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PREFACE

Chapter 1 — Vegetable oils are hydrophobic compounds, such as tryacylglicerols and
essential oils extracted from plants that have been used by humans for centuries in many
different areas. The use of isolated enzymes and microorganisms applied to vegetable oils has
been shown to be very interesting from an industrial viewpoint, due to the broad variety of
products that may be obtained from it. As an example, biodiesel can be obtained through
transesterification of vegetable oils, such as soybean and rapeseed oils, catalyzed by free and
immobilized lipases from different microorganisms, including Candida antarctica and
Pseudomonas fluorescens, with a conversion rate of more than 90% according to some
studies. This is of great interest considering the current scenario of biofuels and
environmental consciousness. Lipases from microorganisms such as Mucor miehei and
Candida antarctica have also been studied for the production of structured lipids through
interesterification reactions, using vegetable oils and any other oil of interest to be
incorporated as substrates such as conjugated linoleic acid. These modified lipids are
attractive since they present improved therapeutic or technological properties compared to
natural vegetable oils. Furthermore, lipases can be used as biocatalysts in the production of
useful biodegradable compounds, using vegetable oils as substrates, including the production
of 1-butyl oleate from direct esterification of butanol and oleic acid, to decrease the viscosity
of biodiesel in winter use. Another example is the mixture of 2-ethyl-1-hexyl esters that can
be obtained efficiently by enzymatic transesterification from rapeseed oil fatty acids, for use
as a solvent. On the other hand, compounds of essential oils can be biotransformed by
microorganisms to obtain high value-added compounds. Penicillium sp. has been studied for
the biotransformation of R-(+)-limonene into R-(+)-a-terpineol, a compound with a floral and
typically lilac odor that can be used as an aroma compound in many products. Additionally,
metabolic engineering of plants to obtain high levels of oils with industrially desired
properties, such as reduced viscosity, freezing point and calorific value, has been recently
studied. Therefore, vegetable oils and biocatalysis represent a promising strategy in
overcoming environmental issues and being economically viable. Many efforts must be made
in order to understand the biological conversion and the development of new technologies.
This chapter focuses on vegetable oils with particular emphasis on the use of enzymes and
microorganisms for their modification in order to produce industrially relevant compounds.

Chapter 2 — In recent years the production of vegetable oils (sunflower, linseed, rapeseed,
soybean, olive, etc.) has significantly increased, oils being considered a major economic
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resource, mainly used in the food industry or as raw materials for the biodiesel production, as
well as for the oleochemical and pharmaceutical industries.

Authentication of vegetable oils refers mainly to two aspects. On one hand, it is related to
establishing conformity according to label - in terms of plant species, part of the plant (e.g.,
discrimination between palm oil and palm kernel oil), geographical origin, crop year,
processing technique (differentiation of minimum processed oils such as cold pressed oils
from refined oils). On the other hand, detection of adulteration of expensive vegetable oils
and fats such as olive oil or cocoa butter with cheaper oils is another important issue
concerning oils authentication.

In the last decade, researchers in the food quality control field, showed an increased
interest to establish methods for products authentication. This trend results from the
consumers enhanced demand for quality products. Vegetable oils authentication by means of
establishing the geographical origin of oil seeds goes with the new trend of protecting the
local food products. Protected designation of origin (PDO), protected geographical indication
(PGI) and Traditional Specialty Guaranteed (TSG) are geographical indications defined in
European Union Law to protect regional foods and to eliminate the dishonest practices. Those
laws are inflicted in the European Community since 1992 and gradually extended to the non-
UE countries by various joint agreements.

The fatty acid composition of vegetable oils is the main factor influencing their
nutritional value and properties. In recent years, new and efficient methods for the
determination of the fatty acids profile of different kind of samples (e.g., vegetable oils, lipid
extracts from different vegetable or animal tissues) have evolved, being partially fed by the
general trend in the chemical literature concerning the food authenticity assessment. Among
the most envisaged physical methods of analysis, vibrational spectroscopy (NIR, FT-IR and
Raman), nuclear magnetic resonance (*H-, 3C-NMR) and chromatographic techniques (GC,
HPLC) can provide structural and compositional information useful for vegetable oils
authentication. Special attention has been focused on *H-NMR spectroscopy which leads to a
global fatty acids profile (in terms of linolenic, linoleic, mono-unsaturated and saturated fatty
acids) in a non-invasive manner and mild analysis conditions which do not require chemical
transformations prior to/during analysis, as compared to chromatographic techniques.
Moreover, spectra (both NMR or vibrational) can be considered as fingerprints of samples
taken into analysis, thus being helpful for authentication purposes.

Authentication of a food product is almost impossible without the use of statistical
methods applied to data bases obtained from genuine samples. Among these methods,
multivariate statistical analysis - Principal Component Analysis (PCA), Discriminant Analysis
(DA) - have proven suitable for vegetable oils authentication.

In this chapter, the authors aim to investigate the potential of physical methods (NMR or
vibrational spectroscopies and chromatography) coupled with statistical data processing to
assess vegetable oils authentication issues such as establishing conformity according to label
and detection of adulteration.

Chapter 3 — Declining global fossil fuel reserves due to escalating consumption and
associated environmental pollution created an urge for investigating into production of
renewable and environmentally friendly biofuels. Biofuels such as biodiesel are most sought
because they can be produced in liquid form suitable for most transportation needs.
Moreover, biodiesel can be produced from a variety of oil-rich feedstock and even from waste
cooking oils, animal fat and other microbial lipids. This book chapter provides an overview of
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the oil feedstock suitable for biodiesel production and their characteristics. The chemistry and
process of biodiesel production are discussed in detail.

Chapter 4 — Limited reserves of fossil fuels as well as the growing concern for the
environment, has led to a worldwide search for renewable energy sources, among which
biodiesel, a mixture of fatty acid methyl esters (FAME), is one of the most perspective
alternative fuels since it is a non-toxic and can be produced from different renewable sources
through simple cost-effective alcoholysis, while being compatible with existing
infrastructures. Vegetable oils, as renewable in nature and environmentally friendly, with a
possibility to be produced on a large scale, represent a promising feedstock for biodiesel
production. In this chapter, a comprehensive review of different vegetable oils as a feedstock
for biodiesel synthesis is reported, including edible and non-edible oils, as well as waste
vegetable oils.

Selection of feedstock for biodiesel production mainly depends on the specific conditions
and circumstances in some region (climate, presence of certain crops, the economic
development of a country, etc.). Various fatty acid compositions of triacylglycerols directly
determine the quality and fulfillment of the standards of biodiesel. One of the crucial points
which determine technology route for biodiesel synthesis is content of free fatty acids (FFA)
which might be present in vegetable oils, as well as the presence of water and other
compounds. Also, many analysis performed in the past have shown that the production cost
of biodiesel is mainly determined by the price of used feedstock, which represents 70-80% of
total production costs of biodiesel. Currently more than 95% of feedstock comes from edible
oils since they are easily accessible, consists mainly of triacylglycerols, whereby the
properties of biodiesel produced from these oils are suitable to be used as diesel fuel
substitute. Most commonly used edible oils for biodiesel production are rapeseed, soybean,
sunflower and palm. However, for economic and social reasons, in recent years research and
development of biodiesel production has focused on other sources of triacylglycerols, in order
to replace edible oils by lower-cost non-edible plant oils and the waste cooking oils,
feedstocks that are unsuitable for human consumption.

Properties of different oils and biodiesel obtained from them as well as the technologies
suitable for biodiesel synthesis are compared in this chapter. The well known fact is that the
conventional and to-day widely applied homogeneous method of biodiesel synthesis is
sensitive to the presence of impurities in the oil, primarily the presence of FFA and water.
Furthermore, biodiesel synthesis is followed by creation of large amount of wastewater
produced during neutralization of catalyst and purification of final product. The drawbacks of
a homogeneous process can be avoided by applying technologies based on utilization of
heterogeneous catalyst or by application of the non-catalytic supercritical process of biodiesel
synthesis. These technologies for biodiesel production were also analyzed and compared.

Chapter 5 — Ozonated vegetable oils have demonstrated promising results for clinical
application, and they have been the focus of great pharmaceutical interest to treat
dermatological disorders, such as infections of skin ulcers and chronic wounds. There are
reports of these products as effective to heal refractory wounds, where conventional
treatments and available medications prove ineffective. In fact, in some European countries,
such as Germany, they can be obtained on prescription from pharmacies. Countries such as
Cuba have developed commercial ozonated oils, and they have been successfully tested to
treat many diseases. Cuba is one of the pioneers in the implementation of this therapy in
Public Health Services for over 22 years. Ozone reacts with the double bonds of unsaturated
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fatty acids of vegetable oils, providing stable ozonation products, mainly ozonides,
hydroperoxides and polyperoxides (depending on reaction conditions) with therapeutic
potential. Several studies have demonstrated their antimicrobial and antifungal activity, as
well as their role as wound healing modulators, showing no cytotoxicity when tested against
NIH/3T3 murine fibroblast cells. Simple analytical techniques such as peroxide value, iodine
value and viscosity determination have been extensively used for characterization of products,
together with spectroscopic techniques of NMR (*H and **C) and infrared, chromatography
and thermal analysis (TG/DTG -DSC). This chapter aims to highlight recent contributions to
the production, characterization and biological activities of ozonated vegetable oils.

Chapter 6 — Virgin coconut oil (VCO) is a product that can be produced from fresh
coconut meat, milk, or residue. Over the years, it has become known as a popular functional
food oil. It is considered to be the newest, high-value coconut product, very much sought for
its human, nutraceutical benefits, as well as a functional food. Its increasing popularity can be
attributed to numerous studies showing its beneficial effects. Several studies have
investigated the pharmacological properties of VCO including anti-inflammatory, analgesic,
antipyretic, anti-oxidant, anti-stress, and antimicrobial properties. Furthermore, other studies
have also investigated the bone loss prevention as well as cardioprotective.
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Chapter 1

AN OVERVIEW ON VEGETABLE OILS
AND BIOCATALYSIS

Ricardo Rodrigues de Melo!?, Gustavo Pagotto Borin'?,
Guilherme Keppe Zanini** Antonio Adalberto Kaupert Neto!?,

Bruna Soares Fernandes! and Fabiano Jares Contesini®*
Brazilian Bioethanol Science and Technology Laboratory (CTBE),
Brazilian Centre of Research in Energy and Materials (CNPEM),
Campinas, Sao Paulo, Brazil
2Faculty of Food Engineering, University of Campinas, Campinas, Brazil
3Institute of Biology, University of Campinas, Campinas, Brazil

ABSTRACT

Vegetable oils are hydrophobic compounds, such as tryacylglicerols and essential
oils extracted from plants that have been used by humans for centuries in many different
areas. The use of isolated enzymes and microorganisms applied to vegetable oils has been
shown to be very interesting from an industrial viewpoint, due to the broad variety of
products that may be obtained from it. As an example, biodiesel can be obtained through
transesterification of vegetable oils, such as soybean and rapeseed oils, catalyzed by free
and immobilized lipases from different microorganisms, including Candida antarctica
and Pseudomonas fluorescens, with a conversion rate of more than 90% according to
some studies. This is of great interest considering the current scenario of biofuels and
environmental consciousness. Lipases from microorganisms such as Mucor miehei and
Candida antarctica have also been studied for the production of structured lipids through
interesterification reactions, using vegetable oils and any other oil of interest to be
incorporated as substrates such as conjugated linoleic acid. These modified lipids are
attractive since they present improved therapeutic or technological properties compared
to natural vegetable oils. Furthermore, lipases can be used as biocatalysts in the
production of useful biodegradable compounds, using vegetable oils as substrates,
including the production of 1-butyl oleate from direct esterification of butanol and oleic

* Corresponding author: Fabiano Jares Contesini e-mail: fabiano.contesini@gmail.com.
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acid, to decrease the viscosity of biodiesel in winter use. Another example is the mixture
of 2-ethyl-1-hexyl esters that can be obtained efficiently by enzymatic transesterification
from rapeseed oil fatty acids, for use as a solvent. On the other hand, compounds of
essential oils can be biotransformed by microorganisms to obtain high value-added
compounds. Penicillium sp. has been studied for the biotransformation of R-(+)-limonene
into R-(+)-a-terpineol, a compound with a floral and typically lilac odor that can be used
as an aroma compound in many products. Additionally, metabolic engineering of plants
to obtain high levels of oils with industrially desired properties, such as reduced
viscosity, freezing point and calorific value, has been recently studied. Therefore,
vegetable oils and biocatalysis represent a promising strategy in overcoming
environmental issues and being economically viable. Many efforts must be made in order
to understand the biological conversion and the development of new technologies. This
chapter focuses on vegetable oils with particular emphasis on the use of enzymes and
microorganisms for their modification in order to produce industrially relevant
compounds.

1. INTRODUCTION

Vegetable oils are mainly fluid hydrophobic compounds (at room temperature) obtained
from milled grains from different plants such as sunflower, canola, soybean, Jatropha, palm,
rapeseed, peanut, cottonseed (Ondul et al. 2015). These oils are composed by lipids, mainly
triacylglycerols with different fatty acids ramifications. The most common are caprylic,
capric, lauric, myristic, palmitic, palmitoleic, stearic, oleic, linoleic, a-eleostearic, ricinoleic
and vernolic. A higher melting point is related to the amount of carbons present in the fatty
acid chain, and also a lower number of double bonds between carbons and trans configuration
of these bonds (Xia and Larock 2010). Other hydrophobic compounds are also present in
considerable amounts in several vegetables such as sterol, carotene, phospholipids and
tocopherol.

Palm oil leads the worldwide market of edible vegetable oil. It consists over 95% of
mixtures of tryacylglicerols, and minor amount of other classes of lipids, such as sterols,
tocopherols, carotenoids, and phospholipids (Sambanthamurthi et al. 2000), very interesting
compounds for several industries. According to Cheong et al. (Cheong et al. 2014) these
minor constituents show a broad qualitative and quantitative composition depending of the
vegetable species and their oil extraction. These minor constituents can have pro oxidative
(free fatty acids) or antioxidant (tocopherols, carotenoid and phospholipids) effects that can
be maximized by biotransformation increasing shelf life and miscibility in water or in other
solvent, changing properties and other effects.

One alternative to process the aforementioned vegetable oils is by biocatalysis or
biotransformation using enzymes or microbial cells to produce useful and enriched
bioproducts that can convert the plant lipids to aimed compounds. Biotransformation or
biocatalysis is a modification of organic compounds via chemical reactions catalyzed by
cellular enzymes. Common chemical reactions include oxidation, reduction, hydrolysis,
hydroxylation, isomerization, and glycosylation. Additionally, similar process using chemical
synthesis often results in environmentally unfriendly processes with lack of substrate
selectivity, causing undesirable reactions rising the downstream process costs (Molina et al.
2013).
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One of the first patent and technological advance in biotransformation of vegetable oil
was developed by Fuji Oil, in 1979, using lipase in the transesterification or acidolysis of
cheap oils, tristearin or stearic acid, as acyl donor (Biermann et al. 2011). Other examples are
the synthesis of biodiesel using triacylglycerols as substrates and microbial lipases as
catalysts (Tan et al. 2010a). Another example is the production of o-terpineol using
Penicillium digitatum DSM 62840 cells and D-limonene as substrate (Abraham et al. 1986).

Modified oils present several relevant industrial applications to be explored such as their
utilization as lubricants, surfactants, emulsifiers and biopolymers (Figure 1). They also
represent an excellent source for the obtainment of valuable compounds such as unsaturated
fatty acids, phytosterols, squalene, pigments, antioxidants, vitamins, waxes, glycolipids and
lipoproteins. They can also serve as appropriate sources for applications in other fields such
as food, pharmaceutical and environmental. Some value-added fatty acids (polyunsaturated
fatty acids, conjugated fatty acids, hydroxy, keto, epoxy, branched and cyclic fatty acids),
biosurfactants based on functional link between carbohydrates and selected lipid fractions
(glycolipids, glycosylated and acylglycosylated sterols) and flavor compounds, have been
receiving a lot of attention (Certik 2008).
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Figure 1. Different applications of products obtained from vegetable oils modification using
biocatalysis and biotransformation.

In spite of these high added value bioproducts obtained from plant lipids and their
modifications, vegetable oils are vastly applied in the production of renewable energy. As
previously cited in the examples of biocatalysis routes, the most common application is the
production of biodiesel which requires a highly efficient fermentation process to make it more
profitable. The bottleneck in the production of biodiesel is related to the limitation of the
enzymes used nowadays, that raises the cost of the production of this kind of biodiesel. Many
different approaches have already been used focusing on lipases and its several application
modes. Biodiesel production targeting the lowering of costs in enzyme production has
improved a lot recently (Teixeira et al. 2014).
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A different alternative to obtain modified plant lipids that can be industrially relevant is
the genetic engineering of the plants in order to genetically modify routes of lipid synthesis.
With that, different compounds can be obtained, such as lipids with different properties from
the lipids produced before genetic modification of the plant (Certik 2008, Dyer and Mullen
2008). This review focuses on the modification of vegetable oils using enzymes or microbial
cells in order to obtain high value-added products. The use of genetic engineering tools
applied to plants to obtain specific modified lipids is also discussed.

2. BIODIESEL PRODUCTION FROM VEGETABLE OILS

Since the industrial revolution, different forms of energy have become essential for
human beings and to maintain economic growth. In the past few decades, mainly petroleum-
based liquid fuels have played an important role in fulfilling this energetic demand (Ashraful
et al. 2014). According to BP Statistical Review of World Energy, globally, we consumed in
2014 the equivalent of 13541 million tons of oil (Mtoe). The estimate is 122% higher than in
1973. If this rate continues to increase, oil deposits will be exhausted in 2052 (Pal et al.
2015). Another problem related to the exhaustive use of fossil fuels is the release of
significant quantities of greenhouse gas (GHG) emissions resulting in global warming
(Kumar and Sharma 2015).

Consequently, the world is moving towards an energetic crisis. This situation has enticed
many countries to research and develop alternative sources to substitute petroleum fuels
(Demirbas 2009; No 2011; Silitonga et al. 2013). Among the alternative sources, biodiesel
emerges as an important and promising resource. The Renewable Fuel Standard program
published by the United States Environmental Protection Agency describes that the goal for
2022 will be 36 billion gallons of biofuels, with an estimated production of at least 1 billion
gallons of biodiesel (Christopher et al. 2014).

Considerable attention on biodiesel is due its important characteristics; it emits less
pollutants, is environment friendly and non-toxic, and biodegradable (Agarwal 2007; Ahmad
et al. 2011; Lapuerta et al. 2008). Biodiesel is a mixture of monoalkyl esters of long-chain
fatty acids, preferentially methyl and ethyl esters, derived from renewable sources such as
edible or non-edible vegetable oils, waste obtained from vegetable oils, and animal fats
(Knothe 2010).

Vegetables or plant oils are among the most important renewable resources used in
biodiesel production. They have low impact on the environment and do not contribute to the
global carbon dioxide (CO.) liberation, and economic benefits are the main reasons for the
use of vegetable oils for biodiesel synthesis (Mosarof et al. 2015). Therefore, vegetable oils as
fuels have been analyzed extensively in recent years (Janaun and Ellis 2010; Mofijur et al.
2015; Mohsin et al. 2014). Mosarof et al. (2015) demonstrated the biodiesel production from
palm oil as one important fuel alternative (Mosarof et al. 2015). Other studies on alternative
fuels have investigated the use of soybeans (Haas 2005), jatropha (Kuo et al. 2015), canola
(Zou and Atkinson 2003), sunflower (Calero et al. 2014), cotton seed (Kdése et al. 2002), and
corn oils as a promise for biodiesel production (Zhang et al. 2011).

The most common approaches for biodiesel synthesis in the world is carried out by
chemical processes, using acids and alkalis catalysts, such as H>SO4 and NaOH, because of
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its high yield production and economic viability for the industrial scale (Abdelmoez and
Mustafa 2014; Sharma et al. 2008). However, chemical processes present some
disadvantages, such as high energy consumption, formation of undesirable by-products
difficult to separate, large volume of waste, and the necessity of removal of the chemical
catalyst, since it can damage engine parts (Abbaszaadeh et al. 2012; Meher et al. 2006; Vyas
et al. 2010).

Contrary to this process, enzyme-catalyzed reactions have proven to be an interesting
alternative tool for replacing conventional chemical processes for industrial-scale biodiesel
production. Lipases, glycerol ester hydrolases (E.C.3.1.1.3), are enzymes that catalyze
hydrolysis of esters, particularly long-chain tryacylglicerols, producing free fatty acids, di-
and monoglycerides, and glycerol. However, in organic conditions the lipases can catalyze
esterification, interesterification, acidolysis, aminolysis, and alcoholysis reactions with high
specificity and selectivity (Ribeiro et al. 2011; Sharma and Kanwar 2014).

Enzymatic process used lipases are able to catalyze both esterification and
transesterification reactions, which allows the production of biodiesel from cheaper raw
materials with high free fatty acids and water content (Ribeiro et al. 2011). Furthermore,
lipases applied in the biodiesel production process generate less waste and effluents, making
it more environment friendly. The use of lipases is also responsible for generating lower
energy expenditure, since enzymatic catalysis is carried out at mild conditions of temperature
and pressure (Robles-Medina et al. 2009).

The most used lipases in biodiesel synthesis are the lipases obtained from Candida
antarctica (Royon et al. 2007), and Candida rugosa (Kuo et al. 2015). Lipases obtained from
filamentous fungi, such as Rhizomucor miehei lipase (Oliveira and Rosa 2006), Rhizopus
oryzae lipase (Pizarro and Park 2003), Thermomyces lanuginosus lipase (Oliveira et al. 2005),
and Penicillium expansum lipase (Zhang et al. 2011) have also been studied. Table 1 shows
several lipases applied in biodiesel production, with their yields and oils used.

Table 1. Application of free lipases in biodiesel production

Oil Lipase origin Acyl Maximum | Reference
acceptors yield (%)
Jatropha oil | Candida rugosa Methanol 95.3 (Kuo et al. 2015)
Idiomarina sp. W33 Methanol 84.0 (Liand Yu 2014)
Cottonseed | Candida antarctica Methanol 97.0 (Royon et al. 2007)
oil
Sunflower Candida antarctica Ethyl acetate 63.3 (Kim et al. 2007)
oil Rhizomucor miehei Methanol 95.5 (Oliveira and Rosa
2006)
Thermomyces Ethanol 16-35 (Oliveira et al. 2005)
lanuginosus
Corn ail Penicillium expansum Methanol 86.0 (Zhang et al. 2011)
Palm oil Rhizopus oryzae Methanol 55.0 (Pizarro and Park 2003)
Soybean oil | Candida antarctica Methanol 93.4 (Talukder et al. 2009)
Pseudomonas fluorescens | Methanol 90.0 (Kaieda et al. 2001)
Pseudomonas cepacia Methanol >80.0 (Kaieda et al. 2001)
Candida rugosa Methanol 90.0 (Kaieda et al. 2001)
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Table 2. Application of immobilized lipases in biodiesel production

Oil Lipase origin Support used Yield | Reference
(%)
Canola oil | Alcaligenes sp. CLEA-P QL/Crosslinking >75 (Soler et al.
2016)
Candida antarctica Epoxy-functionalized 68.0 (Babaki et al.
(CALB) silica/Covalent bonding 2015)
Thermomyces Epoxy-functionalized 98.0 (Babaki et al.
lanuginosus silica/Covalent bonding 2015)
Rhizomucor miehei Epoxy-functionalized 45.0 (Babaki et al.
silica/Covalent bonding 2015)
Candida antarctica Chitosan beads 60.0 (Aybastier and
Lipase A Demir 2014)
Jatropha Candida cylindracea Functionalized activated carbon | 78.0 (Kabbashi et al.
oil support 2015)
Idiomarina sp. W33 Amberlite IRA-93/Adsorption 91.0 (Liand Yu
2014)
Rhizopus oryzae Polyvinyl alcohol-alginate 87.1 (Zarei et al.
2014)
Chromobacterium Celit 545/Adsorption 92.0 (Shah et al.
viscosum 2004)
Sunflower | Rhizomucor miehei Macroporous anion exchange 88.6 (Calero et al.
oil resins 2014)
Candida rugosa Celit 545/Adsorption >80 (Sagiroglu
2008)
Candida sp. 99-125 Textile membrane/Absorption 80.6 (Lu et al. 2009)
Candida antarctica Acrylic resin beads 92.7 (Modi et al.
Novozyme 435 2007)
Soybean Candida rugosa Magnetic chitosan 87.0 (Xie and Wang
oil microspheres/Covalent bonding 2012)
Candida antarctica Styrene-divinylbenzene beads 99.0 (Poppe et al.
2013)
Palm oil Thermomyces Macroporous ion-exchange 79.0 (Basri et al.
lanuginosus resin 2013)
Candida antarctica Macroporous acrylic resin 92.0 (Talukder et al.
Novozyme 435 2009)

Although enzymatic reactions using lipases have significant yield in conversion of
vegetable oils into biodiesel, current market costs of lipases are still the main limitations that
avoid their use in large-scale processes. Estimates suggest that the cost of commercial lipase
(Novozym 435) and NaOH is US$ 0.14 and US$ 0.006 per kilogram of ester, respectively
(Daiha et al. 2015). A possible solution to reduce the process costs incurred is the use of
immobilized lipases. The use of immobilized lipases may improve the development of
commercial scale processes, favoring biotechnological processes based on their numerous
advantages over the chemical processes (Poppe et al. 2015; Tan et al. 2010b). Therefore,
lipases immobilization can promote repeated use of the biocatalysts, reducing operation costs.
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Moreover, immobilization becomes a very important step, since it allows more tolerance by
the enzyme, and the separation of products is easier (Bajaj et al. 2010).

Many supports have been applied for the lipases immobilization. Generally, these
techniques involve traditional methods such as; adsorption, entrapment, covalent binding, and
cross-link (Tan et al. 2010b). Industrially, immobilization of enzymes can stimulate the use of
the lipases. Immobilized Candida antarctica (CALB), Thermomyces lanuginosus, and
Rhizomucor miehei (immobilized on epoxy-functionalized silica), Candida antarctica
Novozyme 435 (immobilized on acrylic resin beads), and Thermomyces lanuginosus
(immobilized on silica gel) have emerged as important tools. The results obtained with the
current immobilized lipases exhibit comparable conversion values (45-99%). Table 2 shows
the immobilized lipases produced from different microbial strains acting in biodiesel
production.

