymers, such as PHBV and alginate, which have poor mechanical properties [99].
Although graphene has exhibited very significant antibacterial activity against a
variety of bacterial species [46], it has shown to display cytotoxicity sometimes
that could induce apoptosis and reduced cell adhesion [96]. Therefore, it is of great
importance to be cautious with the use of graphene and its derivatives in pure form
in biomedicine. Thus, the oxidized form of graphene, graphene oxide, is also a two-
dimensional nanomaterial (see Fig. 1) with a large surface area but decorated with
hydroxyl, carbonyl, and epoxy groups located at the edges and basal planes, which
render it hydrophilic and soluble in water [98].

It has imperfect polar surfaces and secondary reactive sites susceptible to chem-
ical modification with organic and inorganic molecules [22]. GO nanosheets possess
outstanding physical properties like graphene [14] but easier processing, larger
scale production and lower cost [59, 99]. GO exhibits excellent physical properties,

Fig. 1 Electron microscopy images: a HR-TEM of one-dimensional carbon nanofibers and b HR-
TEM of two-dimensional graphene oxide nanosheets [69]
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Fig. 2 High-resolution transmission electronmicroscopy:micrographs at twomagnifications (a and
b) with STEMdark field (c) of GO crosslinkedwith Zn2+ and uncrosslinkedGO nanosheets (d) [74]

biocompatibility and nontoxicity [98]. In addition, the antibacterial activity of GO in
nanocomposites [33, 81] widens the promising application fields of this nanofiller in
the biomedical and bioprocess industries where contamination is difficult to avoid.

GO nanosheets can be crosslinked with divalent cations to form irregular tubes
of GO (see Fig. 2) by a green and low-cost synthetic procedure by coordination
chemistry [74].

These micrometer length irregular carbon tubes are 3D GO networks formed by
folded and linked GO nanosheets. The crosslinking of GO nanosheets is much more
effective at room temperature (24 °C) using Zn2+ and Sr2+ than with Ca2+, which
requires the temperature to be raised up to 34 °C to achieve the same crosslinking
density. These 3DGO networks can be used to reinforce alginate films [74] and show
an example of the potential use of these novel carbon materials to reinforce polymers
increasing significantly the storage modulus and producing a more homogeneous
structure. Therefore, these 3D networks of GO coordinated with divalent cations
(Ca, Zn, Sr, or others) will enable broadening of the field toward the synthesis of
new continuous carbon materials and reinforced composites with unique electric,
thermal, oxidative, and chemical properties.

Carbon nanofibers (CNFs) are one-dimensional structures (see Fig. 1) in which
the carbon atoms are grouped into filiform structures with excellent mechanical,
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electrical, and thermal properties, suitable for advanced applications, such as regen-
erative medicine [90]. Besides, CNFs are currently manufactured at large scale, but
at a much lower price than GO (about 21 times more economic when purchased from
Sigma-Aldrich, Buchs, Switzerland). Thus, nanocomposites with CNFs have shown
great promise in certain biomedical applications where electrical conductivity plays
an important role such as promotion of cardiomyocyte growth [85] and induction
of neural regeneration [90]. In addition, CNFs have been recently shown to possess
antibacterial activity in pure form and when they are incorporated into calcium algi-
nate [70]. Moreover, in composite biomaterials, CNFs can significantly enhance the
water diffusion and mechanical properties with a minuscule addition of them [49].

In addition, light has shown to be a powerful tool to enhance antibacterial activity
[97]. It has been reported that the antibacterial activity of GO against Escherichia
coli can be improved with simulated sunlight [14]. Following this research line,
our research group has reported a nanotechnological strategy consisting of GO or
CNFs combinedwith light-emitting diodes (LED) irradiation, which has shown great
potential in a wide range of biomedical applications, as novel technique to kill two
clinically relevantGram-positivemultidrug-resistant pathogens:methicillin-resistant
Staphylococcus aureus (MRSA) and methicillin-resistant Staphylococcus epider-
midis (MRSE) [17]. These results showed that GO or CNFs exhibited enhanced
antibacterial activity and no cytotoxicity in human cells. Therefore, the implemen-
tation of these combined technologies opens a wide range of research opportu-
nities in many important fields within the biomedical and bioengineering sector,
providing an enhanced strategy for the prevention and treatment of Gram-positive
multidrug-resistant infections.

4 Green Alginate-Based Composite Films

The mechanical and antibacterial properties of natural biopolymers such as alginate
or PHBV can be improved with the addition of low amounts of CNMs like GO and
CNFs [48, 49, 65, 74, 77]. GO is widely used due to its excellent physical properties
[98], easy processing, low cost, and large-scale production [59, 99] compared to
other graphene family materials. Carbon nanofibers (CNFs) are one-dimensional
nanomaterials with excellent mechanical, electrical and thermal properties currently
manufactured at large scale with lower price than GO [90]. Therefore, GO and CNFs
have shown to be capable of improving the physical properties of alginate and PHBV
films and provide them antibacterial capacity [19, 50, 65, 75].

4.1 Green Alginate-Based Composite Films

Green alginate-based composite films have been developed with enhanced physical
and biological properties using carbon nanomaterials. Thus, CNMs can improve the
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mechanical performance, wettability, and thermal properties, among other physical
properties. Furthermore, CNMs can improve the biological properties of calcium
alginate films in terms of antibacterial activity. In addition, these green composite
films are produced keeping the principles of green chemistry and in good agreement
with the sustainable non-hazardous synthetic routes with no demands on thermal nor
sonic energy consumption.

4.1.1 Physical Properties of Alginate-Based Nanocomposites

Reinforced alginate-based composite filmshavebeenproducedwith calciumchloride
as crosslinker and several low graphene oxide (GO) contents ranging from 0 to 1%
w/w [50] (see Fig. 3).

Thus, the compression modulus of calcium alginate films increased with
increasing GO content almost 9 and 6 times higher (in case of 1% w/w of GO)
in the dry and hydrated state, respectively, when compared with neat calcium algi-
nate. The nanostructure of the composites showed GO embedded in the alginate
polymer matrix and randomly distributed. In this study, it was observed that calcium
alginate/GO composites get darker and darker with increasing GO content. However,
the addition of 0.1 or 0.5%w/w ofGOproduced only a low increase of opacity, which
might be very interesting for certain applications requiring transparency and lower-
cost materials. Therefore, the incorporation of a low amount of GO (0.5% w/w) can
produce low-cost reinforced calcium alginate films with a low reduction of trans-
parency. Moreover, it has been reported that increasing crosslinking density can also
increase the diffusion coefficient of alginate hydrogels [77]. However, the maximum
capacity of swelling decreases with crosslinking density. Contrary, when the amount
of crosslinker is too low, water needs to separate the polymer chains in order to pene-
trate rendering water diffusion slower but can swell the alginate polymer network
much more. The compressive modulus of calcium alginate hydrogels increased with

Fig. 3 Calcium alginate composite films with GO contents ranging from 0 to 1% w/w. The opacity
(O) values, expressed asmean± standard deviation, are indicated below each sample film.Reprinted
with permission from Elsevier [50]
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the addition of a minuscule amount of GO (0.1% w/w) of GO. These results can be
explained due to the complexation reaction between the GO nanosheets and the Ca2+

cations, which render calcium alginate hydrogels much more resistant because of
having a continuous crosslinked GO networks inside the polymer network. However,
in those alginate hydrogels that had not enough number of calcium atoms, large GO
networkswere not able to be formed to improve compression somuch. Therefore, the
combination of 0.1% w/w GO and high amounts of calcium crosslinker in alginate-
based films can produce hydrogels with an increase of water diffusion (almost 6
times faster) and mechanical compressive modulus (more than 4 times higher) [77].
In addition, similar results were obtained with CNFs [49]. In these green alginate-
based composites, a significant reduction of water sorption in the calcium alginate
hydrogels was observed with increasing crosslinker content and with the small addi-
tion of 0.1% w/w of CNFs. These green alginate-based composites produced with
the incorporation of only 0.1% w/w of CNFs showed a very significant enhance-
ment of water diffusion compared with the corresponding alginate hydrogels with a
similar crosslinker content. The effect of the addition of 0.1% w/w of CNFs into the
alginate biopolymer hydrogels became more and more pronounced with increased
weight percentage of calcium chloride, as seen also with the incorporation of GO
[77]. Furthermore, the addition of CNF resulted in a compressive modulus almost 3
times higher in composites with a high amount of crosslinker [49]. So, the reinforce-
ment of calcium alginate achieved with the use of CNFs in this study is lower than
that obtained in that utilizing the same amount of GO and calcium chloride [77].
This is probably because GO possess more oxygen functional groups than CNFs
and thus more crosslinking points. In that study, the enhancement of water diffusion
achieved with the addition of 0.1% w/w of GO was also higher than that obtained
with 0.1% w/w of CNFs due to the presence of more carbon nanochannels in the
dry state produced by the higher crosslinking between GO nanosheets. Nonetheless,
CNFs havemuch lower cost than GO (e.g., approximately 21 times more economical
than GO when obtained from Sigma-Aldrich) and have attracted great interest in the
field of regeneration medicine due to their excellent mechanical, magnetic and elec-
trical properties, which renders these advanced composite materials very promising
for certain biomedical and industrial applications in need of low-cost hydrogels with
enhanced physical properties.

Since CNFs possess high hydrophobic and tend to agglutinate [11], the
morphology of the green alginate-based films fabricated with CNFs are more hetero-
geneous (see Fig. 4) due to CNFs tend to be randomly distributed in the alginate
polymer network forming aggregates [48].

When these alginate-based films are hydrated in distilled water, the closed pores
observed in the dry state open in the hydrated state to store water within the alginate
polymer matrix (see Fig. 4). Furthermore, swelling at body temperature produces
a morphology with larger pores than swelling at 26 °C. Alginate-based composite
containing 0.5% w/w of CNFs leads to the highest dynamic mechanical modulus,
and just a small amount of CNFs (0.1%w/w) is able to produce a significant increase
of compression modulus (approximately 3 times higher) of calcium alginate in the
dry state, as already demonstrated in a previous study [49], and a significant increase
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Fig. 4 TEM images of carbon nanofibers (a) and ultrathin section of the calcium alginate composite
film with 1% w/w of carbon nanofibers (b) and cryoSEM of sample neat calcium alginate (c and
e) and CNFs1 (d and f) hydrated at 26 ± 0.5 °C and 37 ± 0.5 °C, respectively, for 24 h. Reprinted
with permission from Elsevier [48]

of tensile modulus. Thus, the tensile modulus and strength in the dry state increased
with increasing the percentage of incorporated CNFs. The oxygen-containing groups
present on the CNFs enable chemical interactions with the functional groups present
in the alginate polymer chains. As a result, OH-bonding can enhance the tensile and
compression properties of calcium alginate in the hydrated state as reported for GO
in sodium alginate [30] and another carbohydrate polymers such as chitosan [27].
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Another factor that affects the physical properties of alginate composite films is
the green synthetic route followed in their fabrication [75]. Thus, new synthetic routes
have been developed in order to enhance the physical properties of alginate-based
composite hydrogel films crosslinked with calcium chloride and 1% w/w of GO.
In that study, composites were fabricated crosslinking GO with alginate before and
during gelation and resultswere comparedwith compositesmade by the conventional
crosslinking technique of immersion in an aqueous solution with calcium cations. In
the new fabrication methods, crosslinking occurs between the GO nanosheets, GO
with alginate chains and between alginate chains by coordination via divalent calcium
atoms. Moreover, when crosslinking with the divalent cations was carried during
gelation, the improvement of mechanical properties was higher. Thus, significant
increases in liquid water diffusion (>4 times) and tensile properties (up to almost
2.5 times higher) can be achieved by the new synthetic routes in comparison with
the conventional one. Furthermore, surface tension, glass transition temperature,
and equilibrium water content of these new composite hydrogels also improved
significantly [75]. These results show not only the importance of the composition
of the material but also the manufacturing method. The improvement of mechanical
properties of the sodium alginate/GO films is mainly attributed to compatibility,
alignment, and specific interactions of alginate OH groups with GO oxygenated
functional groups. However, in the calcium alginate-GO composites synthesized
in this work, the enhancement of mechanical properties must also be attributed to
the complexation reaction that occurs between GO and the divalent calcium atoms,
which render calcium alginate nanocomposites much more reinforced because of
the continuous crosslinked GO networks distributed around their calcium alginate
polymer structure with additional crosslinking between calcium alginate chains and
crosslinked GO networks.

On the other hand, green alginate-based composite films have been developed
using irregular tubes of GO, produced by crosslinking of GO nanosheets with diva-
lent cations, as reinforcement materials for biomedical applications [74]. These
green composites have exhibited higher dynamic mechanical performance than
green alginate-based composite films fabricated with the incorporation of single
GO nanosheets and using the same amount of GO and cations.

The synergic effect of GO with other divalent cations such as Zn2+ has been
hardly explored [20, 67]. The addition of 1% w/w of GO to zinc alginates produced
a significant reduction of equilibrium water sorption and increased wettability and
water diffusion due to the formation of carbon nanochannels. In addition, the opacity
of the zinc alginate films increased dramatically, which should be considered for
certain biomedical fields demanding transparent materials such as ophthalmology
andodontology.Another study analyzed the effect of the synergic combinationof zinc
and GO in alginate films in terms of morphology, structural conformation, thermal
behavior/degradation, and dielectric properties [67]. In that study, in comparison
with sodium alginate samples crosslinked only with Zn2+ ions, the composites with
GO produced hydrogels with good structural integrity after immersion in water and
a high degree of swelling. In addition, the glass transition temperature increased
to a higher temperature (above zinc-crosslinked alginate networks) due to reduced
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mobility induced by additional GO crosslink bonds, while the molecular organiza-
tion of the compound showed enhanced thermal stability. Charge carrier mobility
was hampered by the compact structure produced by crosslinking, which reduces
conductivity and leads to increased activation energy to trigger the process [67].

4.1.2 Biological Properties of Alginate-Based Composites

Alginate-based films with carbon nanofibers exhibited negligible toxicity in human
keratinocyte HaCaT cells and no cell adhesion properties [48]. Therefore, these
composite films displayed similar biological behavior to that of neat alginate but
enhanced mechanical properties. Furthermore, the antibacterial activity of the steril-
ized films of calcium alginate/CNFs in the form of 10mm disks tested against MRSE
showed a high antibacterial activity (Fig. 5) and no toxicity for human keratinocyte
HaCaT cells at the same concentration [70].

Regarding the antimicrobial capacity of alginate reinforced with low amounts of
GO, only the composite filmswith at least 0.5%w/w, display a very high antibacterial
activity against the life-threatening Staphylococcus aureus and MRSE pathogens

Fig. 5 Antibacterial activity of the calciumalginate filmswithout carbon nanofibers (control sample
disk) (a) and calcium alginate/carbon nanofibers composite films (b) against multidrug-resistant
Staphylococcus epidermidis by the agar disk diffusion test after 24 h of culture at 37 °C. The red
arrow indicates the sample disk showing antibacterial “halo” with its normalized width [70]
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Fig. 6 Representative images of the antibacterial activity of calcium alginate with several GO
contents ranging from 0 to 1%w/w against Staphylococcus aureus andmethicillin-resistant Staphy-
lococcus epidermidis (MRSE) by the agar disk diffusion test. Red arrows indicate the composite
films exhibiting antibacterial “halo” and their normalized width, expressed as mean ± standard
deviation, are indicated on the plates. Reprinted with permission from Elsevier [50]

(Fig. 6) without showing any toxicity to human keratinocyte HaCaT cells either
[50].

Furthermore, alginate/GO nanocomposite films showed similar biological
behavior to neat alginate films in terms of cell adhesion [69].

Nevertheless, the addition of 1% w/w of GO to zinc alginates did not enhanced
the antimicrobial activity [20]. In these samples, the release of zinc ions was the
mechanism responsible for antibacterial activity and cytotoxicity, being independent
of the amount of GO in the composites. However, the GO reinforcement of the zinc
alginate films produced a significant increase of water diffusion, wettability, and
opacity.

To sumup, the addition of theseCNMs into alginate films can produce a significant
enhancement of mechanical performance, wettability, water diffusion, and antibacte-
rial activity asmentionedbefore [49, 50, 70, 75, 77]. In addition, theMTTcytotoxicity
assay performedwith human keratinocyteHaCaT cells showed no statistically signif-
icant differences (~100% viability) between the negative controls and the extracts of
the alginate/GO and alginate/CNF composite films. No cell adhesion of HaCat cells
on the alginate-based composites was observed independently on de CNF or GO
concentration [69]. Both one-dimensional hydrophobic CNFs and two-dimensional
hydrophilic GO nanosheets remain embedded in the alginate polymer matrix, and
they do not enhance cell adhesion on the composite surface, in good agreement
with the FESEM observations. Nonetheless, these composite films show similar
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promising applications to those of calcium alginate films with enhanced physical
and antibacterial properties [49, 50, 70, 75, 77].

4.2 Green PHBV-Based Composite Films

Graphene oxide provides also the possibility of reinforcing PHBV, acting as a nucle-
ating agent for crystallization, improving the mechanical properties of composite
materials and increasing the temperature ofmaximumdegradation [84]. Furthermore,
its presence does not interfere with PHBV biodegradability, although it could restrict
the mobility of PHBV chains in the crystal growth process. Carbon nanofibers can
also be employed to enhance the conductivity, thermal, mechanical, and gas barrier
properties of thermoplastic biopolyesters, such as PHBV [72]. In this regard, the
incorporation of a low percentages of GO and/or CNFs into PHBV through strong
intermolecular interactions such as hydrogen bonds can enhance some physical and
biological properties [65].

4.2.1 Physical Properties of PHBV-Based Composites

GO and CNFs show different morphology composed of rectangular nanosheets
stacked together, in case ofGO, andhollowfilaments (CNF)with usually awide range
of diameters (21.9 ± 12.5 nm) and lengths (645.8 ± 466.5 nm) respectively [65].
Another difference remains in their distribution in the PHBV-based composite.While
the GO nanosheets possess many oxygen-containing functional groups as hydroxyl
groups on the basal planes and at the edges, theCNFs are highly hydrophobic and tend
to aggregate. Thus, when the CNFs were mixed with the polar PHBV biopolymer
using the polar solvent, dichloromethane, the dispersion of these filamentous mate-
rials was very poor and a heterogeneous composite structure was obtained in compar-
ison with that achieved with GO [65]. Nevertheless, the addition of GO and CNFs
enhanced significantly the wettability properties on the surface of the neat PHBV
films, resulting in an increase of surface energy, that is, more hydrophilic. Further-
more, compression strength increased with the addition of both GO nanosheets and
CNFs in a similar percentage (about 25%) [65]. Besides, the thermal study of the
composite films showed that they exhibited similar double melting peaks as those
of neat PHBV. Moreover, the GO and CNFs filling slightly increased the glass tran-
sition temperature and heat of fusion of the bulk biopolymer as previously reported
in another study of PHBV-based nanocomposites with carbon nanotubes and CNFs
[72].
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4.2.2 Biological Properties of PHBV-Based Composites

Biocompatibility of the green PHBV-based composite films was tested in canine
adipose derived mesenchymal stem cells (cADSCs) at short (24 h) and long (48–
72 h) times. The results not only showed that there was no cytotoxicity but also
cADSCs seeded on PHBV/GO and PHBV/CNFs composites exhibited a significant
increase in proliferation in comparison with plastic condition or neat PHBV at 24 h
of incubation [65]. Furthermore, PHBV/GOmaintained this increase of proliferation
along the time (48–72 h). Confocal evaluation revealed a more homogeneous and
improved distribution of the cADSCs onto PHBV/GO with respect to PHBV/CNFs
and neat PHBV (see Fig. 7).

The cADSCs spread and invaded the PHBV/GO substrate showing cell-to-cell
and cell-to-substrate focal adhesions with a harmonized intracellular distribution of
the F-actin fibers labeled with Phalloidin (Fig. 7b). Furthermore, the quantification
analysis showed a significant increased number of cADSCs seeded on PHBV/GO
biomaterial at all tested times, 24, 48, and 72 h, and in PHBV/CNF at 24 h in
comparison with the pure PHBV film (Fig. 7d). Nevertheless, the antimicrobial agar
diffusion test revealed that PHBV/CNFs possessed more antibacterial activity than
PHBV/GO (see Fig. 8).

Nonetheless, both PHBV-based composite films were able to inhibit the bacterial
growth of S.aureus around the samples in some extent in comparison with the neat
PHBV film.

Fig. 7 cADSCs attach and homogenously distribute showing long projections on the PHBV/GO
surface (b) in contrast to PHBV control sample (a) and PHBV/CNFs (c). Representative confocal
microscope images (20×) shows the distribution of F-actin fibers, stained in red by using Phalloidin
conjugated with Texas Red. DAPI was employed for nuclei staining (blue) and cell quantification
(d). Three independent experiments were performed in quadruplicates. Data was expressed as mean
± SD; *p > 0.05; ***p > 0.01; ***p > 0.001; ns: not significant. Reprinted with permission from
Elsevier [65].
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Fig. 8 Antibacterial activity of the films of a poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV, control sample), PHBV with 1% w/w of b graphene oxide (PHBV/GO) or c carbon
nanofibers (PHBV/CNFs) against Staphylococcus aureus by the agar disk diffusion test after 24 h
of culture at 37 °C. The red arrow indicates the sample exhibiting antibacterial activity and the
normalized widths as indicated in each image. Reprinted with permission from Elsevier [65]

5 Conclusions

Alginate is a naturally occurring anionic green polymer extensively investigated
and used for many biomedical applications, due to its biocompatibility, low toxi-
city, relatively low cost, and mild gelation by addition of divalent cations. Algi-
nate hydrogels can be prepared by various crosslinking methods, and they can be
used in a wide range of industrial applications. Other promising natural green mate-
rial is the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) biopolymer, or PHBV, due
to its null toxicity, high biocompatibility, and that can nowadays be produced at
large scale. However, these materials in pure state present very poor mechanical
properties and do not possess antibacterial activity. Therefore, among many other
techniques, the strategy of incorporating carbon nanomaterials, such as graphene
oxide (GO) and carbon nanofibers (CNF), is proposed here as a very promising
approach that can enhance both mechanical and antibacterial capacity. Thus, the
incorporation of low amounts of GO and CNFs into alginate films produced very
significant increases of compression modulus when compared with neat alginate.
The opacity of calcium alginate can also be affected by the incorporation of CNMs
into the polymer matrix, which must be considered for certain industrial applica-
tions such as contact lens or dentistry. In addition, the combination of a minuscule
amount of GO or CNFs and a high amount of crosslinker can enhance very signifi-
cantly the water diffusion properties of calcium alginate. However, it was concluded
that the reinforcement achieved with CNFs in calcium alginate is lower than that
obtained utilizing the same amount of GO in calcium chloride probably because GO
possesses more oxygen functional groups than CNFs, and thus more crosslinking
points. However, CNFs possess currently the advantage that have much lower cost
andmuch higher electrical conductivity than GO. The green chemical route followed
to produce alginate-based composite films has also shown to be a crucial factor in the
enhancement of physical properties such as wettability, water diffusion, thermal and
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tensile properties. The GO and CNFs can improve the biological properties of neat
alginate in terms of antibacterial activity against clinically relevant pathogens such
as S. aureus and MRSE without showing any toxicity in human keratinocyte HaCaT
cells. However, the incorporation of GO to zinc alginate does not affect neither the
intrinsic antibacterial activity of zinc alginate films nor the cytotoxicity but increases
physical properties such as thermal stability. In the same way, GO and CNFs can
reinforce and enhance significantly the wettability and thermal properties of neat
PHBV films. In addition, GO and CNFs showed not only no toxicity, but also a
significant increase in the proliferation of cADSCs seeded in PHBV-based compos-
ites. This increase in proliferation is maintained in PHBV/GO composite films over
time. Finally, regarding antibacterial activity, both PHBV-based films with incor-
porated GO and CNFs nanomaterials are capable of inhibiting part of the bacterial
growth of S. aureus.
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38. Krikštanavičiene K, Stanys S, Jonaitiene V (2014) Comparative investigation of mechanical-
physical characteristics of biodegradable and non-degradable yarns. Autex Res J 14:61–72.
https://doi.org/10.2478/aut-2014-0001

39. Kushwah BS, KushwahAVS, Singh V (2016) Towards understanding polyhydroxyalkanoates
and their use. J Polym Res 23. https://doi.org/10.1007/s10965-016-0988-3