Another important point about the immobilization of enzymes is the possibility of
obtaining reusable enzymes. According to (Babaki et al. 2015), the use of the immobilization
technique enables easy handling, recovery and recycling of the biocatalyst and hence lowers
the cost. Immobilized lipases obtained from Candida antarctica, Thermomyces lanuginosus,
and Rhizomucor miehei on epoxy-functionalized silica were quite stable and can be reused for
16 cycles without significant loss in activity (15%, respectively) (Babaki et al. 2015).
Aybastier and Demir 2014 studied operational stability of immobilized lipase on chitosan
beads and reported that 74% of residual activity was found even after repeated use for five
consecutive batches of 24 hours each (Aybastier and Demir 2014).

3. STRUCTURED LIPIDS

3.1. General Features and Structure

Lipids are essential cellular components with a broad range of roles. These molecules of
fatty acid and glycerol are soluble in organic solvents and their importance can be
demonstrated by the number of biological and technological processes in which they are
involved and the diseases they can cause in abnormal conditions. Lipids are source of energy,
form biological membranes and contribute to transport of fat-soluble vitamins. They regulate
gene expression, supply a favorable hydrophobic ambient to proteins, participate in the post-
translational modification of proteins by the adding of acyl group and give rise to secondary
messengers that act in cell signaling (Shahidi et al. 1997; Han and Gross 2005; Wenk 2005;
Heidor et al. 2015). Besides, lipids can be modified chemically or enzymatically to acquire
desirable properties that are employed by pharmaceutical, chemical and food industries and
used for medical and nutritional applications in the form of added-value products (Hellner
et al. 2010; Martin et al. 2010; Kim and Akoh 2015; Li et al. 2015).

These modified lipids can be triacylglycerols (TAGs) named structured lipids (SLs) and,
by definition, SLs are fatty acids containing variable chain length attached to the glycerol
backbone (Yang et al. 2005; Hellner et al. 2010; Kim and Akoh 2015). This name was coined
for the first time in the review written by Babayan about medium chain tryacylglicerols (see
below) in 1987 (Lee and Akoh 1998). TAGs consist of a glycerol backbone esterified to three
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fatty acids (Fox and Stachowiak 2007) and these fatty acids can be modified in their
positional distribution and composition to obtain SLs (Martin et al. 2010).

According to the number of carbon (C) elements of fatty acid chains, SLs might have
short (C4-C,4) (SCFAS), medium (Cs-C42) (MCFAS) or long (>C44) (LCFAS) chain (Hellner
et al. 2010). The first two SLs, SCFAs and MCFAs, have more solubility and rapid
absorption than LCFAs. LCFAs have low absorption, are metabolized slowly and they
deposit mainly in the human adipose tissue (Kim and Akoh 2015). Long chain fatty acids
might be divided in saturated (SFASs) and polyunsaturated (PUFASs), according to the presence
of double bonds. SFAs are interesting for production of low-calorie SLs and PUFASs have also
received attention because of their health properties and food applications (Takahata et al.
1998; Martin et al. 2010; Bazinet and Layé 2014; Nakamura et al. 2014).

Vegetable oils and fats are mainly composed of tryacylglicerols (TAGSs) and are among
the most renewable feedstock of the chemical industry (Firdaus et al. 2014; Kadhum and
Shamma 2015). Palm oil is considered the most important vegetable oil in the world followed
just by soybean oil (Mba et al. 2015). Palm oil is responsible for 30% of the world’s
vegetable oil production (Sun et al. 2015). It is extracted from the palm tree and its major
producers are Malaysia and Indonesia (Mancini et al. 2015). It contains mostly palmitic acid
(16:0) (44%) and oleic acid (18:1) (39.2%) in the composition and despite the palm oil being
used in the food industry; it has been the subject of studies evaluating the unhealthy effects of
palm oil in the diet, mainly because palmitic acid increases serum cholesterol (Mancini et al.
2015; Odia et al. 2015).

Composition and positional changes in fatty acids are well known, such as the adding of
new fatty acids or alteration of their position in glycerol structure that yield novel lipids with
different physical characteristics from the original lipid, like melting point and thermal
behavior (Martin et al. 2010; Kadhum and Shamma 2015; Kim and Akoh 2015). Thus the
possibility of transforming a lipid in another form with desired attributes has received a
crescent attention (Martin et al. 2010; Madeira Junior et al. 2012; Kim and Akoh 2015). In
food and pharmaceutical industries, for instance, there are many available commercial
products made from SLs with different purposes, such as substitutes of the infant milk fat
(“Betapol,” Loders Croklann Company; “Infant,” Enzymotec USA Inc.), for chocolate
(“Bohenin,” Fuji Oil Company Ltd., Osaka) and cocoa butter production (“Caprenin,” Procter
and Gamble, USA) (Martin et al. 2010).

3.2. Structured Lipids Production

SLs might be produced through chemical or enzymatic process. There are pros and cons
for these two processes, but the main difference consists in the specificity of the reaction: in
chemical reaction, the distribution of fatty acids in the SL is random while in the enzymatic
reaction is specific. The chemical process is more complex than synthesis mediated by
enzymes. It contains four steps: pretreatment of the oils, addition of the catalyst, reaction and
inactivation of the catalyst. In the reaction step, the acyl groups are hydrolyzed from fatty
acids of interest and then they suffer a random reesterification on the glycerol, giving rise to
SLs. Sodium methylate is one of the most used catalyst for esterification, but there are also
others alkali metal alkylates utilized. The chemical process is less expensive and easier to
scale up than enzymatic process, however the undesirable products formed in the whole
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process are difficulty to remove, many purification steps being necessary (Willis and
Marangoni 1999; Yang et al. 2005; Martin et al. 2010).

On the other hand, enzymatically-catalyzed synthesis is less energy consuming, the final
products are easier to purify and it is possible control which position the new fatty acid will
be attached to the glycerol backbone. This process is catalyzed by two types of lipases: sn-
1,3-specific lipases and nonspecific lipases (Hou and Shimada 2009). The first type is able to
cleave at the sn-1 and sn-3 positions of TAGs and replace the original fatty acid with the
desired one. However, the fatty acid bound at the sn-2 position on glycerol backbone is not
modified by these lipases (Yang et al. 2005; Hou and Shimada 2009). These specific lipases
are produced naturally by many microorganisms, such as Aspergillus niger, Mucor miehei,
Penicillium spp. and Candida spp, and might be easily recovered from them (Hasan et al.
2009; Hou and Shimada 2009; Martin et al. 2010). The nonspecific lipases recognize all ester
bonds of TAGs and are found in C. rugosa, G. candidum, Pseudomonas and Burkholderia.
These enzymes can hydrolyze bonds at the 1,3- and 2-positions of TAG, but others hydrolyze
1,3-position more readily than 2-position (Hou and Shimada 2009).

Regarding the enzymatic reaction, SLs can be produced by direct esterification of the
desired fatty acids onto glycerol or interesterification. Interesterification is the most used
reaction and it includes acidolysis, alcoholysis, glycerolysis and transesterification
(interchange of a acyl group from TAG for a acid fatty, an alcohol, a glycerol and esters,
respectively) (Martin et al. 2010).

The main limitations of lipases-catalyzed reactions are the high cost of the enzymes used
and the need of optimizing the conditions for each desirable SL because these enzymatic
reactions are sensitive to water activity, temperature and pH (Willis and Marangoni 1999;
Yang et al. 2005; Hellner et al. 2010; Martin et al. 2010).

3.3. Practical Applications of Structured Lipids

SLs and lipases are employed widely in food, chemical and pharmaceutical industries. In
food industry, for example, SLs have been used as a milk fat substitute in infant formulas
when there is not enough maternal milk or the quality is not suitable for breastfeeding (Li et
al. 2015). The human milk fat is mainly made up of palmitic acid, a fatty acid that is attached
at the sn-2 position of glycerol backbone (Xu 2000). On the other hand, palmitic acid at the
sn-1,3 positions is naturally present in cow’s milk and vegetable oils. However, this
positional configuration leads to lower absorption of palmitic acid and calcium by the infants,
because this fatty acid forms an insoluble compound with calcium ions in the intestines. Thus,
the vegetable TAGs containing palmitic acid must be modified in order to obtain a healthier
milk fat substitute, such as the commercial SL Betapol® (Loders Croklaan, USA). This
product is already available and it was produced from unsaturated fatty acids and using
tripalmitin (a sn-1,3 especific lipase) as enzymatic catalyst (Osborn and Akoh 2002; Li et al.
2015).

SLs are also used for margarine and butter production. These products are called “plastic”
fats because they must be solid in refrigerators and spread when consumed. For this purpose,
SCFAs and MCFAs are incorporated in the chemical process for production of TAGs with
good temperature stability and spreadability (Osborn and Akoh 2002). In this context, many
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SLs were chemically and enzymatically produced, for example palm stearin-sunflower oil
(Lai et al. 1998) and butterfat-canola oil (Rousseau et al. 1996).

In the Osborn and Akoh review about SLs, many different studies trying to develop new
SLs for enteral (oral feeding) and parenteral (intravenous feeding) nutrition using diverse
combinations of fatty acids are listed. These structured lipids have differences in absorption
and processing compared to their natural forms and it has been shown they have beneficial
effects for the human health. It was demonstrated SLs improve immune response, decrease
some cancer risk and can lower bloodstream cholesterol (Osborn and Akoh 2002; Sun et al.
2015).

4. MINOR HYDROPHOBIC COMPOUNDS

4.1. Sterol

The biotransformation of sterol has been studied for more than 60 years in reactions such
as degradation, hydroxylation and redox modifications by microbial whole cells (Donova and
Egorova 2012). One of the most successful industrial example of biotransformation is the
production of steroids drugs and hormones (Fernandes et al. 2003). Another example is the
conversion of p-sitosterol into 4-Androsteno-3,14-dione by Mycobacterium vaccae
(Rumijowska et al. 1997) and into 4-androstene-3,17-dione (AD) and 1,4-androstenediene-
3,17-dione (ADD) by Mycobacterium sp. (Sripalakit et al. 2006). Androstenedione (AD) a
pro-hormone substance and key precursor of pharmaceutical sterol (Egorova et al. 2002).

4.2. Tocopherol

Tocopherols are lipid compounds and natural source of vitamin found in vegetable oil. It
is a mixture of alpha, beta, gamma and delta tocopherol with fat-soluble antioxidant
properties (Shimoda et al. 2007).

Vitamin E is an essential nutrient composed by tocopherols and tocotrienols and has a
potential use in drugs, for its anticarcinogenesis, anti-aging, anticancer and anti-
atherosclerosis properties. However, this vitamin is a lipophilic compound with low oral
absorption. For this reason, the glycosylation of vitamin E appears as an alternative reaction
in which converts Vitamin E into water-soluble and stable improving its bioavailability and
pharmacological properties. Such reaction naturally occurs in some bacteria, as Klebsiela
pneumoniae, Xanthomonas campestris and Lactobacillus delbrueckii (Shimoda et al. 2009).
Other authors reported glycosylation of a- and d-tocopherols by whole microorganism and
enzyme, Klebsiella pneumoniae and cyclodextrin glucanotransferase (CGTase), respectively,
into the corresponding B-glucosides and B-malto-oligosaccharides as tocopherol derivatives,
These compounds present anti-allergic activity and potential to be applied as food additives
(Shimoda et al. 2009).

Another biotransformation is the conversion of Vitamin E into Vitamin E acetate by
acetylation. It is added in food and drugs due to its high stability in the presence of light and
oxygen, and different physical properties such as solubility and miscibility. Vitamin E is

Complimentary Contributor Copy



An Overview on Vegetable Oils and Biocatalysis 11

generally administered as a drug in the form of all-rac-a-tocopheryl acetate (vitamin E
acetate) or all-rac-a-tocopheryl succinate (vitamin E succinate) and is also added in food to
increase vitamin E content with shelf life greater than the natural source of tocopherol (Torres
et al. 2008).

4.3. Carotenoids

Carotenoids are lipids with anti-oxidative properties, applied mainly in the food industry
and as agent for prevention of atherosclerosis and cancer (Schérken and Kempers 2009).
Another application is based on its cleavage by several fungi and yeast or enzyme as
lipoxygenases and fungal peroxidase into B-ionone, a floral, fruity and sweet aroma
compound widely used in aroma and fragrance industries (Zorn et al. 2003; Nacke et al.
2012). The advantage of the bioprocess of p—ionone production is the increasing preference
of the consumers for natural or bio or organic products, with market value approximately 10—
100 times higher than the synthetic form (Nacke et al. 2012).

4.4. Phospholipids

Phospholipids (PLs) are amphiphilic lipids with application in the food industry as
stabilizers, emulsifiers and antioxidants. Its conversion into structured phospholipids by
interesterification with triacylglycerols using an immobilized lipase increases heat stability
and emulsifying properties. Structured PLs can be used in emulsion systems or in coatings for
different uses (Chmiel et al. 1999; Hama et al. 2015; Guo et al. 2005).

5. METABOLIC ENGINEERING OF BIOSYNTHESIS PATHWAYS
OF VEGETABLE OILS

The steady growth in demand for fuels and by-products arising from crude oil brings to
the fore the need to seek new energy sources and raw materials that are not as harmful to the
environment, since the concentration of compounds such as carbon dioxide in the atmosphere
brings with it a wide range of issues related to climate change. In this scenario, the reduction
in the use of compounds based on petroleum becomes necessary. Vegetable oils arise as a
viable alternative to the use of these compounds, because their production is more sustainable
since it is based on the utilization of the plant’s metabolic machinery for such (Dyer and
Mullen 2008). This is possible since the fatty acids originating from vegetable oils are
structurally similar to hydrocarbons found in the crude oil, making them potentially
environmentally friendly substituents (Dyer and Mullen 2008; Lee et al. 2015).

Currently, there are many known vegetable oils that are used as industrial raw materials
and for human consumption, and most of them originate from four main crops: sunflowers,
soybean, canola and palm. As a raw material for the food industry, vegetable oils are used for
the production of many products such as margarine and oils and they are generally composed
of fatty acids known as “common,” for example, oleic and palmitic acids. Furthermore, there
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are different fatty acids that can be used by the chemical industry for the production of
lubricants, soaps and plastics. These fatty acids, on the other hand, are called “uncommon”
due to the fact that they have a differentiated structure that can be used for many industrial
purposes (Lee et al. 2015). The composition and abundance of fatty acids in vegetable oils
vary between plant species showing that there are genetic differences between them that
favor, or do not favor, the production and accumulation of specific compounds. As the
cultivars mentioned above were studied exhaustively over the years to be aimed at producing
oils for human consumption, the metabolic pathways responsible for the oils of chemical
industry were mitigated showing that is important to understand the metabolic biosynthesis
pathways of these other oils so that it can be manipulated to favor the production of them.
There is a great interest from the food industry for producing plants which oil composition is
compatible to their patterns of production and sale, such as a plant which seed has oil
composed mostly of what are known as healthy fatty acids, that is, of unsaturated chains.
Similarly, industries that produce lubricants, paints, adhesives and plastics have also begun to
show interest in the modification of vegetable oil composition in order to promote their
specific production processes.

Therefore, an understanding of the metabolic pathways of biosynthesis pertaining to the
vegetable oils and enzymes involved in this process is important so that it can be possible to
maximize, improve and diversify the production of the same, reducing our dependence on
petroleum and creating a more bio-based economy (Dyer and Mullen 2008). It is precisely in
this context that metabolic engineering aims to act in this question: a) improving the
metabolic biosynthesis pathways of oils of interest; b) introducing these pathways into other
plants in order to facilitate the production of these oils; c) changing the composition of fatty
acids in vegetable oils, to better adapt them to their purpose, whether for the food or chemical
industry.

One example of metabolic engineering use by the food industry is the facilitation of the
solidification of vegetable oils without the necessity of hydrogenation. This reaction is
applied into the oils to undo the double bounds of the carbon backbone by adding a pair of
atomic hydrogens into it. The problem of this reaction is the formation of isomers trans-
unsaturated that are extremely harmful to the human health and are not present in natural
vegetable oils. Liu et al. 2000 noticed that the cotton seed oil is rich in polyunsaturated fatty
acids therefore there is a need to hydrogenate it for the production of margarines and other
products with a more stable structure to keep viable for more time. This step led to the
production of those trans-unsaturated fatty acids mentioned above. To resolve this problem,
the researchers created a transgenic cotton with downregulation of the gene encoding the
enzyme Stearoyl-ACP D-9 desaturase resulting in a plant with an increase of 38% in the
production of the stearic acid, a saturated fatty acid with a 18 carbon atoms chain but neutral
in the cholesterol and LDL blood levels (Kris-Etherton et al. 2005) allowing the production of
margarine without the necessity of hydrogenating the vegetable oil. Beside stearic acid, all
other saturated fatty acids should be avoided in the human diet due to their physical and
chemical properties which led to many health problems. Regarding this issue, Kinney et al.
1996 created a modified soybean plant with the downregulation of the gene encoding the
enzyme Oleoyl-D-12 desaturase resulting an increased proportion of oleic acid (unsaturated
fatty acid) in comparison with the amount of saturated fatty acids in the soybean oil
composition. This modification benefits the use of this oil for human consumption and makes
it more stable in higher temperatures such as those encountered in frying.
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Recently, Bhattacharya et al. 2015 knowing that the rate of undesirable saturated fatty
acids as erucic acid in the Brassica juncea seed oil are much higher than the amount of stearic
acid (a saturated fatty acid mentioned above, neutral in the balance of the cholesterol in the
blood and the levels of LDL), constructed a transgenic plant of Brassica juncea with the
carbon flux manipulated favoring the production of the healthy fatty acid over the erucic acid.
This was made by the introduction of the gene MIFatB encoding the enzyme FatB
thioesterase from Madhuca longifolia in the B. juncea plant. Analyzing the content of lipids
in the seeds from the transgenic lines and the control lines (not transformed with the gene
MIFatB). Bhattacharya et al. 2015 noticed a reduction of 71% in the content of erucic acid in
the transgenic seeds and a considerable increase of the desirable stearic acid. Among other
examples, one recent study led to the construction of a transgenic Camelia sativa and Glycine
max (soybean) plants with the higher amount of the unusual lipids acetyl-triacylglycerols, in
comparison with all other transgenic plants designed for this purpose of unusual fatty acid
production. This was made by the downregulation by RNAI suppression of the enzyme
diglyceride acyltransferase (DGAT1) which catalyzes the reaction of common
triacylglycerols from acetyl-CoA and diacylglycerol and the heterologous expression of the
gene encoding the diacylglycerol acetyltransferase (EaDACT) from Euonymus alatus. This
unusual lipid produced by metabolic engineering could be used for many industrial
applications because its physical and chemical properties allow it. For example, its kinematic
viscosity is in the range for diesel utilization without the need of transesterification, acetyl-
triacylglycerols are less caloric than the common tryacylglicerols found in vegetable oils and
it is possible to put these genetic modifications into oilseed crops such as soybean for human
consumption, as was made in this study too, showing an increased production of the acetyl-
triacylglycerols (Liu et al. 2015).

The industrial need for more sustainable, ecological and healthier feedstock is
accompanied by the development of new biotechnological strategies to achieve this target.
One of the approaches is the metabolic engineering of plant’s pathways for the production of
vegetable oils that can replace the environmental harmful feedstocks and be used as healthier
foods. In this context, many efforts have successfully been made in the modification of the
fatty acids composition of the vegetable oils to benefit the human consumption, with healthier
lipids, or to benefit those lipids that are important for the chemical industry for the production
of waxes, lubricants, plastics and fuels. These objectives can only be totally achieved if we
expand our knowledge of the biosynthesis pathways of the oils and the genes involved in such
process. Once it is accomplished, amazing results rises with new plants producing better
compositions of lipids and producing lipids which can be used to replace harmful feedstocks
arising from petroleum.

CONCLUSION

Vegetable oils are very important feedstock that can be used in many industrial processes.
Although it is mainly used for basic nutrition, several vegetables oils present many functional
properties, including antioxidant properties. However, with specific modification of vegetable
oils many industrially relevant compounds can be obtained. Among the modified oils, there
are structured lipids for food and pharmaceutical industries and biodiesel for fuel industry. In
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addition, many minor hydrophobic compounds present in vegetables can be modified for
industrial interest. In this context, although traditional chemical methods can be used, the
utilization of efficient biotechnological techniques, including biocatalysis and
biotransformation, present many advantages, such as higher selectivity for the substrate, what
does not cause the formation of toxic byproducts and the fact that enzymes and cells are
considered environmentally friendly. In addition to enzymatic techniques, the genetic
engineering of plants can be a future alternative to obtain desirable oils with specific
properties. However, the necessity of better enzymes and new microorganisms with higher
catalytic properties, added to new metabolic engineering technologies is highly necessary to
the real day by day industrial production of modified vegetable oils.
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ASSESSING AUTHENTICITY OF VEGETABLE OILS
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University POLITEHNICA of Bucharest, Romania
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ABSTRACT

In recent years the production of vegetable oils (sunflower, linseed, rapeseed,
soybean, olive, etc.) has significantly increased, oils being considered a major economic
resource, mainly used in the food industry or as raw materials for the biodiesel
production, as well as for the oleochemical and pharmaceutical industries.

Authentication of vegetable oils refers mainly to two aspects. On one hand, it is
related to establishing conformity according to label - in terms of plant species, part of
the plant (e.g., discrimination between palm oil and palm kernel oil), geographical origin,
crop year, processing technique (differentiation of minimum processed oils such as cold
pressed oils from refined oils). On the other hand, detection of adulteration of expensive
vegetable oils and fats such as olive oil or cocoa butter with cheaper oils is another
important issue concerning oils authentication.

In the last decade, researchers in the food quality control field, showed an increased
interest to establish methods for products authentication. This trend results from the
consumers enhanced demand for quality products. Vegetable oils authentication by
means of establishing the geographical origin of oil seeds goes with the new trend of
protecting the local food products. Protected designation of origin (PDO), protected
geographical indication (PGI) and Traditional Specialty Guaranteed (TSG) are
geographical indications defined in European Union Law to protect regional foods and to
eliminate the dishonest practices. Those laws are inflicted in the European Community
since 1992 and gradually extended to the non-UE countries by various joint agreements.

The fatty acid composition of vegetable oils is the main factor influencing their
nutritional value and properties. In recent years, new and efficient methods for the
determination of the fatty acids profile of different kind of samples (e.g., vegetable oils,
lipid extracts from different vegetable or animal tissues) have evolved, being partially fed
by the general trend in the chemical literature concerning the food authenticity
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assessment. Among the most envisaged physical methods of analysis, vibrational
spectroscopy (NIR, FT-IR and Raman), nuclear magnetic resonance (*H-, *C-NMR) and
chromatographic techniques (GC, HPLC) can provide structural and compositional
information useful for vegetable oils authentication. Special attention has been focused
on H-NMR spectroscopy which leads to a global fatty acids profile (in terms of
linolenic, linoleic, mono-unsaturated and saturated fatty acids) in a non-invasive manner
and mild analysis conditions which do not require chemical transformations prior
to/during analysis, as compared to chromatographic techniques. Moreover, spectra (both
NMR or vibrational) can be considered as fingerprints of samples taken into analysis,
thus being helpful for authentication purposes.

Authentication of a food product is almost impossible without the use of statistical
methods applied to data bases obtained from genuine samples. Among these methods,
multivariate statistical analysis - Principal Component Analysis (PCA), Discriminant
Analysis (DA) - have proven suitable for vegetable oils authentication.

In this chapter, we aim to investigate the potential of physical methods (NMR or
vibrational spectroscopies and chromatography) coupled with statistical data processing
to assess vegetable oils authentication issues such as establishing conformity according to
label and detection of adulteration.

Keywords: vegetable oils, authentication, adulteration, chemometrics, NMR, FT-IR,
multivariate data analysis

1. INTRODUCTION

Vegetable oils are important components of the foods, from multiple viewpoints such as
nutritional value, organoleptic characteristics, functional properties within the food matrix.
Therefore, the performance of vegetable oils in food applications is dependent of their
quality, purity and some intrinsec quality parameters [1], which are in close relationship with
oils authenticity. According to a recent study based on both media and scholarly reports [2],
vegetable oils and fats (such as olive oils, cocoa butter) are one of the most frequently
counterfeited food ingredients or food products, accounting for 24% of the total food fraud
cases during 1980-2010 (database available at www. foodfraud.org).

The need for rapid, low-cost and highly accurate analytical methods to assess authenticity
and/or to detect adulteration has motivated the use of modern techniques such as NMR or
vibrational spectroscopies associated with statistical methods for data analysis
(chemometrics) for the characterization of vegetable oils.

Generally, the workflow aiming to establish authenticity or detection of fraud comprises
several steps: acquiring an exhaustive collection of authentic oil samples (with known
botanical origin, geographical area of production, harvest year, processing techniques), the
screening of all samples with specific analytical methods (e.g., spectroscopic,
chromatographic, senzorial analyses) in order to obtain a large database regarding oils
characteristics. With the aid of statistical analysis (chemometrics), approximately 75% of
these data are further used to build up reliable prediction models for oils authentication and/or
detection of fraud (adulteration, unconformity with the declared specifications); the
remanining 25% of the information in the database is used to test and validate the proposed
model, assessing its accuracy. Afterwords, unknown samples may be tested for conformity
using the validated model.
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Prior to chemometrical analysis, the raw data acquired through analytical methods are
usually processed by filtering, feature detection, alignment and normalization [3]. Filtering
methods process the raw measurement signals aiming to remove unnecessary and unwanted
effects (e.g., baseline noise drift) or spectral regions (e.g., those corresponding to water or
CO; absorptions in FT-IR spectra). Feature detection is used to detect representations of
measured ions from the raw signals. Alignment methods cluster measurements across
different samples, while normalization removes embarassing systematic variation among
samples.

Having prepared the acquired raw data, it is afterwords necessary to analyse the huge
amount of information (variables and features) obtained from the database of the investigated
authentic samples. This results in multivariate data matrices that require the use of advanced
mathematical and statistical procedures aiming to efficiently extract the maximum useful
information from the data. There are two types of multivariate data analysis methods:
unsupervised and supervised. The most common unsupervised method is principal
components analysis (PCA) [3].