40. Lagaron JM, Lopez-Rubio A (2011) Nanotechnology for bioplastics: opportunities, chal-
lenges and strategies. Trends Food Sci Technol 22:611–617. https://doi.org/10.1016/j.tifs.
2011.01.007

41. Lee KY, Mooney DJ (2012) Alginate: properties and biomedical applications. Prog Polym
Sci 37:106–126. https://doi.org/10.1016/j.progpolymsci.2011.06.003

42. Lee SY (1996) Plastic bacteria? Progress and prospects for polyhydroxyalkanoate production
in bacteria. Trends Biotechnol 14:431–438. https://doi.org/10.1016/0167-7799(96)10061-5

43. Lee SY, Choi JI, Han K, Song JY (1999) Removal of endotoxin during purification of poly(3-
hydroxybutyrate) from gram-negative bacteria. Appl Environ Microbiol 65:2762–2764

44. LiW,DingY,Rai R,Roether JA, SchubertDW,BoccacciniAR (2014) Preparation and charac-
terization of PHBV microsphere/45S5 bioactive glass composite scaffolds with vancomycin
releasing function. Mater Sci Eng C 41:320–328. https://doi.org/10.1016/j.msec.2014.04.052

45. Li Z, Yang J, Loh XJ (2016) Polyhydroxyalkanoates: opening doors for a sustainable future.
NPG Asia Mater. https://doi.org/10.1038/am.2016.48

46. Liu S, Zeng TH, Hofmann M, Burcombe E, Wei J, Jiang R, Kong J, Chen Y (2011) Antibac-
terial activity of graphite, graphite oxide, graphene oxide, and reduced graphene oxide:
membrane and oxidative stress. ACS Nano 5:6971–6980. https://doi.org/10.1021/nn202451x

47. Liu Y, Wang X, Yang F, Yang X (2008) Excellent antimicrobial properties of mesoporous
anatase TiO2 and Ag/TiO2 composite films. Microporous Mesoporous Mater 114:431–439.
https://doi.org/10.1016/j.micromeso.2008.01.032

48. Llorens-Gámez M, Salesa B, Serrano-Aroca Á (2020) Physical and biological properties of
alginate/carbon nanofibers hydrogel films. Int J Biol Macromol 151:499–507. https://doi.org/
10.1016/j.ijbiomac.2020.02.213

https://doi.org/10.1016/j.biomaterials.2017.06.006
https://doi.org/10.1016/B978-008045154-1.50021-6
https://doi.org/10.1016/j.biomaterials.2009.01.034
https://doi.org/10.1016/S0008-6215(01)00112-4
https://doi.org/10.1016/j.carbpol.2007.05.040
https://doi.org/10.15255/CABEQ.2014.2257
https://doi.org/10.1016/j.carbon.2010.07.045
https://doi.org/10.1002/mame.201700258
https://doi.org/10.2478/aut-2014-0001
https://doi.org/10.1007/s10965-016-0988-3
https://doi.org/10.1016/j.tifs.2011.01.007
https://doi.org/10.1016/j.progpolymsci.2011.06.003
https://doi.org/10.1016/0167-7799(96)10061-5
https://doi.org/10.1016/j.msec.2014.04.052
https://doi.org/10.1038/am.2016.48
https://doi.org/10.1021/nn202451x
https://doi.org/10.1016/j.micromeso.2008.01.032
https://doi.org/10.1016/j.ijbiomac.2020.02.213


504 R. Selgas and Á. Serrano-Aroca

49. Llorens-Gámez M, Serrano-Aroca Á (2018) Low-cost advanced hydrogels of calcium algi-
nate/carbon nanofibers with enhanced water diffusion and compression properties. Polymers
(Basel) 10:405. https://doi.org/10.3390/polym10040405

50. Martí M, Frígols B, Salesa B, Serrano-Aroca Á (2019) Calcium alginate/graphene oxide
films: reinforced composites able to prevent Staphylococcus aureus and methicillin-resistant
Staphylococcus epidermidis infections with no cytotoxicity for human keratinocyte HaCaT
cells. Eur Polym J 110:14–21. https://doi.org/10.1016/J.EURPOLYMJ.2018.11.012

51. Martí M, Frígols B, Serrano-Aroca Á (2018) Antimicrobial characterization of advanced
materials for bioengineering applications. J Vis Exp e57710. https://doi.org/10.3791/57710

52. Modi S, Koelling K, Vodovotz Y (2013) Assessing the mechanical, phase inversion, and
rheological properties of poly-[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] (PHBV)
blended with poly-(l-lactic acid) (PLA). Eur Polym J 49:3681–3690. https://doi.org/10.1016/
j.eurpolymj.2013.07.036

53. Monleón Pradas M, Gómez Ribelles JL, Serrano Aroca A, Gallego Ferrer G, Suay Antón J,
Pissis P (2001) Interaction between water and polymer chains in poly(hydroxyethyl acrylate)
hydrogels. Colloid Polym Sci 279:323–330. https://doi.org/10.1007/s003960000426

54. Murata H, Nakajima Y, Saitoh N, Yoshizawa N, Suemasu T, Toko K (2019) High-electrical-
conductivity multilayer graphene formed by layer exchange with controlled thickness and
interlayer. Sci Rep 9:1–5. https://doi.org/10.1038/s41598-019-40547-0

55. Nakagawa M, Teraoka F, Fujimoto S, Hamada Y, Kibayashi H, Takahashi J (2006) Improve-
ment of cell adhesion on poly(L-lactide) by atmospheric plasma treatment. J Biomed Mater
Res Part A 77:112–118. https://doi.org/10.1002/jbm.a.30521

56. Norrrahim MNF, Ariffin H, Hassan MA, Ibrahim NA, Nishida H (2013) Performance
evaluation and chemical recyclability of a polyethylene/poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) blend for sustainable packaging. RSC Adv 3:24378–24388

57. Novoselov KS, Fal’ko VI, Colombo L, Gellert PR, Schwab MG, Kim K (2012) A roadmap
for graphene. Nature 490:192–200

58. PandeyH,ParasharV,ParasharR, PrakashR,RamtekePW,PandeyAC(2011)Controlled drug
release characteristics and enhanced antibacterial effect of graphene nanosheets containing
gentamicin sulfate. Nanoscale 3:4104. https://doi.org/10.1039/c1nr10661a

59. PapiM, Palmieri V, Bugli F, De SpiritoM, SanguinettiM, Ciancico C, BraidottiMC, Gentilini
S, Angelani L, Conti C (2016) Biomimetic antimicrobial cloak by graphene-oxide agar
hydrogel. Sci Rep 6:12. https://doi.org/10.1038/s41598-016-0010-7

60. Pelgrift RY, Friedman AJ (2013) Nanotechnology as a therapeutic tool to combat microbial
resistance. Adv Drug Deliv Rev. https://doi.org/10.1016/j.addr.2013.07.011

61. Raquez JM, Deléglise M, Lacrampe MF, Krawczak P (2010) Thermosetting (bio)materials
derived from renewable resources: a critical review. Prog Polym Sci 35:487–509. https://doi.
org/10.1016/j.progpolymsci.2010.01.001

62. Ratner BD, Hoffman AS, Lemons JE (2006) Biomaterials science: an introduction to mate-
rials, vol I. In: Basic concepts 3rd annual microscopy workshop in microscopy for materials
these topics will be covered: 31, pp 25–27

63. Recco MS, Floriano AC, Tada DB, Lemes AP, Lang R, Cristovan FH (2016) Poly(3-
hydroxybutyrate-co-valerate)/poly(3-thiophene ethyl acetate) blends as a electroactive bioma-
terial substrate for tissue engineering application. RSC Adv 6:25330–25338. https://doi.org/
10.1039/c5ra26747a

64. Remminghorst U, Rehm BHA (2006) Bacterial alginates: from biosynthesis to applications.
Biotechnol Lett 28:1701–1712. https://doi.org/10.1007/s10529-006-9156-x

65. Rivera-Briso AL, Aachmann FL, Moreno-Manzano V, Serrano-Aroca Á (2019) Graphene
oxide nanosheets versus carbon nanofibers: enhancement of physical and biological properties
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) films for biomedical applications. Int J Biol
Macromol. https://doi.org/10.1016/j.ijbiomac.2019.10.034

66. Rivera-Briso AL, Serrano-Aroca Á (2018) Poly(3-hydroxybutyrate-co-3-hydroxyvalerate):
enhancement strategies for advanced applications. Polymers (Basel). https://doi.org/10.3390/
polym10070732

https://doi.org/10.3390/polym10040405
https://doi.org/10.1016/J.EURPOLYMJ.2018.11.012
https://doi.org/10.3791/57710
https://doi.org/10.1016/j.eurpolymj.2013.07.036
https://doi.org/10.1007/s003960000426
https://doi.org/10.1038/s41598-019-40547-0
https://doi.org/10.1002/jbm.a.30521
https://doi.org/10.1039/c1nr10661a
https://doi.org/10.1038/s41598-016-0010-7
https://doi.org/10.1016/j.addr.2013.07.011
https://doi.org/10.1016/j.progpolymsci.2010.01.001
https://doi.org/10.1039/c5ra26747a
https://doi.org/10.1007/s10529-006-9156-x
https://doi.org/10.1016/j.ijbiomac.2019.10.034
https://doi.org/10.3390/polym10070732


19 Green Composites Films with Antibacterial Properties 505

67. Sabater i Serra R,Molina-Mateo J, Torregrosa-Cabanilles C, Andrio-BaladoA, Dueñas JMM,
Serrano-Aroca Á (2020) Bio-nanocomposite hydrogel based on zinc alginate/graphene oxide:
morphology, structural conformation, thermal behavior/degradation, and dielectric properties.
Polymers (Basel) 12:702. https://doi.org/10.3390/polym12030702

68. Sahari J, Sapuan SM (2012) Natural fibre reinforced biodegradable polymer composites. Rev
Adv Mater Sci 30:166–174

69. Salesa B, Llorens-Gámez M, Serrano-Aroca Á (2020) Study of 1D and 2D carbon
nanomaterial in alginate films. Nanomaterials 10:206. https://doi.org/10.3390/nano10020206

70. Salesa B, Martí M, Frígols B, Serrano-Aroca Á (2019) Carbon nanofibers in pure form and in
calcium alginate composites films: new cost-effective antibacterial biomaterials against the
life-threatening multidrug-resistant staphylococcus epidermidis. Polymers (Basel) 11:453.
https://doi.org/10.3390/polym11030453

71. Sánchez-Correa F, Vidaurre-Agut C, Serrano-Aroca A, Campillo-Fernández AJ (2018)
Poly(2-hydroxyethyl acrylate) hydrogels reinforced with graphene oxide: remarkable
improvement of water diffusion and mechanical properties. J Appl Polym Sci 46158. https://
doi.org/10.1002/app.46158

72. Sanchez-GarciaMD, Lagaron JM, Hoa SV (2010) Effect of addition of carbon nanofibers and
carbon nanotubes on properties of thermoplastic biopolymers. Compos Sci Technol 70:1095–
1105. https://doi.org/10.1016/j.compscitech.2010.02.015

73. Seil JT, Webster TJ (2012) Antimicrobial applications of nanotechnology: methods and
literature. Int J Nanomed. https://doi.org/10.2147/IJN.S24805

74. Serrano-Aroca Á, Deb S (2017) Synthesis of irregular graphene oxide tubes using green
chemistry and their potential use as reinforcement materials for biomedical applications.
PLoS ONE 12:e0185235. https://doi.org/10.1371/journal.pone.0185235

75. Serrano-Aroca Á, Iskandar L, Deb S (2018) Green synthetic routes to alginate-graphene oxide
composite hydrogels with enhanced physical properties for bioengineering applications. Eur
Polym J 103:198–206. https://doi.org/10.1016/j.eurpolymj.2018.04.015

76. Serrano-Aroca Á, Llorens-Gámez M (2017) Dynamic mechanical analysis and water vapour
sorption of highly porous poly(methyl methacrylate). Polymer (Guildf) 125:58–65. https://
doi.org/10.1016/j.polymer.2017.07.075

77. Serrano-Aroca Á, Ruiz-Pividal JF, Llorens-Gámez M (2017) Enhancement of water diffu-
sion and compression performance of crosslinked alginate films with a minuscule amount of
graphene oxide. Sci Rep 7:1–8. https://doi.org/10.1038/s41598-017-10260-x

78. Serrano Aroca A, Campillo Fernández AJ, Gómez Ribelles JL, Monleón Pradas M, Gallego
Ferrer G, Pissis P (2004) Porous poly(2-hydroxyethyl acrylate) hydrogels prepared by radical
polymerisation with methanol as diluent. Polymer (Guildf) 45. https://doi.org/10.1016/j.pol
ymer.2004.10.033

79. Serrano Aroca A, Gómez Ribelles JL, Monleón Pradas M, Vidaurre Garayo A, Suay Antón
J (2007) Characterisation of macroporous poly(methyl methacrylate) coated with plasma-
polymerised poly(2-hydroxyethyl acrylate). Eur Polym J 43:4552–4564. https://doi.org/10.
1016/j.eurpolymj.2007.07.026

80. Serrano Aroca A, Monleón Pradas M, Gómez Ribelles JL (2007) Plasma-induced polymeri-
sation of hydrophilic coatings onto macroporous hydrophobic scaffolds. Polymer (Guildf)
48:2071–2078. https://doi.org/10.1016/j.polymer.2007.02.017

81. Shao W, Liu X, Min H, Dong G, Feng Q, Zuo S (2015) Preparation, characterization, and
antibacterial activity of silver nanoparticle-decorated graphene oxide nanocomposite. ACS
Appl Mater Interfaces 7:6966–6973

82. Singh S, Mohanty AK (2007) Wood fiber reinforced bacterial bioplastic composites: fabri-
cation and performance evaluation. Compos Sci Technol 67:1753–1763. https://doi.org/10.
1016/j.compscitech.2006.11.009

83. SinghS,MohantyAK, Sugie T, TakaiY,HamadaH (2008)Renewable resource based biocom-
posites from natural fiber and polyhydroxybutyrate-co-valerate (PHBV) bioplastic. Compos
Part A Appl Sci Manuf 39:875–886. https://doi.org/10.1016/j.compositesa.2008.01.004

https://doi.org/10.3390/polym12030702
https://doi.org/10.3390/nano10020206
https://doi.org/10.3390/polym11030453
https://doi.org/10.1002/app.46158
https://doi.org/10.1016/j.compscitech.2010.02.015
https://doi.org/10.2147/IJN.S24805
https://doi.org/10.1371/journal.pone.0185235
https://doi.org/10.1016/j.eurpolymj.2018.04.015
https://doi.org/10.1016/j.polymer.2017.07.075
https://doi.org/10.1038/s41598-017-10260-x
https://doi.org/10.1016/j.polymer.2004.10.033
https://doi.org/10.1016/j.eurpolymj.2007.07.026
https://doi.org/10.1016/j.polymer.2007.02.017
https://doi.org/10.1016/j.compscitech.2006.11.009
https://doi.org/10.1016/j.compositesa.2008.01.004


506 R. Selgas and Á. Serrano-Aroca

84. Sridhar V, Lee I, Chun HH, Park H (2013) Graphene reinforced biodegradable poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) nano-composites. Express Polym Lett 7:320–328.
https://doi.org/10.3144/expresspolymlett.2013.29

85. Stout DA, Yoo J, Santiago-Miranda AN,Webster TJ (2012)Mechanisms of greater cardiomy-
ocyte functions on conductive nanoengineered composites for cardiovascular applications. Int
J Nanomed 7:5653–5669. https://doi.org/10.2147/IJN.S34574

86. Sudesh K, Abe H, Doi Y (2000) Synthesis, structure and properties of polyhydroxyalka-
noates: biological polyesters. Prog Polym Sci 25:1503–1555. https://doi.org/10.1016/S0079-
6700(00)00035-6

87. Sultana N, Wang M (2012) PHBV/PLLA-based composite scaffolds fabricated using an
emulsion freezing/freeze-drying technique for bone tissue engineering: surface modification
and in vitro biological evaluation. Biofabrication 4. https://doi.org/10.1088/1758-5082/4/1/
015003

88. Sykacek E, Hrabalova M, Frech H, Mundigler N (2009) Extrusion of five biopolymers rein-
forced with increasing wood flour concentration on a production machine, injection moulding
and mechanical performance. Compos Part A Appl Sci Manuf 40:1272–1282. https://doi.org/
10.1016/j.compositesa.2009.05.023

89. Tegou E, Magana M, Katsogridaki AE, Ioannidis A, Raptis V, Jordan S, Chatzipanagiotou S,
Chatzandroulis S, Ornelas C, Tegos GP (2016) Terms of endearment: bacteria meet graphene
nanosurfaces. Biomaterials. https://doi.org/10.1016/j.biomaterials.2016.02.030

90. Tran PA, Zhang L,Webster TJ (2009) Carbon nanofibers and carbon nanotubes in regenerative
medicine. Adv Drug Deliv Rev. https://doi.org/10.1016/j.addr.2009.07.010

91. Vauchel P, Kaas R, Arhaliass A, Baron R, Legrand J (2008) A new process for extracting
alginates from laminaria digitata: reactive extrusion. Food Bioprocess Technol 1:297–300

92. Wang L, Chen J, Shi L, Shi Z, Ren L, Wang Y (2014) The promotion of antimicrobial activity
on silicon substrates using a “click” immobilized short peptide. Chem Commun (Camb)
50:975–977. https://doi.org/10.1039/c3cc47922f

93. Wang L, Du J, Cao D, Wang Y (2013) Recent advances and the application of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) as tissue engineering materials. J Macromol Sci Part
A 50:885–893. https://doi.org/10.1080/10601325.2013.802540

94. Yousefi M, Dadashpour M, Hejazi M, Hasanzadeh M, Behnam B, de la Guardia M, Shadjou
N, Mokhtarzadeh A (2017) Anti-bacterial activity of graphene oxide as a new weapon nano-
material to combat multidrug-resistance bacteria. Mater Sci Eng C https://doi.org/10.1016/j.
msec.2016.12.125

95. Zactiti EM, Kieckbusch TG (2009) Release of potassium sorbate from active films of sodium
alginate crosslinked with calcium chloride. Packag Technol Sci 22:349–358

96. ZhangY,NayakTR,HongH,CaiW (2012)Graphene: a versatile nanoplatform for biomedical
applications. Nanoscale 4:3833–3842. https://doi.org/10.1039/c2nr31040f

97. Zhao E, Chen Y, Wang H, Chen S, Lam JWY, Leung CWT, Hong Y, Tang BZ (2015) Light-
enhanced bacterial killing and wash-free imaging based on AIE fluorogen. ACS Appl Mater
Interfaces 7:7180–7188. https://doi.org/10.1021/am509142k

98. Zhao J, Liu L, Li F (2015) Fabrication and reduction. https://doi.org/10.1007/978-3-662-448
29-8_1

99. Zhu Y, Murali S, Cai W, Li X, Suk JW, Potts JR, Ruoff RS (2010) Graphene and graphene
oxide: synthesis, properties, and applications. Adv Mater 22:3906–3924. https://doi.org/10.
1002/adma.201001068

100. ZouX,ZhangL,WangZ,LuoY (2016)Mechanismsof the antimicrobial activities of graphene
materials. J Am Chem Soc 138:2064–2077. https://doi.org/10.1021/jacs.5b11411

https://doi.org/10.3144/expresspolymlett.2013.29
https://doi.org/10.2147/IJN.S34574
https://doi.org/10.1016/S0079-6700(00)00035-6
https://doi.org/10.1088/1758-5082/4/1/015003
https://doi.org/10.1016/j.compositesa.2009.05.023
https://doi.org/10.1016/j.biomaterials.2016.02.030
https://doi.org/10.1016/j.addr.2009.07.010
https://doi.org/10.1039/c3cc47922f
https://doi.org/10.1080/10601325.2013.802540
https://doi.org/10.1016/j.msec.2016.12.125
https://doi.org/10.1039/c2nr31040f
https://doi.org/10.1021/am509142k
https://doi.org/10.1007/978-3-662-44829-8_1
https://doi.org/10.1002/adma.201001068
https://doi.org/10.1021/jacs.5b11411


Chapter 20
Green Composites from Medicinal Plants

T. Krithiga and Aravind Kumar

1 Introduction

Composites are hybridmaterials framed by the incorporation of at least twomaterials
with superior structure and preferable properties over original materials.

1.1 Properties of Composites

Composites have the accompanying properties

1. They have magnificent strength, high stiffness and are lightweight materials
2. They have high specific modulus
3. They are highly resistant to corrosion
4. They can be formed into any shape and size with required mechanical properties

by moulding
5. They are recyclable, dependable and devour less energy.

1.2 Applications of Composites

The composites are utilized in various applications due to the excellent above-
mentioned properties. A few applications of composites are summarized below
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1. Assembling propelled aviation structures
2. Lightweight construction materials
3. Fast and fuel-efficient transport vehicles
4. Electronic segments and outdoor supplies.

1.3 Nanocomposites

Nanocomposite is amaterial inwhich the nanosized reinforcement phase is dispersed
in nanosized matrix phase materials. These materials possess superior properties
which are imparted by the reinforcement phase materials that are lacking or lower
in the matrix phase. A very low percentage of these nanosized reinforcement phase
materials alter or improve the colour, texture, size, thermal stability, tensile strength,
flexibility, stiffness, toughness, thermal and electrical conductivity of the nanocom-
posites. The nanocomposite materials possess a wide range of explicit significant
properties makes it suitable for various applications right from catalysis to drug
delivery including automotive parts, electronic components, food packing, energy
storage, battery components, etc.

1.3.1 Components of Nanocomposites

Nanocomposites comprise two distinct phases, namely the matrix phase (bulk phase)
and the reinforcement phase (dispersed phase).

Matrix Phase

The matrix phase is the essential primary phase which provides the lattice for
the nanocomposite. It encompasses and holds the individual existing reinforcing
elements. Examples: Polymers, Metals, Ceramics.

Functions of Matrix Phase

1. Matrix phase provides stability against surface damage by mechanical abrasion
and corrosion by environment.

2. Matrix phase plays a transport mechanism in transferring the load and stress to
the reinforcement phase.

3. Matrix phase gives shape and network to the nanocomposites.

Reinforcement Phase

The reinforcement phase is the secondary phase of choice which takes up the load
and provides stiffness.

Functions of Reinforcement Phase

1. Reinforcement phase transmits mechanical properties like lightweight, strength,
stiffness, toughness and thermal stability to the nanocomposite material.
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2. Reinforcement phase plays a significant role as load bearing constituents.

1.3.2 Classification of Nanocomposites

Based on the type of matrix phase used, nanocomposites are classified into three
types

1. Polymer Matrix Nanocomposites (PMC): Polymer matrix nanocomposite is a
material that consists of reinforcement phase dispersed in polymer matrix. Poly-
mers such as unsaturated polyesters, epoxides, vinyl esters and phenolics are used
as matrix phase. These PMC are lightweight composite materials which provide
high tensile strength, high stiffness, high fracture resistance and good corrosion
resistance. Themain limitations of these materials are low thermal resistance and
high coefficient of thermal expansion.

2. Metal Matrix Nanocomposites (MMC): Metal matrix nanocomposite is a mate-
rial that consists of reinforcement phase dispersed in metal matrix. Reinforce-
ments materials such as ceramics (oxides (SiO2, Al2O3), carbides (SiC, TiC),
borides (TiB2) or metals (lead, tungsten, Molybdenum, etc.) are dispersed in
metal matrix such as aluminium, magnesium, titanium and copper. These MMC
are low density materials which possess high strength at elevated temperatures,
high stiffness, high thermal stability, good creep resistance and high thermal
conductivity.

3. Ceramic Matrix Nanocomposites (CMC): Ceramic matric nanocomposite is
a material that consists of reinforcement phase dispersed in ceramic matrix.
The ceramic materials such as ZrO2, whiskers of SiC and TiB2 are used as
reinforcement materials which are dispersed in ceramic matrix phase such as
oxide material (alumina) or non-oxide material (SiC). These CMC are materials
which have high strength at elevated temperatures, high stiffness, high thermal
stability, high thermal conductivity and high corrosion resistance even at elevated
temperatures.

2 Experimental Methods

2.1 Synthetic Methods of Nanocomposites

The nanocomposites have been synthesized by various methods which can be clas-
sified as chemical methods [1–4], physical methods [5–8] and biological methods
[9–11].
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2.1.1 Chemical Methods

The chemical methods widely used are sol–gel method, chemical reduction method,
microwave-mediated method, polyol method, microemulsion method, hydrothermal
method and pyrolysis method.