2. GENERAL ASPECTS REGARDING PHYSICAL
METHODS OF OILS ANALYSIS

2.1. General Aspects and Interpretation of Vibrational Spectra
(FT-IR, NIR, Raman) of Oils

a. FT-IR Spectra

The FT-IT spectroscopy is a very important technique for both molecular structure
elucidation of oils and authentication purposes, its popularity being due on one hand to the
fact that FT-IR spectra of vegetable oils provide useful information with easily assignable
bands to specific functional groups, and on the other hand to other advantages such as
rapidity, no sample preparation required prior to analysis and relatively low price of
equipment.

FT-IR spectra of vegetable oils have the same shape (Figure 2.1), each band or
“shoulder” giving structural information on functional groups in lipids or impurities present
in oils [4].

If the sample contains traces of water, hydroperoxides (R-OOH) or alcohols (from the
degradation of hydroperoxides), the stretching vibrations of -OH bonds will appear as broad
bands in the 3700-3400 cm'! region.

The 3025-2850 cm* spectral region is dominated by the intense absorption bands due to
the C-H stretching vibrations from methylene and terminal methyl groups of the aliphatic
fatty acyl chains in triglycerides [4]; the stretching vibrations of C-H from cis CH = CH
double bonds are observable at the upper end of this region, while the absorptions of trans
double bonds appear at higher frequencies, as a very weak band.

At the lower end of this region, carbonyl compounds (resulting from oils oxidation) give
a weak absorption. The very intense band at 1740 cm is due to the stretching vibration of
carbonyls from triglyceride esteric bonds. Free fatty acids (R-COOH) occurring from
lipolysis will generate a “shoulder” on the low-frequency side of this band. Carbonylic
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compounds (aldehydes and ketones) occurring from autooxidation of vegetable oils give
specific absorptions in the 1730-1650 cm™ region.

The next region (ranging from 1500 to 900 cm) is called the “fingerprint” region
because it has a distinctive pattern for any pure compound. Isolated trans C = C bonds give a
specific absorption band at 966 cm™ due to the C-H out-of-plane deformation; conjugated
trans-trans or cis-trans systems give absorptions at slightly higher frequencies. The C-H out-
of-plane deformation of cis C = C appears as a “shoulder” at the low-frequency side of the
band at 723 cm™ (assigned to the CH, rocking vibration) [4].

Overall, mid-FTIR spectroscopy is useful as analytical technique for the rapid and
accurate characterization of food samples, especially in identifying specific functional groups
present in vegetable oils based on the fact that different functional groups absorb different
frequencies of radiation. A part of the infrared spectrum ranging from 650 to 1500 cm? is
known as the “fingerprint” region and is unique to each molecule, allowing for identification
of similar substances.

b. FT-Raman Spectra
Raman spectroscopy is based on inelastic scattering of a monochromatic light, which
interacts with molecular vibrations or other excitations in the sample, resulting in shifted
energy frequencies. The shift in energy frequencies gives information about the vibrational
modes in the sample, and consequently spectral bands can be assigned to specific functional
groups [5].
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Reprinted from Ref. [4]. Copyright (2001) with permission from WILEY-VCH.

Figure 2.1. FT-IR band assignments for a typical edible oil spectrum.
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Reprinted from Ref. [4]. Copyright (2001) with permission from WILEY-VCH.
Figure 2.2. Typical FT-Raman spectrum of an edible oil.

Figure 2.2 shows a typical FT-Raman spectrum of a vegetable oil [4]. Compared to
Figure 2.1, the relative intensities of IR and Raman bands differ considerably, the information
provided being complementary.

The 1700-1600 cm™ spectral region has a particular importance for the characterization
of oils from the unsaturation point of view. The dominant features in this region are the
intense absorption bands corresponding to C=C bonds, in contrast with FT-IR spectra, where
the equivalent absorptions are displayed as weak bands [4].

Moreover, in Raman spectra the C = C stretching vibrations corresponding to the cis and
trans configurations appear at different wave numbers (1656 and 1670 cm’, respectively),
therefore Raman spectroscopy is considered a valuable analytical method in the oils field for
the determination of the unsaturation type and degree.

¢. NIR Spectroscopy

Near infrared (NIR) spectroscopy uses the near-infrared region of the electromagnetic
spectrum (frequencies ranging from 800 to 2500 nm) and is based on molecular overtone and
combination vibrations [6].

In contrast with FT-IR and Raman spectra, NIR spectra of oils give few structural
information, therefore the NIR bands cannot be specifically assigned to functional groups. As
it is reflected from Figure 2.3, the NIR spectrum of a vegetable oil — recorded between 10000
and 4500 cm? — displays three broad bands resulted from overlapping overtones and
combinations of the fundamental vibration modes associated with spectral IR and Raman
bands.
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Figure 2.3. Typical NIR spectrum of an edible oil.

Despite the apparent lack of information, NIR spectroscopy is useful as a fingerprint
screening technique for authentication purposes of oils and fats. As a relevant example, a FT-
NIR spectral data-based method was adopted by the American Oil Chemists’ Society (AOCS)
as an official method for the determination of the oils unsaturation index (iodine number) [7].

2.2. General Aspects and Peak Assignment of 'H- and 3 C-NMR
Spectra of Oils

'H-NMR spectra of vegetable oils have the same shape, they differ only by the integrals’
values and signal intensities. Figure 2.4 presents for exemplification the typical *H-NMR
spectrum of a vegetable oil (soybean) and Table 2.1 lists the chemical shifts and the peak
assignment [8].

Compared to *H-NMR spectra, the electronic configuration of the *3C nucleus determines
the spreading of the chemical shifts over ~200 ppm frequency range, resulting in minor signal
overlapping and, as a consequence, enabling more refined structural information allowing to
determine the positional distribution of the acyl chains on the glycerol backbone [9, 10].

Besides expensive analytical equipment, the major drawback of the 3C-NMR
spectroscopy is due to the low natural abundance of *C and a small gyromagnetic ratio,
which explain the low sensitivity of the method (only major components such as triglycerides
can be quantitatively analyzed). However, quantitative information from *C-NMR spectra
can be obtained with proper modification of the pulse sequences and acquisition parameters
[10].
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Figure 2.4. Typical 1H-NMR spectrum of a vegetable oil (soybean).

Table 2.1. Chemical shifts and peak assignment of *H-RMN
spectra of vegetable oils [8]

Signal & (ppm) Proton Compound
A 0.95 -CH=CH-CH-CHj3 linolenic acid
B 0.85 -CH2-CH,-CH,-CH3 all acids except linolenic acid
C 1.2 -(CH2)n- all fatty acids
D 1.6 -CH>-CH,-COOH all fatty acids
E 2.02 -CH,-CH=CH- all unsaturated fatty acids
F 2.2 -CH,-COO- all fatty acids
G 2.76 -CH=CH-CH,-CH=CH- linoleic acid and linolenic acid
H 4.19 -CH,OCOR all fatty acids
| 5.15 -CHOCOR all fatty acids
J 5.29 -CH=CH- all unsaturated fatty acids

Fatty acid methyl esters (FAME) obtained by transesterification of vegetable oils have
characteristic 3C-NMR spectra, differing from one to another by integrals’ values and signal
intensities, as shown in Figure 2.5.

Acquisition parameters of the 3C-NMR spectra involves a pulse angle of 30° and a
relaxation delay of 30 s in order to confer spectra a semi-quantitative character. A number of
64 scans may be used for a reasonable experimental time. A greater number of scans,
although leading to an improvement of the integration quality, is not suitable because it
considerably increases the time of acquisition [11].

It can be noticed from the spectra that carbon signals group into five main spectral
regions: a) carbonyl atoms region (~175 ppm); b) carbon atoms involved in -C=C- double
bonds region (~130 ppm); c) carbon atoms of the methyl ester groups region (~50 ppm); d)
methylene groups region (~20-35 ppm); €) chain ending methyl groups region (~14 ppm).
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Figure 2.5. 3C-NMR spectrum of a typical vegetable oil FAME.

A particularly interesting region for the quantification of component FAME is the
methylene groups region (Figure 2.6). Despite the large number of signals in this region, they
could be resolved on the basis of literature information [9, 10, 12] and chemical shifts
computation based on increment additivity [13].

Another spectral window with practical utility for the chemometric determination of oils
composition is the region specific for the unsaturated carbon atoms involved in —C=C- bonds
in the fatty acyl chains (~130 ppm), presented in Figure 2.7. Peak assignments for this region
could be resolved (Table 2.2).

In the cases where signal overlapping occurred, the entire group of signals may be
integrated, in order to comply with the integration rule, from baseline to baseline (N, M or G
groups). In such conditions, a system of chemometric equations allowing the FAME
composition computation in terms of four classes of constituents (linolenic acid, linoleic acid,
mono-unsaturated fatty acids and saturated fatty acids) on the basis of signals integrals has
been set up [11].
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Figure 2.6. 10-37 ppm spectral window of the *C-NMR spectrum of FAME (corresponding to -(CHy),-
and —CHgs groups).
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Figure 2.7. 126-133 ppm **C-RMN spectral window (corresponding to -C=C- region).

2.3. Determination of the Fatty Acids Profile of Vegetable Oils

a. From the Chromatographic Data

Gas chromatography (GC) is the most popular method for the compositional analysis of
oils and fats, allowing to obtain accurate and detailed fatty acids profiles.

Prior to GC analysis, lipids must be transformed into the corresponding fatty acids methyl
esters (FAME), more volatile than triglycerides or other complex lipids. The choice of the
most convenient lipid derivatization method is crucial for the relevance of the composition
results. FAME may be obtained through transesterification of triglycerides with methanol
either under alkaline or acidic catalysis [14]. In both cases, the transformation involves two
steps: saponification (usually carried out with NaOH), followed by the reaction with MeOH,
in the presence of the catalyst. In the case the alkaline catalysts (sodium methoxide being
preferred) are used for methylation, the free fatty acids and the fatty acids from sphingolipids
remain unesterified. The sodium methoxide-based esterification method, even if it is not
effective for the free fatty acids, is however very rapid: it was demonstrated that triglyceride
derivatization into the corresponding FAME is completely achieved within 2-5 minutes [15].

The most intensively used acid catalysts for lipid esterification purposes are the BFs-
methanol complex (10-14% m/vol.) [14], BCls-methanol (5% mi/vol.), anhydrous HCI in
methanol [16] and H>SO4 in methanol (1-2%). The advantage of acid catalysis over the
alkaline conditions is that it allows a rapid esterification of the free fatty acids; therefore, if
saponification is performed prior to methanolysis under acidic conditions, the method
becomes effective for the complete lipid derivatization into the corresponding FAME.
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Table 2.2. C-RMN peak assignments for FAME
(observed and calculated* values)

No. Signal (8, ppm) Peak assignment Calculated” chemical shift
Methyl Methyl | Methyl | Methyl Methyl
palmitate stearate | oleate linoleate | linolenate
1. K 174.1 C-1 173.1 1731 1731 173.1 173.1
2. - 131.7 C-16 (Ln) - - - - 128.9
3. Group N | 130.1 C-9 (Ln) - - - - 132.2
4. 130.0 C-13 (L) - - - 132.2 -
5. 129.9 C-10 (O) - - 130.7 -
6. 129.8 C-9(L) - - - 132.2
7. 129.6 C-9 (0) - - 130.7 - -
8. Group M | 128.3 C-12 (Ln) - - - - 28.8
9. 128.1 C-13 (Ln) - - - - 128.8
10. 127.9 C-10 (L) - - - 127.3 -
11. 127.8 C-12 (L) - - - 127.3 -
12. 127.7 C-10 (Ln) - - - - 127.3
13. - 127.0 C-15 (Ln) - - - - 128.0
14. J 51.2 -COO-CH; 51.9 51.9 51.9 51.9 51.9
15. | 33.9 -0-CO-CH,- 33.6 33.6 33.6 33.6 33.6
16. H 31.5-31.9 -CHp-CH,-CH3 31.9 31.9 31.9 32.0 -
17. G 29.0-29.7 -(CH2)n- 29.7 29.7 29.7 29.7 29.7
17. F 27.1 -CH=CH-CH,- - - 33.7 33.8 33.8
19. E 25.4-25.6 -CH=CH-CH,- - - - 37.6 37.7
CH=CH-
20. D 24.6-24.9 -CO-CH,-CH,- 25.1 25.1 25.1 25.1 25.1
21. C 22.5-22.7 -CH,-CH,3 22.8 22.8 22.8 229 -
22. 20.5 -HC=CH-CH,-CH; | - - - - 26.6
(Ln)
23. B 14.2 -CH,-CHs (Ln) - - - - 14.3
24. A 14.0 -CH,-CH,4 14.1 14.1 14.1 14.1 -

" Based on additive (incremental) computations [8, 13]; Ln — linolenic acid; L — linoleic acid; O — oleic
acid; S — stearic acid; P — palmitic acid.

The configuration of the GC system also affects the result of the chromatographic
analysis. Many factors, such as the column type, gas flow control, and temperature
programming — if not set up correctly — will affect the performance of the GC. The
chromatographic columns represent the critical parameter of a GC system, their choice
depending on the nature of the analyzed sample. There are many GC columns available for
FAME analysis. Generally, a good column for FAME should be able to separate all the
components and allow the FAME to elute primarily according to carbon chain length and
secondarily by the number of double bonds. There should be no overlapping or minimal
overlapping among FAME having different chain lengths [14]. Generally for FAME analysis,
polar and high-polar columns are preferred because of the presence of unsaturated fatty acids
and their positional isomers which have high polarity as compared to their saturated
counterparts.

A special issue is the GC separation of the cis-trans or positional isomers of unsaturated
fatty acids methyl esters. It can be resolved if very long capillary columns are used for the
separation. Performant GC capillary columns allow both specific identification and
guantitative determination of the trans FAME [14].

Once introduced into the column, FAME with different carbon chain length and
saturation levels move through the column at different rates and elute from the end of the
column sequentially. Fatty acid standards (Nu Chek Prep, Matreya, Supelco 37 FAME Mix)
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are required to obtain the retention time for individual fatty acids in GC analysis, so that fatty
acids in samples can be identified by comparing their retention times with those of the
standards. An example of the FAME identification by comparing the retention time of each
chromatographic peak with the peaks of a commercial standard FAME mixture is shown in
Figure 2.8.

b. From the *H-NMR Data

Based on 'H-NMR spectral data, a system of chemometric equations leading to the
determination of oils composition on four classes of fatty acids (linolenic acid, linoleic acid,
mono-unsaturated fatty acids and saturated fatty acids) was developed [17], the obtained
results being in agreement with the composition determined by GC:

| . - - :
A syl 4kx12:LE_X_y,t:1—x—y—Z
Iy +1g 2k 4k

where:
e X, VY, Z and t represent the molar ratios of linolenic acid, linoleic acid, mono-
unsaturated fatty acids (oleic acid), and saturated fatty acids, respectively;
e la, lg, g, IF, I represent the integral values of the corresponding signals.
e Kk is a spectrometer constant; it is a computed coefficient which correlates the signal
integral with the number of protons generating the signal. By consequence, k value
can be determined on the basis of different signals, the most accurate results being

obtained for. k = '7F [17].

The fatty acids composition of vegetable oils has also been estimated by 'H-NMR
spectroscopy on the basis of the relationship between the integrals and the characteristic
signal for each fatty acid and the signals of the glycerol moiety [18] with four integrations and
three integral subtractions. The results were found in agreement with those obtained by the
conventional method (GC).

It has been previously shown (Section 2.3.a) that gas-chromatographic methods allow
structural and compositional analysis of vegetable oils. These methods require sample
derivatization (triglycerides) into the corresponding more volatile fatty acids methyl esters
(FAME) prior to analysis. Besides being a tedious step, there is always a risk of modification
of the original fatty acids composition during the separation or reflux involving steps
(isomerization) in the analysis protocol. In terms of time length, not only the sample
preparation prior to analysis is time consuming, but even the GC separation itself, a typical
chromatogram being recorded in 45-50 minutes. Overall, a gas-chromatographic analysis of a
vegetable oil sample takes about two hours. But, of course, precision — the main advantage of
the GC method — should never be neglected.

On the other hand, NMR spectroscopy (*H- or **C-) allows for simultaneous structural
and compositional analysis of complex mixtures such as vegetable oils on four classes of fatty
acids (saturated, mono-, di and tri-unsaturated) with certain advantages, such as short
acquisition times (a typical *H-NMR spectrum takes about two minutes to be recorded), no
sample preparation prior to analysis (it is applicable directly on triglycerides), the method
being non-invasive and allowing complete sample recover after analysis. The major drawback
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of the NMR techniques compared to gas-chromatography is the prohibitive price of the
instruments.
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Figure 2.8. FAME identification: a) standard FAME mixture chromatogram (Supelco 37 FAME Mix);
b) FAME from soybean oil; ¢) FAME from linseed oil.

2.4. Statistical Data Analysis

The modern physical and chromatographic methods for food analysis in general (and oils
analysis in particular) produce huge amounts of data; data analysis not only deals with the
extraction of primary information from data, but also with the generation of secondary
information, for example the generation of models which can further be used for prediction
purposes. Such huge amounts of data can be investigated through statistical methods. For oils
authentication purposes, the main statistical tools are Principal Components Analysis, Partial
Least Squares and the analysis of variance, which will be briefly described below.

1. Principal Component Analysis (PCA) is an unsupervised modelling method allowing
exploratory data analysis and the classification of samples by investigating
similarities and differences between different samples [19]. The PCA technique
reduces the number of latent variables, called principal components (PC). Each PC
explains a part of the system’s variability of the original data set. PCs are ranked as
PC1, PC2, PC3 etc. in descending order in terms of the amount of information. One
of the significant goals of PCA is to eliminate the principal components associated
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with noise, thereby reducing the dimensionality of complex problems and
minimizing the effect of measurement errors [20]. By reducing the data
dimensionality, PCA allows its visualization while retaining as much as possible the
information present in the original data. In other words, PCA transforms the original
measured variables into new uncorrelated variables, called principal components.

It is a common practice to orthogonally represent two PCs relative to each other in
order to obtain plots (generally PC1/PC2 plots) in which samples group according to
their similarities or differences, allowing the authentication of oil type, oil variety,
geographical area of production, harvest year and even the detection of adulteration.
PCA is suitable as statistical method for spectroscopic and chromatographic data
analysis.

For example, oils of different botanical origin (conventional and high-oleic varieties
of sunflower, rapeseed, soybean and linseed) were classified on the basis of the
principal component analysis (PC1/PC2 score plot representation) of compositional
data on four components (linolenic acid, linoleic acid, mono-unsaturated and
saturated fatty acids, respectively) computed from *H-NMR data [21]. The PC3/PC2
score plot representation allowed for the authentication of the geographical area of
production of the rapeseed oil samples, while samples of soybean oil grouped
according to the harvest year (2005, 2006 or 2007) in the PC1/PC2 score plot.

More recently, researchers used three dimensional representation of the PC scores
(PC1/PC2/PC3) to authenticate the harvest year for olive oil samples from Greece
with a 94% correct classification, reflecting the significant year-to-year variability of
the fatty acids profiles.

Multiple Linear Regression (MLR) models a linear relationship between a dependent
variable and one or more independent variables.

Principal Component Regression (PCR) is a combination of PCA and MLR: the
scores gained by principal component analysis are used for multiple linear
regression.

Partial least squares (PLS) regression is a supervised method based on the
relationship between the signal intensity in a spectrum and the characteristics of the
sample. The method is useful in the case of overlapping signals.

The algorithm is based on the mathematical correlation of spectral data to a property
matrix of interest while simultaneously accounting for all other significant spectral
factors that perturb the spectrum. Therefore, PLS is a multivariate regression method
that uses the full selected spectral region. PLS is a linear regression extension of
PCA, which is used to connect the information in two blocks of variables X and Y to
each other. It can be applied even if the features are highly correlated [22].

PLS can be applied to establish a predictive model, even if the features are highly
correlated. The method aims to establish a relationship between two matrixes X and
Y (X = data matrix and Y = properties matrix). The procedure involves the following
steps: the principal components are calculated for X and Y matrixes, separately; the
scores of the X matrix are then used for a regression model to predict the scores of Y,
which can further be used to predict Y. A crucial decision in PLS is the choice of the
number of principal components used for the regression. A good approach to solve
this problem is the cross-validation [22].
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5.

Root 2

Linear Discriminant Analysis (LDA) is a method of finding such a linear combination
of variables which best separates two or more classes. In itself LDA is not a
classification algorithm, although it makes use of class labels. However, the LDA
result is mostly used as part of a linear classifier. The other alternative use is making
a dimension reduction before using nonlinear classification algorithms. It should be
noted that several similar techniques (differing in requirements to the sample) go
together under the general name of Linear Discriminant Analysis.

An example of this procedure is illustrated in Figure 2.9 [23] showing a very good
separation into clusters of oil samples from virgin olive oil, hazelnut, sunflower,
soybean and corn oils, respectively on the basis of Linear Discriminant Analysis
applied to *H and 3P NMR metabolic profile data. After appropriate validation, the
model was used to detect adulteration using admixtures of virgin olive oils with the
above mentioned oils.

25
+ virgin olive
28 A a Inut o mhazelnut
1 azeiny o msun
* sunflower . msoybean
15 | + soybean 4 mcorn
4 corn T
10 ¢
°t s % a0 o 1! J
° o o &
a
0 ﬂ a o a ‘:5090@
<y !
=]
o
5L o
-15
30 -20 -10 0 10 20 30

Root 1

Reprinted from Ref. [23]. Copyright (2003) American Chemical Society.

Figure 2.9. Plot of discriminant functions roots 1 and 2 for five types of edible oils. Virgin olive oil,
soybean, hazelnut oil, corn oil and sunflower oil are shown by crosses and solid symbols. Four sets of
mixtures of 5, 10, 15, 20, 35 and 50% (w/w) of virgin olive oils with hazelnuts (mhazelnut), sunflower
(msun), soybean (msoybean), and corn (mcorn) oils and one set of mixtures of 5, 10, 15 and 20% of
virgin olive oils with hazelnut oils (mhazelnut) are denoted by open symbols. Arrows indicate mixtures
of 5% (w/w) of seed oils in virgin olive oils.

6.

Analysis of variance (ANOVA) tests if one group of samples differs from the
population of samples investigated [24]. Multiple measurements are necessary to
establish a benchmarked variability (“within-group”) characteristic for the sample
type. Whenever a difference significantly exceeds this benchmark, at least two
populations of samples are involved.
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7. Cluster Analysis (CA) aims to divide a group of objects into clusters so that the
objects within a cluster are similar, but objects taken from different clusters are
dissimilar. Hierarchical clustering methods organize samples into clusters of
increasing size, with small clusters of related samples being grouped together into
larger clusters: at one extreme each sample is in a separate cluster; at the opposite
extreme, all the samples are in one single cluster. The relationships between the
clusters can be visualized using a dendrogram. Cluster analysis is sometimes referred
to as a distance-based approach to sample selection since it requires a measure of the
“distance” between pairs of samples. This distance is often calculated as 1-S (S being
the similarity coefficient) when samples are represented by physico-chemical
properties (or their scaled derivatives or a set of principal components) [25].

3. AUTHENTICATION OF VEGETABLE OILS

There is a multitude of factors influencing the chemical composition of oils; if their
importance is underestimated, they may obscure the interpretation of the authentication
results. One of the critical steps in calibrating a reliable classification/prediction model for
authentication purposes is to build up an exhaustive collection of authentic oil samples with
known botanical origin (plant species), variety, geographical cultivation area and year of
harvest. ldeally, the samples must represent all the factors — or at least the most important
ones — that have influence on the composition of oils. The major factors affecting the
composition of vegetable oils are the pedoclimatic conditions (such as soil, altitude, climate),
genetic factors (variety), agronomic practices (e.g., irrigation), ripeness which is closely
correlated with the month of harvest (e.g., from October to February in the case of olives) or
storage time and storage conditions before and after oil extraction [26]. For the different
vegetable oils composition, the influence of these factors was examined in several instances
with both conventional and modern techniques. A variety of metabolites and/or spectral
regions of NMR or vibrational spectra (FT-IR, NIR, Raman) coupled with a variety of
statistical methods for data analysis (chemometry) have been applied for the classification of
the collected oil samples according to plant species, variety, geographical area of production
or year of harvest, with different classification rates. Concerning the olive oil, these issues are
presented in some recent excellent review articles [26-28].

3.1. Authentication of the Plant Species

Infrared (IR) and Raman spectroscopies were used as sample screening techniques for the
authentication of vegetable oils according to their botanical origin (plant species) [29]. An
exhaustive data base consisting of authentic samples of olive (extra-virgin and refined),
sesame, rapeseed, sunflower, soybean, mustard, peanut, palm, walnut, corn, coconut, palm
kernel, sweet almond, grape seed, safflower and hazelnut oils was used to obtain spectral data
which were further chemometrically classified and differentiated on the basis of the linear
discriminant analysis. IR spectral data gave 100% classification rates, being more effective
compared to Raman or IR-Raman combined data.
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Fourier transform (FT) vibrational spectroscopic techniques (NIR, mid-IR and Raman)
were used for the discrimination among ten different edible oils and fats, both vegetable
(extra virgin olive oil, canola, safflower, corn, soybean, peanut, and coconut oils) and animal
(lard, butter, cod liver oil) [30]. The acquired spectral data were statistically analyzed with
specific methods (linear discriminant and canonical variate analyses) for classification and
discrimination purposes. The most efficient screening technique was FT-IR spectroscopy,
which gave 98% accuracy in the classification of oils and fats according to their biological
origin. FT-Raman and FT-NIR proved also efficient, with classification accuracies of 94 and
93%, respectively. More recently (in 2013), FT-IR spectroscopy was once again found
efficient for the discrimination of different plant oils (soybean, canola, sunflower, corn and
olive) [31], on the basis of canonical variate analysis (CVA) and partial least squares-
discriminant analysis (PLS-DA). CVA classification model showed 100% sensitivity and
specificity for both calibration and external validation purposes.

'H-NMR in combination with PCA allowed the differentiation of Romanian seed oils
from four plants (sunflower, soybean, rapeseed and linseed) [21]. The score plot
representation of PC1/PC2 loadings of the samples from the calibration group revealed a
complete separation of oils into four classes, corresponding to their botanical origin. The
proposed model for oils differentiation according to the plant species was tested with samples
from the test group; all these samples were properly assigned to the corresponding botanical
origin, thus demonstrating the efficiency of the method. An even easier strategy for the
vegetable oils authentication (sunflower, soybean, rapeseed and linseed) based on the H-
NMR data uses the integral values of seven selected peaks in the oil spectrum [32] processed
by principal components analysis.

'H-NMR and FT-IR spectral data were used for the compositional characterization of the
grape seed oils (extracted from authentic grape seeds or commercial samples) and in
authenticity control studies [33]. The NMR analysis was conducted directly on the grape seed
oils (as triglycerides), without any other sample derivatization. The compositional
characterization was based on a system of chemometrical equations [17] allowing the
determination of the fatty acids profiles in terms of tri-unsaturated fatty acids (linolenic acid),
di-unsaturated fatty acids (linoleic acid), mono-unsaturated fatty acids (oleic acid) and
saturated fatty acids (palmitic and stearic acids) using the *H-NMR data. The compositional
differences between oils from grape seeds and common genuine oils (sunflower, soybean,
linseed and rapeseed) were investigated and the potential application in authenticity control
was assessed based on the *H-NMR and FT-IR spectral data analyzed with statistical methods
(PCA). A good separation into specific clusters was obtained for the authentic vegetable oils
on the basis of the *H-NMR data (Figure 3.1). Moreover, a good separation of Burgundy,
Cabernet Sauvignon and Muscat Ottonel varieties from the rest of the grape seed oils was
obtained. Additionally, a tendency of grouping according to red grape or white grape varieties
was observed, clusters being placed in different quadrants of the score plot (Figure 3.2).
Commercial grape seed oils (sample C1, C2, C3 and C4), although situated within the grape
seed oils area, were still very close to the specific area of sunflower oils.

The compositional differences between oils from grape seeds and common oils using FT-
IR spectroscopy were established by statistical analysis, PCA being considered as
classification method [33]. Differentiation of the samples was performed using the relative
intensity of absorption bands. The peak intensities of the absorption bands corresponding to
the main classes of chemical compounds identified in the IR spectrum were measured.
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The area between 3050 and 4000 cm™! was eliminated from the study because it contains
information which is not relevant for oils discrimination (water absorbance), being also a
source of noise in the spectrum. From the 2650-3050 cm™! spectral range, nine values of the
absorption bands intensities (every 50 cm™') were obtained. In the same way another nine
values from 1600-2000 cm™' and 19 values between 600-1500 cm™' spectral range were
obtained. In total, each IR spectrum was represented as a vector with 37 values. A good
separation of the grape seed oils from the other genuine common oils is shown in Figure 3.2.
Samples cluster in a well-defined group, separated from the specific areas of the rest of the
oils.
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Figure 3.1. Principal component (factor) scores F1/F2 plot for the grape seed oils, sunflower oil, rape
soybean oil, and linseed oil. Samples analyzed through *H-NMR and PCA.
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Figure 3.2. Principal component (factor) scores F1/F plot for the grape seed oils, sunflower oil,
rapeseed oil, soybean oil, and linseed oil. Samples analyzed through FT-IR and PCA.

3.2. Authentication of the Plant Part

In some cases (olive or palm fruits), the oil can be extracted from different parts of the
plant, namely the pulp and the kernel. Generally, the most appreciated are oils obtained from
the pulp, having superior nutritional value in comparison with the kernel oils which are
considered as by-products.

In the olive oil industry, the de-stoner technique is currently the only mechanical system
that allows a selective crushing of the fruits excluding the kernel from the paste [34]. The
kernel exclusion has the certain advantages to increase both nutritional quality of the product
and sustainability of the process. If the olive paste is made exclusively from the mesocarp, the
polyphenols content is protected from oxidation because most of the oxidative enzymes, as
polyphenol oxidase and peroxidase (mainly found in the kernel) are removed [35-38]. On the
contrary, when the “integral crushing” is applied, the presence of olive kernels reduces the
work capacity of the whole mill plant; in addition, the crushing of the kernel process also
involves a considerable amount of energy dissipated as thermal energy which heats the olive
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paste before the triggering of thermolabile enzymes, such as lipoxygenase and hydroperoxide
lyase [34, 36]. The commercial market does not allow kernels and extra charge the oil price to
compensate for the loss of yield. Consequently, the development of analytical techniques able
to ascertain that the oil from olives pitted is intact and not adulterated with oil of different
origin (not even from kernels from the same plant) is justified by the need of security on
product quality since the extra-virgin olive oils have higher market price.

The chemometric discrimination of extra virgin olive oils obtained from whole and
stoned olive pastes from four Italian commercial brands was carried out by using FTIR
spectroscopy and partial least squares-discriminant analysis (PLS-DA) approach [34]. The
adopted chemometric methodologies were able to describe the different chemical features
regarding the phenolic and volatile compounds contained in the two types of oil by using
unspecific IR spectral information. PCA was used in cluster analysis to capture data patterns
and to highlight differences between technological processes and extra-virgin olive oil brands.
Different oil extraction procedures were identified through PLS-DA. Discriminant analysis
was extended to assess the possible adulteration by addition of aliquots of oil from whole
paste to the most valuable oil from stoned olives with satisfactory external validation of the
PLS models.

It was established that the composition of the pulp and kernel oils of macauba
(Acrocomia aculeata) palm fruit were completely different from each other [39]. The pulp oil
contains mainly unsaturated triglycerides (approximately 78.5% of all identified compounds),
followed by significant amounts of diglycerides (~ 13.2%) and minor amounts of free fatty
acids (~ 5.6%) and sterols (1.5%), while in the case of the kernel oil, saturated triglycerides
with shorter chains account for approximately 98.6% of all identified compounds, the
remaining being trace amounts of free fatty acids (0.9%), sterols (0.2%) and monoglycerides
(0.3%). Saponification of the macauba pulp and kernel oils produced different distribution of
fatty acids, with the pulp oil being enriched in unsaturated fatty acids (70%, mainly oleic and
linoleic acids), and the kernel oil being enriched in saturated fatty acids (70%, mainly lauric
acid). Thermal analyses also indicated different thermal stabilities, with the pulp oil having
higher thermal stability than the kernel oil [39].

3.3. Authentication of the Geographical Origin

Authentication of agro-alimentary products is a recurrent concern involving several
analytical techniques (chromatographic, spectroscopic, DNA markers, etc.) coupled with
statistical methods helping to determine specifications and to identify conformity with known
labelled products: Protected Designation of Origin (PDO), Registered Designation of Origin
(RDO), Protected Geographical Indication (PGI), etc. These labels represent a protection way
of product denomination, since they guarantee that fabrication was performed according to
strict and constraining specifications. Therefore, production and processing have to take place
in a well-defined geographical area (climate, soil, altitude, etc.) by following a well-
recognized and specific know-how. Consequently, these labeled products have more
enhanced commercial values compared to similar products [40].

In the vegetable oils field, olive oil is by far the most protected by PDO or PGI
legislation.
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There are many designations of origin concerning virgin olive oils worldwide, some of
them being mono-varietal (e.g., Nyon, Nice), others being multivarietal (e.g., Aix-en-
Provence), mixing several compositional varieties (e.g., Aglandau, Grossane, Salomenque).
The varieties are required by the specifications concerning the trees grown in the orchards.
However, the percentages of olive oil varieties in commercial blends are free under the
condition that at least two main varieties co-occur and should be indicated on the product
label. Moreover, no minimal percentage of compositional oil variety is fixed such that PDO
label-benefiting oil blends are commercialized without such information and their
organoleptic characteristics are subjected to significant fluctuations.

Olive oils represent complex matrices varying from pure to heterogeneous varietal
contents. Therefore, quantitative analysis of co-occurring components is fundamental for
conformity control and adulteration alerting of commercial oils.

No matter the analytical technique used to assess conformity with the declared
geographical origin of PDO olive oils, the procedure involves the screening of a large number
of samples from different areas and the examination of data with statistical methods to build a
classification/prediction model able to correctly assign unknown PDO samples to the
corresponding PDO group [26].

The accuracy of the classification models depends largely on the size of the database
obtained from the screening of authentic samples. The classification model being based on the
oils composition, NMR metabolic profiling and or NMR or FT-IR metabolic fingerprinting
appear to be excellent analytical tools to obtain raw data from the authentic samples databases
which will further be processed by statistical means.

There are several studies concerning the discrimination of PDO extra virgin olive oils
from regional (sites within the same geographical region), national (different area of
production within the same country) or even international viewpoint on the basis of the NMR
screening. These studies are summarized in an excellent recent review article [26]. As
expected, most of these articles focus on different sites of the Mediterranean basin (as the
main geographical area for the olive oil production); the PDO international discrimination
involves, of course, mainly Mediterranean countries (Italy, Spain, Greece, France, Turkey,
Tunisia, Morocco) [41-44].

Stable isotope ratio analysis has proven a useful tool when establishing the geographical
origin of vegetable oils. Each biologically important element (C, N, O, H or S) has at least
two stable isotopes, the most abundant isotope in a pair being the isotope with the smallest
atomic mass: 13C/12C, 1BN/MN, 1807160, 2H/'H and 34S/32S. It was established that different
processes such as photosynthesis, respiration, evaporation, metabolism or organic matter
turnover determine variations in isotope abundances.

One of the most studied isotope ratios for vegetable oils authentication is **C/*>C, mainly
because variability in 3'3C values is related to the geographical area of production (altitude,
latitude and longitude), year of harvest, climate and the particular variety of oil [45].

PCA technique was used to differentiate hazelnuts (Tonda Gentile Trilobata variety)
grown in the Piemont (Italy) region from other hazelnuts belonging to different cultivars
and/or with a different geographical origin (Chile, Turkey, as well as other Italian regions),
based on their chemical composition (fatty acids profiles, polyphenols content, protein
patterns), antioxidant activity and genetic characteristics. 3D score plots representation of the
first three principal components showed a clear discrimination of hazelnuts on the basis of
their geographical origin, all samples being clearly clustered [46].
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3.4. Authentication of the Harvest Year

Another factor that may affect the chemical composition of oils is the harvest year. In the
case of olive oils, the effect of the harvest year on the metabolites (fatty acids profile,
antioxidants or other minor components) has been examined systematically [41, 47]. It was
found that the harvest year was the most effective and also the most successful parameter for
the discrimination of Greek olive oils, regardless the cultivar or geographical area of
production. The significant year-to-year variability of the chemical composition of oils is
reflected by the 94% accuracy of the classification. Investigation of year-to-year variability
was carried out by external validation of the prediction ability of the classification model
obtained from samples harvested in one year with samples harvested in another year [48]. The
effect of the harvest year cannot be generalized, since it can be the result of unstable climatic
conditions that differentiate the crops characteristics of one year from the other. For example,
hot summers or rainy autumns may change the concentration of some oil metabolites. For an
accurate classification, a large database from authentic samples obtained from several harvest
years is required [26].

NMR spectroscopy and quality parameters such as peroxide value, free acidity, and UV
spectrophotometric indices were used to investigate the influence of the harvest period and
harvest method on olive oil composition, as well as their interaction with primary (genetic
and pedoclimatic) and secondary (agronomic practices and technological procedures) [49]. To
avoid confusion, the general linear model analysis was used to adjust ANOVA results and
consequently, the effect of the factor of interest was corrected for the effects of the other
factors that might influence the variable under investigation. The weight of each factor was
then evaluated by the variance component analysis. Chemometry (PCA and LDA) was used
to group samples according to the harvest period and harvest method. It was also observed
that volatile compounds (hexanal and trans-2-hexenal), as well as the sn-1,3-diglycerides and
squalene significantly decreased during the ripening.

In another study [50], the effect of crop year and harvesting time on the fatty acids
composition of virgin olive oil (Picual cultivar) was investigated during the fruit ripening
period for three crop seasons on the basis of the mean fatty acids composition variation. It
was observed that the content of palmitic acid and saturated fatty acids decreased during fruit
ripening while oleic and linoleic acids increased, and the amount of stearic and linolenic acids
decreased. The saturated acids (palmitic and stearic), as well as the polyunsaturated acids
(linoleic and linolenic) were dependent on the time of harvest, whereas the amount of oleic
acid varied with the crop year.

The differences observed between crop years for both palmitic and linoleic acids were
explained by the differences in the temperature during oil biosynthesis and by the amount of
summer rainfall for oleic acid content. A significant correlation was observed between the
MUFA/PUFA ratio and the oxidative stability measured by the Rancimat method [50].

3.5. Authentication of the Oil Processing Technique
In the case of olive oils — where virgin olive oils are acknowledged for their incontestable

organoleptic and nutritional quality — it is important to establish if oils were obtained only by
cold-pressing or if they have been applied refining operations.
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Naturally, unsaturated fatty acids in vegetable oils are in the cis configuration, but during
partial hydrogenation or as a result of thermal industrial (refining, deodorization and
bleaching) or domestic processes (frying operations), cis fatty acids may be isomerized to the
trans configuration [51-53]. Gas chromatography (GC) and Fourier transform infrared
spectroscopy (FT-IR) are the official methods used for the determination of trans fatty acids
in edible oils and fats [54]. FT-IR spectroscopy is a simple and rapid technique for the
determination of trans fatty acids allowing the quantification of isolated trans C=C double
bonds by measuring the peak area in the region 990-945 cm, assigned to the C-H
out-of-plane deformation corresponding to the trans configuration of the double bond.
Recently, the accumulation of trans fatty acids in four types of Romanian vegetable oils
(sunflower, soybean, corn and linseed) during thermal processing was studied [55]. Qils were
continuously heated at three different temperatures (180, 220 and 250°C) for 33 h without any
replenishment and the formation of the trans isomers was correlated with temperature, time
and the unsaturation degree of oils. The results were compared with those obtained by gas
chromatography and similar total trans fatty acids levels were found.

Transmission mode FT-IR spectroscopy was used to determine the amount of trans fatty
acids in fourteen industrially hydrogenated and deodorized oils [51]. Better sensitivity of the
method was achieved when a 200 um KCI cell was used in transmission mode. The results of
transmission FT-IR spectroscopy were evaluated by gas chromatography (GC) with flame
ionization detector (FID), and found to be comparable. Trans fatty acids contents of partially
hydrogenated oil samples were relatively higher as compared to those of the cooking oils.
Among the samples examined, the highest level was found to be at 26.5% and 25.7% as
determined by GC—FID and FT-IR methods, respectively.

The impact of heated edible oils on the intake of trans fatty acids was assessed by
determining the trans isomerization of fatty acids in simulated frying and heating in home
cooking conditions by gas-chromatography [52]. The amount of trans fatty acids in both fried
potatoes and in frying oils was measured by gas chromatography (GC). For the frying model,
sliced raw potatoes (10% of the frying oil, w/w) were fried in commercially available canola
oil at 160, 180 and 200°C, with 10 frying cycles. Trans fatty acids content, acid values and
peroxide values of the frying oils were compared with those of the correspondingly heated
simple canola oil (without potatoes), used as a reference. The amounts of elaidic acid (trans
18:1) contained both in the frying and in the heated oils were less than the quantitative limit
(0.047 g/100 g oil). The increases of trans 18:2 and trans 18:3 isomers in the used frying oil
were 0.02 g/100 and 0.05 g/100 g, respectively, compared with those of the fresh oil. The
accumulation of trans 18:2 fatty acids in the heated canola oil was slightly smaller than that in
the frying oil. To elucidate the formation of the trans isomers in various edible oils during
cooking, six kinds of commercially available edible vegetable oils were heated to 180°C in
glass test tubes. Small changes in trans fatty acids profiles were observed after four hours of
heating, suggesting that an ordinary frying process using non-hydrogenated edible oils has
little impact on trans fats intake from edible oils.

The advantages of the FT-IR method are related to the fact that it may be applied directly
on the oil sample without any pretreatment, thus being fast and non-destructive; the low price
of the equipment is also acknowledged. The main drawbacks are related with the relatively
low sensitivity and the fact that the method allows the quantification of the total trans
isomers, not the identification and quantification of individual trans fatty acids [53].
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On the other hand, chromatographic methods (either GC coupled with mass
spectrometry, or with peak identification and quantification based on a standard trans FAME
mixture), although being tedious compared to FT-IR (sample derivatization to the
corresponding fatty acid methyl esters is prerequisite), allow both identification and
quantification of individual trans fatty acids [51].

The presence of trans fatty acids can be detected by 'H-NMR spectroscopy only at
magnetic field strengths higher than 600 MHz on the basis of the signals corresponding to
allylic protons in the 1.9-2.2 ppm spectral region [56]. The signals assigned to allyl groups
adjacent to cis and trans isomers cannot be separated without sample derivatization at lower
fields, being partially overlapped. Performant instruments operating at frequencies higher
than 600 MHz allow full signal separation without prerequisite sample preparation. At field
strengths as low as 300 MHz, the signal overlapping can be resolved on the basis of different
complexation strengths of silver ions with cis and trans double bonds. The chelating agent is
AgFOD (FOD = 4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)-1,3-hexanedienone) and the chelate:
substrate molar ratio is 0.5. The induced separation of the allylic signals is similar to that
obtained at 600 MHz (Figure 3.3)
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Reprinted from Ref. [56]. Copyright (2012) with permission from WILEY-VCH.
Figure 3.3. 'H-NMR signals of the allylic protons of a 0.2M mixture of methyl oleate and methyl

elaidate in CDCI3 recorded at different Larmor frequencies. The bottom spectrum was recorded after
the addition of 0.1M AgFOD (silver chelate: lipid ratio = 0.5).
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In the case of olive oils, another type of fraud was popular in the early 1970s: chemically
synthesized triacylglycerols (TAGs) obtained by esterification of the free fatty acids rezulted
from the refining process of olive oils with glycerol were sold as genuine olive oil. The raw
material was indeed olive oil and consequently the composition was similar to that of olive
oils, however the resulted oil was made of chemically synthesized triacylglycerols, therefore,
it was not genuine and selling it as a genuine olive oil was a fraud. If the adulteration of high
value oils from specific botanical origin (e.g., olive oils, almond oil) with cheaper oils of
different botanical origin (e.g., sunflower oil) is relatively simple to assess on the basis of the
compositional changes, the adulteration of virgin olive oil with synthesized TAG was a
challenging issue in the 1980s. The discrimination of natural TAG from chemically
synthesized ones was performed by analysing the positional distribution of acyl chains on the
glycerol backbone [57-59]. It was established that the biosynthesized triacylglycerols do not
allow saturated fatty acids or fatty acids with more than 18 carbon atoms in the sn-2 position.
In return, the chemical synthesis leads to a random distribution of all types of fatty acids (both
saturated and unsaturated) on the sn-1, -2 and -3 positions of the resulting TAG. Therefore,
the analytical approaches focused on the direct analysis of the lipolysis reaction (with lipases
specific for the sn-2 position) and the analysis of the resulting free fatty acids by gas
chromatography. The method was tedious and time-consuming, however sensitive given the
accuracy of the GC method. The method was improved in 1985 by Lerker et al. [60] by
removing the TLC separation step, rendering it both easier and faster. After being validated,
the method was officially adopted in 2002 and included in the Italian Regulation [61]. More
recently, in the 1999, the *C-NMR spectroscopy allowed the rapid identification of saturated
fatty acids esterified at the sn-2 position of triacylglycerols, after complete assignment of the
peaks in the carbonyl region of the spectra based on model compounds [58]. The *C-NMR
spectra of oils display in the 170-180 ppm region two groups of signals, corresponding to sn-
1(3) and sn-2 positions, respectively. A genuine olive oil may display signals corresponding
to stearic or palmitic moieties only in the deshielded group, assigned to sn-1(3) position, but
the presence of signals from saturated fatty acids within the second group of signals will
unambiguousely indicate an oil obtained through chemical synthesis. The advantage of the
method is mainly due to its rapidity, however, the GC-based methods are more sensitive.

3.6. Detection of Adulteration

There is a common practice to adulterate expensive oils and fats (such as virgin olive oils
or cocoa butter) with cheaper oils, for example with refined seed oils. The EU legislation (EU
Regulation 1169/2011, effective since 2014) introduced a number of changes regarding food
labelling. In the case of blended vegetable oils used in food products, the type of oil should be
clearly indicated on the label, in contrast to the previous situation where an oil blend could
have been generically specified as “vegetable oil” [45].

Evaluation of the linolenic acid content and the oleic/linoleic acids ratio allowed the
detection of olive oil adulteration with refined seed oils [62]. Another simple and rapid
indicator for establishing whether oils labelled as “virgin” contain refined oils is the specific
extinction (SE) [63]. The SE of an oil will increase on refining because the usual 1:4
methylene interrupted distribution of double bonds found in linoleic and linolenic acids is
altered in part to form a conjugated 1:3 distribution. If the oil has a SE greater than 0.25 at
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270 nm, it is considered either to be not virgin or to contain oxidized fatty acids. If an oil is
considered suspect, it is treated with alumina, which removes oxidation products, and the SE
is determined again. If, after treatment with alumina, the SE is greater than 0.10, the oil is
considered to be adulterated with refined oils.

The presence of trans isomers of oleic, linoleic or linolenic acids in the fatty acids profile
of cold pressed olive oil above its characteristic limits may indicate the adulteration with
either hydrogenated oils [64], refined olive oils or even with seed oils (e.g., sunflower) [65].

The detection of refined (deodorized or neutralized) vegetable oils as adulterants for olive
oils may be carried out through quantification of the positional isomers of linoleic acid methyl
esters [66], as well as by the evaluation of the diglyceride content, respectively; if the
diglyceride content is not equal to the free fatty acids content, then the free fatty acids have
been previously removed during the neutralization stage of the refining process, which may
be evidence of adulteration with a refined oil [67]. Through refining (during bleaching)
sterols are partially removed and the presence of their dehydration products (A3, 5-
steradienes) into oils declared as un-refined (e.g., virgin olive oils, cold-pressed oils) is a good
indicator for either adulteration with refined oils, or even for the fact that the investigated oil
was refined [68, 69]. Even if sterols may be completely removed through advanced refining,
their degradation products still remain in the refined oils [70].

The analysis of sterols is a particularly useful approach to identify adulteration of virgin
olive oils with liquid vegetable oils, which tend to contain considerably higher levels of
desmethylsterols than olive oils. Important chromatographic developments (including
performant stationary phases) now allow the separation of 16 desmethylsterols from olive
oils. It has internationally been agreed that the limit of “apparent f-sitosterol” (referring to the
sum of the concentrations of p-sitosterol, A-5 avenasterol, A-5,23-stigmastadienol, A-5,24-
stigmastadienol, cholesterol and sitostanol) should be greater than 93% of the total sterols
[63].

Another example of the utility of sterol analysis was the detection of the presence of
animal fats as adulterants for expensive vegetable solid or semi-solid fats (such as cocoa
butter) and vice versa, on the basis of the evaluation of cholesterol (of animal origin) and
fitosterols (of vegetable origin) content [71].

An original computational approach to predict proportions of different co-occurring oil
varieties from quantitative chemical composition of blends was recently developed,
consisting in applying a complete set of N mixtures of different olive oil varieties by
gradually varying their proportions. The N simulated mixtures were characterized by N
average fatty acid compositions computed from N combinations of randomly sampled
individual fatty acids profiles. After k iterations of the mixture design, the k sets of N fatty
acids average profiles were used as input data in a discriminant analysis to predict proportions
of co-occurring olive-oil varieties in different blends. The predictive model was validated on
outside blends, showing prediction errors with an order of 10% susceptible of reduction by
applying a larger mixture design [40].

CONCLUSION

The authentication and quality control of vegetable oils are very important issues for the
food industry. The demand of consumers for high quality oils or for oils with specific
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regional and varietal characteristics (PDO labels in the case of olive oils) and the threat of
counterfeited products have led to the development of modern analytical techniques able to
detect small changes (composition or even spectral characteristics) leading to prediction
models to assess authenticity and the detection of adulteration.

Among the most intensively used analytical methods, NMR and vibrational (FT-IR, FT-
Raman and NIR) spectroscopies proved their efficiency as screening techniques in order to
acquire raw data which are further processed by chemometrical means.

These authentication methods are continuously improved by more and more sensitive
instruments of analysis and also by the use of new techniques for the data processing. The
improvement of authentication and detection of adulteration methods in the vegetable oils
field would be facilitated by a closer collaboration between researchers and industrials,
combining the scientific knowledge and the expensive infrastructure with the experience in
the vegetable oils production.
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Chapter 3

BIODIESEL PRODUCTION FROM VEGETABLE OILS:
A SUSTAINABLE ENERGY ALTERNATIVE

Edith Martinez-Guerra and Veera Gnaneswar Gude-
Department of Civil and Environmental Engineering
Mississippi State University, Mississippi State, MS, US

ABSTRACT

Declining global fossil fuel reserves due to escalating consumption and associated
environmental pollution created an urge for investigating into production of renewable
and environmentally friendly biofuels. Biofuels such as biodiesel are most sought
because they can be produced in liquid form suitable for most transportation needs.
Moreover, biodiesel can be produced from a variety of oil-rich feedstock and even from
waste cooking oils, animal fat and other microbial lipids. This book chapter provides an
overview of the oil feedstock suitable for biodiesel production and their characteristics.
The chemistry and process of biodiesel production are discussed in detail.