Sol–gel method: In this method, a sol of metal precursor is prepared with water
which on hydrolysis followed by condensation and polycondensation results in the
formation of a gel which is porous network filled with liquid like water and alcohol
(by-products of hydrolysis reaction). This gel on super critical drying (drying at
critical temperature and critical pressure) results in the formation of aerogel (porous
network without water or alcohol) of nanocomposites. If the conditions of super
critical drying are not maintained, it results in the formation of xerogel (collapsed
porous network of nanocomposite aerogel).

Chemical reduction method: In this method, metal nanoparticles and nanocom-
posites can be prepared by reduction of metal precursor such as metal halides
using reducing agents like NaBEt3H in the presence of solvent at room tempera-
ture. It is an easy and simple method to produce group VI metal nanoparticles and
nanocomposites.

Microwave-mediated method: In this method, the energy source required for the
synthesis of nanocomposites is microwave radiation. Nowadays, this method is
utilized by researchers to synthesize nanocomposites due to its high efficiency and
shorter reaction time for the synthesis.

Polyol method: In this method, the nanocomposites are synthesized by adopting
polyol as solvent. Here, polyol such as ethylene glycol serves as reducing agent and
complexwith the precursormaterial and reduces to the nanocomposites. It further acts
as stabilizing agent and stabilizes the system. After the formation of nanocomposites,
they are separated from the liquid medium by centrifugation, then washed with
ethanol and dried and used for further studies.

Microemulsion method: This method uses microemulsion solution for the synthesis
of nanocomposites. These microemulsion solutions are homogeneous mixture of
polar, nonpolar and surfactant components which are isotropic in nature and ther-
modynamically stable solution. On this approach, the microemulsion solution is
mixed with metal precursor which results in the formation of precipitate followed
by nucleation and coagulation, and nanocomposites are produced.

Hydrothermal method: The method is most widely used technique for the synthesis
of nanocomposites. This method involves the liquid phase reaction (mostly water as
the solvent) of metal precursor performed at higher temperature and higher pressure
resulting in the formation of nanocomposites. This method depends on the reaction
conditions and metal precursors used.

Pyrolysis method: This method involves thermal decomposition of precursors
resulting in the formation of nanocomposites. Mostly organic metal precursors are
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used in this method. Generally, high temperature is applied to the reactants in order
to cleave the bonds to form the nanocomposites.

2.1.2 Physical Methods

Physical methods do not engage any toxic reagents as in the case of chemical
methods. Physical methods require shorter reaction time and tailor-made uniform
narrow size distribution of nanocomposites. However, a lot of energy consumption
in physicalmethods becomes themajor disadvantage. The commonphysicalmethods
used are physical vapour deposition, electric-arc discharge method, radio frequency
sputtering, direct current sputtering and ball milling methods.

Physical vapour deposition: It is a technique in which solid precursor material is
vapourized by either thermal heating, laser or high energy bombardment of ions, and
the vapourized material is converted into nanocomposites.

Electric-arc discharge method: In this method, an electric arc is produced by
applying a voltage (usually 20–25 V) between the graphite electrodes maintained
at a distance 1 mm. This electric arc produces a high temperature that ionizes the
anode material which forms a plasma (ions or atoms in vapour state at high tempera-
ture) between the electric arcs. These ionswill move towards the cathode, deposit and
grow as nanocomposites. The conditions such as pressure of inert gas atmosphere
inside the furnace where the reaction occurs, voltage, distance between the elec-
trodes should be maintained properly for efficient and high yield of nanocomposites
formed.

Sputtering method: Sputtering is one of the physical vapour deposition techniques
in which the solid precursor target material is vapourized by high energy bombard-
ment of ions such as argon ions, and the vapourized target material is converted into
nanocomposites. Sputtering method is of two types namely radio frequency sput-
tering (RF sputtering) and direct current sputtering (DC sputtering). In RF sputtering
method, radio frequency waves of frequency 13.5 MHz are used to ionize the argon
gas atoms (inert gas filled in the reaction chamber) into Ar+ ions which possess
high energy. These energized Ar+ ions bombard the solid target precursor material
and vapourize it which forms the nanocomposites. In DC sputtering method, a DC
voltage is applied between the electrodes to ionize the argon gas atoms, and the
same procedure is followed similar to the RF sputtering method. Another difference
between these two methods is both conducting and non-conducting material targets
can be converted into nanocomposites by RF sputtering, but only conductors and
metal targets can be used by DC sputtering method.

Ball milling method: This method is associated with mechanical grinding of bulk
precursors materials into nanocomposites. This method is a cheap, easy and simple
technique which is used to synthesize nanocomposites. The main disadvantage of
this method is physical damage which occurs to the nanocomposites.
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2.1.3 Biological Methods:

In biologicalmethods, toxic chemicals are not employed, instead nontoxic agents like
proteins, enzymes, carbohydrates, etc., and living being like bacteria, fungi, yeast and
plants are used. The extensively used biological methods are enzymatic reduction
and non-enzymatic reduction. The enzymatic reduction method uses enzymes such
as NADPH reductase, and non-enzymatic reduction method utilizes the living being
such as bacteria [9], fungi [10], yeast [11] and plants [12]. Although, nanocom-
posites are synthesized using bacteria, actinomycetes, algae, fungi and yeast, the
most widely practised method is utilizing the plant extracts. The attention towards
medicinal plant extracts used as reducing and capping agents is increasing due to its
medicinal potentials which may be incorporated to the nanocomposite synthesized.
Manymedicinal plants which are day to day available such as tea, mustard, aloe vera,
lemongrass, neem, tulsi and lotus are used in the synthesis of nanocomposites.

2.2 Green Synthesis of Nanocomposites

The green synthetic methods are environmentally friendly, simple, efficient, cost-
effective and advantageous compared to other chemical and physical methods.
Mostly, these methods directly result in the formation of nanocomposites. There
are numerous research articles related to the enzymatic and non-enzymatic reduc-
tion methods published by the scientific community. Much interest is shown towards
the green synthesis of nanocomposites by living being like bacteria, fungi, yeast and
plants.

2.2.1 Bacteria

The bacterial cell wall contains certain functional groups due to which they possess
an inherent property to reduce heavy metals. This important factor makes bacteria a
potential agent to synthesize green nanocomposites. The bacteria such asEscherichia
coli, Bacillus cereus, Klebsiella pneumoniae, Actinobacter sp., Lactobacillus spp.,
Corynebacterium sp. and Pseudomonas sp. are used in the green nanocomposite
synthesis. ZrO2 nanoparticles, gold nanoparticles and palladium nanoparticles
were prepared by Actinobacter sp. [13], Pseudomonas [14] and Desulfovibrio
desulfuricans [15].

2.2.2 Actinomycetes

The cell wall and cell membrane of actinomycetes secrete an enzyme which helps in
the reduction of metal precursor to form the nanocomposites. The proteins in the cell
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wall and cell membrane assist in the capping and stabilizing nanocomposites during
synthesis [16].

2.2.3 Algae

Algae possess negative charges on the surface of algal cells which accelerates the
nucleation and growth of nanocomposite. This provides shorter reaction time for the
synthesis of green composites. Certain algae culture medium secreted metabolites,
flavonoids and terpenoids which act as capping and stabilizing agents which plays an
important role in the medical field. Silver nanoparticles were biosynthesized using
Spirulina platensis, and its antibacterial activity was determined [17].

2.2.4 Fungi

Fungi possess enzymes and proteins which are capable of reducing metal salts into
its corresponding metal nanoparticles and act as stabilizing agents [18]. Fungus,
Fusarium oxysporum were used to synthesize gold nanoparticles extracellularly
which was reduced by NADH-dependent reductase present in the reaction mixture
released from the fungi [19].

2.2.5 Medicinal Plants

The plants particularly medicinal or therapeutic plants offer additional favourable
circumstances, and furthermore, it does not require any unpredictable conventions or
procedures. On account ofmicroorganisms, there aremulti-stage processes including
confinement of expectedmicroorganism, explicit culture preparation, preservation of
culture and so forth. Moreover, the procedure by means of plants is relatively simple
for scaling up, for enormous creation of nanoparticles. In green synthesis technique,
the plant materials such as leaves, root, stem, bark, flower, fruit [20] act as reducing
and stabilizing agents. They can be easily blendedwithmetal precursors such as silver
nitrate, titanium oxide, zinc oxide, etc to form the nanocomposites. Silver nanopar-
ticles from the medicinal plant, Tribulus terrestris L., produce the round moulded
NPs having size between 16 and 28 nm. Additionally, the silver nanoparticles from
leaf of T. terrestris bearing therapeutic properties showed antibacterial movement
[21]. The silver nanoparticle prepared from the leaves of Podophyllum [22] and Tita-
nium dioxide nanoparticles (TiO2NPs) were synthesized from Cissus quadrangular
[23]. Cinnamon was utilized as reductant and stabilizer in green blend of silver
nanoparticles [24]. The biosynthesized zinc oxide nanoparticles from leaf of Justicia
wynaadensis which is a medicinal herb indicated antimitotic and DNA-restricting
potential [25]. The concentrate of medicinal plant, Caesalpinia pulcherrima, was
utilized for silver nanoparticle synthesis [26]. The phytomediated preparation of zinc
oxide nanoparticle was prepared by using Berberis aristata leaves extract [27]. Gold
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and silver nanoparticles were synthesized from the leaf concentrate of Mussaenda
glabrata by utilizing green synthetic technique [28]. Cissus quadrangularis was
utilized for easy biosynthesis of copper oxide nanoparticles [29]. The plant extract
of Nyctanthes arbour-tristis was used in the biosynthesis of zinc oxide nanoparticles
[30]. A therapeutic herb Rosmarinus officinalis L. (rosemary) was utilized for green
synthesis of iron nanoparticles [31]. The effortless biosynthesis of nanoparticles by
utilizing plants particularly therapeutic plants is environmentally safe, shorter reac-
tion time required andmonetarily feasible in contrast with other natural living beings
like microorganisms and so on [32, 33]. The green orchestrated nanoparticles have
expanded antimicrobial removal in contrast with the different nanoparticles. This
actuated antimicrobial action might be the outcome synergistic activity of proteins
which work as capping and stabilizing the biosynthesized nanoparticles [34].

2.3 Green Synthetic Procedure

The synthesis of nanocomposites in aqueous medium generally contains three main
components:

1. Metal precursors—These are the raw materials or the starting materials from
which the metal and metal oxide nanoparticles and nanocomposites are synthe-
sized by reduction reaction.

2. Reducing agents—These are agents which reduce the metal precursor into its
corresponding metal nanoparticles. The leaf extract possesses certain agents
which act as reducing agents, and no external reducing agents need to be added.

3. Stabilizing/capping agents—The stabilizing agent stabilizes the medium and the
nanocomposites that are formed during the green synthesis. The capping agents
assist in the binding of metal precursors with the active part of the reducing agent
in the extract.

2.3.1 Preparation of Leaf Extract

The leaf extract of the medicinal plants is generally prepared by the following proce-
dure. The leaves of medicinal plants are collected, washed with distilled water to
remove the dirt, dust and other impurities. The washed leaves were dried at room
temperature or water adsorbent paper and cut into small pieces or uniformly grinded
into fine powder by a mechanical grinder. About 10–20 g of dried leaves or fine
powder of medicinal plant is boiled with distilled water at 60 °C for 10–15 min. The
resultant mixture was filtered using a Whatman filter, and leaf extract was collected.
For certain medicinal plants, a mixture of distilled water and methanol is used, and
the extract was collected. Themethanol extract of themedicinal plant can be obtained
from extraction using Soxhlet apparatus. The aqueous extract collected can be stored
at 4 °C in a refrigerator and used for green synthesis of nanoparticles or nanocom-
posites. The shelf life of these aqueous or alcohol extract when stored at proper
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conditions ranges from 1 to 2 weeks. For long period of activity of these extracts, the
leaf extract can be concentrated at ambient temperature under reduced pressure with
a rotatory evaporator and prepared into a dried extract by using lyophilizer. The solid
dried extract can be stored at 4 °C in airtight containers and used for nanoparticle
and nanocomposite synthesis.

2.3.2 Synthesis of Nanoparticles

Metal andmetal oxide nanoparticles can be prepared by green synthesis usingmedic-
inal plant leaf extract. These nanoparticles synthesized by green synthetic methods
can be used as such for various applications and also can be used to synthesize
green nanocomposites. Researchers have focused on the synthesis of metal andmetal
oxide nanoparticles such as copper nanoparticle [35], silver nanoparticle [36], TiO2

nanoparticle [37], gold nanoparticle [38], ZnO nanoparticle [39], CeO2 nanopar-
ticle [40], Sm2O3 nanoparticle [41]), Co3O4 nanoparticle [42], Dy2O3 nanopar-
ticle [43], CdO nanoparticle [44]), NiO nanoparticle [45]), In2O3 nanoparticle [46]
and hydroxyapatite nanoparticle [47). The typical procedure for medicinal plant-
mediated synthesis of nanocomposites is as per the following depicted in Fig. 1.
The aqueous solution of mmol concentration of salts such as chlorides, nitrates,
sulphates of corresponding metal or metal oxide nanoparticles is mixed with 10–
20 ml of prepared medicinal plant leaf extract. If the dried extract is used, then an
appropriate concentration of aqueous solution of extract is prepared and mixed with
the salt solution which is the precursor of the metal and metal oxide nanoparticles.
The salts should be chosen such thatwhich on reduction gives its correspondingmetal
nanoparticles or converted into metal oxide nanoparticles. This mixture was contin-
uously stirred at temperature 60–70 °C in a round bottom flask which is wrapped
with aluminium foil to prevent unwanted photochemical reactions. The pH of the
mixture was adjusted using 0.1 N HCl and 0.1 N NaOH solution. The stirring is
continued until the colour of the mixture changes which indicates the formation of

Fig. 1 Schematic representation of medicinal plant-mediated green nanocomposite synthesis.
Source Author
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metal and metal oxide nanoparticles. The time period for the formation of nanopar-
ticles depends on the nature of reaction, metal and metal oxide nanoparticles. The
reaction rate can be improved by using microwave radiation which completes the
reaction in few minutes. The metal and metal oxide nanoparticles formed were sepa-
rated from themixture by centrifugation, and the solid product obtained is suspended
and washed in distilled water to eliminate the biomass residue. The pure nanopar-
ticles were dried in oven at 60–70 °C for 48 h and collected and used for future
synthesis of nanocomposites.

2.3.3 Optimized Conditions

Several parameters affect the reaction rate for the formation of nanoparticles, size
and shape of nanoparticles and uniform distribution of nanoparticles synthesized
by the green synthesis method. The crucial parameters which decide the above-
mentioned factors are concentration of precursor ofmetal nanoparticle, concentration
of medicinal plant extract, temperature, pH, reaction time, etc.

Concentration of Precursor

The concentration of precursor of metal nanoparticle influences the reaction time
and yield of the product nanoparticles synthesized. The increase in concentration
of precursor decreases the reaction time and also changes the morphology of the
nanoparticles synthesized. When the reducing effect of medicinal plant leaf extract
is low, the higher concentration of precursors favours the formation of nanoparti-
cles. Various concentrations of precursors used were reported by many researchers
[48, 49].

Concentration of Medicinal Plant Extract

Different phyto constituents, for example, tannin, terpenoid, ketone, aldehyde, amide
and so on are available in the concentrate which are essential for the reduction of
precursor to metal nanoparticles. Many reported the effect of the various concentra-
tion of leaf extract on the size and shape of the nanoparticles formed [50, 51]. With
increase in concentration of leaf extract, the nanoparticle produced possesses good
biological activities.

Temperature

The temperature is a critical parameter in green synthesis of nanoparticles. The
stability of medicinal plant extract depends on temperature, and an ambient temper-
ature mostly room temperature is required. However, the synthesis of nanoparticles
was performed at higher temperature bymany researchers [51]. Microwave radiation
can also be used as source of energy in preparing few nanoparticles [52].

pH

pH plays a crucial role in tailoring the size and shape of the nanoparticles synthesized
by medicinal plant extract. The acidity and basicity nature of the extract affects the
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binding of metal and phytochemical sites which alter the shape and size of nanopar-
ticles prepared. Low pH values of the medium result in larger-sized nanoparticles,
and at higher pH values, smaller-sized nanoparticles are produced [53]. Similarly,
the rate of the formation of the nanoparticles was higher at higher pH values [54].

Reaction Time

Reaction time of the green synthesis of nanoparticles mediated by medicinal plants
also influences the size, shape and stability of the nanoparticles formed. The reaction
time depends on the parameters such as temperature, concentration ofmedicinal plant
extract, pH and concentration of precursor involved. Longer reaction time leads to
the formation of larger-sized nanoparticles and uniform smaller-sized nanoparticle
are formed with shorter reaction time. Thus, the size of the nanoparticles increases
with increase in reaction time of the green synthesis [55].

2.3.4 Synthesis of Green Nanocomposites

The metal and metal oxide nanoparticles synthesized from green synthesis can
be used in the preparation of green nanocomposites. These nanoparticles act as
reinforcement phase which disperse in the matrix phase such as ceramics, metal
oxides, polymers, graphene, grapheneoxide and reducedgrapheneoxide.Thegeneric
method of synthesis of green nanocomposites is given in the following as shown in
Fig. 2. Appropriate quantity of precursor of reinforcement phase and matrix phase
is added to the 10–20 ml of medicinal plant leaf extract and continuous stirred at
constant rpm speed at ambient temperature for few minutes to hours. The solid
nanocomposite is separated from the extract by centrifugation, further washed with

Fig. 2 Flow chart for green synthesis of nanocomposites. Source Author



518 T. Krithiga and Aravind Kumar

water and or alcohol. The residue is dried in oven, collected and stored which can
be used for specific applications. This synthetic method differs with the nature of
reinforcement phase and matrix phase, temperature, pH, reaction time, etc. Recent
development in the synthesis of such green nanocomposites attracts the attention of
the researchers to adapt the green synthesis of nanocomposites. The green synthesis
methods are easy and simple to perform with good yield, cost-effective, shorter
reaction time and mainly environmentally safe. A few green composite syntheses
to provide a better understanding of green synthesis of nanocomposites are summa-
rized. Ag–ZnO nanoparticles were chosen as the reinforcement phase and reduced
graphene oxide as matrix phase and prepared Ag–ZnO/rGO nanocomposite using
leaf extract of Stigmaphyllon ovatum [56]. The nanoparticles are dispersed into
the reduced graphene oxide by sonication. Ag-Au bimetallic nanocomposite was
prepared by using piper betal leaf extract, and the mixture was irradiated using
microwaves [57]. Xanthium strumarium seeds extract was used and synthesized
graphene-metal nanocomposite by sonication method to disperse the metal nanopar-
ticles on the graphene sheets [58]. Achyranthes aspera leaf extract was coated on the
cotton fabrics and prepared Cu nanoparticle dispersed on the cotton fabrics [59].

3 Discussion

3.1 Characterization of the Green Composites

The synthesized green nanocomposites were characterized to access the surface
morphology such as size, shape, chemical nature and distribution of the particle
or fibre. Physico-chemical properties are noteworthy for behaviour, safety, bio-
dispersion and viability of nanocomposites. Accordingly, nanocomposite charac-
terization is important to assess the functional aspects of orchestrated nanocompos-
ites. Figure 3 depicts the characterization of synthesized green nanocomposites by
utilizing different techniques.

3.1.1 UV–VIS Spectroscopy

UV–VIS spectroscopy is an important and basic technique for characterization of
nanoparticles. Certain nanocomposites possess optical properties which make them
absorb specific frequencies of light. Synthesis of nanocomposites can be character-
ized by position of surface plasmon resonance (SPR) band detected at specific wave-
length range unique for particular nanocomposite. The size of the nanocomposite can
be tracked using these SPRbands as different particle size of nanocomposites exhibits
SPR bands at different wavelengths. UV–VIS spectroscopy is speedy, straightfor-
ward, fundamental and explicit for different types of nanocomposites, needs only
a concise timeframe for estimation. Sharp and narrow high intense peak at λmax
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Fig. 3 Characterization techniques for analysis green nanocomposites. Source Author

is obtained at higher reaction time. The peak intensity increases with increase in
reaction time indicating the completion of reaction and maximum yield of nanocom-
posites synthesized. On the other hand, peak broadening at λmax appears when the
initial concentration of metal precursor is increased. This may be accounted for
aggregation of nanocomposites at higher concentration of metal precursor. At lower
concentration ofmetal precursor, monodipersity of nanocomposites formation shows
less peak broadening of SPR band. A similar trend in the peak broadening at λmax

takes place based on the pH of the extract. At low pH value of medicinal plant
extract, the nanocomposite formation is hindered due to non-accessibility of func-
tional group responsible for the reduction of metal precursor. However, at high pH of
the extract, the peak broadening of SPR bands takes place indicating the higher yield
of nanocomposites. The effect of temperature also influences the λmax of SPR band in
the UV–Vis spectra. At lower temperatures, there is practically no SPR band or very
low intense SPR band appearing in the UV–Vis spectra. But at higher temperature
(optimum temperature for the growth of nanocomposites), UV–Vis spectra show
high intense sharp narrow peak at λmax with a blue shift.

3.1.2 Fourier Transform InfraRed (FTIR) Spectroscopy

FTIR can give precision, reproducibility and moreover a perfect signal to noise
proportion. By using FTIR spectroscopy, it becomes conceivable to distinguish little
absorbance changes on the functional groups which performs qualification spec-
troscopy, where one could perceive the little units of amino acids to the entire protein.
FTIR spectroscopy is frequently used to checkwhether biomolecules of themedicinal
plant which are involved in the reduction process of nanocomposites. Additionally,
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FTIR has also been confirmed the examination of nanoscaled materials, for instance,
attestation of helpful molecules covalently joined onto silver, carbon nanotubes,
graphene and gold nanoparticles or co-tasks occurring among in the midst of the
reactant technique. A FTIR spectra of nanocomposites contain these characteristic
peaks. The minor peak found at 3215 cm−1 represents the –NH stretch of primary
and secondary amines or amides. The same peak may be due to the –OH stretch of
alcohols and phenols; the peak at 3199 cm−1 is due to the –OH stretch of carboxylic
acids; the smaller peak at 2920 cm−1 shows –CH stretch of alkanes and –OH stretch
of carboxylic acids, 2258 cm−1 corresponding to –CN stretch of nitriles; 1644 cm−1

indicates –CC– stretch of alkenes and –NH bend of primary amines, 1390 cm−1 for
CH2 and CH3 bending, CH3 deformation and CH2 rocking; 1114 cm−1 shows –CN
stretch of aliphatic amines; 653 and 597 cm−1 are corresponding to C–Cl and C–Br
stretch of alkyl halides and –CH bend of alkynes. FTIR reveals that carboxyl and
amine groups may be involved in the reduction and stabilizing mechanism.

3.1.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a most common analytical method which has been used
for the assessment of both amorphous and crystalline structures, subjective recog-
nizable of different compounds, estimating the level of crystallinity, quantitative
goals of identifying species, molecule sizes, isomorphous substitution and so on.
When X-ray beam light strikes any crystal, it prompts the diffraction pattern which
reflects physico-chemical properties of crystal structures. In a powder diffraction
method, diffracted patterns regularly begin from the powder sample and reflect its
auxiliary physico-chemical highlights. Along these lines, XRD can look at the funda-
mental highlights of a broad assortment of materials, for instance, inorganic forces,
superconductors, biomolecules, glasses, polymers and so forth. The amorphous or
crystalline nature of nanocomposites can be determined from XRD patterns with
the peaks at various 2θ values which corresponds to the lattice planes of the mate-
rial. The average crystallite size of the nanocomposite crystallite can be estimated
by the Scherrer equation. The peaks in the XRD pattern corresponding to different
lattice planes can be assigned from the JCPDS file. For example, silver nanoparticle
shows four intense peaks at 38.13°, 46.2°, 64.44° and 77.36° corresponding to the
planes of (111), (200), (220) and (311), respectively. These lattice planes obtained
were indexed to the face-centred crystal structure of silver nanoparticles (JCPDS file
number 04-0783).

3.1.4 Scanning Electron Microscopy (SEM)

The surface morphology and shape of the nanocomposite can be characterized by
scanning electronmicroscopy. Among various electronmicroscopy, SEM is a surface
imaging strategy, totally prepared for determining different atom sizes, size disper-
sions, nanomaterials shapes and the surface morphology of the particles at the little
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scope and nanoscales. Using SEM, we can test the morphology of particles and get
a micrograph from the picture by either by estimating physical examination of the
particles, or by using specific programming. The SEM image of silver nanoparticles
prepared by usingmedicinal plant leaf extract of S. trilobatum confirmed the develop-
ment of silver nanostructures having spherical shape of crystallite sizes in the range
50–70 nmwith uniformmonodispersed without aggregation and well dispersed [60].

3.1.5 Energy Dispersive X-Ray (EDX) Analysis

Analysis through energy dispersive X-ray (EDX) spectrometers confirmed the exis-
tence of elemental constituents in the nanocomposites. The EDX spectrum shows
the number of X-ray counts in the y-axis and energy in keV in x-axis. The EDX
spectrum of silver nanoparticles shows an intense signal for the silver atoms in the
nanoparticles at 3 keV andweak signal from “Cl” and “O” atomswhich are attributed
to the organic constituents of the medicinal plant. These weak signals are from the
plant organic constituents. This confirms the presence of majority of silver nanopar-
ticles in the system [60]. Any impurities present show an additional energy peak
in the spectrum. The surface morphologies of the orchestrated copper cotton fabric
nanocomposites by in situ synthetic technique were obtained by SEM investiga-
tion. The copper nanoparticles cotton fabric nanocomposites are shown as spherical
particles of size of 95 nm. The presence of copper nanoparticles and cotton fabric
nanocomposites shows two energy peaks which confirm their existence [61].

3.1.6 Transmission Electron Microscopy (TEM)

TEM is an important commonly used analytical technique which provides the basic
frameworkmorphology of nanomaterials. It is utilized to get quantitative information
of particle and also grain size, size dispersion and morphology [60]. The electron
beam is transmitted through the material which gives the structure of the surface to
fewnmdepths inside the nanocompositewhich provides a clear idea about the surface
of the nanocomposites. Thus, the exactness of the particle size of the nanocomposites
can be estimated by the TEM analysis.

3.1.7 TG-DTG and DSC Analysis

The thermal stability of nanocomposites was carried out by TG-DTG and DSC
studies. From the thermogram, the moisture content, volatile products, decomposi-
tion reactions and by-products expel out from each step, the stability of the nanocom-
posites can be determined. Similarly, the DSC thermogram shows the crystalline
nature and phase transfer involved in the nanocomposites.
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3.1.8 Mechanical Properties

The mechanical properties of nanocomposites such as high load bearing capability,
tensile stress (T. stress) and tensile strain (T. strain) weremeasuredwhich indicate the
strength and flexibility of nanocomposite material. Nowadays, metal nanocomposite
material is used in versatile applications due to their high strength, smaller size and
lightweight [62, 63].

3.2 Therapeutical Applications of Green Nanocomposites
Synthesized from Medicinal Plants

The therapeutical applications of green nanocomposites synthesized from medicinal
plant extract are numerous and few mentioned here around their remedial applica-
tions as antiviral, photosensitizer as well as radiosensitizer and anticancer opera-
tors. Figures 4 and 5 show the various applications and therapeutical use of green
nanocomposites.

Silver nanocomposites as virucidal operators repress HIV-1, Tacaribe infection
(TCRV), hepatitis B infection (HBV), recombinant respiratory syncytial infection
(RSV), monkey pox infection, murine norovirus (MNV)-1 and flu A/H1N1 infec-
tions. Park et al. [56] created and assessed a novel micrometre-sized attractive half
and half colloid (MHC) enhancedwith green nanocomposites that could be utilized to
inactivate viral pathogens�X174 andMNVwith least possibility of likely discharge

Fig. 4 Applications of Green Nanocomposites. Source Author
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Fig. 5 Therapeutical applications of green nanocomposites. Source Author

into nature [64]. Xiang et al. [57] indicated that AgNPs have advantageous impacts in
forestalling A/Human/Hubei/3/2005 (H3N2) flu infection disease both in vitro and
in vivo [65]. Another investigation [66] shows that nanocomposites would be wise to
antiviral movement (80–90% hindrance) against Herpes simplex infection (HSV)-1
and human parainfluenza infection (hPIV)-3 and were less cytotoxic to Vero cells.
Moreover, it was discovered that these nanocomposites can restrain the replication
of Vaccinia infection (VACV) [67].

Nanocomposites as photosensitizers or potentially radiosensitizers LSPR of
nanoparticles empower the utilization of these nanocomposites in nonionizing radia-
tion and ionizing radiation. In a report, it was shown that aptamer–Ag–Au shell–
centre nanostructures have a high capacity to retain NIR illumination and can
perform photothermal treatment of the A549 cells at a low light force thickness
(0.20Wcm−2)withoutwrecking the sound cells and the encompassing typical tissues
[68]. Additionally, it was accounted for the graphene oxide@Ag-doxorubicin-DSPE-
PEG2000-NGR (GO@Ag-DOX-NGR) demonstrated amazing chemophotothermal
restorative viability, tumour-focusing on properties, NIR laser-controlled medication
discharging capacities and X-beam imaging capacity in an in vivo murine tumour
model [69]. Besides, it was uncovered that empty Au–Ag nanoshells (HGNS) indi-
cated potential for photothermal treatment in light of their strength when PEGy-
lated under laser enlightenment [70]. Likewise, Zhao et al. [71] revealed that
Fe3O4/Ag/C225 (epidermal development factor receptor) joined with X-beam treat-
ment could expand the affectability of human nasopharyngeal carcinoma cell lines
(CNEs) to light.
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3.2.1 Antimicrobial Activity of Green Nanocomposites

Medicinal plants-mediated orchestrated nanocomposites were productive in
repressing the bacterial, yeast and dermatophytic human pathogens and espe-
cially Vasambu silver nanoparticles demonstrated great inhibitory action against
Escherichia coli, Micrococcus sp., Staphylococcus aureus, Corynebacterium diph-
theriae and Candida albicans though vilangam silver nano molecule indicated the
great inhibitory action against Pityrosporum ovale. These natural blended nanocom-
posites are proficient than the artificially combined nanoparticles and comparable
to that of synthetic triclosan. Ocimum sanctum and Vitex negundo were utilized
against S. aureus, Vibrio cholerae, Proteus vulgaris and Pseudomonas aeruginosa
and got themost extreme restraint at 150µl of plant leaf nanoparticle [72]. Nanocom-
posite orchestrated utilizing Euphorbia hirta had a successful antifungal movement
against C. albicans, C. kefyr and A. niger [73]. The antibacterial activity was exhib-
ited utilizing electron microscopy with cell divider brought about the section of
nanoparticles inside the bacterial cell and partner with bacterial cell segments by
regulating tyrosine phosphorylation of putative peptides, and along these lines, it
hinders microorganisms [74]. Since koduveli, vasambu, vilangam, Pavu and vettiver
indicated high antimicrobial movement against bacterial human pathogen, these
particles were read with anti-infection agents for its similar inhibitory action against
S. aureus and Micrococcus sp., and with azole mixes against C. albicans. Every
one of the five was demonstrating acceptable inhibitory movement against S. aureus
while vasambu and vilangam not demonstrating movement againstMicrococcus sp.
If there should arise an occurrence of azole mixes, vasambu and vilangam demon-
strated great inhibitory action against C. albicans even triclosan did not demon-
strated inhibitory movement. Nanocomposite essentially synthesized by the incor-
porated molecule utilizing cell free filtrate of Lactobacillus acidophilus against E.
coli, P. aeruginosa demonstrated bacterial strains which are protection from anti-
toxins are profoundly defenceless to silver nanoparticles [75]. Antibacterial test
was finished utilizing papaya organic product removes interceded silver nanopar-
ticles on same human pathogens, indicated exceptionally harmful against multidrug
opposition microorganisms [76].

3.2.2 Antifungal Activity of Green Nanocomposites

At low concentration, vasambu and vilangam did not indicated any inhibitory
action against contagious phytopathogens, for example, Rhizactonia solani,
Macrophomina phaseolina, Alternaria alternata, Fusarium oxysporum, Sclerotium
rolfsii, Aspergillus niger. However, at higher concentration the vasambu silver
nano composite demonstrated better inhibitory action against Fusarium oxys-
porum whereas vilangam nanocomposite demonstrated a diminished inhibitory
action against Fusarium oxysporum. Vasambu silver nanocomposites demonstrated
marginally decreased inhibitory effect when contrasted with the accessible fungi-
cide carbendazim (control). The silver nanocomposite combined with Argemone
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leaf extricate indicated inhibitory action against Aspergillus flavus [77]. Nanocom-
posites prepared by utilizing E. hirta indicated inhibitory action against A. niger, A.
flavus and A. fumigatus [73].

3.2.3 Antiplasmoid Activity of Green Nanocomposites

Parasitic diseases (like jungle fever, leishmaniasis, tryanosomiasis) are one of the
serious issues around the globe. Antiparasitic chemotherapy is the main decision of
treatment for these parasitic diseases. The purpose behind this is these dis]eases do
not inspire articulated resistant reaction; henceforth, successful inoculation may not
be possible. Notwithstanding serious endeavours to control intestinal sickness, the
malady keeps on being one of the best medical issues confronting Africa. Albeit
various advances have been made towards understanding the illness, moderately
scarcely any antimalarial drugs have been created in the last 30 years. Then, the
customary drugs have been utilized to reward jungle fever for thousands of years. The
plant is ordinarily utilized in customary medication in Kenya to cure malaria. Leaf
concentrate of Mentha piperita (Lamiaceae) is excellent bioreductant for the union
of silver and gold nanoparticles, and orchestrated nanoparticles are dynamic against
clinically confined human pathogens, Staphylococcus aureus and Escherichia coli
[78]. At any rate from ethnomedicinal use, there is some proof that the plant might
be sheltered in people. Cassia occidentalis leaves, Cryptolepis sanguinolenta (C.
sanguinolenta) root bark, Euphorbia hirta (E. hirta) entire plant,Garcinia kola stem
bark and seed,Morinda lucida leaves andPhyllanthus niruri entire plant created over
60% hindrance of parasite development in vitro at a test focus g/mL. Concentrates
from E. hirta, C. sanguinolenta andMorinda morindoides demonstrated noteworthy
chemosuppression of parasitaemia inmice taintedwithPlasmodium berghei at orally
given dosages of 100–400 mg/kg per day [79]. The watched antiplasmodial activity
might be identified with the nearness of terpenes, steroids, coumarins, flavonoids,
phenolica acids, lignans, xanthones and anthraquonones [80].

3.2.4 Anticancer Activity of Green Nanocomposites

Cancer is one of the noticeable diseases which taint both developing the developed
nation. In this manner, there is a prerequisite to grow new strategies which can
lessen the fundamental reactions. The mechanism of action of green nanocompos-
ites towards the drug delivery was depicted in Fig. 6 and found that customized cell
demise was concentration dependent. Further, the synergistic impact on apoptosis
utilizing uracil phosphoribosyltransferase cells and non-uracil phosphoribosyltrans-
ferase cells within the sight of fluorouracil was noticed [81]. In these conditions, it
was seen that silver nanocompsites actuate apoptosis as well as sharpen malignant
growth cells. The silver embedded attractive nanocomposites demonstrated note-
worthy activity against bosomdisease cells and coasting leukaemia cells [82].Medic-
inal plant extracts mediated silver nanocomposites demonstrated a harmful impact
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Fig. 6 Drug delivery of green nanocomposites. Source Author

on the human lung carcinoma cells (A549) which shows these nanocomposites could
target cell-explicit poisonousness [83].

4 Conclusion

The chapter deals about the different types, composition, synthesis, properties, appli-
cations of green nanocomposites. Green nanocomposites synthesized by various
chemical methods, physical methods, biological methods and common green
synthetic procedure adopted with optimization parameters are discussed. The merits
of medicinal plant-mediated green nanocomposite synthesis such as simple proce-
dure, eco-friendly, high efficiency were analysed. The characterization techniques
such as UV–Vis, FTIR, XRD, SEM, EDAX and TEM reveal the remarkable
properties of the green nanocomposites synthesized using medicinal plant extract.
Finally, the therapeutical applications of the various medicinal plant-mediated green
nanocomposite synthesized are reviewed.
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Chapter 21
Green Approaches to Prepare Polymeric
Composites for Wastewater Treatment

Durga Yadav, Priyanka, and Joydeep Dutta

1 Introduction

Earth is the only planet where we can find life because of the existence of water
and atmosphere, which are utterly necessary for our survival. It is so crucial that
one cannot even imagine life without water [1]. Further, it is equally important for
the survival of plant as well as animal kingdom. Therefore, it is our sole responsi-
bility to save water. Due to not only extensive use of water for industrial as well as
domestic purposes but also due to deliberate negligence of people to save freshwater,
the water table is gradually decreasing, which is a clear indication of water scarcity.
Additionally, improper maintenance of industrial wastewater pushes us forward to
confront the same issue, which in turn, is also responsible for causing environmental
pollution. So at the outset, if we do not take any preventive measure, then one day we
all have to face lots of challenges that would eventually destroy the whole kingdom
[2]. Water pollution along with drought, inefficiency, and an exploding population
are also contributing to freshwater crisis, threatening the sources we solely rely
on for drinking water and other critical needs. Industries are the huge sources for
water pollution. For instance, industries including paper, food processing, textile,
leather tanning, cosmetics, plastics, rubber, printing, and dye manufacturing indus-
tries discharge huge volume of wastewater. Table 1 gives information about themajor
pollutants released from different types of industrial wastewater.

Thus, various contaminants ranging frommacrosized garbages to ultra-fine chem-
icals (heavy metals ions like copper, mercury, lead, nickel, chromium, cadmium,
different types of dyes) are ended up into rivers, lakes, streams, groundwater, and
eventually into the oceans [14]. If this continues, then it would be difficult to curb
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Table 1 Composition of various industrial wastewater in terms of major pollutants

S. No. Various wastewater generating
industries

Major components of
effluents/industrial wastewater

References

1 Sugar mill Sugar, alcohol, and heavy metals [3]

2 Paper and pulp Chlorinated complex products,
dibenzo-p-dioxin, and benzofuran

[4]

3 Aluminum Heavy metals (Cd, Mn, Pb, and
Zn)

[5]

4 Chemical manufacturers Ammonia, urea, heavy metals [6]

5 Glass manufacturers Chloride, fluoride, heavy metals
(Fe, Cr, Cd, and Ni)

[7]

6 Leather products Toluene, benzene, acids, alkalis,
chromium salts, solvents, sulfides,
dyes, heavy metals.

[8]

7 Plastic products Polyolefins and poly(ethylene
terephthalate) (PET)

[9]

8 Petrochemical Polycyclic and aromatic
hydrocarbons, phenols, metal
derivatives, surface-active
substances, sulfides, naphthenic
acids, and other chemicals

[10]

9 Textiles Dyes and pigments, the presence
of detergents, and surfactants

[11]

10 Thermal power plant Coal dust, CO2, fly ash,
chlorinated water, heavy metal
residues (Hg, Bi, As, Cr, Cu, Pb)

[12]

11 Construction Ignitable paint waste, strong acids,
and bases

[13]

12 Printing Heavy metals and its solution,
waste inks, solvents, ink sludge

[5, 7]

13 Metal manufacturing Paint waste, heavy metals,
sludges, and cyanide

[7]

water pollution altogether. Various treatmentmethods such as chemical precipitation,
ion exchange, electrochemical reaction, membrane filtration and reverse osmosis,
oxidation process, biological treatment, and adsorption have been employed for
removal of pollutants from wastewater but all the methods, especially the chem-
ical treatment method has its own merits and demerits [15]. It is worth noting that
recyclability of industrial wastewater can also cut down the water scarcity to a great
extent but on the other hand, the involvement of various chemical processes to treat
wastewater is too responsible for causing environmental pollution, further, leading to
climate change. At the same time, all these techniques barring adsorption suffer from
high operation cost and are responsible for the elimination of metallic sludge that
causes hazard to environment. Thus, protecting the environment from this indus-
trial wastewater, reusing, and recycling it is of utmost importance, which in turn,
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also renders us to devise cost-effective means to remove pollutants from the indus-
trial wastewater [16]. From the last few decades, the use of polymer composites
for wastewater treatment has received a considerable interest of researchers because
of their high performance, versatile characteristics, low density, stiffness, and high
strength [17]. Further, polymer composites as effective adsorbents are being widely
used for wastewater treatment. Adsorption using sorbent is one of the most popular
methods and has advantages over other methods in terms of removing toxic metals
ion and dyes because it is eco-friendly, cost-effective, and efficient [18]. Polymeric
composites can be defined as the heterogeneous system consisting of at least two
materials, which have physically and chemically distinct phase and are separated
by interfaces. These phases are termed as reinforcement (dispersed or discontinuous
phase) and matrix (continuous phase). The reinforcement phase usually composed
of fiber embedded within an organic polymer matrix of composites. The various
types of fibers can be categorized into several heads, namely organic fibers (carbon,
graphite, polymer, aramid), inorganic (glass), natural fibers (plant-based and animal-
based), and synthetic fibers [19]. Thematrices of composites aremajorly classified as
non-biodegradable and biodegradable matrices. The main problem associated with
polymeric composites is their disposal, because they contain toxic ingredients which
are difficult to recycle. They neither be degraded nor be decomposed on their own
and pose a major threat to our ecological system. Hence, this strongly alarming
issue of environmental pollution has induced a tremendous impetus to developing
environmentally benign green composites through green approaches since the past
few decades. There are many advantages of using bio-based green composites [20].
Needless to say, the green composites are quite eco-friendly, more efficient and reli-
able, and also promising alternatives to traditional composites for environmental
sustainability. Therefore, here, we shall exclusively focus on development of various
polymers-based green composites with a special emphasis on chitosan, an environ-
mentally benign biomaterial due to its excellent and remarkable properties such as
biodegradability, non-toxicity, metal binding ability, flocculation activity for effec-
tively treatment of wastewater for its further use. Moreover, it is hoped that readers
will get an opportunity to learn about the development of new chitosan-based green
composites (CGC) and their subsequent applications for wastewater treatment.

2 Green Composites—Promising and Sustainable
Alternatives for Wastewater Treatment

Before we go to details about the preparation of polymer-based green composites for
wastewater treatment, it is quite essential to knowwhat green composites are! Princi-
pally, a green composite is a combination of at least twoormore than two constituents,
one of which is mandatorily derived from a renewable resource and hence, is eco-
friendly in nature. This definition applies to both the reinforcement and the matrix
used in fabricating a composite. Green composites usually consist of a biodegradable
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polymer as a matrix and natural fibers as reinforcing materials [21]. Thus, results
in the formation of an interface, which is used to bind them together. Biopolymers
are chiefly obtained from either plant-based or animal-based renewable resources
including poly(lactic acid) (PLA), polyhydroxybutyrates (PHB), starch, cellulose,
chitin, and chitosan to name a few [22]. Natural fibers are more advantageous over
synthetic fibers because of their good stiffness, low cost, less density, environmen-
tally friendly, renewable, reasonable mechanical properties, high disposability, and
carbon dioxide neutral life cycle [23].

Further, attempts are being made to use byproducts obtained from various food
crops, which can be alternative sources for natural fibers such as corn husk [24], rice
husk [25], wheat straw [26], ahankari, soy stalk [27], sunflower stalk, and bagasse
[28].

Depending on the use of different reinforcement and polymer materials, green
composites can be categorized into three main heads:

1. Totally renewable composites—when both reinforcement material and matrix
are from renewable resources.

2. Partly renewable composites—when synthetic matrix is reinforced with natural
biopolymers

3. Partly renewable composites—when natural matrix is reinforced with synthetic
materials.

Moreover, renewable green composites containing natural fibers and biopolymers
are completely biodegradable. On the other hand, partly renewable green compos-
ites containing synthetic polymer as a reinforcing agent and natural polymer as a
matrix and vice versa are partially biodegradable. Therefore, partially degradable
green composites cannot be called completely environmentally benign as one of the
components gets degraded and other one does not rather remain in the environment.

Apart from defining the category of green composites, the processability of
green composites, especially polymeric composites also plays a vital role, which
ensures not only about an appropriate processing technique and equipment used
under optimized processing parameters but also about the quality, functionality,
cost-effectiveness of the product.

The processability of green composites is governed by the following factors:

1. Interphase in the composite—Generally, natural fibers are treated with weak
acids containing functional groups such as –COOH, –CHO, and –OH in order to
attach the latter ones on their surfaces as potential sites for binding with polymer
matrices. This phenomenon prevents hydrophilic natural fibers from getting wet
because of the presence of hydrophobic polymer matrices.

2. Hygroscopic nature of natural fibers—Adequate drying of natural fibers is needed
before processing of their composites because hygroscopic nature of natural
fibers may cause imperfection in morphology after molding.

3. Low strength—The processability of natural fibers is hindered because of their
low mechanical strength. So, this problem can be overcome using filament
winding, tape layup, or using pultrusion methods.
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4. Use of high-temperature matrices—Processing of low-temperature natural fibers
is not feasible with high-temperature matrices such as polyetherimide (PEI),
poly(ether ether ketone) PEEK, and polyimide (PI).

5. Service environment—Service environment having either high moisture content
or high temperature is not conducive for natural fiber-reinforced polymer
composites.

Commonly used processes in preparation of green composites mainly include
lay up method, injection molding, autoclave bonding, resin transfer molding, and
filament winding [29].

With regard to environmental sustainability, green composites are more advanta-
geous over traditional polymeric composites for wastewater treatment because the
former ones are significantly less hazardous than the latter ones. In other words, tradi-
tional polymeric composites aremore difficult to be degraded even after their disposal
because the matrices obtained from non-renewable petroleum-based resources are
non-biodegradable, whereas green composites are recyclable, reusable, and also
fantastically tuneable with the environment. Besides these, green composites are
endowed with some additional features such as better resistance to high tempera-
ture, antibacterial activity, and chelating properties. Thus, green composites are very
promising materials to be used as adsorbents for removing the different kinds of
pollutants from industrial wastewater.

3 Various Polymers-Based Green Composites
for Wastewater Treatment

Due to the rapid growth of industrialization, a huge amount of hazardous chem-
ical wastes is continuously generated from various industries, namely paper, textile,
fertilizer or petrochemical industries, electroplating plants, and tannery industries,
etc., and subsequently, the wastes are disposed into various water bodies. Conse-
quently, the water bodies are getting contaminated due to improper disposal, which
in turn, further creates water crisis. Therefore, the treatment of wastewater released
from industries have become very challenging due to the lack of effective mate-
rials for the removal of toxic dyes, heavy metal ions, micro-pollutants, etc. These
pollutants exhibit harmful effects on living species in water as well as on the human
being [30]. Hence, treating these pollutants is the foremost step to develop polymer-
based green composites. Further, to purify the contaminated water, various methods
including chemical oxidation, photocatalytic degradation, biological treatment, and
adsorption have been explored [31]. Of them, adsorptionmethod has been considered
to be an effective and environment-friendly method due to its ease of operation and
cost-effectiveness. Some of the already reported adsorbents such as carbon nanotubes
(CNT)/activated carbon fiber, hydrolyzed nanosilica incorporated polyacrylamide-g-
xanthan gum, and polyacrylonitrile (PAN)/zeolite weremade from activated carbons,
zeolites, clays, grapheme oxide, silica gel, and activated alumina, which generally
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require high-cost production and lots of energy, and also on the other hand, results
in the formation of byproducts during preparation. Furthermore, mostly adsorbents
need high adsorption capacity toward certain type of pollutants, but these are not
applicable to serve all the purposes. Recently, polymer-based green composites have
received much attention of the researchers to treating wastewater as a consequence
of their ease of synthesis, effective porosity, tunable morphology, good mechanical
property, non-toxicity, insolubility in water, reversibility of ion (favorably cation),
and sorption/desorption capability [32, 33]. Both synthetic and natural polymers
are used for the fabrication of green composites. As natural polymers are obtained
from renewable resources, so they can easily degrade within a proper time period.
On the other hand, some synthetic polymers can also degrade to a certain extent
provided if they are chemically bonded to natural compounds [34]. Notably, the
“green composites” cannot be fully eco-compatible and recyclable, if the tempera-
ture exceeds 200 °C during the recycling process because the main properties get
drastically altered under this condition. For this reason, many of the researchers have
been focusing to develop 100% eco-sustainable and “green” composites since the
last several years by replacing non-biodegradable polymer matrices with biodegrad-
able ones. Many of the polymers such as alginate, carrageenan, gelatin, cellulose,
chitin/chitosan, poly(lactic acid), polysulfone, poly(acrylic acid), and so on are used
as reinforced matrices in the form of membranes, sponges, hydrogels, beads, films,
and adsorbents to develop polymer-based green composites for wastewater treatment
[35, 36]. In a study, Thakur et al. [37] reported the preparation of gelatin-Zr(IV) phos-
phate nanocomposite (GT/ZPNC) using sol-gel method for the treatment of aqueous
environment containing methylene blue and fast green toxic dyes through photo-
catalytic degradation. In another attempt, Benhouria et al. [38] fabricated various
beads such as bentonite-alginate beads, activated carbon-alginate beads, and acti-
vated carbon-bentonite-alginate beads using a very simple method to remove methy-
lene blue (MB) with the adsorption capacity of 756.97 mg/g at 30 °C and reused six
times.