Keywords: biodiesel, esterification, microwave, transesterification, ultrasound, vegetable oil,
waste cooking oil

INTRODUCTION

Biodiesel is a biodegradable and renewable fuel which can be produced from a variety of
feedstock and is currently being produced in many parts of the world. It is considered the fuel
of the future and could present as a major competitor for petroleum diesel in near future.
Biodiesel can be used by itself in existing diesel engines without any modification to the
engine, or blended at any ratio with petroleum diesel as it is currently practiced worldwide [1-
2]. Biodiesel production may not completely replace the fossil fuel consumption, rather it can
aid to diminish the dependency on the conventional fossil fuel sources. One of the major
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drawbacks of biodiesel is the feedstock availability for its production, and energy-, chemical-,
and cost-efficient process methods that can make biodiesel cost-competitive with petroleum
diesel. The concern for the lack of this process method has motivated and challenged
researchers to seek for highly efficient technique that can produce biodiesel and save time and
energy simultaneously. Hitherto, conventional heating technologies have provided the means
to convert lipids into fatty acid alkyl esters (FAAE). However, these technologies lack the
capabilities required to make biodiesel production feasible at large-scale. Therefore, the need
for non-conventional technologies is imminent. Thus, microwave and ultrasound irradiations
have become the most prominent non-conventional technologies promising to revolutionize
biodiesel production. Biodiesel can be produced from any raw material containing
triglycerides or lipids in it, including algal oils, waste cooking oils, animal fats, and vegetable
oils. Algal oils and waste cooking oils are two commonly used feedstocks for biodiesel
production, which were both evaluated using microwave and/or ultrasound irradiations
extensively to produce biodiesel. The use of vegetable oils both used (recycled) and unused as
a feedstock for biodiesel production is discussed in detail in this book chapter. Although the
selection of the most suitable feedstock is vital for biodiesel production, there are several
more parameters that must be taken into account when selecting the most efficient process to
produce biodiesel. These include the use of an effective solvent or reactant, a fast-reacting
catalyst, and an optimum reaction time and process intensification techniques that result in
energy, chemical and cost savings.

BIODIESEL FEEDSTOCK

Biodiesel can be produced from a variety of oil-rich feedstock. The feedstock can be
classified as conventional and non-conventional feedstock as shown in Table 1. Conventional
feedstock represents the feedstock that was used in earlier biodiesel production research
studies. These are soybean, peanut, canola, sunflower, corn and others. These feedstock were
considered as first generation feedstock. The demand for these feedstock, however, has raised
concerns or dilemmas known as “Fuel vs. Food.” To avoid this issue, research on biodiesel
production using non-conventional feedstock has been aggressively conducted throughout the
world. These feedstock include animal fats, used oils such as waste cooking oils, grease and
tallow and among others. These can be considered as second generation biodiesel feedstock.
Finally, high oil or lipid yielding feedstock such as algae. Bacteria and other microbial
species were considered for biodiesel production and these were being studied extensively in
recent years.

The oil composition of feedstock varies from one origin to the other. Table 2 shows the
major fatty acid composition (also known as triglycerides) for different oil feedstock. The
most commonly found fatty acids are long chain C16, and C18 compounds. Examples of
common fatty acids are stearic, oleic, linolenic and palmitic. Properties such as viscosity,
specific density, flash point, heating value, acid value, cetane number, cloudpoint and pour
point are shown in Table 2. The viscosity of vegetable oils is around 11-17 times more than
diesel fuel. The volumetric heating values are around 39-40 MJ/kg but for diesel fuels, it is
45 MJ/kg. The flash point for vegetable oils is very high, more than 200°C. Vegetable oils
can be directly used in engines but they cause clogging and smoke and precipitation issues.
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These oils (fatty acids) need to be converted into biodiesel (alkyl esters) to address these
issues. As a result, biodiesel has significant influences in reducing engine emissions such as
unburned hydrocarbons (68%), particulars (40%), carbon monoxide (44%), sulfur oxide
(100%), and polycyclic aromatic hydrocarbons (PAHSs) (80-90%) [3].

Table 1. Different feedstocks for production of biodiesel [3]

Conventional feedstock Non-conventional feedstock
Mahua, Soybean, Nile tilapia, Rapeseed, Palm, Canola, | Lard, Tallow, Poultry fat, Fish ail,
Poultry, Babassu, Tobacco seed, Brassica carinata, Tarpenes, Latexes, Pongamina
Rubber plant, Brassica napus, Rice bran, Copra, pinnata, Palanga, Jatropha curcas,
Sesame, Groundnut, Sunflower, Cynara cardunculus, Sea mango, Okra

Barley, Cottonseed, Coconut, Pumpkin, Corn, Jojoba Bacteria, Fungi, Macro-algae,

oil, Used cooking oil Camelina, Linseed, Peanut, Micro-algae

Mustard, Olive

WASTE COOKING OIL (WCO) As A FUEL SOURCE

Waste cooking oil is one of the most prominent feedstock for biodiesel production.
Vegetable oils as a feedstock for biodiesel production were proposed in 1978 in the United
States and 1981 in South Africa. Methyl ester was produced in Germany and Austria (1982)
from rapeseed oil; however, it was not only until 1985 that a small pilot plant was built in
Austria and commercial production began 15 years later in Europe [4]. The use of waste
cooking oil for this purpose is not only economical and practical, but it also reduces
environmental pollution. It is estimated that approximately 100 million gallons of WCO is
produced per day in the United States, where 9 pounds of WCO are generated per person per
year [5]. Therefore, the use WCO as a fuel source could greatly reduce the burden of its
disposal. WCO can become a problem when disposed improperly, down the kitchen sink for
example, where it can quickly cause blockages of sewer pipes when the oil solidifies; or
properties of degraded WCO after it gets into sewage system are conductive to corrosion of
metal and concrete element [6]. Moreover, if dumped in municipal solid waste landfills or
into municipal sewage treatment plants, it creates operation problems along with water and
soil pollution issues [7]. Previously, WCO was used to serve as animal feed; however, the
European Union (EU) enforced a ban on WCO as animal feed because the harmful
compounds present in WCO could return back into the food chain through animal meat [8]. It
is also not advisable to recycle used cooking oils for edible purposes with high polar content
greater than 25% [9].

As mentioned before, biodiesel can be produced by using several types of vegetable oils,
which are often virgin oils; however, the cost of biodiesel produced from virgin vegetable oil
through transesterification is higher than that of fossil fuel [10]. Also, WCO cost is two to
three times cheaper than virgin oils, and it also reduces the cost of waste product removal and
treatment [11]. With regard to, the conversion of waste cooking oil into biodiesel is rapid and
simple, not energy-intensive extractive processes are necessary for the conversion.
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Table 2. The properties of different vegetable oils [3, 4]

Type of Oil | Species Major Fatty acid composition | Viscosity | Density | Flash | Heating Acid value | Cetane Cloud Pour
(at 40°C) | (g/cm3) | point | value (mg number point point
(°C) | (MJkg) | KOH/g) ©) %) %)
Edible oil Soybean C16:0, C18:1, C18:2 329 0.91 254 39.6 0.2 379 -3.9 -12.2
Rapeseed C16:0, C18:0, C18:1, C18:2 35.1 0.91 246 39.7 2.92 37.6 -3.9 -31.7
Sunflower C16:0, C18:0, C18:1, C18:2 32.6 0.92 274 39.6 - 41.3 18.3 -6.7
Palm C16:0, C18:0, C18:1, C18:2 39.6 0.92 267 - 0.1 42.0 31.0 -
Peanut C16:0, C18:0, C18:1, C18:2, 22.72 0.90 271 39.8 3 41.8 12.8 _6.7
C20:0, C22:0
Corn C16:0, C18:0, C18:1, C18:2, 34.9 0.91 277 39.5 - 37.6 11 _40.0
C18:3
Camelina C16:0, C18:0, C18:1, C18:2, - 0.91 - 42.2 0.76 - - -
C18:3, C20:0, C20:1, C20:3
Canola C16:0, C18:0, C18:1, C18:2, 38.2 0.4 - - -
C18:3
Cotton C16:0, C18:0, C18:1, C18:2 18.2 0.91 234 39.5 41.8 1.7 15.0
Pumpkin C16:0, C18:0, C18:1, C18:2 35.6 0.92 >230 | 39 0.55 - - -
Non-edible | Jatropha C16:0, C16:1, C18:0, C18:1, 29.4 0.92 225 385 28 - -
oil curcas C18:2
Pongamina C16:0, C18:0, C18:1, C18:2, 27.8 0.91 205 34 5.06 - - -
pinnata C18:3
Sea mango C16:0, C18:0, C18:1, C18:2 29.6 0.92 — 40.86 0.24 — — —
Palanga C16:0, C18:0, C18:1, C18:2 72.0 0.90 221 39.25 44 - - -
Tallow C14:0, C16:0, C16:1, C17:0, 0.92 - 40.05 - - -
C18:0, C18:1, C18:2 -
Nile tilapia C16:0, C18:1, C20:5, C22:6, 321 0.91 - - 2.81 - - -
other acids
Poultry C16:0, C16:1, C18:0, C18:1, - 0.90 - 394 - - - -
C18:2, C18:3
Others WCO Depends on fresh cooking oil 44.7 0.90 — — 2.5 — — —
- Diesel - 3.06 0.855 76 43.8 - 50 - -16
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According to Tomasevic and Siler-Marinkovic [12], the quantity of double bonds is
lower in WCO, in comparison to virgin vegetable oil, and can produce biodiesel with a lower
number of double bonds (improving iodine index) and, therefore, higher quality biodiesel.
Despite all the advantages of using WCO for biodiesel production, there are also several
disadvantages. For example, the quality of WCO depends on the amount of free fatty acids
(FFA) and water content. WCO containing high amounts of FFA may require a pre-treatment
process, or an extended transesterification process that will contribute to the total biodiesel
cost. Additionally, oil degradation during cooking can occur. This usually happen through
three main reactions: thermolytic, oxidative, and hydrolytic reactions. In thermolytic
reactions, the reaction occurs in absence of oxygen. High temperature is required to
decompose saturated fatty acids to form alkanes, fatty acids, ketones, esters, diacylglycerides.
In addition, dimeric compounds appear to be the main derivatives as a result of thermolytic
reactions of unsaturated fatty acids. The physical and chemical properties such as viscosity,
water content, free fatty acid content, and consists of polymerized and oxidized compounds
depend on the duration that the oil is exposed to food, heat, and oxygen during cooking [13].

WCO can be transesterified by using a base or an acid catalyst. These catalysts can be
homogenous or heterogeneous, as explained in the catalyst section. Because of its low cost, a
basic homogenous catalyst is often preferred for the conversion. However, during the
transesterification reaction, the free fatty acids in WCO react with the base catalyst to form
soap and water. The soap formation is also known as saponification. The water formation will
hydrolyze triglyceride to form more free fatty acids [10]; thus, reducing the biodiesel quality.
A major advantage of WCO base-catalyzed transesterification is that it requires only low
temperatures and pressures, it involves direct conversion to biodiesel with no intermediate
compounds, and no special materials of construction are needed [14]. The main byproduct
formed during a base-catalyzed transesterification is glycerol, which is a useful product to
produce soap, makeup, and other personal care products. Unfortunately, glycerol is difficult
to recover from the transesterification and adds to the cost of biodiesel production. In order to
overcome the soap formation, the homogenous basic catalyst is often replaced with an acid
catalyst. According to Freedman et al. (1986), acid catalysts are insensitive to free fatty acids
(FFA) and, therefore, they are more suitable for the conversion of WCO with high amounts of
FFA [15]. Despite the benefits of acid-catalyzed transesterification (also known as
esterification), the use of alkaline catalyst is predominantly because of acid catalyst slower
reaction rate [16] and higher amounts are often required as well as higher temperatures and
extended periods of reaction times. In consequence of hurdles of using either a base or an acid
catalyst, a two-step transesterification is usually required. The two-step transesterification
consist of esterifying of the FFA present in waste frying oils using an acid catalyst to decrease
the FFAs to a level less than 1%. In the second step, transesterification of the obtained oils is
performed using an alkaline catalyst [6].

TRANSESTERIFICATION
Transesterification is the conversion of triglycerides in oils to mono-alkyl esters

(biodiesel) by using a monohydric alcohol and a catalyst [18]. The two major products of
transesterification are esters (biodiesel) glycerol. During transesterification, triglycerides are
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sequentially (eq.1- eq. 3) converted to diglycerides, monoglycerides, and finally glycerol (by
product), with the alkyl ester being produced at every step [19]. From equation 1: R1, R2, and
R3 radicals represent long chain hrydrocarbon known as fatty acids. The transesterification
process (Figure 1) reduces significantly the biodiesel production by-products resulting in
higher quality and quantity FAAEs by facilitating the conversion of oil to biodiesel.

Catalyst

Triglyceride + R'OH «—— Diglyceride + R'"COOR, D
Diglyceride + R'OH & Monoglyceride + R'COOR, 2
Monoglyceride + R'OH < Glycerol + R'COOR; 3)
.
WCQO

Alcohol Catalyst

I -

Ethanol, Methanol, Homogeneous, Heterogeneous

Fropanol {acid, basic)

. {shortchain alchol) Enzymes

Figure 1. Critical parameters for transesterification reaction.

THE IMPORTANCE OF A CATALYST IN THE PRODUCTION
OF BIODIESEL

Catalysts used for transesterification of biodiesel feedstock include homogeneous and
heterogeneous chemical catalysts and enzymes other ion exchange catalysts. Homogeneous
catalysts in general are very efficient with high reaction kinetics. Heterogeneous catalysts,
either solid acids or solid bases are less corrosive than homogeneous catalysts but the reaction
kinetics are almost 1000 times lower than homogeneous catalysts. However, better results can
be obtained if the porosity of the heterogeneous catalyst is higher. Heterogeneous bases
proceed by reaction of either the Lewis or the Brgnsted basic sites of the catalyst with a
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monohydric alcohol, and the generated alkoxide mixture interacts with the esters in the oil to
yield biodiesel [18].

HOMOGENOUS AND BASE CATALYST

Sodium hydroxide (NaOH) and potassium hydroxide (KOH) are the most commonly
used homogenous base catalysts, and they are very efficient in achieving high conversion
rates in short reaction time (2 min). However, the downside of alkali catalyzed process is
saponification, the formation of undesirable amounts of soap. Another disadvantage of base
catalysts is they are highly corrosive. The alkali mediated reactions consist of three steps
(Figure 2): 1) the base reacts with the alcohol to produce an alkoxide and the protonated
catalyst; 2) the nucleophilic attack of the alkoxide at the carbonyl group of the triglyceride
generating a tetrahedral intermediate, from which the alkyl ester and the corresponding anion
of the diglyceride are formed; and 3) the latter deprotonates the catalyst can react with second
molecule of alcohol and start another catalytic cycle [20, 21]. Base catalyst is known to react
faster than acids; however, acid catalysts are more efficient converting high FFA feedstock
into biodiesel [22].

Homogeneous catalysts such as sodium hydroxide or potassium hydroxide dissolve in the
biodiesel, and their separation process produces large quantities of wastewater impacting the
environment, adding to the treatment processes and finally increasing product costs. These
issues can be circumvented by employing heterogeneous catalysts that do not dissolve or
sparingly dissolve in oil or methanol phases and eliminate the extensive cleaning, separation,
and drying processes. Heterogeneous catalysis has many advantages such as non-
corrosiveness, being an environmentally benign process, fewer disposal problems, and better
biodiesel production economics [23]. They are also much easier to separate from liquid
products and can be designed for higher activity, selectivity, and long catalyst lifetimes [24,
25]. Many types of heterogeneous catalysts, such as alkaline earth metal oxides, and various
alkaline metal compounds supported on alumina or zeolite can catalyze transesterification
reactions [26-28].

BASE HETEROGENEOUS CATALYST

The main mechanism of heterogeneous catalysis follows the principle similar to
homogeneous catalysis of either acid or base systems [29, 30]. The important factor in
homogeneous base catalyzed reaction is to create nucleophilic alkoxide from the alcohol to
attack the electrophilic part of the carbonyl group of the triglycerides [31], while in acid
catalysis the carbonyl group in triglycerides is protonated, and the alcohol attacks the
protonated carbon to create a tetrahedral intermediate. The catalyst efficiency depends on
several factors such as specific surface area, pore size, pore volume and active site
concentration [32]. The order of activity among alkaline earth oxide catalysts is BaO > SrO >
Ca0 > MgO [33-35]. The structure of metal oxides is made up of positive metal ions (cations)
which possess Lewis acidity, i.e., they behave as electron acceptors, and negative oxygen ions
(anions) which behave as proton acceptors and are thus Brensted bases. This has
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consequences for adsorption. In methanolysis of oils, it provides sufficient adsorptive sites for
methanol, in which the (O-H) bonds readily break into methoxide anions and hydrogen
cations. The methoxide anions then react with triglyceride molecules to yield methyl esters
[36, 37].

ROH+B <«— RO +BIH*

R'COO-CH, R'COO-CH,
| . o
R”COO-CH * OR R"COO-CH OR
| | |
H,C-OCR™ H,C- O -C-R™
|
0 O
R*COO-CH, R’COO-CH,

| ) |
R*COO-CH (i)R «— R°COO-CH + ROOCR™
| |

H,C- 0 5C-R™ H,C-O-
|
o>

R°COO-CH, R’COO-CH,

- |

R“C(:)(:)-(le + BH* R”COO-CH
, |

H,C- O H,C-OH

Figure 2. Base catalyst transesterification.

A common heterogeneous catalyst is barium oxide, and it catalyzes the transesterification
reaction by forming barium methoxide with methanol. Due to its very low methanol
solubility, barium methoxide acts mainly as a heterogeneous catalyst. Pure barium methoxide,
which is strongly basic, shows high catalytic activity. It is not soluble in methanol but it
forms a suspensoid, whereby its active surface is very well developed. Metal alkoxides can be
homogeneous catalysts if they are well soluble in methanol or if they can constitute active
centers on the surface of heterogeneous catalysts. The alkalinity of a given compound is a key
factor, which determines its catalytic activity in alcoholysis. Alkaline-earth metal compounds
are heterogeneous catalysts and the degree of their dispersion in the reaction system has a
considerable influence on the level of their catalytic activity, which is determined by
diffusion. The classic mechanism of base-catalyzed alcoholysis assumes an attack of the
alkoxide anion on the carboxylate carbon of the ester group converting it to a tetrahedral
intermediate carrying a negative charge. Methoxide anions can be introduced as alcoholates
directly into the reaction if they are soluble in methanol and dissociate easily. The well-
known catalytic activity of sodium methoxide in alcoholysis is a good example [38].
Methoxides can also result from reversible reactions of some metal oxides or hydroxides with
methyl alcohol [39, 40]; e.g., the reaction of sodium hydroxide with methanol.
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ACID CATALYST

The transesterification process by acids (Figure 3) gives high biodiesel yields and there is
not soap formation during the process, but the reactions are slow. Some homogenous acid
catalysts are HSO4, HCL, BF3, H3PO4, and some organic sulfonic acids [21]. The addition of
the acid catalyst leads to protonation of the carbonyl group of the ester that results in
carbocation which after nucleophilic attack of the alcohol produces the tetrahedral
intermediate, which eliminates glycerol to form the new ester and regenerates the catalyst H*
[21]. Nevertheless, acid catalyst required longer reactions time and higher catalyst amounts,
which make it more expensive than basic catalysts. The conversion of lipids to biodiesel
using an acid catalyst is also known as esterification.

H* *OH OH
)J\ <> )J\ <~ n
R°  OR” R*  OR” R, OR”
0]
OH /R OH /H _H+/R”OH
+ 9] <> R o\ <> OR
+ OR” H OR” R R
R’ 11 vV
O-
R”ZE OH ;glyceride
OH

R’=carbon chain ofthe fatty acid
R=alkyl group ofthealcohol

Figure 3. Acid-catalyzed transesterification.

OTHER ESSENTIAL PARAMETERS ON BIODIESEL PRODUCTION

In addition to the selection of a feasible feedstock and a fast reacting catalyst, biodiesel
production requires of other vital parameters that play crucial roles in the optimization
process. Some of these indispensable parameters include the selection of an adequate
reactant/solvent, reaction time period, temperature, and power output of the selected
technologies. The meticulous selection of these parameters determines the feasibility of
biodiesel production.
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ALCOHOL SELECTION AND OIL TO ALCOHOL
MoOLAR RATIO EFFECT

Transesterification reaction involves addition of an alcohol group form alkyl esters [41].
The short chain alcohols such as methanol, ethanol, and butanol are frequently used, with
methanol being the most common. All of these alcohols possess different physical and
chemical properties and therefore exhibit different patterns of transesterification reaction
kinetics and biodiesel yield rates. Methanol and ethanol produce superior results in
transesterification reactions. Currently, methanol is produced from the fossil sources and
mineral oils [42] which impact the availability and cost of the oil resources. For long term
sustainability of biodiesel production, use of ethanol provides a more environmentally
friendly perspective since it can be derived from natural and renewable sources like plants
and crops [42, 43]. Biodiesel containing ethyl esters are more beneficial compared to methyl
esters because ethanol can be derived from renewable sources, and the extra carbon atom in
the ethanol molecule slightly increases the heat content and the cetane number [44]. In
addition, the ethyl esters generally have lower cloud and pour points than methyl esters [45].

Mass transfer issues are often not discussed in transesterification reactions. The
transesterification reaction is mainly dominated by the mass transfer limitations, then
followed by Kkinetics controlled region, with oils and methanol [46, 47]. Mass transfer
between two organic phases (methanol and oil) plays a critical role during the
transesterification (methanolysis) and controls the reaction kinetics. In transesterification
reaction kinetics, three regimes are well-recognized, that is an initial mass transfer-controlled
regime (slow), followed by a chemically-controlled regime (fast), and a final regime, close to
equilibrium (slow) [48]. Therefore, methanol is not effectively used for the reactions due to
the interfacial mass transfer resistance [49]. The mass transfer limitations on biodiesel
production may be overcome with efficient mixing mechanism such as ultrasonication.
Ultrasound can enhance the mass transfer between two immiscible liquids [50]. Cavitation
mainly affects the mass transfer rates and ensures a uniform distribution of the reactants, as
one concludes from the fact that a significant effect on both the reaction rate and the
equilibrium conversion is only observed in the later stages of the reactions when
heterogeneity is removed [51].

The transesterification reaction consists of three steps and, ideally, three moles of alcohol
would be enough to carry out the conversion. Only one mole of alcohol would be consumed
per each mole of ester produced. However, the reversible nature of the reaction demands
excess of alcohol to move the reaction forward and to complete the formation of esters.
Therefore, selecting the appropriate oil to alcohol molar ratio is very important for the
transesterification process. Yet, there is still not an established optimum alcohol to oil molar
ratio. For example, Pukale et al. (2015) reported that increasing the WCO to methanol molar
ratio from 1:4 to 1:6, improved the biodiesel yield from 58 to 93% [52]. Leung and Guo
(2015) obtained a biodiesel yield of 94% for a 1:7 WCO to alcohol ratio; however, with
similar conditions Meng et al. (2008) obtained an 88.9% conversion yield [53, 54]. On the
other hand, Dehkordi et al. (2012), experimented with higher WCO to alcohol molar ratios
(1:3-1:60) resulting in biodiesel yields ranging from 22.7 to 92.1% [55]. Similarly, using
higher molar ratios, Alves et al. (2013) reported an optimum WCO to alcohol molar ratio of
1:40 where they stated that higher molar ratios are particularly used when the triglyceride
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contains large amounts of free fatty acids [56]. Furthermore, Zheng et al. (2006) studied the
effect of using oil to alcohol molar ratios in the ranges of 1:50-1:250, varying the amount of
catalyst [57]. They observed that the conversion yield increased linearly with increasing the
oil to alcohol molar ratio when using low amounts (1.5 mol%) of catalyst; however, they
reached an optimum ratio of 1:50 when increasing the catalyst amount (2.5 mol%) that did
not increase further at higher oil to alcohol molar ratios [57]. Because all the biodiesel
production parameters are closely associated, and the selection of an individual parameter
without taking in consideration the rest of the parameters can affect the production process.

TEMPERATURE AND REACTION TIME

Reaction temperature and reaction time depend greatly on each other with an inversely
proportional relationship. Both parameters also depend on the reaction speed of the selected
catalyst; acid catalysts require higher temperatures and longer reaction times to carry out the
conversion. The selection of an optimum temperature range is very important when producing
biodiesel, especially when using conventional technologies. Transesterification can occur at
different temperatures depending on the oil, without exceeding the boiling point of the
alcohol used [58]. Several studies on the kinetic [59-66] of biodiesel production have been
performed to select an optimum temperature; however, there are several factors affecting the
temperature in the reaction that a specific value has not been delimited.

Maddikeri et al. (2013) [67] investigated the effect of operating temperatures (30 to
50°C) on biodiesel yield using a non-conventional technology, and they noticed that the
biodiesel yield increased from 78 to 88% with an increase in temperature from 30 to 40°C;
the biodiesel yield only increased by 5% (93%) when the temperature was increased from
40°C to 50°C. It was observed that maximum yield (90%) of biodiesel from waste cooking oil
using sonochemical reactors was observed at a molar ratio of 1:12, catalyst concentration of
1.0% and temperature of 40°C [67]. Also, using a non-conventional technology, Hingu et al.
(2010) concluded that the optimum conditions for the transesterification process were at a
molar ratio of alcohol to oil as 6:1, catalyst concentration of 1 wt %, temperature as 45°C and
ultrasound power as 200W with an irradiation time of 40 min [68]. In contrast, Alves et al.
(2013) used a conventional heating technology requiring higher temperatures and longer
reaction time. The reaction runs were carried out for 2 hours, using oil to alcohol molar ratio
of 40:1, temperature range of 60-200°C, catalyst ratio of 1-10% wt., under 700 rpm stirring
[56].

Higher temperatures are usually required when using algal biomass as feedstock and
conventional heating technologies. Algal oil extraction, as previously discussed, is an energy-
intensive process that often demands high temperatures. However, with the extractive-
transesterification combination process proposed in this project, extreme temperatures may no
longer be necessary. Tsigie et al. (2012) transesterified algal biomass, the optimum results
were at a ratio of wet biomass to methanol of 1/4 (g/mL), reaction temperature of 175°C, and
a reaction time of 4 h, the reaction product contained 89.71% FAMEs [69]. However,
according to El Sherbiny et al. (2010), the reaction temperature should be fixed at 65° or
slightly above the boiling point of the used alcohol, in this case methanol [70]. Cheng et al.
(2013) [71] performed an extended study on the influence of temperature on biodiesel yield.
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They noticed that at room temperature (23°C) the biodiesel yield was 1.23% and the biodiesel
yield significantly improved when the reaction temperature was 60°C; however, when the
temperature exceeded 60°C, the biodiesel yield did not significantly improved [71].

CONVENTIONAL HEATING TECHNOLOGIES
FOR BIODIESEL PRODUCTION

Conventional heating technologies for biodiesel production using WCO are less complex
than that of using algal biomass, yet energy-intensive. Therefore, the following section will
emphasize mainly on the conventional heating technologies for algal biodiesel production;
however, several of these technologies could be also used when using WCO. WCO
conventional heating technologies mainly consist of heating plates, hot water bath, or room
temperature reactions. Transesterification of oil feedstock can be performed in the laboratory
by conventional heating and mixing methods such as jacketed reactors, oil and sand baths
mixing provided by mechanical stirring [72].

NON-CONVENTIONAL HEATING TECHNOLOGIES
FOR BIODIESEL PRODUCTION

Non-conventional technologies for biodiesel production include microwave and
ultrasound irradiations, non-catalytic and solvent free reactions, and sub and supercritical
methods. These methods proved to be advantageous over conventional methods of jacketed
heating, water and oil bath heating. The vast majority of these methods reduce energy
consumption, reaction time, and chemical and volume use. However, supercritical
transesterification [73] requires higher volume of solvent/reactant, which is difficult to
recover. Also, even though supercritical method has the benefit of no catalyst required; it may
be disadvantageous due to the adverse process economics as well as safety concerns related to
the reaction condition [74]. A non-catalytic biodiesel production route with supercritical
methanol allows a simple process and high lipid yield because of simultaneous
transesterification of triglycerides and methyl esterification of fatty acids [20, 75]. A fluid is
considered supercritical when its temperature and pressure go above its critical point [21].
Another supercritical method is the supercritical carbon dioxide (SCCO>) extraction, which
has low toxicity of the supercritical fluid, tuneable solvating power, favorable mass transfer
equilibrium due to intermediate diffusion/viscosity properties of the fluid, and the production
of solvent-free extract [76-80]. In addition to conventional methods, pyrolysis decomposes
biomass under the condition oxygen deficiency and high temperatures. This process was first
used for the production of bio-oils or bio-gases from lignocelluloses. Fast pyrolysis is a new
technology, which produces bio-fuel in the absence of air at atmospheric pressure with a
relatively low temperature (450-550°C) and short heating rate (103-10*°Cs™) as well as short
gas residence time to crack into short chain molecules and be cooled to liquid rapidly.

Transesterification through non-conventional technologies is usually referred to in-situ
transesterification. The in-situ transesterification method has the potential to simplify the
conversion process of disrupting the rigid cell wall, in the case of algal biomass, reducing the
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number of unit operations and consequently the overall process costs and consequently the
overall process costs and final biodiesel product costs [81-83]. In situ transesterification is an
efficient way to convert oil-bearing biomass to biodiesel directly; hence, elimination the
extraction step which is required in the conventional method [84]. During this process, the
alcohol may weaken the cellular and lipid body membranes to facilitate the FAME
conversion [82]. Interestingly, in situ transesterification do not degrade the protein in the
feedstock meal, while they may degrade components found on the meal. Additionally, in situ
transesterification reduces the amount of phospholipids to a level below detection [85-86].

Microwave and ultrasound irradiations are the most promising heating technologies to
convert lipids into biodiesel. They are both non-conventional heating techniques that have
demonstrated that they can tremendously enhance WCO biodiesel production. Microwaves
and ultrasound can benefit from shorter extraction and transesterification times and low
solvent requirements [87].

MICROWAVE AND ULTRASOUND IRRADIATIONS
FOR BIODIESEL PRODUCTION

It is well accepted by now that microwaves and ultrasound produce superior results in
many chemical syntheses attributed to both thermal and specific non-thermal effects induced
by the irradiation. More specifically, microwaves provide rapid and convenient heating for
chemical synthesis but have mass transfer limitations whereas the ultrasound produces intense
physical mixing by cavitation but lacks the ability to generate/induce high thermal energy for
chemical synthesis. These heat and mass transfer limitations and/or requirements can be
addressed collectively by combining the two different techniques in a single reactor.
Microwaves require mechanical mixing to enhance mass/heat transfer and to reduce localized
superheating whereas an increase in the reaction temperature enhances ultrasound mediated
reactions.

While the two technologies were utilized individually to improve the biodiesel synthesis
process in numerous studies thus far, the combined effect of these two non-conventional
methods has not been studied in detail to date [5, 67-68, 88-93]. Chemat et al. (2006)
demonstrated the first study of esterification of propanol using microwave and ultrasound
reactor and pyrolysis of urea [94]. In that study, they reported an increase in the yields for
both the reactions. Cravotto et al. reported the combined use of the two mechanisms on
transesterification of vegetable oil and algal oil extraction [95]. They reported that the
ultrasound and microwave either alone or combined have greatly improved the extraction
yields along with higher yields and shorter reaction times. However, the combined effect of
these two technologies on transesterification reaction has not been reported so far. In addition,
none of the studies have attempted to compare the synergistic effect of these non-
conventional technologies in terms of their performance. Synergism can be defined as a
phenomenon resulting from the effect of a combination of technologies, tools, or reagents that
exceeds the sum of their individual effects [95-97].

As previously mentioned, the most commonly used homogeneous catalysts are alkaline
metal hydroxides such as sodium hydroxide and potassium hydroxide (NaOH and KOH result
in soap formation, which makes the process inefficient by reducing alkyl ester yield and
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interrupting glycerol recovery [98]. Although, there are many advantages with
heterogeneously catalyzed methanolysis (transesterification) reaction, it is very complex
because it occurs in a three-phase system consisting of a solid (heterogeneous catalyst) and
two immiscible liquid phases (oil and methanol). But, by applying microwaves and
ultrasound simultaneously, the heterogeneity of the reaction mixture (or diffusion limitations)
can be greatly reduced. Ultrasound provides for intense mixing that is more effective than
conventional mechanical mixing. The Microwave effect will be greatly enhanced when the
mass transfer limitation is eliminated by simultaneous ultrasound mixing providing uniform
and rapid heating throughout the reaction mixture. In the past, to overcome this mass transfer
problem in heterogeneous catalysts, co-solvents were introduced to promote miscibility of oil
and methanol [99]. Tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), n-hexane, and
ethanol were the more commonly used co-solvents in transesterification of vegetable oils with
methanol and solid catalysts [100]. Another way to mitigate mass transfer problems
associated with heterogeneous catalysts is using structure promoters or catalyst supports
which provide more specific surface area and pores for active species where they can anchor
and react with large triglyceride molecules [101]. However, in simultaneous microwave and
ultrasound mediated reactions, such addition of co-solvents or surface modifications are not
required.

MICROWAVE IRRADIATION

Microwaves are high frequency radio waves that can cause certain molecules to vibrate
around a billion times per second [102]. Microwave irradiation is an unconventional energy
source, and it has been proven that transesterification with a base homogeneous catalyst is
significantly accelerated under microwave irradiation [81]. This advantageous technology has
been reported to be the most simple and most effective method for WCO conversion [42, 97].
Using microwave irradiation as a selective and instantaneous heating method has many
obvious advantages over conventional technologies for preparing biodiesel. Microwave
irradiation is also a faster and more efficient heating process, which directly contributes to
molecular diffusion and mass transfer. In addition, methanol is strong microwave absorption
solvent. Thus, microwave irradiation can promote the transesterification reaction.

Microwave heating is a non-contact heat source, which heats the whole sample volume
simultaneously as compared to conductive heating after being reported for extraction of
chemicals from environmental matrices. Microwaves transfer the energy into the materials by
dipolar polarization, ionic conduction, and interfacial polarization mechanisms and cause
localized rapid and superheating of the reaction materials. If a molecule possesses a dipole
moment, then, when it is exposed to microwave irradiation, the dipole tries to align with the
applied electric field [103]. Since the electric field is oscillating, the dipoles constantly try to
realign to follow this movement. At 2.45 GHz, molecules have time to align with the electric
field but not to follow the oscillating field exactly. This continual reorientation of the
molecules results in friction and consequently releasing thermal energy. If a molecule is
charged, then the electric field component of the microwave irradiation moves the ions back
and forth through the sample while also colliding them into each other. This movement again
generates heat. In addition, since the energy is interacting with the molecules at a higher rate
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at which the molecules do not have the time to relax, the heat generated at a microscopic level
by this principle can be, for short times, much greater than the overall recorded temperature
of the bulk reaction mixture. The microwave interaction with the reaction compounds
(triglycerides and alcohol) results in large reduction of activation energy due to increased
dipolar polarization phenomenon [104]. This is achieved due to molecular level interaction of
the microwaves in the reaction mixture resulting in dipolar rotation and ionic conduction
[105-106]. The amount, by which the activation energy is reduced, is essentially dependent on
the medium and reaction mechanism [104, 107].

ULTRASOUND IRRADIATION

Ultrasound can be a valuable tool for the transesterification of fatty acids, aiming to
prepare the biodiesel fuel at industrial scale [108]. The association of the cold methods with
ultrasound extraction has contributed to the increase the amount of oil extracted from the
microalgal biomass. The chemical effect of cavitation is the generation of highly reactive
radicals due to dissociation of the entrapped vapor molecules in the cavitation bubble. These
form bubbles, filled with solvent and solute vapor and dissolved gases, which grow and
recompress. Under proper conditions, ultrasonic cavitation leads to implosive cavitation
bubble collapse, producing intense local heating, high pressures and very short lifetimes. The
collapse of the cavitation bubbles gives rise to acoustic microstreaming or formation of small
eddies that increase the mass and heat transfer in the liquid, and cause velocity gradients that
result in shear stresses [109]. Furthermore, the implosion of the cavitation bubbles caused by
ultrasound inside and outside an organism may contribute to rupture of cell walls [110-111]
when using algal biomass as feedstock. In addition, the formation, growth, and implosive
collapse of micro bubbles induced acoustically in the bulk of the liquid phase increase the
mass transfer between the two phases by supplying both heating and mixing [112].

Cavitation causes a localized increase in temperature at the phase boundary and provides
the mechanical energy for mixing and the required activation energy for initiating the
alcoholysis reaction. The collapse of the cavitation bubbles disrupts the phase boundary and
causes emulsification by ultrasonic jets that impinge one liquid to another. These effects
speed up the alcoholysis reaction rate and shorten its duration, while high final yields of
biodiesel are usually achieved [42, 113-114]. The normal chain alcohols react quite rapidly
under ultrasonic irradiation. The velocity of an ultrasonic wave through a material depends on
its physical properties. Hence, the ultrasonic velocity decreases with increasing density. Thus,
the use of ultrasound enhances the reaction rate and also shifts the equilibrium which results
in higher product yields in shorter reaction times. The ultrasound wave frequency seems to
affect the reaction rate and the biodiesel yield. The use of ultrasound has an extra advantage
as it requires one-third to a half of the energy that is consumed by mechanical agitation [112,
115-116]. Transesterification through ultrasonication can be carried out in a water bath
(indirect sonication) or using a horn (direct sonication). Direct sonication has been proven to
be more efficient resulting in high biodiesel yield [42, 113-114]. Lin et al. [117] attributed
three important phenomena to the effect of ultrasonic irradiation: (1) rapid movement of
fluids caused by a variation of sonic pressure causes solvent compression and rarefaction; (2)
cavitation; and (3) microstreaming where large amount of vibrational energy is confined in
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small volumes of reaction medium with less heating [117-118]. Cavitation phenomenon has
been found as effective tool for intensification of the esterification of fatty acids [119]. When
using ultrasound irradiation, high reaction medium temperatures are not required to carry out
the transesterification reaction. In addition, lower methanol to oil molar ratios and smaller
amounts of catalyst are required. Ultrasonication enhances the mass transfer between
methanol and oil which results in a higher biodiesel yield. It enhances mass transfer and
reaction rates in both multiphase reactors and homogeneous systems [120-121].

CONTINUOUS VS. PULSE SONICATION

Many studies reported on the effects of pulse sonication on the transesterification of fresh
and used oils in both direct and indirect (via water bath) applications [118, 122-124]. Indirect
application was shown to have much lower efficiency reflected by prolonged reaction times
when compared to direct ultrasound application [114]. A few studies reported on the direct
and continuous applications of ultrasonic processing of biodiesel [68, 114, 123, 125]. The
continuous sonication delivers the acoustic radiation continuously such that the time for
relaxation among fluid layers in the reaction medium is not possible, thereby increasing
thermal energy of the reaction medium. This phenomenon can be considered as loss of some
applied energy which could otherwise have been converted to vibrational or cavitational
energy. The continuous sonication may energize the transesterification reaction by its thermal
effect and is suitable for those reactions requiring thermal excitation. Too much of an
exposure to direct sonication may result in undesired reactions and byproduct formation due
to over excitation of the reactants and emulsification of reaction compounds often resulting in
difficult product separation [114]. On the other hand, the pulse sonication allows for
relaxation intervals providing excitation gap to the reaction mixture to form good emulsions
without increasing thermal energy of the reaction medium significantly. The pulse sonication
is preferred for temperature sensitive chemical reactions. However, the pulse sonication may
impact a lower excitation compared to continuous sonication often requiring longer
sonication times. In both cases, the direct application of sonication in the reaction mixture has
significant effect when compared to indirect sonication applied through water baths and other
media. Direct sonic application reduces the reaction time and therefore the energy
consumption is reduced significantly as well. Some reactions can be very sensitive to direct
sonication and may advance in undesirable direction which needs to be evaluated case by
case. For transesterification, the direct sonication may prove to be beneficial with proper
reactor design, reaction scheme and optimization process.

Ultrasound cavitation phenomenon can increase the mass transfer between the oil phase
and the reactant during the transesterification process [126]. In general, ultrasound replaces
the conventional agitation and heating required to establish close contact between the two
immiscible phases involved in the reaction, the triglycerides and the reactant (alcohol).
According to Qian et al. [127] the wave frequency and specific ultrasonic energy influence
biodiesel yields either under pulse or continuous sonication mode within the range of 20 and
48 kHz. The lower is the frequency; the higher will be the biodiesel yield [128]. A wide
variety of ultrasonic devices are available to convert triglycerides into fatty acids or biodiesel.
These devices may provide direct (applicator or horn) or indirect sonication (i.e., ultrasonic
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bath or tube type ultrasonicator). Direct sonication is the most effective method, and it has
been proven to be more energy-efficient than mechanical mixing [44, 113, 129]. Ultrasound
(US) is very effective at dispersing a material present in a solution and its application
contributes to a more homogenous reaction mixture. The chemical effects of ultrasound
originate from several acoustic phenomena where cavitation (formation, growth, and
implosive collapse of bubbles in a liquid) is the most important [130]. The cavities or
microbubbles are formed when ultrasound passes through the liquid which consist of both
expansion (negative pressure) and compression (positive pressure) [131]. The collapse of
cavitation bubbles causes acoustic microstreaming or formation of small eddies that increase
the mass and heat transfer in the liquid and causes velocity gradients that result in shear stress
[109]. The implosive bubble collapse produces intense local heating, high pressures, and very
short lifetimes (less than a nanosecond) that releases a large amount of energy [132]. In
ultrasound processing, the temperature of the bulk reaction does not necessarily represent the
local microscopic temperature which leads to completion of the transesterification reaction
[114, 133]. Hot spots formed in the cavitating bubbles have equivalent temperatures of
roughly 5000 K, pressures of about 1000 atm, and very high heating/cooling rates [114, 133].
Thus, ultrasound can create extraordinary reaction environment in otherwise low temperature
reaction mixtures [134-135].

Table 3. Physical and chemical properties of vegetable oil methyl esters [4]

Feedstock %% FP® |D® HHVA Ive CNf  |AVY SNP
Soybean 4.08 441 |1138.7 138.7 138.7 52 0.15 201
Rapeseed 4.3-5.83 |453 |0.88-0.888 [41.55— - 49-50 |0.25-0.45 |-
Sunflower 4.9 439 10.88 41.33 142.7 49 0.24 200
Palm 4.42 434 10.86-0.9 41.24 60.07 62 0.08 207
Peanut 4.42 4430.883 41.32 67.45 54 - 200
Corn 3.39 427 10.88-0.89 41.14 120.3 58-59 |- 202
Camelina 6.12-7 |- |0.882-0.888 |- 152-157 |- 0.08-0.52 |-
Canola 3.53 - ]0.88-0.9 - 103.8 56 - 182
Pumpkin 441 - ]0.8837 - 115 - 0.48 202
Cotton 4.07 455 |0.875 41.18 104.7 54 0.16 204
Jatropha curcas 4.78 — 10.8636 - 108.4 61-63 |0.496 202
Pongamina pinnata |4.8 - 10.883 - - 60-61 |0.62 -
Palanga 3.99 - 10.869 - - - - -
Tallow - - 10.856 - 126 59 0.65 244.5
Nile tilapia - - |- - 88.1 51 14 -
Poultry - - |0.867 - 130 61 0.25 251.23
WCO 4-518 148 |0.878-0.887 [39.26-39.48 |- 48 0.15 -

2V = Viscosity (at 40°C).

® FP = Flash Point (°C).

¢ D = Density (g/cm?).

4 HHV = High Heat Value (MJ/Kg).
¢ 1V = lodine Value.

fCN = Cetane Number.

9 AV = Acid Value (mgKOH/qg).

" SN = Saponification Number.
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Table 4. Economics of biodiesel production by supercritical
transesterification in US [17]

Plant capacity (tones/year) 125,000 80,000 8,000
Fixed capital 10,395,058 7,953,072 1,997,721
Working capital 1,661,348 1,513,014 313,729
Startup cost 4,984,045 4,539,042 941,187
Total capital cost 17,040,452 14,005,128 3,252,638
Annual variable cost

Raw material

WCO 26,068,993 16,784,050 1,709,129
Methanol 4,218,750 2,736,000 278,400
Total raw materials cost 30,287,743 19,520,050 1,987,529
Start up

Methanol 14,400 9,050 924
Propane 4,409 2,672 269

Total startup cost 18,809 11,722 1,193
Utilities

Electricity 713,592 456,699 45,670
Cooling water 102,708 67,103 8,217
Biodiesel for the reboiler 978,359 872,157 198,371
Total utilities cost 1,794,660 1,395,958 252,257
By-product credit

Glycerol 15,973,500 6,234,000 1,017,600
Fixed cost

Operating labor 1,020,000 1,020,000 1,020,000
Maintenance 485,103 371,143 371,143
Plant overhead 913,021 890,229 890,229
Taxes and insurance 207,901 159,061 39,954
Total fixed cost 2,626,024 2,440,433 2,321,326
Total operating cost 18,789,736 17,134,165 3,538,992
Capital charges? 5,314,381 4,353,483 1,207,569
SSG&A 1,205,206 1,074,382 237,328
Required Selling Price 25,309,323 22,562,030 4,983,890
RSP (US$/tones) 202 282 623

RSP (US$/kg) 0.2 0.28 0.26

RSP (US$/1) 0.17 0.24 0.52

20% return of investment (ROI).

BIODIESEL PROPERTIES

Biodiesel properties vary from feedstock to feedstock. Table 3 shows the physical and
chemical properties of vegetable oil methyl ester [4]. Vegetable oils have higher pour and
cloud point compared to diesel fuels. Therefore, it is not advisable to use them in winter.
However, the cetane number of vegetable oils, in general, is very high hence reducing the
ignition delay. In addition, they have a high iodine value that increases its oxidation rate.
Therefore, long time storage is not recommended for these types of fuels. The properties also
change with the use of alcohol. Ethyl esters are more commonly used a lubricant agents.
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B1ODIESEL PRODUCTION COSTS

A conceptual design of a biodiesel production process using waste cooking oil as
feedstock via supercritical transesterification with methanol to methyl esters (biodiesel) was
reported [17]. Because waste cooking oil contains water and high free fatty acids,
supercritical transesterification was chosen as an advantageous method to eliminate the pre-
treatment capital and operating costs. The economics of this process were studied at different
production capacities, i.e., 125,000; 80,000 and 8000 tons biodiesel/year (see Table 4). This
process is promising because high purity biodiesel can be produced with almost pure glycerol
as a byproduct. The economic assessment showed that biodiesel can be sold at US$ 0.17/I
(125,000 tons/year), US$ 0.24/1 (80,000 tons/year) and US$ 0.52/1 for the smallest capacity
(8000 tons/year). As expected, the sensitive factors influencing the economic feasibility were
raw material price, plant capacity, glycerol price and capital cost.

CONCLUSION

Biodiesel production can help reduce our dependency on fossil fuel imports, improve
environmental sustainability, and economic security at national and global levels. It is crucial
to develop energy-efficient and resource-efficient technologies for biodiesel production to be
competitive. This means that feedstock derived from waste sources and other marginal oil
products such as microbial oils should be considered to improve the process economics.
Further reductions in chemical and energy usage can be achieved by developing process
intensification techniques such as microwave and ultrasound. All these factors will contribute
to the development of process technologies for sustainable biodiesel production.
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ABSTRACT

Limited reserves of fossil fuels as well as the growing concern for the environment,
has led to a worldwide search for renewable energy sources, among which biodiesel, a
mixture of fatty acid methyl esters (FAME), is one of the most perspective alternative
fuels since it is a non-toxic and can be produced from different renewable sources
through simple cost-effective alcoholysis, while being compatible with existing
infrastructures. Vegetable oils, as renewable in nature and environmentally friendly, with
a possibility to be produced on a large scale, represent a promising feedstock for
biodiesel production. In this chapter, a comprehensive review of different vegetable oils
as a feedstock for biodiesel synthesis is reported, including edible and non-edible oils, as
well as waste vegetable oils.

Selection of feedstock for biodiesel production mainly depends on the specific
conditions and circumstances in some region (climate, presence of certain crops, the
economic development of a country, etc.). Various fatty acid compositions of
triacylglycerols directly determine the quality and fulfililment of the standards of
biodiesel. One of the crucial points which determine technology route for biodiesel
synthesis is content of free fatty acids (FFA) which might be present in vegetable oils, as
well as the presence of water and other compounds. Also, many analysis performed in the
past have shown that the production cost of biodiesel is mainly determined by the price of
used feedstock, which represents 70-80% of total production costs of biodiesel.

* Corresponding author. Tel.: +381 11 3303 709; E-mail address: ivanal888@yahoo.co.uk.

Complimentary Contributor Copy



84 Ivana Luki¢, Zeljka Kesi¢, Miodrag Zduji¢ et al.

Currently more than 95% of feedstock comes from edible oils since they are easily
accessible, consists mainly of triacylglycerols, whereby the properties of biodiesel
produced from these oils are suitable to be used as diesel fuel substitute. Most commonly
used edible oils for biodiesel production are rapeseed, soybean, sunflower and palm.
However, for economic and social reasons, in recent years research and development of
biodiesel production has focused on other sources of triacylglycerols, in order to replace
edible oils by lower-cost non-edible plant oils and the waste cooking oils, feedstocks that
are unsuitable for human consumption.

Properties of different oils and biodiesel obtained from them as well as the
technologies suitable for biodiesel synthesis are compared in this chapter. The well-
known fact is that the conventional and to-day widely applied homogeneous method of
biodiesel synthesis is sensitive to the presence of impurities in the oil, primarily the
presence of FFA and water. Furthermore, biodiesel synthesis is followed by creation of
large amount of wastewater produced during neutralization of catalyst and purification of
final product. The drawbacks of a homogeneous process can be avoided by applying
technologies based on utilization of heterogeneous catalyst or by application of the non-
catalytic supercritical process of biodiesel synthesis. These technologies for biodiesel
production were also analyzed and compared.

Keywords: biodiesel, transesterification, vegetable oil, catalysis

INTRODUCTION

Fossil fuels, primarily crude oil and its derivatives, represent the most important source
of energy for transport because of the large heat capacity, widespread crude oil resources and
relatively simple exploitation and manipulation. However, there is a great concern over the
depletion of the earth's reserves of crude oil and a great impact this would have on a societies
dependent on such type of energy. Moreover, a huge disadvantage of crude oil derivatives
consumption is also associated with the environmental pollution caused by the emission of
huge amounts of carbon dioxide, nitrogen and sulfur oxides, as well as soot and other solid
particles produced in the combustion of these fuels.

Consequently, in the past few decades, great attention has been focused on finding
opportunities to reduce consumption of fossil fuels and replace them with alternative and
renewable energy sources. Alternative fuel must be technically appropriate, economically
competitive, based on renewable raw materials, environmentally beneficial and easily
accessible (Srivastava and Prasad, 2000). From the technical aspect, biodiesel represents a
high quality fuel for diesel engines. It is quite similar to diesel fuel in its main characteristics,
and since being compatible, biodiesel and diesel fuel can be blended in any proportion and
used in unmodified or only slightly modified engines. Biodiesel contains 10 to 11% oxygen
by weight, which may encourage better combustion in an engine than diesel fuels (Srivastava
and Prasad, 2000). However, the presence of oxygen in fatty acid methyl esters, compounds
which are the main constituents of biodiesel, leads to a lower heating value of biodiesel
(around 12%) compared to diesel fuel, which directly affects the higher consumption of fuel.
Relatively high flash point, of about 150°C (while that of diesel is 70°C), is advantage of
biodiesel, because it is non-flammable, non-explosive and makes handling, transport and
storage easier (Demirbag, 2009a). Biodiesel provides better ignition and has better lubricant
properties. From the standpoint of environmental protection, biodiesel has many advantages.
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First of all, it is non-toxic and biodegradable; it degrades about four times faster than diesel
fuel (Demirbag, 2007a). After 28 days all the biodiesels were 77-89% biodegraded, while
diesel fuel was only 18% biodegraded (Demirbas, 2007a). Using biodiesel in diesel engines
significantly reduce the emissions of particulate matter, carbon monoxide and unburned
hydrocarbons, due to higher cetane number and higher oxygen contents compared with diesel
fuel (Mofijur et al., 2013). Combustion of biodiesel also provides reduction in COz, SO,
aromatic and polyaromatic compounds formation. Only NOx emission is increased when
biodiesel is used as fuel in the compression ignition engine. Very important fact regarding the
environmental impact of biodiesel is that the emissions of CO; generated during combustion
in engines are used in process of vegetable photosynthesis. The CO; is released into the
atmosphere when the biodiesel is burned and it is recycled by the growing plants, which are
later processed into the fuel.