Polymer-based nanocomposites (PNCs) also play prominent role in either sepa-
ration or degradation of toxic effluents for water treatment [38]. Natural low-cost
PNCs give sufficient active sites onto adsorbents to remove the toxic dyes from
various industrial wastewater. In this regard, metal nanoparticles combined with
the natural polymer matrix to develop advanced materials for effective water treat-
ment by optimizing their properties, e.g., hydrophilicity, hydrophobicity, porosity,
mechanical strength, and dispersibility. In addition, many more polymers-based
green composites such as polyhydroxybutyrate-g-CNTs [39], zinc oxide/polyaniline
nanocomposites [40], poly(methyl methacrylate) (PMMA)/TiO2 nanotubes compos-
ites [41], poly(vinyl alcohol)/tetraethyl orthosilicate/aminopropyltriethoxysilane
(PVA/TEOS/APTES) nanofiber membrane [42], TiO2/poly(acrylamide-styrene
sodium sulfonate) (TiO2/(PAAm–SSS)) [43], and ammonium molybdophosphate-
polyacrylonitrile (AMP–PAN) [44] were reported by several groups of researchers
to remove toxic effluents from the polluted water. A few of them is summarized in
Table 2.
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4 Why Chitosan in Wastewater Treatment?

Although various kinds of materials have already been reported for the treatment of
wastewater, however, an aggressive research is still going on toward the develop-
ment of cheaper and effective technologies in terms of preparing polymer compos-
ites that cannot only remove the contaminants efficiently but also can improve the
quality of treated effluents [55].As various synthetic non-biodegradable polymers are
used for the said purposes so in terms of environmental sustainability, the prepared
polymer composites are no longer desirable because of their hazardous effects on
environment when disposed. Therefore, a considerable attention has been paid to
green, renewable, sustainable, and environmentally friendly materials for treatment
of wastewater. From the literature survey, it has been found that biopolymers such
as agar, alginate, chitin, chitosan, starch, and their derivatives have been used to
prepare different adsorbents for the removal of a wide range of pollutants including
heavy metal ions and both cationic and anionic dyes fromwastewater [56, 57]. These
polysaccharides are low cost, biodegradable, naturally abundant, and very effective
in removing pollutants from wastewater. In addition, these are also extremely useful
in terms of sustainable environment [58]. Among them, chitosan is the one and only
polysaccharide, which is polycation in nature and that is why it has received lots
of attention as effective biosorbent due to its efficiently chelating as well as metal
binding ability, flocculating ability, biodegradability, non-toxicity, low cost, abundant
availability on earth next to cellulose, and processability that makes it an ideal candi-
date for wastewater treatment applications. Moreover, the presence of free amino
and hydroxyl functional groups can serve as active sites for adsorption of different
types of inorganic and organic pollutants fromwastewater [59]. Besides such exciting
and remarkable properties, there are some limitations of using chitosan for various
purposes because of its non-porosity, pH sensitivity, poor mechanical properties,
insolubility in conventional organic solvents as well as in aqueous media [60]. To
overcome these limitations, chitosan can easily be chemically modified using its
free amino as well as hydroxyl functional groups. Modification of chitosan not only
helps improve its physicochemical properties but also facilitates introducing special
properties for specific applications. Furthermore, it can be easily processed into
different forms such as nanofibers, nanoparticles, beads, gels, sponges films, hydro-
gels, and nanocomposites. A glimpse of various chitosan-based derivatives used for
wastewater treatment is depicted in Fig. 1.

Chitosan has been extensively used as adsorbent for wastewater treatment
[61]. Sharma et al. [62, 63] demonstrated the preparation of chitosan cross-
linked-poly(alginic acid) nanohydrogel to remove Cr(VI) ions through adsorp-
tion from aqueous solution. In another study, Sharma et al. [62] synthesized
sodium dodecyl sulfate-iron silicophosphate (SDS-FeSP) nanocomposites using
co-precipitation method. These nanocomposites showed highly selective nature of
adsorption toward specific metal ions, i.e., Zn+2 and Mg+2 ions. Further, chitosan
has been combined with a wide range of various natural as well as synthetic poly-
mers to fabricate chitosan-based green composites including α-Fe2O3 impregnated
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Fig. 1 Chemical modification of chitosan for its effective use in wastewater treatment (Source
Author)

chitosan beads with As(III) as imprinted ions [63], thiourea-chitosan coating on
the surface of magnetite (Fe3O4) [64], chitosan-polyaniline/ZnO hybrid composite
[65], and polymethylmethacrylate-chitosan composites [66] to name a few.However,
an attempt has been made to establish a comprehensive pictorial representation
portrayed in Fig. 2 to show the importance of using chitosan for fabricating various
green composites for wastewater treatment. In the following section, preparation of
various chitosan-based green composites is discussed along with their applications
as adsorbents for wastewater treatment.

5 Preparation of Chitosan-Based Green Composites
(CGCs)

Depending on the logic behind preparing green composites as already discussed in
Sect. 2, chitosan has been combined with various polymers of interest to prepare
CGCs for their subsequent applications in wastewater treatment.
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Fig. 2 A possible benefit of recycling of chitosan-based green composites used in wastewater
treatment (Source Author)

5.1 Chitosan–Cellulose Acetate Composites

Chitosan–cellulose acetate composites are biodegradable, eco-friendly, and highly
investigated biosorbent composites. These are usually used for the removal of metal
ions from wastewater. In a study, Ghaee et al. [67] demonstrated the preparation of
chitosan-cellulose acetate composite nanofiltration membrane for wastewater treat-
ment. As chitosan (CS) membrane itself does not possess good mechanical strength,
that is why cellulose acetate (CA) is combined with it to enhance an overall mechan-
ical strength of the membrane because nanofiltration is basically a pressure-driven
process. The entire preparation process can be elaborated as follows: initially, a
solution of CA was prepared by dissolving varying amounts of CA in N-methyl
pyrrolidone (NMP) containing poly(ethylene glycol) followed by casting the solu-
tion after deaeration onto a flat surface so as to obtain CAmembrane. A 200-μm-slot
applicator was used to maintain a proper thickness of the membrane. On the other
hand, 0.5% (w/v) CS solution was prepared by dissolving CS into 10% (v/v) acetic
acid solution and filtered. Then, the as-prepared CAmembrane was dipped into eight
consecutive solutions, which were segregated into two different parts, i.e., the first
four parts were made of various concentrations of ethanol, namely 25, 50, 75, and
100%, inwater as a co-solvent and the second four partsweremade of various concen-
trations of n-hexane, namely 25, 50, 75, and 100%, using ethanol as a co-solvent for
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solvent exchange before the membrane was subjected to drying. After that the CA
membrane was dipped into the CS solution for 3 min, and dried at room tempera-
ture. Cross-linking was then performed by placing the dry membrane into a 0.25%
(w/w) glutaraldehyde aqueous solution for 30 min at 25 °C. Next, the membrane
was thoroughly washed with distilled water to remove the unreacted glutaraldehyde
residues, and finally, the membrane was dried using a filter paper. It was reported that
under 506.5 kPa applied pressure, the said composite membrane efficiently rejected
81.03% copper from a common effluent treatment plant of wastewater.

5.2 Chitosan-Calcium Alginate Composites

Alginates can be used as stabilizers, viscosity modifiers, and gel-forming, film
forming, water-binding agents [68]. Further, it is polyanionic in nature, whereas
chitosan is polycationic in nature. Therefore, very easily both of them can be
combined together to prepare chitosan–alginate composites.Vijaya et al. [69] demon-
strated the preparation of chitosan–calcium alginate composites shown in Fig. 3
for the removal of Ni2+ ions from aqueous solution. In this work, the properties
of calcium alginate and chitosan were greatly modified through the preparation of
green chitosan–alginate composites. Briefly, calcium alginate beads were prepared
by dispensing sodium alginate solution through the tip of a pipette into 2% calcium
chloride solution. Then, these as-prepared beads were dropped into 4% chitosan
gel, which was prepared by dissolving 4 g of chitosan in 2% acetic acid solution
followed by stirring for 12 h to obtain chitosan-coated calcium alginate (CCCA).
Next, the obtained chitosan coated beads were placed into 0.1 M NaOH solution
for 4 h followed by washing with distilled water and drying for further application.
It was reported that the maximum monolayer Ni2+ adsorption capacity calculated
through the Langmuir adsorption isothermwas about 222.2 mg g−1. In another work,
Wan andNgah [70] conducted a comparative study between chitosan–glutaraldehyde
and chitosan–alginate beads setting various parameters such as agitation time, pH,
adsorbent dosage, and initial concentration of each for the adsorption of Cu2+ ions
from the aqueous solutions. Here, they reported the preparation of chitosan–alginate
composite slightly in a different way. Succinctly, both the solutions of chitosan flakes
and alginic acid were dissolved in acetic acid and distilled water, respectively. Then
each of these solutionswas aged overnight. Next, chitosan solutionwas further heated
at 60 °C and stirred for about 30 min before the alginic acid solution was added to
it. After that each of these two solutions was mixed together for another 20 min at
60 °C. The resulting solution was then poured into a 0.50 M NaOH solution so as
to obtain chitosan–alginate beads, which were then filtered and rinsed with distilled
water to remove the residual sodium hydroxide. Finally, the chitosan–alginate beads
were dried and sieved. The chitosan–alginate beads were found to have a relatively
better fit to nonlinear Langmuir isotherm than the chitosan–glutaraldehyde beads
and also the adsorption capacity of the former ones was found to be 67.66 mg g−1.
However, from the above studies carried out by different groups of researchers, it is
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Fig. 3 A schematic representation for the preparation of chitosan-calcium alginate composites
(Source Author)

quite obvious that chitosan–alginate composite is more effective in case of removing
Ni2+ compared to Cu2+ from aqueous solution.

5.3 Chitosan-Clay Composites

5.3.1 Chitosan-Activated Clay Composites

Usually, activated clay shows effective adsorption properties toward organic dyes.
Therefore, in a study, Chang and Juang [71] used this activated clay to combine
with chitosan to prepare a composite with improved mechanical properties, which
not only enhanced the adsorption properties but also prevented the dissolution of
chitosan beads in highly acidic and alkaline medium [72, 73]. Briefly, 1 g of chitosan
flakes was dissolved in 100 mL of 1 mol/L of acetic acid followed by adding 1 g
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of activated clay into it, and then, the solution mixture was agitated for 24 h using
a disperser. Next, the resulting viscous solution was deaerated by placing it into
a vacuum dryer for 3 h. After that this deaerated solution was sprayed dropwise
through a nozzle into a known volume of deionized water containing 15% of NaOH
and 95% of ethanol and allowed to leave for 24 h. Finally, the obtained chitosan
beads were washed with deionized water until the pH of the rinsing solution reached
neutral values. The activated clay chitosan composites were reported to be used as
adsorbents for the removal of some common contaminants such as humic acid, tannic
acid, basic dye methylene blue, and reactive dye 222 (RR222) [74–79] from water.
The results revealed that the said compositesmore actively adsorbed the contaminants
as compared to individual chitosan beads and activated clay as well.

In another study, Gecol et al. [80] prepared biosorbent chitosan coatedmontmoril-
lonite clay for removing tungsten species from aqueous solution. The experimental
results revealed that the biosorbent effectively adsorbed tungsten at optimal pH 4
in the range between 68.2–93.8%, 66.7–94.2%, and 53.6–93.7% from the simulated
natural water containing varied amount of H2CO3, H4SiO4, and SO4

2−, respectively.
Nevertheless, Alcântara et al. [81] showed that the incorporation of various clays
as nanofillers into the biopolymer matrices to developing various biopolymer–clay-
based nanocomposites in the form of films including chitosan–clay bionanocom-
posite film drastically improved all the properties such as mechanical strength, water
resistance, biodegradability, biocompatibility, and reducedwater absorption capacity,
which make the bionanocomposite films essential candidates for their diverse appli-
cations ranging from bioplastics to adsorbents. Further, they also proved that the
individual biopolymer such as chitosan, alginate, and starch in the form of film
was incapable of retaining heavy metals such as Cu2+ and Pb2+ because of their
rapid dissolution in water and this phenomenon was in agreement with the result
already reported by Chang and Juang [71]. Therefore, addition of fibrous clays as
nanofillers to polysaccharide matrices not only strengthens the mechanical integrity
of the bionanocomposites but also makes the bionanocomposites more suitable and
cost-effective adsorbents for treating contaminated water.

5.3.2 Chitosan–Bentonite Composites

The role of clay as an adsorbent is quite known and thus is used frequently to remove
unwanted chemical substances from aqueous solutions. On the other hand, chitosan
is extensively used in biological applications as a consequence of its biocompatibility
and biodegradability. Therefore, researchers are trying hard to find out new adsor-
bents by combining both of clay and chitosan together to prepare novel composites
for the removal of different types of dyes and heavy metal ions from the aqueous
solutions. Many of the researchers have reported the use of modified bentonite for
said purposes. It is mainly composed of montmorillonite with a composition of Cao,
MgO, SiO2, Fe2O3, Al2O3, Na2O, K2O [82, 83]. In addition, bentonite is a 2:1 type
of aluminosilicate, in which a unit layer of Al3+ octahedral sheet is sandwiched
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between two SiO4+ octahedral sheet [84]. Recently, Abukhadra et al. [85] devel-
oped a chitosan–bentonite composite supported with Co3O4 using a green approach.
Figure 4 shows a probable pathway for the preparation of the same. The composite
is an eco-friendly adsorbent can be applied for the removal of acidic dye such as
congo red and inorganic species such as Cr4+ from decontaminated water. Experi-
mental results revealed that the maximum adsorption for congo red and Cr4+ were
found to be about 303 mg g−1 and 250 mg g−1, respectively. Pseudo-second order
and Langmuir equilibrium model was used to describe the system. The prepared
composite showed high reusability and was effectively reused for decontamination

Fig. 4 A probable pathway for the preparation of chitosan–bentonite composite and its green
fabrication with cobalt oxide (Source Author)
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of congo red and Cr4+ for six runs. In another study, Liu et al. [86] reported the
preparation of chitosan–bentonite composite, which was an efficient adsorbent for
the removal of contaminants from wastewater because bentonite possesses good
adsorption properties. Further, Wan et al. [87] developed a cross-linked chitosanben-
tonite composite to adsorb tartrazine dye. They reported that themaximumadsorption
of tartrazine was found to be 2941 mg g−1, which was best described by pseudo-
second order and Langmuir isothermmodel. Further, in a study, Anirudhan et al. [88]
reported the development of a cross-linked methacrylic acid-g-chitosan–bentonite
composite through graft copolymerization using N,N ′-methylenebisacrylamide as a
cross-linking agent for the removal of Th4+ from seawater and also showed that the
maximum adsorption capacity of the composite was found to be about 110.5 mg g−1

at 30 °C.Moreover, in another study, Anirudhan andRijith demonstrated the prepara-
tion of carboxyl terminated poly(methacrylic acid)-g-chitosan–bentonite composite
for the removal of Ur6+ from water. They reported that the maximum adsorption was
found to be 117.2 mg g−1 under specified condition such as at pH 5.5 and 30 °C [89].
In addition, different forms of modified bentonite encompassing chitosan modified
bentonite, hexadecyl trimethyl ammonium bromide modified bentonite have also
been comparatively studied in terms of adsorbing dye species from contaminated
water.

5.3.3 Chitosan–Clinoptilolite Composites

Considering public health and ecosystem stability, it is quite essential to treat radioac-
tive wastewater containing radiocobalt, i.e., 60Co before its safe discharge because of
its exposure to human causes deadly illness such as cancer. For treating such water,
many researchers are working aggressively to prepare novel polymer composites for
effective elimination of radiocobalt. In a study, Zhao et al. [90] demonstrated the
use of clinoptilolite, a natural zeolite to prepare chitosan–clinoptilolite composite
(CS-CLP) because of its outstanding mechanical and sorption properties, which in
turn, also facilitates increasing not only the mechanical strength of chitosan but also
that of the overall composite. In brief, equal amounts of chitosan and clinoptilo-
lite were mixed together in a known volume of 5% (v/v) acetic acid solution under
continuous stirring for 2 h followed by gradually adding epichlorohydrin, a cross-
linker and vigorously stirring for 1 h so as to obtain CS-CLP hydrogel. Then the
composite hydrogel was serially treated with sodium tripolyphosphate and sodium
hydroxide solutions in order to form composite beads. Finally, the beads were dried
and powdered to the desired size. A schematic diagram for the preparation of CS-
CLP composites is shown in Fig. 5. The composite beads were used for the removal
of Co (II) ions from nuclear wastewater, and later they conducted a comparative
study of the CS-CLP composite beads with other adsorbents such as raw bentonite,
formaldehydemodified bentonite [91], TiO2/eggshell suspensions, natural halloysite
nanotubes [92], titanium dioxide (TiO2) [93], MWCNTs-g-VP [94], Mg2Al-layered
double hydroxide [95], and wastes containing boron in terms of maximum sorption
capacity (qmax). The results revealed the sorption capacity of the CS-CLP composite
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Fig. 5 Ascheme for synthesis of chitosan–clinoptilolite (CS-CPL)-based composites beads (Source
Author)

was superior than all the other said adsorbents barring the wastes containing boron
under similar experimental conditions. Therefore, the CS-CLP composite may be
the promising candidate for effective treatment of nuclear wastewater.

In another study,Maria et al. [96] conducted a comparative study for the evaluation
of the adsorption capacities ofCS-CLPcomposites for three environmentally harmful
toxic divalent metal ions, namely Co2+, Ni2+, and Cu2+, from aqueous solution. In
this work, they analyzed the effects of initial metal ion concentration, initial pH
value of the solution, contact time, and temperature on the adsorption capacity of the
composite. The results revealed that the optimum adsorption of the composites took
place at pH 5 and contact time required to achieve equilibrium was 24 h. Further,
they also reported that the adsorption capacities of the CS-CLP composites for Co2+,
Ni2+, and Cu2+ contained in aqueous solutions were 11.32mmol g−1, 7.94mmol g−1,
and 4.209 mmol g−1, respectively.

5.4 Hydroxyapatite–Chitosan Composites

The improper disposal of colored wastewater from the textile industries near water
bodies such as water streams, and river poses a great threat to the environment. Some
of the chemicals present in this wastewater are carcinogenic and thus, are respon-
sible for causing a potential human health risk. Various methods such as chemical
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precipitation, adsorption, cations-exchange, reverse osmosis, electrodialysis, elec-
trochemical reduction have been employed to treat this wastewater generated from
textile industries [97]. Keeping inmind that adsorption is one of the best and industri-
ally accepted methods for its effective treatment of wastewater, Hamzah and Salleh
[98] reported the preparation of hydroxyapatite–chitosan composite for removal of
remazol blue dyes from textile industrial wastewater. A detailed description for the
preparation of the said composite is illustrated in Fig. 6. Briefly, hydroxyapatite
extracted from egg shells was mixed with chitosan solution in acetic acid and stirred
for 8 h. The solid white precipitate obtained was filtered and dried at ambient temper-
ature, i.e., 30 °C so as to obtain hydroxyapatite–chitosan composite adsorbent. It

Fig. 6 Flowchart for the preparation of hydroxyapatite–chitosan composite (Source Author)
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was found that the remazol blue dye removal efficiency of the prepared composite
exclusively depended on pH. With increasing the pH of the solution percentage dye
removal efficiency of the composite also increased. The optimal dye removal effi-
ciency, i.e., 95% using the said composite was found at pH 6, and it might be due to
the protonation of –NH2 groups of chitosan in slightly acidic solution that yielded
positively charged –NH3

+ groups.
As we talk about chitosan-based green composites for wastewater treatment then

from authors’ perspective, keeping inmind the principle of green synthesis, a general
scheme for the preparation of chitosan-based green composites is depicted in Fig. 7.

6 Removal of Heavy Metals from Industrial Wastewater
Using CGCs

In the previous section, we mainly focused on the preparation of CGCs for their
applications in wastewater treatment. Here, we shall discuss on other green compos-
ites based on chitosan and their uses for the removal of various metal ions found in
various wastewater generated from different industries. Although there are various
causes of environmental pollution but unfortunately, improper disposal of wastew-
ater containing hazardous and harmful pollutants including heavy metals directly
into the environment has also become one of the most alarming environmental issues
that further aggregates the environmental stability [99, 100]. However, various toxic
heavymetals such as Pb(II), Cd(II), Hg(II), andCr(VI) generated by numerous indus-
trial activities including mining industry, plating and smelting industry, fertilizers
manufacturing, chemical industry, textile industry, pigments, and plastics to name a
few are directly discharged into water bodies, which subsequently not only impact
the human health but also affect the biological systems too [101]. Table 3 summarizes
the tolerance limits of various toxic heavy metals contained in wastewater generated
through various operations by different industries and their subsequent toxic effects
on living organisms. It is worth mentioning that the natural water gets contaminated
over a period of time due to mixing of heavy toxic metals, which directly affect the
human health and also decreases the quality of other biological systems. Thus, the
discharge of industrial wastewater with heavy metal contents should be performed
according to the standard operating procedures prepared by a specific scientific body,
which is duly approved by the government. In this way, the environmental pollution
can be prevented to a great extent. So far various methods such as chemical precipi-
tation, coagulation or flocculation, membrane filtration, electrochemical techniques,
and ion exchange have been employed for the removal of toxic metal ions from
wastewater [102]. Unfortunately, all these said methods are not effective for the
removal of toxic metals at low concentrations because of the high operating costs,
uses of large amounts of chemicals, and requirement of high amount of energy.

The elimination of heavy metals from wastewater by different methods is shown
in Fig. 8. Due to low cost, adsorption is considered as an effective method to remove



552 D. Yadav et al.

Fig. 7 A general approach to prepare CGCs and their applications in wastewater treatment (Source
Author)

toxic metals from wastewater effluents at low and high concentrations. Further, the
elimination of heavy metal ions from water effluents through adsorption follows all
the principles of environmental sustainability. Moreover, adsorption method is asso-
ciated with lots of advantages such as ease of flexibility and simplicity in designing,
ease of operation, and economically viable to mention a few, which are also very
crucial from environmental viewpoint. In addition, the adsorbents employed in this
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Fig. 8 Various methods for the removal of heavy toxic metals from industrial wastewater (Source
Author)

method can be reused again through desorption method and thus, maintains the low
operation cost and high efficiency [110]. Therefore, various polymers-based green
composites in the form of mats, membranes, beads, films, hydrogels, etc., possessing
superior properties have already been reported for the removal of heavy toxic metals
from industrial wastewater streams. Among them, also CGCs have been proved to
be effective adsorbents for the removal of not only precious metal ions such as
Pd(II), Pt(IV); heavy metal oxyanions including Cr(VI), As(III), As(V)), but also
radionuclides such as Co(II), Sr(II), Cs(I) apart from already mentioned heavy metal
ions.

It has been known that addition of magnetic particles during preparation of
polymer-based green composites ismore advantageous forwater purification because
of its magnetic properties that not only enhance the adsorption rate but also increase
the efficiencies of the composites for removal of various pollutants from wastewater.
In a study, Liu et al. [111] reported the preparation of recyclable chitosan-based
magnetic nanocomposites to eliminate heavy metal ions. The interaction between
chitosan and metal ions in adsorption method is reversible, and it is said the metal
ions can be removed from chitosan by increasing pH of the solution by adding
deionized water under the influence of ultrasonic radiation. Usually, the interaction
between adsorbate and adsorbent are carried out both through physical and chem-
ical processes. But if the process takes place through chemical bonding, then it is
difficult to describe its chemicals from adsorbent surface [112]. Furthermore, adsorp-
tion mechanism is associated with single or mixed mechanisms like metal chelation,
electrostatic interactions, and ion pair formations. However, it also depends on some
parameters such as pH, ion strength, and temperature of solution, metal ions, and the
chitosan-based adsorbents. Many studies have been focused on modified chitosan
for increasing adsorption capacity for the removal of various pollutants in the form
of metal ions. To improve the adsorption capacity and selectivity, chitosan can be
modified using physical or chemicalmethods.Due to the easy processability, chitosan
can bemolded into different forms, namely beads, sponge, membranes, fibers, flakes,
films, gels, etc. Recently developed various chitosan-based green composites for the
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removal of heavy metal ions from wastewater and their adsorption capacities are
summarized in Table 4.