The idea of using vegetable oil as fuel for diesel engines arose more than hundred years
ago, in the year 1900, when Rudolf Diesel demonstrated the operation of diesel engines
powered by peanut oil at the Paris World Exposition (Knothe et al., 2005). Although
demonstration was successful, the project has not been implemented and the interest in plant
oils diminished, since it was a time of the fast development of crude oil production. The use
of vegetable oils as diesel engine fuel is documented in literature from the 1920s through the
1940s, most often with the theme of providing tropical colonies of European countries with
an independent source of fuel (Knothe, 2010). Palm oil was probably the feedstock that
received the most attention in mentioned period of time, although cottonseed and some other
oils were also tested (Knothe et al., 2005). Besides that, vegetable oils were used as fuels only
in emergency conditions, such as during the World War Il (Knothe, 2001).

In spite of satisfactory performance of vegetable oils as fuel for diesel engine, later
studies showed that they create some engine problems especially in direct-injection engines.
The major drawback of vegetable oils is their high viscosity that is about an order of
magnitude greater than that of conventional diesel fuel (Knothe 2001). A high viscosity leads
to poor atomization of the fuel in the engine’s combustion chambers, incomplete combustion,
coking of the fuel injectors, ring carbonization, and ultimately results in operational problems,
leading to increase of the carbonaceous solid deposit in engine (Ma and Hanna, 1999; Schwab
et al., 1987). These problems can be solved by either adapting the engine to the fuel, which is
more complicated and expensive, or by adapting the fuel to the engine. The latter led to
modification of vegetable oils by various technologies to produce adequate fuel for existing
diesel engines (Schwab et al., 1987). The four possible modification procedures have been
investigated: alcoholysis or transesterification, pyrolysis, dilution with conventional diesel
fuel and microemulsification (Schwab et al., 1987). The most common and, according to the
results, the best way of vegetable oils modification is alcoholysis, the reaction between
vegetable oil triacylglycerols (TAG) and lower alcohol, usually methanol or ethanol, which
leads to fatty acid methyl or ethyl esters formation, called simplified “biodiesel” when used as
fuel. Probably the first documented use of a fuel that corresponds to the present definition of
biodiesel is registered in a Belgian patent from 1937 that describes the use of palm oil ethyl
esters (Chavanne, 1937). A year later a bus running between Brussels and Louvain was
operated on biodiesel (Issariyakul and Dalai, 2014). The energy crises of the 1970s and early
1980s and growing ecological awareness led to the renewal of interest in vegetable oil derived
fuels (Knothe, 2010). The first patent applications on the use of vegetable oil methyl esters as
diesel fuel substitutes were reported in 1980 (Hartman, 1980; Tanaka et al, 1980). The first
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research on the possibilities of production and use of biodiesel was reported in 1981 in South
Africa and then in 1982 in Austria, Germany and New Zealand (Korbitz, 1999). Already in
1985 a small pilot plant in Austria tested the production of rapeseed oil methyl esters and the
year 1996 was a big step forward in biodiesel production with the start-up of large industrial
scale plants in France and Germany (Korbitz, 1999).

FEEDSTOCK FOR BIODIESEL SYNTHESIS

Vegetable oils represent the main lipid feedstock, i.e., source of TAG for biodiesel
production. They are renewable in nature and environmentally friendly, with a possibility to
be produced on a large scale. Different vegetable oils, including edible and non-edible oils, as
well as waste vegetable oils have been tested as a feedstock for biodiesel production. Other
potential materials that could be used for biodiesel synthesis are animal fat and more recently
oil obtained from microalgae. The main disadvantage of animal fat, such as by-products from
meat and fish industry, pork and poultry fat, beef tallow and fish oil (Atabani et al., 2012;
Balat et al., 2011), is a high content of saturated fatty acids, which affect the quality of their
methyl esters at low temperatures. Although microalgae, considered to be the third generation
feedstock, have shown potential for high biomass growth and lipid productivity and could be
grown on non-arable land, there are some constraints that have to be overcome in order to
make it economical and sustainable source for biodiesel production. Due to the composition
of their oil which widely varies between species and the fact that microalgae in addition to
TAG may also contain substances which cannot be converted to methyl esters, the yield and
the quality of produced biodiesel is not satisfactory; energy-consuming, and therefore costly
extraction of oil from algae is also another disadvantage of their usage as a feedstock (Singh
etal., 2014).

Vegetable oil can be obtained from more than 350 different oil-bearing crops (Demirbas,
2009a). Oils are extracted mainly from seeds and fruits of plants and consist of mixtures of
organic compounds that contain, depending on their origin, approximately 98% of TAG and
small amounts of monoacylglycerols and diacylglycerols, in addition to free fatty acids,
phospholipids, carotenes, tocopherols, water and other impurities. Generally, factors such as
geography, climate, soil conditions and economics of specific country determine which
vegetable oil is of most interest for potential use for biodiesel production (Knothe, 2001). In
Europe, rapeseed (canola) oil is the most commonly used as a feedstock; in the United States
it is soybean oil and in Southeast Asia palm oil (Demirbas, 2009a). The oil content and the
yield per hectare from the crops are important factors that determine the suitability of a
feedstock for biodiesel production, since oil crops with higher yield are more preferable
because they can reduce the production cost (Atabani et al., 2012; Gui et al., 2008).

Another important criterion that should be considered when choosing the feedstock for
biodiesel production is the composition of the oil. The composition of oil will subsequently
determine the properties and the quality of obtained biodiesel, but also will affect the choice
of the production technology. The major components of vegetable oils are TAGs, esters of
fatty acids and glycerol. Fatty acids vary in carbon chain length and in the number of
unsaturated (double) bonds. The percentage and type of fatty acid composition depends
mainly on the plant species and their growth conditions, and the fatty acids that are the most
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often present in TAG of both non-edible and edible oils are oleic (C 18:1), linoleic (C 18:2),
stearic (C 18:0) and palmitic acid (C 16:0) (Atabani et al., 2013).

Also, very important fact is that the price of the lipid feedstock is the major factor
determining biodiesel price (Grabovski and McCormick, 1998). The price of feedstock
constitutes approximately 70-85% of the total biodiesel production cost when even the least
expensive refined vegetable oils are used (Demirbas, 2007a; Gui et al., 2008, Knothe et al.,
2005).

Edible Oils

Currently, more than 95% of biodiesel produced globally is from edible vegetable oils,
such as rapeseed, soybean, sunflower and palm (Gui et al., 2008). Edible oils are easily
accessible because of the abundant agricultural production, and their major components are
TAG while impurities are reduced to a minimum. Therefore, edible oils represent the most
suitable raw material for biodiesel production, taking into account their availability, ease of
processing and the quality of obtained biodiesel. Edible oils are considered as the first
generation biodiesel feedstock. The oil content and yield, fatty acid composition and other
properties of edible oils are given in Table 1.

Soybean Qil

Soybean (Glycine max) is an annual crop from the Leguminosae family. It is one of the
world's most important sources of plant protein and edible oil for both humans and animals
(Milazzo et al., 2013b). The major producers of soybean oil are the United States, Brazil and
Argentina and this oil is now the world's second largest oilseed in terms of total oil
production, being on the first place until recently (http://apps.fas.usda.gov/psdonline/
circulars/oilseeds.pdf). With high protein content (about 40%), which is commonly used for
animal feed, soybean is the highest yielding source of vegetable protein (up to 50%) globally
(Milazzo et al., 2013b). The oil content in soybean seed ranges from 15% to 22% (Issariyakul
and Dalai, 2014), which is one of the drawbacks of soybean oil as biodiesel feedstock.
Another disadvantage is that soybean is a low-yielding oilseed crop with an oil yield from 1.8
to 3.6 t/ha (Milazzo et al., 2013b).

The major fatty acids in soybean oil are oleic (C18:1), linoleic (C18:2) and linolenic
(C18:3). Content of polyunsaturated fatty acids is a characteristic that determines oxidative
stability of fuel, and with its high content (about 63%) soybean oil obtained biodiesel has the
problem of low resistance to oxidation (Milazzo et al., 2013b). This problem can be
overcome, since soybean oil is often modified by traditional plant breeding, chemical or
genetic manipulation which have been used to modify the fatty acid composition of soybean
oil in order to improve its oxidative or functional properties (Wang, 2002). Soybean biodiesel
offers enhanced biodegradation, reduced toxicity, increased flash point and lubricity and
lower emissions (Milazzo et al., 2013b).
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Rapeseed and Canola Oil

Rapeseed is a bright-yellow flowering member of the family Brassicaceae (mustard or
cabbage family), first cultivated in India almost 4000 years ago. Large-scale planting was first
reported in Europe in 13" century (Przybylski and Mag, 2002). According to the United
States Department of Agriculture, rapeseed was the third-leading source of vegetable oil in
the World in 2015, after palm and soybean oil; it was the world's second-leading source of
protein meal (http://apps.fas.usda.gov/psdonline/circulars/oilseeds.pdf).

Early rapeseed cultivars had high levels of erucic acid (C22:1) in the oil and high levels
of glucosinolates in the meal, components that were considered to be a health concern
(Przybylski and Mag, 2002). This was the reason for plant breeding programs initiated in
Canada, which led to the first low-erucic acid cultivars of Brassica napus and Brassica rapa
(Przybylski and Mag, 2002). By the definition, canola should contain less than 2% erucic acid
in the oil and less than 30 umol/g glucosinolates in the air-dried, oil-free meal (Przybylski and
Mag, 2002).

Rapeseed oil was used in the very first efforts to promote biodiesel as a fuel obtained
from renewable sources. Rapeseed and canola seeds have oil content over 40% in which the
dominant fatty acids include oleic acid (C18:1), linoleic acid (C18:2) and erucic acid (C22:1)
(Issariyakul and Dalai, 2014). The type of fatty acid in the feedstock oil determines the
biodiesel characteristics, and a higher percentage of unsaturated fatty acids will result in
biodiesel having better cold flow properties (Gui et al., 2008). Due to its high content of oleic
acid (about 64%) biodiesel produced from rapeseed and canola oil has very good cold flow
properties (Gui et al., 2008), making this biodiesel suitable fuel for usage during the winter.
Good fuel performance and more oil per unit of land area compared to other oil sources make
rapeseed oil the preferred oil feedstock for biodiesel production in most of Europe. However,
according to some studies, rapeseed methyl ester is currently not compatible with diesel oil
particulate filters and may also not be considered as an optimal prospective fuel in view of its
boiling characteristic which is less beneficial for fuels ignition and its combustion in the
cylinder (Millazo et al., 2013a). Also, there is a great concern for the use of rapeseed oil for
biodiesel production because rapeseed is presently grown with a high level of nitrogen
containing fertilizer, thus biodiesel made of these oils generates N.O, one of undesired
compounds which causes greenhouse effect (Karmakar et al., 2010).

Sunflower Oil

The sunflower is a plant native to the Americas, where was domesticated long before
arrival of European explorers (Gupta, 2002). Cultivated sunflower (Helianthus annuus) was
introduced into Europe by the Spanish in the sixteenth century (Gupta, 2002). Sunflower oil
is the fourth most important vegetable oil in the world and accounts for approximately 10% of
the total world’s consumption of plant-derived edible oil (Balali¢ et al., 2012). Oil is derived
from the seed of the sunflower plant, which contains 48-52% of high quality edible oil
(Balali¢ et al., 2012).

The fatty acid composition of sunflower oil is strongly influenced by both genetic and
geographic location and climatic condition (Lajara et al., 1990). Usually, sunflower oil
comprises up to 90% unsaturated fatty acids (combined oleic, C18:1, and linoleic, C18:2) and
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approximately 10% saturated fatty acids (palmitic, C16:0, and stearic, C18:0) (Zheljazkov et
al., 2011). Several varieties of sunflower oilseeds have been developed by standard plant
breeding methods, mainly to vary the amount of oleic and linoleic acid. Beside the traditional
sunflower oil with linoleic acid content of 65-70% of the oil, there are mid-oleic acid
varieties (55-70% oleic acid and 15-35% linoleic acid) and high-oleic acid varieties (>80%
oleic acid and only 5-9% linoleic acid) (Gupta, 2002). High content of linoleic acid in
traditional sunflower oil has unfavorable effect on the quality of biodiesel, due to less stability
to oxidation, but still sunflower oil is the second most common feedstock for biodiesel
production in Europe.

Palm Oil

The oil palm (Elaeis guineensis) originated from South Africa and was introduced to East
Asia as an ornamental plant in 1884 (Lin, 2002). Another species of oil palm, Elaeis oleifera,
originates from Central and South America, but its oil is more unsaturated and this species
gives less oil yield, making it uneconomical to plant on a commercial scale (Lin, 2002). The
oil palm is the most efficient oil-producing plant, with about 5.4 L of oil per hectare per year
(Lin, 2002), which is five to ten times higher than oil yields from soybeans, sunflower or
rapeseeds. Palm oil recently overtook soybean oil and now takes the first place in the list of
oils produced in the world. Two South East Asian countries dominate production of palm oil:
Indonesia with 56% and Malaysia with 32% of all palm oil production (http://apps.fas.
usda.gov/psdonline/circulars/oilseeds.pdf).

Two types of oil, with different fatty acid composition and oil yield, are obtained from
the oil palm fruit (Elaeis guineensis): palm oil from the mesocarp (palm oil in the narrow
sense) and palm kernel oil from the kernel inside the nut (Lin, 2002). There are great
differences between palm oil and palm kernel oil with respect to their physical and chemical
characteristics, especially in their fatty acid content. Palm oil has a balanced fatty acid
composition in which the level of saturated fatty acids is almost equal to that of the
unsaturated fatty acids (Lin, 2002). Palmitic acid (44-45%) and oleic acid (39-40%) are the
major component acids of TAG along with linoleic acid (10-11%) and only a trace amount of
linolenic acid. Due to the low content of linoleic and absence of linolenic acid, the methyl
esters from palm oil have high oxidation stability (Mekhilef et al., 2011), but on the other
hand, they have poor cold flow properties because of the high content of saturated fatty acids
(Gui et al, 2008). Palm kernel oil belongs to so called ‘lauric’ oils and contains mainly lauric
acid (C12:0, about 48%), myristic acid (C14:0, about 16%) and oleic acid (about 15%), while
no other fatty acids are present at more than 10% (Pantzaris and Basiron, 2002).

Other Edible Oils

Beside these four edible oils that are most commonly used, some other oils such as corn,
cottonseed, coconut, peanut, linseed, sesame, almond etc. could be used as a feedstock for
biodiesel synthesis. However, all listed oils have a high production and trade price, thus it is
unlikely that they will find industrial application in the production of biodiesel.
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Table 1. Oil content and yield, the fatty acid composition and other properties of edible oils

Oil Oil Oil Fatty acid, % Acid value, | lodine Saponification | Reference
content, | yield, | 16:0 | 18:0 | 18:1 | 18:2 | 18:3 | other | mg KOH/g | value, gl2/ | value, mg
% L/ha/ 100g oil KOH/g
year

Soybean 15-20 446 139 | 21 | 232|562 |43 |- 0.2 128-143 195.3 Atabani et al. (2012); Demirbas
(2003); Karmakar et al. (2010)

Rapeseed 38-46 1190 | 4.6 16 |330|204 |74 |23 1.14 108.1 197.1 Atabani et al. (2012); Demirbas
(2003)

Canola - - 4.3 1.7 61.0 | 20.8 | 9.3 1.2 <0.5 - 189.8 Issariyakul and Dalai, (2014);
Karmakar et al. (2010)

Sunflower | 25-35 952 6.4 |29 17.7 | 729 | - - 0.15 1323 191.7 Atabani et al. (2012); Demirbas
(2003)

Palm 30-60 5950 | 426 | 44 | 405 | 101 | 0.2 11 14 48-58 208.6 Atabani et al. (2012); Demirbas
(2003); Karmakar et al. (2010)

Corn 48 172 118 | 2.0 248 | 613 | — 0.3 0.11 119.4 194.1 Demirbas (2003); Ma and Hanna
(1999)

Cottonseed | 18-25 325 28.7 | 0.9 130 | 574 | - - 0.07 1132 207.7 Atabani et al. (2012); Demirbas
(2003);
Ma and Hanna (1999)

Olive 45-70 1212 | 5.0 1.6 747 | 176 | - 0.8 <2 100.2 196.8 Atabani et al. (2012); Demirbag
(2003)

Peanut 45-55 1059 | 114 | 24 | 483 | 32 09 |[40° |02 119.6 199.8 Atabani et al. (2012); Demirbas
(2003);
Ma and Hanna (1999)

Linseed 40-44 - 51 |25 189 | 181 | 55.1 | — 8.3 156.7 188.7 Atabani et al. (2012); Aransiola
et al. (2014); Demirbas (2003)

Sesame - 696 131 | 39 | 528|302 |- - 2.4-10.2 91.8 210.3 Atabani et al. (2012); Aransiola
et al. (2014); Demirbag (2003)

Coconut 63-65 2689 |89 |27 |64 16 | - 65.9° | 11.6 7.5-10.5 267.6 Demirbag (2003); Karmakar et
al. (2010); Pantzaris and Basiron
(2002)

2Erucic acid.

bPeanut oil contains about 2.7% of 22:0 and 1.3% of 24:0 fatty acids.
47.8% of 12:0 and 18.1% of 4:0 fatty acids.
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Cotton (Gossypium hirsutum L.) is an important crop that yields the natural fiber used by
the textile industry. Cottonseed oil is a relatively low cost feedstock for biodiesel production
as cotton seeds are considered as by-products or waste (Karmakar et al., 2010). The fatty acid
profile of cottonseed oil is typical of the oleic-linoleic group of vegetable oils, since these
two unsaturated fatty acids make up almost 75% of the total fatty acids. Oleic makes up about
22%, palmitic around 24%, linoleic about 52% and linolenic acid content is usually less than
1% (O’Brien, 2002).

The coconut palm is the species Cocos nucifera and the coconut oil is derived from
copra, which is the dried kernel or ‘meat’of coconuts (Pantzaris and Basiron, 2002). The
largest producing countries are the Philippines and Indonesia, and coconut oil production is
about 3% of total oils. Coconut oil belongs to so called ‘lauric’ oils, together with palm kernel
oil, because lauric acid (C12:0) is the major fatty acid in this oil. These oils are characterized
by high level of the shorter and medium fatty acid chain lengths (C6-C14), of about 80%,
while in the non-lauric vegetable oils they are below 2%. The major fatty acids are lauric
(about 48%) and myristic (about 18%), while no other fatty acids are present at more than
about 8% (Pantzaris and Basiron, 2002). Coconut oil remains solid at relatively higher
temperature than most of other vegetable oils. The main drawback of using coconut oil in
engines is that it starts solidifying at a temperature below 22°C whereby at 14°C it does not
flow at all (Karmakar et al., 2010).

Peanut oil (Arachis hypogeae) is native to South America, Mexico and Central America.
The physicochemical characteristics of peanut oil biodiesel closely resemble to those of diesel
fuel. Peanut oil produces approximately 1170 L biodiesel/ha, compared to 475 L for soybean
oil (Karmakar et al., 2010). However, the production of biodiesel from peanut oil is not
economically viable as peanut oil is more valuable than soy oil in the world’s market.

Corn (Zea mays) is a crop mainly sown in USA for its starch and protein content. It is not
practically viable to grow this crop specifically for biodiesel production as the extraction
process cannot produce a grade of oil which is suitable enough for production of biodiesel
(Karmakar et al., 2010). But when the crop is turned into ethanol after fermentation, the oil
can easily be separated and viably used for biodiesel production.

Linseed (Linum usitatissimum) originated from Mediterranean coastal countries and is
cultivated in Canada, Argentina, India and USA. Linseeds are a source of high quality
proteins, soluble fiber and a high content of polyunsaturated fatty acids. Main use of linseed
oil is as industrial oil based on its high unsaturation, but increasingly it is consumed as food
oil. The biodiesel produced from linseed oil shows high relative density because of presence
of more than 25% of unsaturated esters with more than two double bonds (Karmakar et al.,
2010).

Non-Edible Qils

Although today biodiesel is mainly produced from edible oils which are easily available
on large scale from the agricultural industry, there are numerous reasons against their use as a
feedstock for biodiesel production. First of all, this refers to the food versus fuel debate, i.e.,
sociological question of whether to use oil as food or for fuel production. Namely, edible oils
are a source of important nutrients in the human diet. There are concerns that large-scale
production of biodiesel from edible oils may bring global imbalance to the food supply and
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demand market. The problem is also that biodiesel is competing limited fertile land
availability with food industry for plantation of oil crop — arable land that would otherwise
have been used to grow food would instead be used to grow fuel. Also, the use of food raw
materials for biofuels increases their cost, and the increase in food prices mostly affects the
poorest populations of a society. But the increase in raw material prices has also a negative
impact on the sustainability of biodiesel production as well. Another issue that should not be
ignored is that the extensive production of oil crops that could be used for the production of
biofuels leads to the devastation of the soil and deforestation in many countries in order to
increase the available fertile land for plantation purposes.

Therefore, non-edible vegetable oils or the second-generation feedstock have become
more attractive as a promising, cheaper, raw material for sustainable biodiesel production.
There are a number of plants that produce significant amounts of non-edible oils which are
not suitable for human consumption due to the presence of toxic compounds and could grow
in the barren lands. However, the main disadvantage of use of non-edible oils for biodiesel
production is that most of them contain a high content of free fatty acids, which increases the
biodiesel production cost (Bankovi¢-Ili¢ et al., 2012). Some of these non-edible oilseed crops
include jatropha tree (Jatropha curcas), karanja (Pongamia pinnata), castor (Ricinus
communis), tobacco seed (Nicotiana tabacum), mahua (Madhuca indica), neem (Azadirachta
indica), rubber seed (Hevea brasiliensis), sea mango (Cerbera odollam), etc. The oil content
and yield, fatty acid composition and other properties of non-dible oils are given in Table 2.

Jatropha Curcas Oil

Jatropha tree (Jatropha curcas) is a tropical plant belonging to the Euphorbiaceae family
(Atabani et al., 2012). The presence of some toxic components renders this oil unsuitable for
use in cooking, but makes it very attractive for fuel production. It can grow almost anywhere
and under a wide variety of climatic conditions. Jatropha is grown in marginal and waste
lands, on sandy, saline and degraded soils, without the need to compete with the land for food
production. It is a drought-resistant plant and due to its characteristics can be easily cultivated
without intensive care and with minimal efforts (Gui et al., 2008).

Recently Jatropha is being considered as one of the most promising potential oil sources
for biodiesel production in South-East Asia, Central and South America, India and Africa
(Bankovi¢-Ili¢ et al., 2012). Jatropha oil content varies depending on the types of species,
climatic conditions and mainly on the altitude where it is grown (Karmakar et al., 2010), but
seeds contain about 40-60% and kernels 46-58% of oil (Bankovi¢-Ili¢ et al., 2012; Kumar
and Sharma, 2011). Jatropha produces oil rich in oleic (42%) and linoleic (35%) acid and
smaller amounts of palmitic (14%) and stearic acid (6%), but fatty acid composition could be
altered to some extent through interspecific hybridization (Kumar and Sharma, 2011).

Karanja (Pongamia pinnata) Oil
Karanja (Pongamia pinnata) is a fast growing tree belonging to the Legumnosae family,

with the potential for high oil seed production and the benefit of the ability to grow on
marginal land. These properties support the suitability of this plant for large-scale vegetable
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oil production required by a sustainable biodiesel industry (Balat et al., 2011). Pongamia
Pinnata is native in Indian subcontinent and South-East Asia and has been successfully
introduced to humid tropical regions of the world as well as parts of Australia, New Zealand,
China and the USA (Atabani et al., 2013). It is one of the few nitrogen-fixing trees and can be
cultivated on land that has been exhausted of nutrients, helping to improve the soil quality so
that the exhausted land can be reused for agricultural purpose (Gui et al., 2008). Pongamia
tree produces seeds with significant oil content, but the oil has many toxic substances that do
not allow its use as cooking oil. The seed oil content ranges between 30 and 40% (Atabani et
al., 2013) and the predominant fatty acid in oil is oleic acid (51.8%), followed by linoleic acid
(17.7%), palmitic acid (10.2%), stearic acid (7.0%), and linolenic acid (3.6%) (Balat et al.,
2011). In addition to these fatty acids, Pongamia oil also contains eicosenoic acid in
reasonable amounts (9.5-12.4%).

Castor (Ricinus communis) Oil

Castor plant (Ricinus communis) belongs to the Eurphorbiaceae family and is non-edible
oilseed crop that is easily grown and resistant to drought. The tree is native to India, China,
Brazil, some countries of former Soviet Union and Thailand. India produces about 60% of the
world castor production (Bankovié¢-1li¢ et al., 2012). Castor seed is high in oil and contains
about 46-55% (Atabani et al., 2013). Castor oil has the most unique composition with
approximately 89.5% ricinoleic acid which is also known as castor oil acid. Ricinoleic acid is
an unsaturated fatty acid which is soluble in most organic solvents (Gui et al., 2008). Due to
its composition, castor oil is the only oil completely soluble in alcohol and does not require
heat and the consequent energy requirement of other vegetable oils in transforming them into
fuel (Kumar and Sharma, 2011). Viscosity of castor oil is up to 7-time higher than that of
other vegetable oils (Bankovi¢-Ili¢ et al., 2012), but despite it, the kinematic viscosity of
transesterified castor oil is comparable to other vegetable oils making it suitable as a biodiesel
blend (Kumar and Sharma, 2011).

Tobacco Seed (Nicotiana tabacum) Oil

Tobacco (Nicotiana tabacum L.) seed oil is a by-product of tobacco leaf production that
contains significant amount of oil (35-49% by weight). It can be cultivated in more than 100
countries worldwide such as Macedonia, Turkey, South Serbia and widespread in North and
South America (Atabani et al., 2013). The oil is non-edible, but physical, chemical and
thermal properties are comparable with other vegetable oils, therefore it has the potentiality to
be considered as a new feedstock for biodiesel production.

Mahua (Madhuca indica) Oil
Mahua (Madhuca indica) is a tropical tree from the Sapotaceae family found largely in

the central and northern plains and forests of India. The kernel constitutes about 70% of the
seed and contains 50% oil with a relatively high percentage of saturated fatty acids such as
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palmitic (17.8%) and stearic (14.0%) acids (Kumar and Sharma, 2011). The remaining fatty
acids are mainly distributed among unsaturated components such as oleic (46.3%) and
linoleic (17.9%) acids. The relatively high percentage of saturated fatty acids (35.8%) found
in mahua oil results in relatively poor low-temperature properties (Kumar and Sharma, 2011).
The mahua oil generally contains about 20% of free fatty acids, therefore converting this oil
to biodiesel requires proper procedure and technology (Kumar and Sharma, 2011).