Tang et al. [128] synthesized chitin/cellulose-basedmicroporousmembranes with
good efficiency for the removal of heavy metal ions, namely mercury (Hg), copper
(Cu), and lead (Pb), and they also reported that the chitin/cellulose-based microp-
orous membranes could be easily regenerated for further use. In this, the adsorption
of metal ions on chitin/cellulose-based membranes took place via metal chelation
and ion exchange followed by green pathway for the removal of hazardous pollutants
from wastewater.

In another study, Habiba et al. [117] demonstrated the preparation of
chitosan/PVA/zeolite electrospun composites, for the removal of Cr(VI), Fe(III),
and Ni(II) at medium concentration. They also showed that the adsorption capacity
of the electrospun nanofibers remaind unaltered even after five consecutive recycling.
Therefore, the composites could be reused many times for water treatment.

On the other hand, many of the researchers have reported the use of hydroxyap-
atite for the preparation of chitosan-based green composites as a consequence of its
availability, de-fluroridation capacity, and cost-effectiveness for the removal of F−
from aqueous solution [129]. Further, lots of work have been performed to modify
the nature of sorbents and make them viable for the applications for the removal of
other pollutants from wastewater [126, 130–134]. Sundaram et al. [134] developed
a bioinorganic composite of nano-hydroxyapatite and chitosan as sorbent for de-
flouridation purpose. From the results, it was found that the adsorption capacity of
the prepared sorbent was 1.560 mg g−1, whereas the same for nano-hydroxyapatite
was 1.296 mg g−1.

In another study, Kousalya et al. [130] reported the development of another
bioorganic composites of nano-hydroxyapatite using chitin and chitosan individ-
ually through a precipitation method for the removal of Cr6+ from aqueous solution.
The results showed that the adsorption capacities of both the composites toward
Cr6+ removal were found to be higher than that of nano-hydroxyapatite itself. The
adsorption capacities for chitin-based and chitosan-based composites were reported
to be 2.845 and 3.450 mg g−1, respectively, which distinctively more than that of
nano-hydroxyapatite, i.e., 2.720 mg g−1.

In an attempt, Samandari et al. [126] demonstrated the preparation of another
low-cost adsorbent composite based on chitosan and Fe-substituted hydroxyapatite
in the form of beads and used for removal of basic dyes such as methylene blue and
Pb2+ from wastewater. They showed that the prepared composite was temperature-
dependent and the adsorption capacity of the composite increased with increasing
temperature of the system. The adsorption capacities of the composite were reported
to be 999.4 mg g−1 and 999.9 mg g−1 for Pb2+ and methylene blue, respectively,
at 70 °C. In addition, Langmuir, Freundlich, and Temkin isotherm were used to
describe the adsorption kinetics. Among these isotherm models, Langmuir model
was reported to be most suitable method for describing the adsorption that strongly
followed pseudo-second order kinetics.

In another attempt, Salah et al. [133] reported a comparative study of adsorp-
tion behavior between hydroxyapatite nanorods and nano-hydroxyapatite chitosan
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composite toward removal of Cd2+ from aqueous solution. They showed that the
adsorption capacities of the nanorods and the composite were 92 and 122 mg g−1,
respectively. In addition, a similar experiment was later performed by Mohammad
et al. [131] for the removal of Pb2+ from aqueous solution. The respective adsorption
capacities of nano-hydroxyapatite and chitosan-based composite for the removal of
the latter metal ion were 180 and 190 mg g−1. It again proved that the chitosan
and nano-hydroxyapatite-based composite as an adsorbent was far superior than
nano-hydroxyapatite itself.

7 Removal of Dyes from Industrial Wastewater Using
CGCs

Thewater polluted by dyes causes a serious environmental as well as health problems
for living organisms. The consumption of colored substances in various industries
including chemicals, textiles, pulp and paper, metallurgy, leather, paint and coat-
ings industry, food, packaging, pharmacy, and plastics to mention a few is gradually
increasing to meet the aesthetic needs of the people. As such there is no adequate
information on methods to be effectively used for the removal of dye effluents from
wastewater. That is why, it is not a wise decision to depend on a single technique
[135]. Approximately, 700,000 tons of synthetic dyes are produced globally per
year, whereas in India, it is about to 80,000 tons and 5–10% of dyes are discharged
in wastewater [136]. Among all the industries, the textile industries are account-
able for producing about 54% of total waster water containing dyes throughout the
world. Therefore, water quality is greatly influenced due to the presence of even
very small amount of colored dyes and thus increases the number of environmental
issues. Dyes are not easily degraded into the environment using standard biological
treatments [137]. Due to their charge difference, the dyes are categorized into three
heads such as anionic dyes (reactive, direct, and acid dyes), cationic dyes (basic
dyes), and non-ionic dyes (dispersed dyes). Thus, the removal of dyes from wastew-
ater is the foremost step to reduce water pollution and also to bring back the original
quality of natural water. Dye removal can be processed by several physical methods
encompassing adsorption, ion exchange, filtration, coagulation, and also by chem-
ical methods such as Fenton’s reagent, ozonization, photocatalysis, and biological
methods including aerobic and anaerobic degradation. But due to some sort of limi-
tations such as time consumption, biological methods cannot degrade problematic
dyes, and thus, adsorbents used for such purposes cannot be reused during processing
[138].On the other hand, the coagulationmethod is also responsible for causingwater
pollution due to growth of colloids in wastewater. Furthermore, if reactive reagents
such as chlorine required during chemical oxidation remain in excessive amount in
water after treating, then it will also render water to be harmful for living organisms.
Nevertheless, Fenton’s reagent, ozonization, and photocatalysis methods are also not
applicable due to high-cost operation [139].



21 Green Approaches to Prepare Polymeric Composites … 559

Fig. 9 An electrostatic interaction between chitosan and anionic dye during the adsorption (Source
Author)

Therefore, there is a dire need to develop inexpensive and effective polymer-based
green composites for treating industrial wastewater, which would consume small
amount of chemicals and relatively less energy. Owing to their cost-effectiveness,
easy availability, and eco-friendly nature, biopolymers such as chitin-/chitosan-based
green composites are being developed to effectively treat industrial wastewater
containing various dyes using adsorption method. In addition, there is an ample
scope of chemical modifications of chitin/chitosan due to the presence of functional
groups such as amino groups as well as hydroxyl groups [140]. Therefore, chitosan
has received a great deal of attention of researchers owing to its outstanding features,
particularly its chelating ability, which can be accentuated to develop CGCs as adsor-
bents for the removal of toxic dyes. Among various dyes, the anionic dyes are mostly
studied because they contain negative charges and get adsorbed into chitosan carrying
positive charge through electrostatic interaction. This phenomenon is portrayed in
Fig. 9. However, the adsorption efficiency of CGC is greatly influenced not only by
the physicochemical characteristics of chitosan such as crystallinity and degree of
deacetylation of chitosan but also the pH of dye solution. In addition, some other
limitations such as low mechanical strength and solubility are also associated with
chitosan. The adsorption capacity, mechanical strength, and acid stability of chitosan
can be improved by modifying it through chemical and physical methods. Modifi-
cation of chitosan using physical method results in the formation of porous network
structure with an added advantage of reusability of the adsorbent to be prepared but
sometimes, it lowers the adsorption capacity of the said adsorbent due to shielding of
active binding sites, which decelerate dye adsorption process. Therefore, chemical
modification of chitosan is favoured in order to achieve high dye removal efficiency
through its hydroxyl as well as amino functional groups. It is noteworthy to mention
that the utilization of CGC-based adsorbents for the removal of cationic dyes has
been studied in a very limited way because chitosan possess low affinity toward
cationic dyes. It is attributed to the protonation of both chitosan and cationic dyes
under acidic conditions, and thus, the electrostatic repulsion between them restricts
the adsorption process. To overcome this issue, various CGC have been synthesized
with other natural biopolymers, nanoclay, activated carbon, graphene, metal oxide
nanoparticles, and its derivatives with better adsorption efficiency, stability in acids,
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and enhanced physicochemical properties for removal of toxic dyes from industrial
wastewater. With the incorporation of above-mentioned materials, both the mechan-
ical strength and the solubility of chitosan are greatly enhanced. Table 5 summarizes
dye removal efficiencies of various CGCs from industrial wastewater under optimum
conditions.

8 Conclusions and Future Directions

There is no doubt about it that due to rapid growth of industrialization and urbaniza-
tion, the necessity of water is tremendously increasing. As already we have known
that the entire world is depending on 1% of freshwater of the total water present in
the biosphere, so it is very crucial for each one of us to save water for the survival
of all living organisms else one day we must have to face a great problem of water
scarcity. On the other hand, huge amounts of wastewater generated from various
industries are neither properly treated nor always recycled for further operations,
rather directly or indirectly disposed into the environment, which in turn, leads to
environmental pollution. Although various polymer-based composites are already
employed to treat wastewater, due to the involvement of various unwanted chemical
processes as well as other chemicals used to fabricate traditional composites are not
environmentally friendly. Further, it is to be noted that some polymeric composites
neither get degraded nor decomposed naturally and pose a great threat to the envi-
ronment. In addition, the water bodies such as ponds, lakes, and rivers are greatly
polluted with the exposure of this untreated industrial wastewater, which in turn, not
only disturbing the whole ecosystems but also causing several diseases due to the
presence of toxic elements, compounds, etc., within it. Considering all these issues,
researchers are aggressively working toward fabricating green composites for the
effective treatment of industrial water because these are eco-friendly, efficient, reli-
able, and alternative to traditional composites for environmental sustainability. To
address the above-mentioned issues, in this book chapter, preparations of various
polymers-based green composites for the removal of various toxic metals and dyes
from industrial wastewater have been discussed. In addition, a special focus has
been made on green composites based on chitosan because of its biocompatibility,
biodegradability, non-toxicity, chelating ability, and flocculation activity to name a
few for the said purposes. Further, it has been shown thatmetal as well as dye removal
efficiencies of the chitosan-based composites through adsorption depends on the
chemical nature of materials and physicochemical experimental conditions such as
temperature, pH, initial metal ion concentration of the system. Moreover, it has also
been shown that chitosan-based green composites can be reused as adsorbents several
times through recycling even after getting exhausted for the said purposes. Hence,
due to this added advantage, chitosan-based green composites could be the most
promising alternatives to conventional synthetic adsorbents in terms of removing
heavy metal ions and dyes from wastewater.
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In viewof the future of chitosan-basedgreen composites, there are lots of prospects
in terms of environmentally friendliness and sustainability. Further, several times
these composites can be used with the same efficiency as earlier, which in turn, will
not only reduce the manufacturing cost of the composite but also offer us a newer
and greener environment. On contrary, the conventional treatment methods used for
wastewater require high input cost and are also not reliable. Yet we need to depend
to a certain extent on traditional polymeric composites for wastewater treatment
unless we are able to largely produce polymer-based green composites, especially
chitosan-based ones. It is worth mentioning that the most important challenges lying
in the synthesis of green composites are selection of suitable materials, adoption of
more accurate processing conditions and parameters, etc. To solve these problems,
various possibilities can be explored by not only chemically modifying chitosan and
but also subsequently using the chemically modified chitosan for the fabrication of
green composites for wastewater treatment. Further, a lot of research is required to
producemore efficient, cost-effective chitosan-based green composites to completely
substitute the conventional adsorbents. Apart from laboratory research on chitosan
and its derivatives for synthesis of green composites, pilot plant is needed to set
up in order to manufacture chitosan-based green composites in large scale for their
successful commercialization in terms of treating industrial wastewater. However,
a future research should mainly focus on scalability and commercial availability
of chitosan-based green composites to overcome the current limitations to save the
environment from water pollution, which is greatly caused by the direct and indirect
disposal of wastewater.
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Chapter 22
Molecular Imprinted Nanocomposites
for Green Chemistry

Monireh Bakhshpour, Sevgi Aslıyüce, Neslihan Idil, Bo Mattiasson,
and Adil Denizli

1 Nanocomposites

In the middle of an exciting research area, toward a technological future, a new
attempt was made by scientists who came together from different disciplines to
form ‘Nanotechnology’ (Greek; nanos = dwarf) [1] exploiting the nanotechnology.
Improved properties are obtained by making some changes in the basic structure of
material via reducing the dimensions of the material. Nano-sized materials could be
preparedby changing their biological andphysical properties aswell as their chemical
properties [2]. The basic principle relies on the atoms, which are the building blocks
of material. It offers advantages for developing special materials by arranging the
components. In this way, cost will decrease with the increase in quality. The purpose
of these materials in the field of technology is low cost, high performance to make
products and make great progress in the industry [3]. The other well-defined features
of nanocomposites aremechanical, electrical, barrier properties and thermal stability.

Nanocomposites are a class of composites. These reinforcing materials have
dimensions in nanometer size in the range of 1–1000 nm, composed of ultra-fine inor-
ganic particles. Nanocomposites have superior properties over conventional compos-
ites due to their nanometer size characteristics, maximizing interface adhesion [4].
Nanocomposites enable the interaction with the increasing surface area. In conven-
tional composite materials, volumetric interaction is less due to micro size particles.
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Nanomaterials have a very strong and high elastic modulus. They are also quite
resistant to degradation [5]. They could be twisted, straightened, they can curl into
small circles, so as a result of various stretches, they can stay unbroken. On the other
hand, due to the ion-exchange clay in the structure of nanocomposite materials, their
electrical conductivity will be high.When compared with the feature of conventional
polymers and barrier of nanocomposite materials containing polymer–clay refers to
the transition of matter through the polymer, it is easier to pass the matter through
conventional polymers. However, this process has been found to face obstacles in
nanocomposite material because of silicate layers. Above the glass transition temper-
ature, the polymer chain bends, and its geometry is distorted. But in nanocomposite
materials, glass transition temperature is higher than for pure polymers. For this
reason, nanocomposites are more stable even at higher temperatures [6].

2 Green Chemistry

Green chemistry known as sustainable chemistry is referred to as the generation of
chemical products and processes aiming for the reduction of environmental impact of
the chemical processes. This approach relies on the application ofmaterialswhich are
non-toxic to living organisms and the environment. The principles of this technology
are based on the life cycle of a chemical product including its synthesis, processing
and ultimate disposal [7].

Using polymeric composites from renewable sources as a solution to the environ-
mental challenges especially originating from plastic wastes has advantages over
synthetic resources. From the point of this view, it offers some alternatives for
maintaining the sustainable improvement of economically and ecologically desirable
strategies. Green composites have presently gained great attention because of devel-
opingmaterials from biodegradable polymers, preserving fossil-based rawmaterials,
obtaining fully biodegradability and decreasing the amount of carbon dioxide emis-
sion into the atmosphere. On the other hand, the implementation of agricultural
resources including both waste and products performed to establish green resources
is another reason green composite have received magnifical research interests. It
is expected that applications of green composites enable the increase of speed of
production and recycling with the increase of environmental compatibility [4].

Biodegradation refers to the degradation of the polymer in its natural envi-
ronment, including alterations in the chemical, mechanical and structural proper-
ties, and conversion to other environmentally beneficial compounds. Natural-based
polymers such as starch, lignin, cellulose acetate, poly-lactic acid (PLA), polyhy-
droxylakanoates (PHA), polyhydroxylbutyrate (PHB) and some synthetic sources
(aliphatic and aromatic polyesters, polyvinyl alcohol, modified polyolefins) can be
grouped as soluble biopolymers. Synthetic polymers cannot be renewed and do not
fully comply with the concept of renewability and degradability. This is per se a
challenge that today attracts a lot of interest. Degradation of petro-based polymers is
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important research. Both bio-based and petro-based polymeric structures play crucial
roles in the construction of green composites [4].

3 Molecular Imprinting in Green Chemistry

Sorbents prepared bymolecular imprinting can be reused inmany applications which
have effective properties in green chemistry so as tominimize keeping the solidwaste
generation. This is important for environmental protection because MIPs are highly
stable against harsh conditions such as organic and inorganic solvents, high pressures
and ambient temperatures. In the view of the process for producing MIP sorbents,
sample preparation must comply with green chemistry principles. These principles
can be explained by following directions[8]:

1. Analytical data have to be obtained on site.
2. Reagents need to be reduced during synthesis.
3. Miniature methods are superior over conventional techniques.
4. Waste needs to be minimized.
5. Multiple analyte analysis, which can also be translated into multi-templateMIPs,

is preferred over single analyte or single-template MIPs.
6. The usage of toxic chemicals should be prevented.

These principles can be combined with a molecular imprinting approach. Even
though many attempts have been made in the preparation of synthetic methodology
in recent years, molecular imprinting includes a high amount of solvents and various
preparation steps [8].

Alternative solvents have been preferred in the preparation of MIPs. Besides that,
cost-effectiveness and rapid synthesis ofMIPs are the other important features. MIPs
can be produced by creating a specific interaction between the template molecule
and the functional monomers in the presence of a crosslinking agent and solvent.
The resultant recognition regions are formed by removal of the template molecules
whereby the recognition region is complementary to this template in size, shape
and chemical functionality. The schematic presentation of molecular imprinting is
shown in Fig. 1. Therefore, the specific binding sites were formed for the selec-
tive recognition of target molecules from any sample matrix. The interactions can
be obtained by different mechanisms such as weak non-covalent hydrogen bonding
interactions, ion-pairing, hydrophobic or dipolar interactions.Non-covalent, covalent
and semi-covalent interactions can take place. Bulk, epitope, microcontact, precipita-
tion, surface, suspension, gelation are the imprinting techniques frequently preferred
for the development of MIPs. The synthesized material can be observed in different
sizes changing from nano- to micron-size and prepared in various forms such as
membranes, fibers, core–shell particles [9].

In recent years, MIPs have received great interest in many fields such as solid
phase extraction, chromatographic separations, sensors. MIPs are well-established
rigid materials having several superior properties over natural affinity molecules.
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Fig. 1 Schematic presentation of the molecular imprinting of diazepam (a drug used to treat
anxiety). Specific binding sites are generated using methacrylic acid as a functional monomer.
After polymerization (step 1) and removal of the template (step 2), binding sites containing carboxyl
groups are left in the polymer matrix [8].

The other property that has to be highlighted in terms of green chemistry is their
reusability [10].

The MIP optimization process has a crucial role to obtain effective polymeric
structures. Solvents are one of the most important components of the polymeriza-
tion process. Water is an indispensable alternative, but using it leads to create robust
interactions with the template and/or the monomers. It affects the stabilization of
the complex and is involved in the production of the recognition regions. Applica-
tion of green solvents can meet some requirements and many of the handicaps of
conventional MIP designing platforms.

Bulk imprinting is based on the addition of template microorganism as a whole
to the pre-polymerization mixture. After the polymerization step, the removal of
template molecules from the polymeric structure is required. Therefore, recognition
cavities with the shape and size complementary were formed in the polymer matrix.
But conventional bulk imprinting approach is more preferable for the applications
of small molecules [9, 11].

Surface imprinting is today a viable strategy providing the formation of thin
polymeric films having template imprinted regions. Large biomolecules and even
microorganisms could be readily imprinted with the advantage of efficient binding
and removal steps. In this approach, the template fingerprint is produced by the
stamping method on the transducer, whereby a more stable sensing affinity surface
was generated. It is noteworthy to highlight that surface imprinting ensures an
applicable route to detect microorganisms and macromolecules efficiently [9, 12].

Microcontact imprinting has been presented as an alternative strategy to form
well-defined polymeric MIPs for relatively large molecules. A polymer layer was
synthesized between the surface of the sensor and a template stamp and in a polymer-
ization process. Microcontact imprinting has gained great interest since the printing
structure is neverwholly entrapped in thematrix alongwith both enabling the removal
of the template and rebinding the target molecule [9, 12].
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Epitope imprinting relies on the imprinting of a particular component of the
molecule. The most significant feature has to be indicated to facilitate the forma-
tion of specific interactions using specific parts of the microorganisms. Therefore,
definitely decreased non-specific binding resulted in obtaining improved affinity [12].

In green chemistry, it was indicated that the MIP applications are based on the
use of less toxic molecules. Deep eutectic solvents can be used due to environ-
mental friendly properties. It is noteworthy to mention that such eutectic solvents are
shown to have superior features over them from commonly preferred ionic liquids.
Their biodegradability, non-toxicity and low-cost characteristics provide several
advantages in line with green technology [8].

Ionic liquids have been explored as both environmentally friendly reagents
standing in front of porogenic solvents in molecular imprinting. The solvent remains
trapped in the MIP, especially in bulk type. It is evaporated during drying and there-
fore causing atmospheric fouling. [8]. Since then, the potential of some ionic liquids
as greener replacements to organic solvents has been applied [13].

4 Green Nanocomposite Materials

4.1 Cellulose-Based Nanocomposite

Cellulose nanofibers are emerging attractive biomaterials with high biocompati-
bility, surface/volume ratio, tensile strength, low-density, low-cost, non-abrasive,
non-toxic, combustible and biodegradable properties. Cellulose is found as a most
abundant biopolymer in nature. The cellulose nanofibers can improve the barrier and
mechanical properties of the nanocomposite materials. Cellulose nanofibers can be
mostly obtained simply via non-plant resources (bacteria), plant resources (wood,
cotton, etc.), or polymerization procedures for many wide applications.

Bacterial cellulose is synthesized by certain species of bacteria via Acetobacter
xylinum under special culturing conditions [14]. These bacterial cellulose nanofibers
due to their structural and morphological properties with good mechanical strength
and biodegradability have shown unique potential as native form or with various
modifications using polymers, micro/nanoparticles and small molecules for several
application areas. The thickness of bacterial celluloses is around 5–500 nm in diam-
eter, and they are two forms of nanofibers, nano-whiskers and microfibril [15]. Here,
the applicability and efficiency of the bacterial cellulose nanofibers and their compos-
ites focusing on the desired characteristics of bacterial cellulose are discussed in the
fields of biomedical. The unique properties of nanofiber composite qualify it to be
used for biomedical applications. The biocompatibility character of nanofiber makes
it suitable to function appropriately to procreate the desired clinical outcome in the
human body [16], without causing adverse effects. The nanocomposite cellulose
is a versatile choice for biomedical applications. The use of versatile and adaptive
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nanocomposite cellulose-based polymers has recently been increased for recogni-
tion materials in the clinical area. The Web-like structure and high surface area
of nanofibers have drawn attention to use as alternative nanocomposite materials
withmolecular imprinting technology. These unique propertiesmade nanocomposite
nanofibers as green alternative materials for using depletion, purification, separation
of proteins and in drug delivery systems [16, 17].

Here, we discuss various kinds of polymeric nanocomposite nanofibers in studies
for protein recognition. In a study, a novel fabrication technique with nanocomposite
nanofibers was used for recognition of hemoglobin imprinted into the polymeric
part of the nanofiber. The polymeric nanocomposite was synthesized by surface
imprintingmethod using amino acid-basedN-methacryloyl-(l)-histidinemethylester
(MAH) functional monomers. The nanocomposite imprinted nanofibers were used
for selective binding of hemoglobin in aqueous solution samples and hemolysate.

The characterization studies of these nanofibers were obtained by Fourier trans-
form infrared spectrophotometer (FT-IR), scanning electron microscopy (SEM),
micro-computed tomography (μCT) and atomic force microscopy (AFM) that is
shown in Fig. 2. According to the results, these promising nanofibers can be used
for purification of hemoglobin with significant selectivity, high adsorption capacity
and reusability [18].

In the other study, a thin imprinted nanocomposite polymeric nanofiber for the
removal of human serum albumin was obtained. The composite nanofiber materials
were prepared using albumin as a templatemolecule and amino acid-based functional
monomer for the selective depletion of albumin. The polymerization had occurred
under constant stirring. As a magnification role of molecular imprinting, the selec-
tivity of the nanofibers was carried out by studying potential binding of myoglobin
and transferrin. Overall, the relative selectivity coefficients were reported 3.02 and
4.73 for albumin/myoglobin and albumin/transferrin, respectively. The photograph
of two-dimensional Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis
(SDS-PAGE) of the depletion of albumin is shown in Fig. 3 [19].

In other studies, nanofibers were used to prepare lysozyme (Lyz) imprinted
composite nanofibers. The surface imprinting strategy was used onto the surface
of fibers matrix in the presence of Lyz as the template molecule. The obtained results
showed that these imprinted composite nanofibers hold excellent potential for recog-
nition of proteins such as Lyz with a significant selectivity [20]. Nanofibers as green
materials also can be used as drug carriers [21]. For this aim, composite cellulose
nanofibers were prepared to control antibiotic release. Molecular imprinting strate-
gies were utilized for obtaining gentamicin imprinted cellulose nanofibers via in-situ
graft polymerization in which methacrylic acid and N, N ′-methylene bisacrylamide
as a monomer and crosslinker were used, respectively. In this study, the delivery of
gentamicin from nanofibers was investigated. The Korsmeyer–Peppas model was
obtained as kinetic models.

Recently, Lin et al. prepared photo-responsive cellulose for the adsorption of
pesticide residue. They used imprinting technology through surface-initiated atom
transfer radical polymerization for preparation of selective recognition cavities onto
the cellulose. The photoisomerization property of nanocomposite cellulose showed
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Fig. 2 Schematic preparation of hemoglobin imprinted bacterial cellulose. a–c SEM photographs
of bacterial cellulose nanofibers (BCNFs), hemoglobin imprinted bacterial cellulose nanofibers
(MIP1 BCNFs) and MIP2 BCNFs, and d, e three-dimensional μCT and AFM images of BCNFs,
respectively [18].
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Fig. 3 2-D gel electrophoresis and SDS-PAGE analysis results of artificial human plasma before
and after treatment with molecular imprinted bacterial cellulose nanofibers (MIP-cBCNFs) [19].

the excellent regeneration of pesticide residues. The schematic preparation of these
photo-responsive materials is shown in Fig. 4 [22].

5 Polymeric-Based Nanocomposite

Besides some of the natural sources such as cellulose acetate, PHB and PHA, some
synthetic sources can be used for the preparation of degradable polymeric green
nanocompositematerials. Polyvinyl alcohol (PVA), aromatic polyesters and aliphatic
polyesters are the important synthetic sources that have recently been used for this
purpose. Although these polymers are not renewable and degradable like natural
polymers, they can be applied to obtain green nanocompositematerials. Accordingly,
these synthetic polymers are generally less preferred to use in biodegradablematerials
[23, 24]. In this chapter, some of these natural and synthetic polymers used in green
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Fig. 4 Schematic preparation of these photo-responsive cellulose [22]

nanocomposites material are given as particular examples from the literature. MIP-
based nanocomposites have beenwidely used to prepare robust, stable, biocompatible
and cheap materials for the minimization of organic pollution in the environment and
wastewater.

In a study, Bhatia and Kurian used Sorona polymers made from corn-derived 1,3-
propanediol to indicate the effects of these nanocomposite polymers on cell survival
using in vitro cell cultures. They showed the non-inflammatory and non-cytotoxic
properties against cell lines in this study [25]. To this end, 3T3 fibroblast cells
and J774 macrophage were used in the cytotoxicity and inflammatory experiments,
respectively. The Sorona polymers have drawn attention as promising biomaterials
used in plastics, fibers and films. Giavaresi and co-workers prepared soy-derived
polymers to use them as bone fillers. They compared the characteristics of these
green materials with a commercial p(d, l lactide–glycolide)-based bone graft. As a
consequence, they indicated that there was no considerable difference in both ones.
These results highlighted that the soy-derived polymers could be recommended as
significant green materials [26].

Among the other polymeric materials, hydrogels obtained via freeze-thawing
technology have attracted much attention as biomedical materials for, e.g., drug
delivery, scaffolds and wound dressing materials. The advantage of this technology
can be explained that the initiator and crosslinking are not needed during synthesis.
The non-toxicity and biocompatibility features of hydrogels can be provided via the
combination with chitosan, carbon nanotubes, etc. [27].

The history of the preparation of hydrogels began in the 1950s by Wichterle and
Lim. They prepared the first hydrogels using hydroxyethyl methacrylate (HEMA) as
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amonomer and ethylene dimethacrylate (EDMA) as a crosslinker for the construction
of contact lenses-based materials [28].

Wang et al. obtained iron oxide (Fe3O4)magnetic nanoparticles covered by estrone
imprinted polymer. They controlled the size of nanoparticles during polymeriza-
tion via semi-covalent imprinting technique. Firstly, they synthesized the estrone
and silica monomer pre-complex (EstSi) via the reaction 3-(triethoxysilyl)propyl
isocyanate with estrone. The aim of this process was to establish an interaction
between the estrone and silica covering on the Fe3O4 core via a thermally reversible
bond. Therefore, the prepared magnetic nanoparticles have been obtained to use in
the biochemical area for separation of estrone [29].

In another study, one-pot green synthesis was designed by MIP strategy for the
extraction and cleaning-up of hydrochlorothiazide in the urine samples. The sol–gel
process was utilized, and Fe3O4 was used for obtaining magnetic property. On the
other hand, aminopropyl trimethoxysilane (APTES), tetraethyl orthosilicate (TEOS)
and hydrochlorothiazide were used in the imprinting process as functional monomer,
crosslinker and template, respectively. During this process, a surfactant was partic-
ularly used to graft the silica imprinted nanoparticles. The nanoparticles were char-
acterized by FT-IR, TEM, SEM and vibrating sample magnetometry (VSM). The
prepared nanoparticles responded in the concentration range of 2.5–1000 μg/L
template molecule. Also, the selectivity of prepared nanoparticles was successfully
verified in a urine sample [30].

The titanium dioxide (TiO2) nanoparticles have been used in the environmental
area for the purpose of remediation of toxic materials. Therefore, the concentrations
of organic pollutants have been minimized in wastewater by these photocatalyst
nanoparticles. In a study, Ag2S-based MIP-TiO2 nanocomposite was developed via
a sol–gel deposition technique. The prepared nanocomposite materials showed a
great catalytic performance in comparing the anatase TiO2. Degradation efficiency
was reported as 92.22% for ethyl p-hydroxybenzoate. Also, the selectivity factor
value was found to be 3.571 in comparison with phenol [31].

Bagheri et al. used the green strategy for the preparation of dual-template chitosan-
based magnetic water-compatible biopolymer by molecular imprinting technique.
Chitosan, as a multi-functional polymer, can be easily polymerized in mild condi-
tions. They used these materials as sorbents for the determination of losartan and
valsartan. In conclusion, they reported a green, bio- and water-compatible polymeric
matrix for the selective extraction [32].

Mushrooms have been used as biotechnological products for the preparation
of nanocomposites occasionally. Yildirim et al. prepared Pleurotus ostreatus-based
chitosan nanocomposite for the removal of Reactive Orange 16 dye. They reported
65.5 mg/g adsorption capacity[33] .

In another study, instead of oxidation reaction, green chemistry was used for
the preparation of iron nanoparticles. Lopez et al. developed nanoparticles from
eucalyptus extracts in the green chemistry process. They used nanoparticles with
molecular imprinting technology. These materials were prepared for the selective
and specific analyte recognition. The adsorption capacities of green nanoparticles
are higher than in chemical nanoparticles [34].
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Supercritical carbon dioxide (scCO2) which has been introduced as green solvent
has advantages such as non-toxicity, low-cost, inertness, non-flammability and recy-
clability. Ye et al. prepared non-covalent MIP-based nanoparticles by using divinyl-
benzene and methacrylic acid. Propranolol was used as a target molecule. The size
of nanoparticles was reported as 100 nm [35].

Xia et al. prepared 17-estradiol imprinted magnetic nanoparticles via
ultrasonication-assisted synthesis. They used methacrylic acid (MAA) and ethylene
glycol dimethacrylate (EGDMA) as monomer and crosslinker, respectively. They
reported the size of the MIP-magnetic nanoparticles as 300 nm [36]. They showed a
reasonable adsorption capacity compared to traditional approaches.

Gao et al. used a green synthesis of Mussel-inspired nanoparticles on carbon fiber
surfaces. The low surface activity of carbon fibers is an excellent advantage that is
used in many applications. They reported a novel bioinspired copolymerization of
dopamine and poly(amidoamine) on the fiber surface (Fig. 5). They reported a novel
promising strategy and green composite materials [37].

The recent advances in the field of both green synthesis and green applications
were summarized by emphasizing the molecular imprinting technology. Table 1
shows representative examples of green chemistry strategies using particle-based
molecularly imprinting.

Yan et al. prepared a three-dimensional magnetic polymer using carbon hybrid
nanocomposite as the carrier in the presence of chlorogenic acid (CGA) as an
imprinting template. Figure 6 shows the schematic preparation of the imprinted

Fig. 5 Schematic preparation of bioinspired copolymerization of dopamine and poly(amidoamine)
on the fiber surface [37].
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Fig. 6 Synthesis schematic diagram of 3D MMIPs [46].

magnetic polymer [46]. They characterized the three-dimensional MMIPs by SEM,
FT-IR spectroscopy, thermogravimetric (TGA) analysis and UV spectrometry in
detail. They showed that the imprinted layer was attached successfully on the
surface of a three-dimensional magnetic carbon hybrid nanocomposite. The adsorp-
tion performance of the materials was studied. They showed the high adsorption
capacity and fast adsorption toward CGA with a maximum adsorption capacity of
10.88 mg/g.

Huang et al. aimed to prepare molecularly imprinted nanoparticles for the detec-
tion of paracetamol during a green synthesis process [47]. They prepared novel
polymeric nanoparticles at mildworking condition, energy-saving and green (Fig. 7).
They synthesized amphiphilic fluorescent and photo cross-linkable copolymers with
carbazole groups. The obtained material can be coassembled with paracetamol as
a template molecule and photoinitiator in aqueous solution. These nanoparticles
were cross-linked by UV-irradiation to prepare hydrophilic and fluorescent MIP
nanoparticles. The researchers showed 1.0 μM detection limit of the template in the
concentration range of 4–1000 μM.

6 Carbon Nanotube-Based Nanocomposites

Nanotubes are made of carbon atoms, rounded or arranged in graphite-like layers.
They can be synthesized with light elements such as boron, nitrogen and their metal
complexes [48, 49]. Nanotubes can form crystalline fibers, which can be very long in
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Fig. 7 Synthetic procedure of FMIP nanoparticles and its binding with PCM [47].

length compared to their diameter. These fiber structures are small enough to settle
in the lung, and their toxic effects can pose many risks, such as cancer [50].

Carbon nanotubes (CNTs) are the most common research among all nanotubes.
In recent years, their environmentally friendly and biocompatible properties have
made them a priority. It was first reported to belong to the fullerene family [51].
There are two main types, single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). The electrical conductivity of CNTswith high
electron mobility has been used to develop electrochemical sensors from CNTs. Y
orbital electrons delocalized in hexagonal atomic arrays contribute to this electrical
conductivity. The arrangement of hexagonal atomic arrays in the shape of a honey-
comb determines the electronic capacity of CNTs [52]. The surface of the CNTs can
be functionalized by placing appropriate hydroxyl or carboxyl groups to the surface
[53, 54]. CNTs are also chemically stable and suitable for enabling the combination
with different materials and for the production of composite structures. However,
defects can occur on the walls, and the small attachment angle of the holes makes the
carbon atoms in the structure more prone to oxidation. Also, it is their disadvantage
that they are not suspended in water and form aggregates. Thanks to their features,
CNTs have been applied to solid phase extraction (SPE), adsorption, drug delivery,
sensing and hydrogen storage devices [55–58] .

Molecular imprinting technique is used to modify the surface of CNTs with large
surface area. Functional monomers and crosslinkers to be used according to the
selected template molecule are effective to achieve high performance MIPs. As a
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functional monomer, aminopropyltriethoxysilane (APTES), phenyltrimethoxysilane
(PTMOS), phenyltriethylorthosilicate (PTEOS), MAA, (MTMOS) are among the
favorite ones. Tetraethylorthosilicate (TEOS) and EGDMA are also widely used
as crosslinkers. Initiators are selected according to the polymerization method of
molecularly imprinted CNTs to be synthesized [52]. Recent researches show that
polymer composite-basedCNTs promise higher performance thanCNTs or polymer-
based electrodes alone [59, 60]. The composite structures created with molecularly
imprinted CNTs are mentioned with many materials.

One of the newestmaterialsmadewithmolecularly imprinted compositemagnetic
CNTs has been studied by Whang et al. In the study, lead ions were imprinted on
thermo-sensitive surfaces of MWCNTs. Their thermo-sensitive feature was gained
with N-isopropylacrylamide, and the optimization experiments were carried out by
adsorption–desorption temperature change [61].

Sajini et al. prepared photo-sensitive composite polymers with MWCNTs
on platinum electrodes. The polymeric structure was prepared for the enan-
tiomeric analysis of l-phenylalanine benzyl ester. The researchers used 4-[(4-
methacryloyloxy)phenylazo]benzoic acid by functionalizing the surface of the CNTs
with vinyl. The desorption of the bound target molecule was carried out under UV
light at 365 nm for 2 h. Cyclic voltammetry was applied for the electrochemical anal-
ysis of the binding potential of the l-phenylalanine benzyl ester against the D-form
[62].

Anirudhan et al. modified the surface of MWCNTs with vinyl groups, using nitric
acid oxidation and allylamine reaction for this process. Modified MWCNTs were
synthesized for the imprinting of chlorpyrifos, and a composite polymeric matrix
was prepared using methacrylic acid. Characterization studies were performed by
FTIR, X-ray diffraction (XRD) and SEM analysis. Maximum adsorption capacity
was found to be 38.14 mg/g at pH 7.0 buffer. When compared with the literature,
resultant adsorption capacity valuewas higher than formanyof thematerials prepared
for chlorpyrifos adsorption. This encouraging result can be attributed to the excess
of the surface area of the material [63].

Qin et al. used epitope imprinting technology on the surface of magnetic CNTs to
recognize cytochrome C [64]. They used peptide sequences, EGDMA and zinc acry-
late to prepare MIPs. Metal chelation was applied to immobilize the epitope (Fig. 8).
They showed specific recognition ability for cytochrome C with 11.7 imprinting
factor and 780.0 mg/g maximum adsorption capacity. Also, they used the magnetic
property of the material to be highly efficient and processed easily by the assistance
of an external magnetic field. They showed a protocol to the detection of template
protein in a complex sample via surface imprinting strategy and epitope imprinting
approach.

Apart from covering the CNTswith different polymers when preparing composite
materials, they can be also prepared by combining CNTs in other nanomaterials. The
representative examples of these different complex polymers and target molecules
are summarized in Table 2.
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Fig. 8 Synthesis protocol of MCNTs@EMIP via surface imprinting and epitope imprinting [64].

7 Quantum Dots-Based Nanocomposite

Quantum dots (QDs) are nanometer-sized semiconductor crystals consisting of
elements within the groups II to VI or III to V of the periodic table, which are
called ‘artificial atoms’ because of their unique sizes [75]. On the absorption of
light, nanocrystals produce excitons and electron hole recombination which leads to
luminescence. QDs are often described as spheres, but they have a lattice structure
similar to crystalline materials and bulk semiconductor materials. According to their
sizes, they have thousands of atoms that can be found in each nanocrystal structure.
They are suitable materials for molecular imprinting with a high surface area/volume
ratio. Most of the QDs are synthesized as core/shell structures, which are made up of
various metal complexes such as semiconductors, noble metals and magnetic transi-
tion metals. QDs have been widely used in bioimaging [76], drug delivery [77] and
solar technology [78]. With their ability to measure even in small amount, they have
been used as sensing materials to analyze the presence of many harmful and toxic
components with molecularly imprinted QDs.

Although the preparation process of traditional QDs does not include green
synthesis, QDs have an important role in many applications covering green strate-
gies. Environmental pollutants such as pesticides, other endocrine disruptors and
antibiotic residues could easily reach people through the water, soil and food chain,
causing many health problems. Even the presence of traces in water and food, these
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pollutants posing a great danger are very important to detect at their low concentra-
tions. Therefore, HPLC [79], Raman spectroscopy [80], electrochemical sensors [81,
82], and gas chromatography-mass spectrometry [83] have been used in a number of
complex and expensive techniques for the detection of trace amounts of pollutants.
In recent years, fluorescence detection ability, unique electronic-optic properties and
surface modification strategies of QDs have been applied in various studies as poten-
tial alternative analytical sensors to these traditional methods. When the performed
studies in the literature are taken into consideration, green applications of molec-
ularly imprinted QDs-based composites were produced. They are shown in Table
3.

7.1 Carbon Quantum Dots-Based Nanocomposite

Researchers have sought different sources of biocompatibility, considering the toxic
properties of conventionalQDs, environmental and cellular damage.Carbonquantum
dots (CQDs) are produced as alternatives to semi-conductiveQDs,which are partially
toxic by the use of heavy metals in the synthesis phase. One of the new products of
carbon nanomaterials, CQDs have been introduced as effective nanomaterials and
they were obtained was discovered during the purification of SWCNTs by elec-
trophoresis technique [104]. In recent years, CQDs have gained a lot of attention in
terms of environmental friendliness and biocompatibility, and they are very prefer-
able due to their stability, non-toxicity, simple synthesis and use of natural resources
[105]. The synthesis of CQDs was performed using microwave and hydrothermal
methods, and in addition, these techniques have gained importance in terms of green
synthesis.

An interesting approach is that Ensaifi et al. used QDs for determining Promet-
hazine hydrochloride (PrHy) by using orange juice as the carbon source. Imprinting
process was carried out on the surface of the materials by sol–gel polymerization
method. CQDs were prepared as approximately 5 nm but can be increased to about
60 nm in both MIP and NIP-CQDs. The optimization studies were performed in an
aqueous solution. The applicability of these materials has been clarified in blood
plasma, and the optical determination of PrHy was successfully done from plasma
[106].

Hou et al. prepared selective and environmentally friendly CQDs for the detec-
tion of the tetracycline frommilk, which is a broad-spectrum antibiotic and generally
used in the treatment of livestock. Microwave is used for the synthesis of tetracycline
printed composite materials. With this method, it was possible to simplify the exper-
imental procedure and to save energy by producing quickly. Molecular imprinting
was carried out on the surface of silica-coated CQDs, which were synthesized using
citric acid. The limit of detection of the synthesized nanocomposites is specified
as 5.48 nM, which is below the maximum value that is allowed to be found in the
milk reported by many authorities [107]. In another study, tetracycline was used as
a template by Yang and coworker synthesized N-doping CQDs. N-doping has been
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used to increase the fluorescent intensity of CQDs. The lower limit of tetracycline
determination analyzed from fish by synchronous fluorescence spectroscopy was
found as 9 μmol/L [108].

7.2 Graphene Quantum Dots-Based Nanocomposite

One of the interesting features of GQDs is that they have a low toxicity, easily func-
tional carbon material and highly soluble in various solvents [109]. Although GQDs
are points of carbon atoms like CQDs, there are differences in structure, synthesis
methods, properties and applications. GQDs have a graphene lattice structure, while
CQDs have a crystal or amorphous structure. GQDs consist of one or more layers of
graphene and are below 20 nm, while CQDs are usually carbon nanoparticles below
10 nm [110]. GQDs have carboxylic acid regions on the edges, as in graphene,
therefore they are water-soluble and can demonstrate an easy functionalization with
organic–inorganic derivatives.

Zor et al. prepared a molecularly imprinted GQD-based composite photolumi-
nescence sensor to analyze pesticides from seawater. In the first and second stages,
GQDs were prepared using citric acid, and then, tributyltin was used as a template
with pyrrole synthesis on their surface. At the last stage, GQD surface carboxylic
groups are activated and encapsulated into magnetic silica particles [111].

Üzek et al. attached GQDs to the surface of bisphenol A imprinted polyvinyl
alcohol-based nanoparticles by N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide
hydrochloride/N-hydroxysuccinimide conjugation method, which synthesized by
hydrothermal pyrolysis from glutamic acid and aspartic acid. Experiments were
carried out both with composite nanoparticles directly from the aqueous solution and
with composite nanoparticles absorbed nitrocellulose papers. They used seawater as
a real example and reported that the limit of detection is 4.2 ± 0.5 μg L−1 [112].

8 Conclusion

Nanocompositematerials aremulti-phase solidmaterials that are used for embedding
onto the polymeric matrix with reinforcing phases into other materials. The market
production of thesematerials is increasing to support their global demands. Recently,
the research has focused on the preparation of nature-friendly green nanocompos-
ites polymeric materials. Therefore, these materials can be replaced instead of non-
degradable polymers such as polyamides and polyolefins. The green nanocomposite
materials are renewable and biodegradable. The significant attractions about these
materials are that they are completely degradable in nature, biocompatible, environ-
ment friendly and useful in every way. Toward the end of their application, green
nanocomposite materials can be readily degraded without any damage to Nature. In
other words, the chemical structure of these biodegradable materials can change into
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other beneficial compounds by loss of structural properties [24]. To obtain useful
green nanocomposite materials, green polymers should be preferred that are used as
matrices [23, 113].

MIPs can easily be produced via synthetic methodologies. Evolving environ-
mental awareness, by the way, significant regulations on chemical usage leads to
the emergence of greener platforms. Avoiding pollution and minimizing wastes have
been accomplished by the combination of molecularly imprinted green nanocom-
posites. In this concept, molecular imprinting has attracted tremendous interest in
the green applications including novel alternative solvents.
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Chapter 23
Review of Chemical Treatments
of Natural Fibers: A Novel Plastination
Approach

Reeghan Osmond, Kevin Golovin, and Abbas S. Milani

1 Introduction

Starting in the 1940s, following advancements in petrochemical technology, fiber-
reinforced polymer (FRP) composites became a staple material in many industries
because of their high strength and stiffness-to-weight ratios [1, 2]. In 2014, the US
FRP market increased to a value of $8.2 billion [3]. The weight saved by using FRPs
has improved fuel efficiency in aerospace, space, and automotive applications [1, 4].
They can also be found in buildings, sporting equipment, the marine industry, and
wind turbine construction [1, 2, 5, 6].

The combination of the two distinct phases present in FRPs—fibers and polymer
matrix—result in a combination of material properties that could not solely be
achieved by either phase alone [7]. The fibers bear the majority of the load while the
polymer matrix holds the fibers in place, distributes the load, and protects the fibers
from the environment [7, 8].Within the matrix, the fibers can come in different forms
including chopped strands, chopped strand mats, continuous fiber-reinforced mats,
and woven fabrics [8]. Depending on the fiber form that is used, a different fiber
volume fraction is required in order to optimize mechanical properties (typically
between 15 and 70%) [8]. Furthermore, as more fibers are oriented in the direction
of loading, the mechanical properties of the FRP increase [8].

There are two main types of fibers: synthetic and natural. Synthetic fibers are not
naturally occurring and include carbon, boron, aramid, and glass [7]. In particular,
carbon fibers are created from polyacrylonitrile (PAN) after undergoing a process
involving carbonization and graphitizationwhich requires temperatures ranging from
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1000 to 3000 °C [9]. These expensive, high-performance fibers are used extensively
in the aerospace industry andmake upmore than 50%of theBoeing 787Dreamliner’s
structure and 25% of the Airbus A380 [4, 10].

Although glass fibers have a lower tensile strength and modulus than carbon, they
still exhibit good mechanical properties and are less expensive to produce [11]. One
of the most common formulations of glass fiber is called E-glass which is made
from alumina–borosilicate and other minerals [11]. The fibers are drawn through a
platinum alloy bushing from the 1250 °C mineral melt, cooled, and then wound into
roving [11].

Synthetic fibers require harsh processing conditions and may come from non-
renewable resources. Conversely, natural fibers may be derived from plant stems,
leaves, and fruit [12]. These plants absorb CO2 and generate O2 when growing
[13]. The fibers are less abrasive and produce less toxic fumes during processing
[13]. Natural fibers have been used for centuries in a variety of applications. Most
commonly, flax (linen), jute, hemp, and cotton have been used to make clothing,
ropes, and bags [14-17], while bamboo and types of wood have been used to make
buildings [18, 19]. Only more recently, natural fiber-reinforced polymer (NFRP)
composites have gained popularity because of their sustainable nature [16].

NFRPs have a comparable stiffness to glass fiber-reinforced polymer (GFRP)
composites while maintaining a low cost [13]. Currently, they are being heavily
used in the automotive industry for interior components such as door panels, seat
backs, and engine covers [13, 20]. For example, in 2000, Audi released the A2
car whose door panels were made of flax, sisal, and polyurethane [20]. They have
also been used to make toys, sporting equipment, and in electronic devices [13].
However, using NFRPs does come with a few main disadvantages, namely natural
fibers do not bond well with the polymer matrix, have high moisture absorption,
are susceptible to microbial attack, and are flammable [13, 21-24]. A widely used
method for rectifying these problems is through chemical treatments. In this chapter,
an overview of common and more recent developments in natural fiber chemical
treatments will be discussed.

2 Background

Natural fibers are derived from different parts of plants. In Table 1, the properties
of some natural fibers that are commonly used in NFRPs are tabulated. Notably, the
fibers with higher mechanical properties come from the stems of different plants,
and are known as bast fibers [16].

The bast fibers from ramie, jute, hemp, and flax plants all exhibit similar or higher
Young’s moduli in comparison with E-glass fiber. These fibers also have higher
specific moduli because of their lower densities than E-glass fibers. In terms of
mechanical properties, these fibers would likely be the best candidates for replacing
E-glass fibers in high performance NFRPs.
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Some common polymers used to make NFRPs include polypropylene, high-
density polyethylene, polystyrene, epoxy, and polyester [25]. Since natural fibers
are lighter than E-glass, a higher fiber content is needed to achieve a similar perfor-
mance, and thus, less polymer matrix is needed to make NFRPs [26]. Most polymer
production generates more harmful emissions and uses more energy than growing
and processing natural fibers [26].

2.1 Structure and Chemical Composition

The inherent structure and chemical composition of natural fibers influence their
properties. Natural fibers consist of macrofibrils that have multiple cell walls
surrounding an open channel called the lumen [27, 28]. Each cell wall consists of
a hemicellulose-lignin matrix reinforced with semi-crystalline cellulose microfibrils
oriented at different angles [27]. There is one primary cell wall in each microfibril
and three secondary cell walls [28]. The middle secondary cell wall is the thickest
and most significant for determining mechanical properties [27]. Figure 1 shows an
illustration of a typical natural fiber structure.

The amount of each chemical present in the fiber is dependent on how the plant
was grown and from which part of the plant the fibers were taken [27]. Cellulose
is hydrophilic, highly crystalline (up to 80% crystallinity), and contains repeating
units of glucose [27-29]. Better mechanical properties can be achieved with higher
cellulose content, along with a lower microfibril angle, and a higher degree of poly-
merization [27]. In Fig. 2, the chemical structure of cellulose is shown.Hemicellulose

Fig. 1 Typical structure of a
natural fiber (reprinted from
[30], Copyright (2012), with
permission from Elsevier)
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Fig. 2 Typical chemical
structures of cellulose

is composed of highly branched polysaccharides that hydrogen bond to the cellu-
lose [28]. The hydrophobic lignin in the matrix acts as a stiffener and protective
layer that fills the gaps between the hemicellulose and cellulose [28]. Lignin is an
amorphous polymer consisting of aromatic phenyl-propane [28]. Pectin, waxes, and
water-soluble molecules are also present [28]. Pectin consists of polygalacturon acid
and gives the fibers their flexibility [27].

2.2 Interfacial Adhesion

Natural fibers are polar, hydrophilic materials, whereas the polymer matrix used in
NFRPs tends to be hydrophobic. Since the fiber and matrix are not very compatible,
the interfacial adhesion between them is weak. This can affect mechanical properties
such as toughness, tensile strength, and flexural strength because weak interfacial
adhesion leads to poor stress transfer [13, 24]. Weak interfacial adhesion leads to
NFRP failure between the fibers and the matrix [31]. The fiber can cleanly peel away
from thematrix.However,when interfacial adhesion is strong, thematrixwill fail first
leaving residual polymer on the fibers. A strong interface can also reduce moisture
absorption as there are less voids present for water to accumulate. The interfacial
adhesion between the fibers and matrix can be improved through different mech-
anisms including mechanical interlocking, chemical bonding, and inter-diffusion
bonding [13].

2.3 Moisture Absorption Properties

Hemicellulose is themain component in natural fibers that is responsible formoisture
absorption [24]. The hydroxyl groups in the amorphous phase of cellulose are also
readily available to uptake moisture, whereas only some of the hydroxyl groups are
available in its crystalline form [27]. The amount of moisture absorbed by the fibers
depends on the humidity of the surrounding air [27].

The polymer matrix used in NFRPs can also absorb moisture from the air and
when immersed in water [24]. The water can then be transported to the fibers through
either diffusion or capillarity, byflowing through imperfections like cracks [24]. Fiber
swelling damages the surrounding matrix and allows more water to reach the fibers.
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Fig. 3 Diagram depicting the effects of water on a NFRP fiber-matrix interface (reprinted from
[24], Copyright (2013), with permission from Elsevier)

Water-soluble substances in the fibers are then removed from the fibers and matrix
via capillaries along the fiber-matrix interface. This results in fiber-matrix debonding
as depicted in Fig. 3. As the fiber volume fraction in the NFRP increases, so does
the amount of moisture that it absorbs. After extended exposure to moisture, natural
fibers are susceptible to microbial attack [24].

2.4 Microbial Attack

Natural fibers can be degraded by microorganisms (bacteria and fungi) that mainly
produce cellulolytic (hydrolyzes cellulose) enzymes [32]. The enzymes work to
release glucose from the cellulose, so that it can be used by the microorganisms as an
energy source. Twodifferent enzymes (exoglucanase or (1→4)-β-d-glucan cellobio-
hydrolase, and endoglucanase or endo-(1 → 4)-β-d-glucan 4-glucanohydrolase)
attack either the crystalline or amorphous cellulose of fibers, breaking them down
into smaller molecules. Subsequently, another two enzymes (β-d-glucosidase or β-d-
glucoside glucohydrolase, and (1 → 4)-β-d-glucan 4-glucohydrolase) further break
down these molecules into glucose. However, the wax protecting the fibers must first
be removed before the hydrolytic breakdown of the cellulose can occur. This can be
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done by other types of enzymes. Hemicellulose and pectin are easier to breakdown
than cellulose, so the presence of these substances would allow faster degradations.

Fungi can start degrading natural fibers at lower levels of moisture than bacteria.
In particular, Penicillium and Aspergillus require much less moisture to grow than
other types of fungi. After they are established, they can accumulate more moisture,
which can promote the growth of other types of fungi. Bacteria usually require that
the natural fibers remain saturated with water before they can grow.

2.5 Flammability

During the thermal degradation of natural fibers, water is desorbed, leading to the
formation of dehydrocellulose and levoglucosanwhich decompose into char, gas, tar,
and flammable and non-flammable volatiles [33]. Cellulose decomposes between
260 and 350 °C, hemicellulose decomposes between 200 and 260 °C, and lignin
decomposes between 160 and 400 °C. Natural fibers with higher cellulose content
are more flammable because they form more combustible substances as they ther-
mally degrade. More cellulose crystallinity results in a higher flammability but also a
higher ignition temperature. Crystalline cellulose has a higher activation energy, but
it also produces more combustible substances. Furthermore, a high degree of poly-
merization, in addition to microfibular orientation, results in less flammable fibers.
NFRPs that have a better interfacial adhesion between the fibers and the matrix are
less flammable. Flame retardants can be added to the polymer, and the fibers can be
treated to reduce flammability.

3 Chemical Treatments

Most natural fiber chemical treatments have been used to improve the interfacial
adhesion and reduce the flammability of NFRPs. Plastination, however, attempts to
address the moisture absorption challenges associated with natural fibers. Outlined
in this section are a few commonly used chemical treatment processes along with
the new plastination technique.

3.1 Alkaline

The alkaline treatment process removes lignin and wax from the fibers and disrupts
the hydrogen bonding [34]. This leads to an increased surface roughness which
results in better mechanical interlocking and more exposed bonding sites between
the matrix and fibers. Typically, NaOH is used as the solution.
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Van de Weyenberg et al. [35] studied alkaline-treated flax fibers reinforced with
epoxy. They soaked loose slivers of flax in different concentrations of NaOH for
20 min. Then, the fibers were washed with water and acidified water. Afterward, the
fibers were dried in an oven for eight hours. They also treated continuous flax fiber by
following a similar process, using different NaOH concentrations and bathing times.
Their results showed that the alkaline treatment caused the fibers to swell, lowering
their mechanical properties. However, when theywere added to the epoxymatrix, the
longitudinal and transverse tensile strength of the composite significantly increased.
This was due to the improved interfacial adhesion between the fibers and the matrix.
They also noted that the importance of properly rinsing the fibers to ensure residual
NaOH is removed because it can cause excess swelling leading to porosity in the
composite.

Similar results were found when sugar palm reinforced epoxy [36] and kenaf-
reinforced epoxy [37] were studied. Longer treatments were used in these studies:
1–48hwith different concentrations ofNaOH.Themechanical properties of thefibers
improved, and it was noted that the hydrophilic nature of the fibers was reduced after
alkaline treatment.

A study [38] of alkaline-treated alfa-reinforced polyester found a ~60% improve-
ment in flexural strength and modulus after a 24 h treatment.

3.2 Acetylation

In acetylation, the hydroxyl groups in the natural fibers are reactedwith acetyl groups
to make the fibers hydrophobic [39]. The general process involves soaking in an
NaOH solution, washing, and then soaking in acetic anhydride with sulfuric acid
[40]. Others have reported slightly different processes which all involved an acetic
anhydride bath with another chemical added, such as a catalyst when wood is being
acetylated [39, 41, 42].

Albano et al. [40] and Rana et al. [41] studied the thermal effects of using an
acetylation treatment on sisal fibers. They found that treated fibers were much
more thermally stable than untreated fibers. Hung et al. [42] found that weathered
bamboo NFRPs had much higher flexural properties and mildew resistance when
they were treated using acetylation. As well, Bledzki et al. [39] found that flax fiber-
reinforced polypropylene had higher tensile and flexural strength. They also saw that
the acetylated fibers absorbed 50% less moisture than untreated fibers.

3.3 Maleated Coupling Agents

Maleated coupling agents were originally used to improve the interfacial adhesion in
glass fiber-reinforced polymer composites [43]. Now, they are also used to improve
the compatibility between natural fibers and hydrophobic matrices. Two common



23 Review of Chemical Treatments of Natural Fibers: A Novel … 607

maleated coupling agents are maleic anhydride-grafted polypropylene (MAPP) and
maleic anhydride-grafted polyethylene (MAPE). In both cases, the anhydride groups
of the coupling agent interact with the hydroxyl groups of the natural fibers.

Kaewkuk et al. [44] studied the effects of adding MAPP to sisal fiber-reinforced
polymer composites. They also used alkaline and heat treatment for comparison.
It was found that the composites containing MAPP resulted in the best mechanical
properties. They also had the lowestmoisture absorption. In this study, the polypropy-
lene and fibers were combined using a mixer and injection moulded. Appropriate
amounts of MAPP were simply added to the fiber-polypropylene mixture.

Other studies have been done where the fibers first underwent an alkaline treat-
ment and MAPP was used afterward when making the composite [45, 46]. These
studies showed an improvement in stiffness, strength, and impact properties in the
NFRPs. However, the NFRPs with MAPP were found to be less thermally stable
than polypropylene alone.

3.4 Plastination: A New Approach

Plastination is a new treatment process borrowed from anatomy in the preservation
of human tissues, which involves replacing water present in the natural fibers with a
polymer—typically silicone rubber [47]. In essence, plastination creates a composite
of its own, where the replacement polymer acts as the matrix. It has been shown
to improve the mechanical properties of bamboo [47]. Plastination also partially
hindered the moisture absorption of the bamboo [47].

As it exhibits a low thermal conductivity (0.1511–0.1678 Wm−1 K−1), plastina-
tion using silicone can help reduce the flammability of natural fibers [48]. At elevated
temperatures, silicone generates a silica residue which acts as an insulator and traps
volatiles within [49]. This reduces the amount of volatiles available, slowing the
burning process [49]. There have also been many studies where antibiotic and anti-
fungal molecules and particles have been added to silicone [50]. Thus, it could be
possible to use such additives within the silicone during plastination to protect the
natural fibers against microbial attack.

Although silicone is the most commonly used polymer in the plastination of
human remains, epoxy, polyester, polyurethane, and acrylic have also been used
[51]. These different polymers and others could also be used to plastinate natural
fibers depending on which properties are desired. For instance, to improve interfacial
bonding between the NFRP fibers and matrix, a compatible polymer could be used
during the plastination process (i.e,. matching the hydrophobicity of the plastination
polymer and the matrix).
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3.4.1 History

Originally, plastination was developed by Dr. von Hagens in 1977 to preserve human
remains for studying and teaching anatomy [51, 52]. Instead of specimens prepared
using solutions of carcinogenetic chemicals, plastinated samples are non-odorous,
dry, durable, and non-toxic [51-53]. Human hearts, intestines, lungs, brains, limbs,
and whole bodies are examples of remains which have been plastinated [51, 52]. Dr.
von Hagens went on to create the BodyWorlds exhibition, starting in 1997 [54]. The
first exhibition was in Mannheim, Germany, and has since been shown around the
world [54, 55]. They have been used to show the anatomical structures of different
body parts along with demonstrating things like the effect of smoking on the lungs
[54]. In more recent exhibits, the bodies have been displayed more dynamically
to emulate the living—making it easier for exhibit visitors to empathize with the
specimens [54].

Since its inception, plastination has also been used to preserve animal remains,
fungi, andmost recently natural fibers [47, 52, 56]. In 2020, Dhir et al. [47] published
a paperwhere they characterized plastinated bamboo. In the subsections that follow, a
brief review of different plastinationmethods will be discussed, starting with silicone
rubber plastination, the method previously used for natural fibers.

3.4.2 Silicone Rubber Plastination

There are two well-established methods for plastinating with silicone: the standard
S10 and room temperature techniques. The standard S10 plastination technique,
devised by Dr. von Hagens [52], involves four main steps: fixation, dehydration and
defatting, forced impregnation, and curing.

Fixation is performed to stop the initial decay of the specimen. Next, the water
and fats are removed from the specimen during the dehydration and defatting step.
As the fat and water cannot be replaced directly by a polymer, acetone or ethanol
are used as solvents. Stepwise ethanol dehydration is used when the specimen was
embalmed because it can remove long alcohol chains. This method causes a consid-
erable amount of shrinkage, and the ethanol needs to be replaced by a low boiling
point, high vapor pressure solvent like acetone or methylene chloride afterwards.
However, it is completed at room temperature making it ideal for samples used in
histological examinations (no ice crystals are formed). The ethanol also removes the
water and fat simultaneously. In contrast, the standard dehydration process utilizes
freeze substitution in acetone. This causes only minimal shrinkage but can generate
ice crystals within the specimen since it is conducted at −25 °C. This can harm the
cellular structure of the specimen, making it hard to examine up-close. To remove
the fats, another acetone bath is required at room temperature. Freeze substitution is
commonly used to preserve tissues and cells in applications other than plastination
[57]. Normally, a solvent plus a fixative are substituted for the ice [57].

During the forced impregnation step, the solvent in the specimen is replaced
with a silicone [52]. The specimen is placed in a vacuum chamber at −25 °C and
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the pressure is gradually lowered until the solvent is completely boiled away. The
process will be complete when 2–15 mm Hg is reached, depending on the solvent
used. Lower viscosity polymers are ideal for plastination because they have a faster
impregnation speed. On its own, vacuum impregnation has been used to impregnate
woods with polymers and chemicals like methyl methacrylate, styrene, and nano-
zinc oxide to reduce biological degradation [58-60]. Fruits and vegetables are also
commonly vacuum impregnated with sugars, salts, enzymes, and nutrients [61].

Finally, the specimen is removed from the polymer bath and placed into another
chamber for polymer curing [52]. The crosslinking curing agent is evaporated and
saturates the atmosphere within the chamber. As it comes into contact with the
specimen, the polymer on the outside is cured. To allow the curing agent to fully
penetrate the specimen, the sample is removed from the chamber and bagged for
multiple weeks. The entire standard S10 process can take up to 12weeks to complete.
Figure 4 shows a plastinated human heart.

A three-part silicone is used during the standard S10 plastination process, where
only two parts are added to the vacuum chamber for impregnation. The first part, the
base silicone (hydroxy-terminated polydimethylsiloxane), is called BIODUR S10,
and the second part, the catalyst/chain extender (mainly dibutyltindilaurate), is called
BIODURS3 (Fig. 5a, b) [52, 63, 64]. The S3 initiates curing through polymerization.
To ensure that the mixture does not become too viscous, forced impregnation needs
to be completed at freezing temperatures. This also allows the excess silicone to be
used for plastinating more specimens in the future. The third part, BIODUR S6, is
used to crosslink the silicone and contains tetraethoxysilane (Fig. 5c).

Later, the standard S10 plastination technique was altered to allow for room
temperature impregnation [65]. This method was initially developed by Daniel
Corcoran of Dow Corning Corporation in 1998, using similar chemicals to those
of the standard S10 plastination technique [63, 66]. Most of the steps in this process

Fig. 4 Human hearts plastinated using the standard S10 technique with colouring (reprinted from
[62], Copyright (2006), with permission from Elsevier)
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Fig. 5 Chemical structures of hydroxy-terminated polydimethylsiloxane (a), dibutyltindilaurate
(b), and tetraethoxysilane (c)

remained the same, except the three-part silicone was mixed in a different order
which changed the curing process. The same chemicals used in the standard S10
plastination technique can be used in the room temperature method [65]. In this
instance, the S10 and S6 (base silicone and crosslinker) are first mixed together and
used during forced impregnation. This mixture is more stable at room temperature
because it does not include the catalyst. Then, the S3 catalyst is sprayed onto the
specimen instead of using a gas curing chamber. The specimen is then wrapped in
plastic, so that the S3 can penetrate the specimen and cure the silicone. This process is
65% faster than the standard S10 method [63]. However, specimens produced using
the standard S10 method are more flexible and elastic. In general, mainly only the
outer surface of room temperature specimens become cured.

Dr. Henry developed another version of the room temperature technique involving
a four-part curing silicone [67]. This method follows the same general steps as
outlined above where the cross-linker (NCSVI) and base silicone (NCSX) are first
combined for impregnation. However, this is then followed by separate applications
of the chain extender (NCSV) and catalyst (NCSIII). The specimen is placed in a
closed chamber where the chain extender is vaporized similar to the standard S10
plastination technique. Finally, the catalyst is sprayed onto the specimen, and it is
wrapped in plastic.

Another room temperature method was developed in China which uses a different
silicone called the Su-Yi Chinese silicone [68]. The dehydration was conducted with
acetone at room temperature. This was done in a series of graded acetone solutions,
starting with 50% acetone and ending with 100%. The defatting and dehydration
were completed simultaneouslywithoutmuch shrinkage. The Su-Yi Chinese silicone
was used during forced impregnation which included two additional steps. Pre-and
post-impregnation steps involved submerging the dehydrated specimens in the Su-Yi
Chinese silicone without any vacuum applied to equilibrate. Vacuum pressure was
gradually applied to the specimen during forced impregnation. Finally, the specimen
was cured by spreading amixture of the old silicone plus hardener onto the specimen.
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Plastination has also been used to preserve fungi [56]. The methods used in this
study were similar to the standard S10 plastination technique and the original room
temperature method. However, instead of using the BIODUR chemicals, NCSX,
NCSVI, and NCSIII were used in place of S10, S6, and S3, respectively. NCSV, the
chain extender, was not used. Results from both methods were comparable, but the
room temperature method was faster and had a glossier finish when there was too
much NCSIII applied.

3.4.3 Plastination with Polymers Other Than Silicone Rubber

After silicone, the most commonly used polymers in plastination include epoxy and
polyester. When using these polymers, the same general four steps in the process
are followed [52]. However, the forced impregnation and curing steps differ from
the standard S10 technique, as these methods are used to create specimen slices for
examination under a microscope. Polyurethane and acrylic have been used to make
transparent specimens [51, 69]. Commercially available polymer mixtures have also
been used in plastination [69-71].

The standard epoxy technique is used for body, organ, and extremity slices, and
it is called the E-12 technique [52]. Before plastination begins, the slices are cut
to about 2.5 mm in thickness. After acetone dehydration, BIODUR E-12 (epoxy)
and BIODUR E-1 (hardener) are mixed together to be used in forced impregnation.
Rather than taking weeks to impregnate, the E-12 method only takes about one day.
The slices are then placed between two glass plates and cured at room temperature
or 50 °C. At 70 °C, human skin is damaged within one second of exposure, so high
curing temperatures should not be used [72].

The standard polyester technique, the P 35 technique, is used for brain slices
[52]. The slices are first cut to 4–6 mm thick and are then dehydrated in acetone.
The defatting step is skipped to ensure that the slices remain opaque. Next, forced
impregnationwith BIODURP 35 (polyester copolymer) andBIODURA9 (peroxide
hardener) is completed at room temperature and in a darkened chamber in only one
day. The vacuum pressure should not go lower than 10 mm Hg to ensure that the
styrene in the mixture is not extracted. The polymer cures using UVA light at room
temperature and a post-cure at 50 °C. During the curing process, the slices are kept
between two double-walled glass plates.

3.4.4 Plastinating Natural Fibers

In Dhir et al.’s [47] study, culms and fiber bundles of Inversa Bambusoide (a species
of bamboo) were plastinated using the original silicone room temperature technique.
However, the fixation and defatting steps were omitted because natural fibers do
not contain many lipids and do not decay as quickly as human remains. The density,
moisture content, tensile strength, and tensile stiffness of the plastinated bamboowere
measured and compared to that of virgin (non-plastinated) bamboo. The properties
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Fig. 6 Bamboo sprayed
with S3 and wrapped in
plastic [47]

of conditioned, plastinated, and virgin bamboo were also studied. Conditioning was
defined as submersion in tap water (20 ± 2 °C) for four days. Figure 6 shows a
sample of bamboo in the process of curing after forced impregnation.

After conditioning, the density of both the plastinated and virgin bamboo
increased, meaning that they both absorbed water. However, the plastinated bamboo
had a lesser increase in density. It was assumed that the high water vapor perme-
ability of silicone was the reason for the water uptake of the plastinated samples. The
moisture behaviour was also investigated, and it was found that plastinated bamboo
contained 13–14% less moisture than virgin bamboo, before and after conditioning.

In terms of mechanical properties, the plastinated bamboo had a 70.8% higher
tensile strength than virgin bamboo and a 22.9% increase in tensile stiffness. After
conditioning, both plastinated and virgin bamboo exhibited a large decrease in
mechanical properties due to the extra water absorption. However, conditioned,
plastinated bamboo still showed a 73.3% higher tensile strength than conditioned
virgin bamboo and a 55.3% higher tensile stiffness. These results were promising
because of the large improvements observed in the mechanical properties of plasti-
nated bamboo, both before and after conditioning. However, the plastinated samples
did absorb water during conditioning which led to degraded mechanical properties.
Even though the plastinated bamboo had somemoisture present before conditioning,
it was less than that of virgin bamboo. Thus, it appeared that plastinated bamboo has
a lower affinity for moisture.

4 Outlook and Conclusions

Research is still needed to evaluate the microbial degradation, flame retardancy, and
interfacial properties of plastinated bamboo along with other types of natural fibers.
Plastination can also be a lengthy process. The Dhir et al. plastination process [47]
took at least five days to complete. Since the room temperature plastination method
was used, there may also have also been residual, uncured silicone present within
the bamboo. Moreover, some ice crystals likely formed during acetone dehydration,
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damaging the bamboo’s structure. This could have affected themechanical properties
of the samples before and after conditioning.

Although some plastination techniques used to preserve human remains utilize
polymers that cure at 50 °C, higher temperatures should not be used to ensure that the
specimens are not damaged. However, considering that natural fibers are stable up
160 °C, it is possible to use a heat-curing polymer during plastination. Furthermore,
the forced impregnation step in natural fiber plastination could be done faster. As
natural fibers are not transparent, UVA curing does not seem feasible. However, there
is potential in using a polymer other than silicone to change the interfacial bonding
properties to match that of the matrix. Perhaps plastination with the same polymer
as the matrix could reduce the overall NFRP processing time.

NFRPs are a good replacement candidate for some synthetic FRPs because of their
good mechanical and environmental properties. However, to achieve these attractive
mechanical properties, generally chemical treatments are required. They are used
to combat microbes, reduce flammability, improve interfacial bonding, and reduce
moisture absorption. There are many different chemical treatments that try to address
these challenges. In particular, alkaline treatments and maleated coupling agents are
commonly used to improve interfacial bonding. Acetylation is used to address all
of these challenges, and plastination has the potential to do this as well. There have
already been results reported on the greatly improved mechanical properties and
slight reduction in moisture absorption in plastinated bamboo. However, there is still
research left to be conducted on optimizing plastination to further improve moisture
absorption properties, process speed, and addressing the other challenges.
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