Neem (Azadirachta indica) Oil

Neem (Azadirachta indica) tree belongs to the Meliaceae family, can grow in almost all
kinds of soil including clay, saline, alkaline, dry and stony soils, and can tolerate some
extreme conditions like temperature of 45°C and rainfall as low as 250 mm (Atabani et al.,
2013). Neem tree is native to India, Pakistan, Sri Lanka, Burma, Malaysia, Indonesia, Japan,
and the tropical regions of Australia. Almost the whole tree is usable for various purposes
such as medicines, pesticides and organic fertilizer (Bankovi¢-Ili¢ et al., 2012). The seed of
the fruit contains 20-30 wt% and kernels 25-45% of oil (Atabani et al., 2013), generally with
high amounts of free fatty acids, similar to mahua oil, which affect the process of biodiesel
production.

Rubber Seed (Hevea brasiliensis) Oil

Rubber tree (Hevea brasiliensistree) belongs to the family Euphorbiaceae and originates
from the Amazon rain forest (Brazil). The tree is the primary source of natural rubber and
produces 99% of world’s natural rubber. The oil content of the seeds ranges from 50 to 60%
and of kernel from 40 to 50% of oil which may contain up to 17% FFA (Atabani et al., 2013).
The oil is high in unsaturated constituents such as linoleic (39.6%), oleic (24.6%), and
linolenic (16.3%) acids, and other fatty acids found in rubber seed oil include saturated
species such as palmitic (10.2%) and stearic (8.7%) acids (Kumar and Sharma, 2011).

Sea Mango (Cerbera odollam) Qil

Sea mango (Cerbera odollam) is a tree belonging to the poisonous Apocynaceae family.
It is well-known as a ‘suicide tree’ because of its highly poisonous nature and toxic content in
the seed is transferred into the oil after the extraction process. However, the toxin can be
easily separated out from the extracted oil by decantation (Kumar and Sharma, 2011). The oil
content from Cerbera odollam seeds is 54%. The fatty acid composition of Cerbera odollam
oil is mainly oleic (48.1%), followed by palmitic (30.3%), linoleic (17.8%) and stearic (3.8%)
(Atabani et al., 2013), and the free fatty acid content in Cerbera odollam oil is significantly
higher, as well as in the majority of non-edible oils.
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Table 2. Oil content and yield, the fatty acid composition and other properties of non-edible oils

Oil Oil content, | Oil Fatty acid, % Acid lodine Saponification Reference
% yield, 16:0 18:0 18:1 18:2 18:3 other value, mg | value, value, mg
L/ha/ KOH/g gl,/100g KOH/g
year oil

Jatropha Seed: 40-60, 1892 12.7- | 55— 39.1- | 321- | 0.2 - 1.2-45 82-98 193-208 Atabani et al. (2013);

curcas kernel: 46-58 17.0 9.7 44.7 41.6 Balat (2011);
Karmakar et al. (2010)

Karanja Seed: 25-50, | 225- 3.7- 24— 445- | 10.8- | - 1.1- 2.53-20 81-90 185-195 Atabani et al. (2013);

(Pongamia kernel: 30-50 | 22502 7.9 8.9 713 18.3 35 Karmakar et al

pinnata) (2010); Srivastava and
Prasad (2000)

Castor 46-55 1188 11 31 49 1.3 - 89.6° | 3.0 83-86 191.1 Atabani et al. (2013);

(Ricinus Demirbas (2003);

communis) Karmakar et al. (2010)

Tobacco seed | Seed: 36-41 2825 10.9 33 145 69.5 0.7 0.8 - 125-154 191.5 Atabani et al. (2013);

(Nicotiana kernel: 17 Singh and  Singh

tabacum) (2010)

Mahua Seed: 35-50, | — 16.0- | 14.0- | 41.0- | 8.9- - 0.0- - 58-70 190.5 Atabani et al. (2013);

(Madhuca kernel: 50 28.2 25.1 51.0 17.9 33 Srivastava and Prasad

indica) (2000)

Neem Seed: 20-30, | 2670* 13.6- | 144 | 49.1- | 2.3— 0.8 0.2- 32.6 65-80 209.7 Atabani et al. (2013);

(Azadirachta kernel: 25-45 16.2 24.1 61.9 15.8 3.4 0.26 Aransiola et  al

indica) (2014); Srivastava and
Prasad (2000)

Rubber seed Seed: 50-60, | — 10.2 8.7 24.6 39.6 16.3 - 1.7-42 133.9- 183.9-226 Aransiola (2014);

(Hevea kernel: 40-50 1425 Atabani et al. (2013);

brasiliensis) Onoji et al. (2016)

Sea mango Seed: 54, - 249- | 3.8- 48.1- | 13.6- | 0.08 2.7 12.8 - - Atabani et al. (2013);

(Cerbera kernel: 6.4 30.3 5.8 52.8 17.8 Kansedo and Lee

odollam) (2012)

2kg/halyear.

bCastor oil contains 89.5% of ricinoleic acid.
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Table 3. The fatty acid composition and other properties of waste vegetable oils

Oil Fatty acid, % Acid lodine Saponification | Reference
16:0 16:1 | 18:0 18:1 18:2 18:3 other | value, value, value, mg
mg gl2/100g KOH/g
KOH/g oil
Waste cooking oil | 8.5 - 31 21.2 55.2 5.9 4.2 3.6 83 207 Yaakob et al. (2013)
from different 7.64 0.07 | 8.68 18.38 | 6211 | 1.7 1.42 - - - Srilatha et al. (2012)
sources 1158 | 011 | 4.26 2484 | 5355 | 5.6 3.78 7.6 - - Yan et al. (2009)
5.18 051 |21 59.7 1931 | 6.82 6.37 - - - Chhetri et al. (2008)
6.8 - 3.1 33.7 56.4 - - 2.24 - 204.6 Gupta et al. (2015)
26.5 - 21.35 | 109 1.7 - - - - - Talebian-Kiakalaieh
etal. (2013)
39.3 018 | 23 46.3 11.9 - - 5.0 - 183.5 Lam and Lee (2010)
204 4.6 4.8 52.9 135 0.8 2.0 2.1 - - Leung andGuo (2006)
324 - 3.8 425 15.3 5.9 - 0.98 - 183.4 Dehkordi and Ghasemi
(2012)
29.6 - 3.7 48.6 18.0 trace | — 1.04 - - Viola et al. (2012)
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Waste Vegetable Oils

In order to avoid all the above-mentioned disadvantages of using edible oils as a
feedstock for biodiesel production, and to find cheap and more economical alternative, waste
cooking oils attracted great attention of researchers. Waste vegetable oils are generally low in
cost, their price is two to three times lower than the price of refined vegetable oils, therefore,
the usage of waste vegetable oils can reduce biodiesel production costs by 60-90% (Talebian-
Kiakalaieh et al., 2013). The fatty acid composition and other properties of waste vegetable
oils from different sources are given in Table 3.

Huge quantities of waste cooking oils are available throughout the world, especially in
the developed countries, and estimated potential amount of waste cooking oil collected in the
EU is about 0.7-1 million tons/yr (Kulkarni and Dalai, 2006), in the United States about 10
millions tones/yr and in China 4.5 millions tones/yr (Maddikeri et al., 2012). Waste cooking
oils are mainly collected from restaurants, hotels, households or other large food processing
and service facilities. Most of these oils were used for deep-frying process, after which they
are no longer suitable for human consumption and their disposal is followed by special
regulation. Previously, waste cooking oil was used as an ingredient in animal feed. However,
since 2002, the European Union has banned the use of this oil in fodder making, which is
likely to be extended worldwide (Maddikeri et al., 2012). Even though some of waste cooking
oil is used for soap production (Chhetri et al., 2008), a major part of it is discharged into the
environment, causing contamination of the water and land resources. Using waste vegetable
oils to produce biodiesel, beside the fact that they reduce the cost of biodiesel production, also
could solve the problem of waste material disposal, thus achieving the reduction of
environmental pollution.

However, properties of biodiesel produced from waste cooking oil would be largely
dependent on the physicochemical properties of such feedstock. Heat treatment of vegetable
oils at high temperatures (160-200°C) causes some of major physical and chemical changes
in the oil, which more or less differs from the oil composition depending on temperature and
duration of heating. Some common physical changes observed in vegetable oil after its use
for frying are an increase in the viscosity and the specific heat, a change in color and the
surface tension, and an increase in the tendency to foam. Chemical changes are the
consequence of thermolytic, oxidative and hydrolytic reactions that take place during the
heating of oil at high temperature (Maddikeri et al., 2012). A thermolytic reaction occurs in
the absence of oxygen at very high temperatures where series of normal alkanes, alkenes,
lower fatty acids, symmetric ketones, oxopropyl esters, CO, and CO; is produced from
saturated fatty acids, while unsaturated fatty acids form basically dimeric compounds,
including dehydrodimers, saturated dimers, and polycyclic compounds (Maddikeri et al.,
2012). Oxidative reaction occurs when oxygen in air comes in contact with the oil, forming
hydroperoxides as a primary product, which further form many other compounds such as
aldehydes, ketones, hydrocarbons, alcohols, acids and esters (Kulkarni and Dalai, 2006;
Maddikeri et al., 2012). In the case of hydrolytic reaction, the steam produced during the
processing of food containing water causes the hydrolysis of TAG, resulting in the formation
of FFA, glycerol, monoacylglycerols and diacylglycerols (Maddikeri et al., 2012).

As a result of all these reactions, waste vegetable oil contains certain amount of
undesirable compounds, primarily solid impurities, FFA and water, whose content may be
very different; the free fatty acids varied from 0.7% to 41.8%, and moisture from 0.01% to
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55.38% (Canakgi, 2007). For that reason, the production of biodiesel from waste vegetable
oils is not so simple, often requiring pretreatment before subjecting the oil to
transesterification. The separation of suspended solids from waste cooking oil can be
effectively carried out by filtration or centrifugation and the removal of soluble salts by water
washing (Demirbas, 2009b; Maddikeri et al., 2012). Water from the oil can be removed by
drying at temperature over 100°C (Demirbas, 2009b; Yaakob et al., 2013) or by adsorption
using silica gel, anhydrous sulphates etc. (Maddikeri et al., 2012). For FFA removal several
methods have been proposed: a) esterification with methanol in the presence of acid catalyst
producing the methyl esters; b) neutralization using alkali (KOH or NaOH) forming soaps
that are later decanted; c) adsorption processes as efficient and low energy consuming
operation where treatment by activated alumina and silica gel, or magnesium silicate and
aluminum oxide were applied for reducing both FFA and water content (Maddikeri et al.,
2012). Distillation was also used for drying and deacidification of waste cooking oil, while
maintaining the original composition of the feedstock. Pretreatment of waste cooking oil
using some of these steps can significantly improve the yield and quality of biodiesel obtained
from waste cooking oil. However, the pretreatment step affects the cost of biodiesel
production, why all possible methods for biodiesel synthesis from waste vegetable oils should
be carefully considered.

TRANSESTERIFICATION (ALCOHOLYSIS) METHODS
FOR BIODIESEL SYNTHESIS

Transesterification (also called alcoholysis) is reaction between TAG (originated mainly
from vegetable oil) and alcohol (usually methanol or ethanol). Methanol has a lower price and
favorable physical and chemical properties (non-polar short chain alcohol) and the process of
alcoholysis takes place under the mild conditions, with the easier phase separation. Therefore,
use of methanol for TAG methanolysis dominate in the process of biodiesel synthesis.

The overall methanolysis reaction occurs as a sequence of three reversible consecutive
reactions (Freedman et al., 1986; Noureddini and Zhu, 1997). In the first one, a TAG reacts
with methanol to form diacylglycerol and FAME. In the second consecutive reaction a
monoacylglycerol and FAME are produced from diacylglycerol and methanol. And finally, in
the third reaction sequence glycerol and FAME are formed. This complex reaction could be
represented as only one reaction with following stoichiometric equation:

The transesterification reaction can be classified based on the presence and type of the
catalyst into non-catalyzed (reaction under supercritical conditions of methanol) and
catalyzed process; the later could be divided into chemically and enzyme catalyzed
transesterification. Depending on the solubility of the catalyst in the reaction mixture,
transesterification can be homogeneously or heterogeneously catalyzed. The selection of
biodiesel production process is highly dependent on the feedstock characteristics, mainly the
presence of FFA and fatty acids composition of TAG. Main characteristics of each process of
biodiesel synthesis are presented in Table 4, and discussed in the following sections.
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CH>-OOCR; CH,-OH

CH-OOCR, + 3CH;0H < CH-OH + 3CH;00CRx (x=1.2.3)
CH>-OOCR; CH,-OH

TAG Methanol Glycerol FAME

Table 4. Comparison between different methods for biodiesel production by
transesterification

Homogeneously catalyzed Supercritical Enzyme Heterogeneously
Base Acid method catalyzed catalyzed
Reaction 60-70°C 55-80°C 239-385°C 20-50°C 60-252°C
conditions 0.1 MPa 0.1 MPa > 8.09 MPa 0.1 MPa 0.1-24 MPa
Reaction time 1-4h 1-8h 120-240 s >10h 0.1-3h
FFAin Saponified Methyl Methyl esters Methyl Depend on catalyst,
feedstock products esters esters usually not
sensitive
Water in Interfere with | Interfere No influence Depend on Positive up to
feedstock reaction with lipase type certain amount
reaction
Recovery of Difficult Difficult Easy Easy Easy
glycerol
Purification of Repeated Repeated None None Easy
FAME washing washing
Price of Low Low No catalyst High Potentially low
catalyst

Homogeneously Catalyzed Transesterification Processes

Homogeneously base catalyzed transesterification is the most studied and most
commonly used commercial biodiesel production process. This is because the process is
realized under the mild reaction conditions (usually close to the boiling temperature of
alcohol at ambient pressure), with a lower amount of alcohol (alcohol to oil molar ratio of 6:1
is usually used) and for a short reaction time. A high conversion of TAG (97% or more) could
be achieved using most common base catalysts (NaOH, KOH, carbonates and alcoxides:
natrium or potassium methoxide, ethoxide or propoxide) (Freedman et al., 1984; Fukuda et
al., 2001; Ma and Hanna, 1999; Srivastava and Prasad, 2000; Vicente et al., 2004; Zhang et
al., 2003). The highest yield could be achieved using methoxide, because the losses of
catalyst as consequence of TAG saponification are negligible since their structures lack the
OH group necessary for saponification, but they are expensive and very hygroscopic, which
makes them difficult to work with (Vicente et al., 2004). Commercially, the most commonly
used are alkaline metal hydroxides (KOH and NaOH) which are much cheaper, but since they
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are less active than alkoxides, they can give the same high conversions of vegetable oils
simply by increasing the catalyst concentration to 1 or 2% (Helwani et al., 2009). The optimal
amount of the base catalyst is about 1% (based on oil weight), although slightly lower or
higher catalyst concentrations have also been reported.

Beside a lot, above mentioned, advantages, the use of homogeneous catalysts in
transesterification process has many drawbacks. Base-catalyzed alcoholysis is very sensitive
to the presence of impurities in the oil, primarily to the presence of FFA and water, which is
its main disadvantage. The presence of water affects the process of saponification indirectly,
via the hydrolysis of TAG, while FFA react directly with alkaline catalyst to form soaps. Both
reactions are undesirable side-reactions, that reduce efficiency of the catalyst by its partially
consuming and thus lowering its amount in the reaction mixture, leading to decreased
biodiesel yield and complicated separation and purification steps. The best yield could be
achieved with completely anhydrous reactants and with FFA content lower than 0.5%,
although the process still could be catalyzed by alkaline catalyst if FFA content is higher (up
to 5%), but catalyst must be added in excess to overcome the saponification problem
(Demirbas et al., 2009a; Ma and Hanna, 1999).

Homogeneous catalyst cannot be reused, and cannot be used in continuous biodiesel
production, which is additional disadvantage of homogeneously catalyzed process. Another
problem related to the use of a base catalyst is complete removal of these catalysts, which is
technically difficult and brings extra cost to the final product (Helwani et al., 2009). In order
to meet the specified biodiesel quality, the process involves a number of washing and
purification steps. Water washing has been the most frequently used process (Skala et al.,
2004), while new purification technologies, beside wet washing (with water or organic
solvent) include dry washing (by adsorption or ion-exchange process), membrane separation
and ionic liquid treatment (Stojkovi¢ et al., 2014). Purification processes produce a large
amount of wastewater, which is environmentally unfavorable and requires appropriate
treatment therefore increasing the overall process cost.

For these reasons, it can be concluded that homogeneously catalyzed alcoholysis show
good solution for biodiesel synthesis when vegetable oil with high quality, i.e., refined, edible
oil is used. Even then, the purification steps increase process cost, and negatively affect the
environment. However, this process is not suitable to produce esters from unrefined oils.
Non-edible and waste vegetable oils, generally, contain significant amounts of FFA, as well
as water, which limit the use of high effective base catalysts. To overcome the drawbacks of
conventional, homogeneously base-catalyzed process alternative methods have been
developed. Table 5 summarizes the catalyst type and the optimal reaction conditions for some
homogeneously catalyzed (base and acid) alcoholysis of different vegetable oils. Almost in all
reported studies where the FFA content in oil was low, the ester yield higher than 90% was
achieved, independently of the type of used catalyst and vegetable oil. However, when oil
with higher content of FFA was used in transesterification, FAME yield was not satisfactory
(Berchmans and Hirata, 2008; Kansedo et al., 2010; Saravanan et al., 2010).
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Table 5. Examples of homogeneously catalyzed transesterification of different feedstocks

Feedstock FFA, % Catalyst Reaction conditions Yield, Reference
T, °C Methanol:oil Wt % of Time, h %
molar ratio catalyst
Edible oils 0.02 NaOH 20-60 6:1 0.5 1 96 Freedman et al. (1984)
Soybean oil
Soybean oil 0.04 NaOH 30-70 6:1 0.2 15 63-95 Noureddini and Zhu
(1997)
Sunflower oil 0.02 KOH 65 6:1 1 0.5 Vicente et al. (2004)
NaOH 0.75 ~100
CH3ONa 0.75
Sunflower oil - CHsONa 60 6:1 0.5 1 98 Freedman et al. (1984)
Soybean oil
Rapeseed oil - KOH 65 6:1 1 2 96 Rashid et al. (2008)
Canola oil <0.25 NaOH 40-45 6:1 1 1 935 Leung i Guo (2006)
Palm oil - KOH 65 6:1 1 2 >96 Darnoko i Cheryan
(2000)
Crude palm oil 6.1 NaOH 65 0.28 wiw 1 2 85 Berchmans and Hirata
(2008)
Cottonseed oil - CHsONa 60 6:1 0.5 1 93 Freedman et al. (1984)
Peanut oil - CHsONa 60 6:1 0.5 1 96 Freedman et al. (1984)
Coconut oil 1.2 NaOH 65 0.28 wiw 1 2 87 Berchmans and Hirata
(2008)
Soybean 0.5 H2S04 65 6:1, 20:1, 30:1 1 69 96-98 Freedman et al. (1984)
Non-edible oils 3.1 NaOH 60 5.6:1 1 1 98 Chitra et al.
Jatropha curcas (2005)
Jatropha curcas 15.0 NaOH 65 0.7 wiw 3.3 2 55 Berchmans and Hirata
(2008)
Jatropha curcas 5.53 KOH 50 6:1 1 2 97 Berchmans et al. (2004)
Jatropha curcas - CHsONa 45 9:1 0.8 0.5 96.3 Tapanes et al. (2008)
Jatropha curcas, two step 215 H2S04 65 3:7 1 3 21.2 Jain and Sharma (2010)
1.0 NaOH 50 3:7 1 3 90.1
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Table 5. (Continued)

Feedstock FFA, % Catalyst Reaction conditions Yield, Reference
T, °C Methanol:oil Wt % of Time, h %
molar ratio catalyst
Jatropha curcas, two step 15.0 H2S04 50 0.6 wiw 1 1 Berchmans and Hirata
1.0 NaOH 65 0.24 wiw 14 2 90 (2008)
Karanja (Pongamia 0.3 KOH 65 6:1 1 2 98 Meher et al. (2006)
pinnata)
Karanja (Pongamia - KOH 60 10:1 1 15 92 Karmee and Chadha
pinnata) (2005)
Karanja (Pongamia 9.9 H2S04 55 6:1 15 1 Sharma and Singh (2010)
pinnata), two step 13 NaOH 55 8:1 0.8 1 95-97
Mahua (Madhuca indica) 14.0 H2S04 65-70 7.5:1 6 5 75 Saravanan et al. (2010)
Mahua (Madhuca indica), 115 H2S04 55 6:1 1.5 1 Sharma and Singh (2010)
two step 1.0 NaOH 55 8:1 0.8 1 95-97
Tobacco seed oil - NaOH 55 6:1 15 15 86 Usta (2005)
Tobacco seed oil, two step 35.0 H2S04 60 13:1 2 0.8 24.3 Veljkovi¢ et al. (2006)
2.0 KOH 60 6:1 1 0.5 91
Sea mango (Cerbera 6.4 NaOH 64.7 6:1 1 1 8.3 Kansedo et al. (2009)
odollam) oil
Waste vegetable oils 11 NaOH 60 7:1 1.1 0.25 88.8 Leung i Guo (2006)
0.21 NaOH 65 4.8:1 0.6 1 93 Felizardo et al. (2005)
- KOH 65 6:1 1 1 95-96 Refaat et al. (2008)
37.9 H2S04 95 20:1 4 10 >90% Wang et al. (2006)
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Homogeneously acid catalyzed transesterification has many drawbacks, such as slower
reaction rate, typically 4000 times compared to base catalyzed process, lower catalyst
activity, a need for higher reaction temperature and higher alcohol to oil molar ratio. The
possibility of simultaneous esterification of FFA and transesterification of TAG when acid is
used as a catalyst in the transesterification reaction is important advantage of this process.
The tolerance and less sensitivity towards the high FFA presence make acid catalyst suitable
for biodiesel production from low-quality feedstock such as non-edible and waste vegetable
oils. The most often used acid catalysts are sulfuric acid, phosphoric acid, hydrochloric acid,
etc. High biodiesel yield can be achieved in acid-catalyzed transesterification, but a much
longer time is needed, even 69 h (Freedman et al., 1984), compared to the base catalyzed
process (usually not longer then 1 to 2 h), except at high temperatures (Wang et al., 2006).

Two-Step Process

Due to the disadvantages of both base and acid catalysts, two-step processes for biodiesel
production from oils with a high FFA content have been developed. This process consists of
acid catalyzed FFA esterification in the first step for reducing the FFA, followed by base
catalyzed transesterification of TAG. Pilot plant was developed where in the first step sulfuric
acid was used to reduce the FFA content below 1%, after which transesterification using
KOH was performed, giving the high yield of FAME (Canakci and Van Cerpen, 2003). The
only disadvantage of the two-step transesterification process is removal of catalyst in both
stages, which causes the higher production cost as compared to conventional, one-step
process. In the first step a solid catalyst for esterification of FFA could be used, such as
Fe2(S04); (Patil et al., 2009; Wang et al., 2007) or HF/SiO; (Corro et al., 2011), followed by
base catalyzed transesterification of TAG in the second step.

Heterogeneously Catalyzed Transesterification

The heterogeneous catalytic process for biodiesel synthesis is environmentally friendly,
since it offers simplified production and product separation and purification processes, with
reduced waste water amount. The major advantage of using a solid catalyst is the possibility
of their easy regeneration and reuse, which make the biodiesel synthesis process cost-
effective and enables the continuous process development (Lopez Granados et al., 2009a; Ma
and Hanna, 1999). The synthesis of FAME based on heterogeneous catalytic process could
substantially reduce energy consumption (for almost 50%) and thus significantly decrease the
total biodiesel production cost (Glisi¢ et al., 2009).

On the other hand, heterogeneously catalyzed process has some disadvantages, first of all
the existence of a complex, three-phase system, consisting of a solid (catalyst) and two
immiscible liquid phases (oil and methanol), where mass-transfer limitation at the beginning
of biodiesel synthesis influences the overall process rate of TAG transesterification. Also,
catalyst synthesis procedures are sometimes complicated which lead to higher production cost
of biodiesel. Moreover, one of the main problems with solid catalysts is their deactivation
with time owing to many possible phenomena, such as poisoning, coking, sintering and
leaching (Refaat, 2011). The problem of poisoning is particularly evident when the process
involves low-quality oils. More general and dramatic problem is catalyst leaching, which not
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only can increase the operational cost as a result of replacing the catalyst, but also leads to
product contamination, that requires further purifying of biodiesel thereby losing the
advantages of heterogeneously catalyzed transesterification processes.

Various compounds were investigated as solid catalysts for biodiesel synthesis, such as
alkaline earth metals and other single metals, mixed metal oxides, hydroxides, methoxides,
salts of different metals, ion—-exchange resins, zeolites, Al-Mg hydrotalcites, etc. Table 6
summarizes the catalyst type and the reaction conditions applied in heterogeneously catalyzed
transesterification of different feedstocks. The catalytic activity of a heterogeneous catalyst
depends on its nature, specific surface area, pore size and volume, acidity or basicity, catalyst
active site concentration and applied reaction conditions (Miladinovi¢ et al., 2010; Refaat,
2011). Wide range of temperatures, molar ratio of methanol to oil and catalyst concentration
was used in the research of heterogeneously catalyzed transesterification. Temperature ranged
from room temperature (Reddy et al., 2006) to as high as 260°C, temperature at which
methanol is in the supercritical condition (Wang and Yang, 2007), although the most common
applied condition was temperature close to boiling temperature of methanol. Molar ratio of
methanol to oil ranged from 4:1 to over 100:1, and catalyst concentration goes to even 40%
based on oil, while the time of process duration depends on other conditions, primarily
temperature, molar ratio and the type of catalyst.

Regarding the feedstock, base solid catalysts are, as expected, sensitive to the presence of
FFA and thus preferable in the transesterification of oil with the lower FFA content, while
acid solid catalysts are often used for FAME synthesis from non-edible and waste vegetable
oils with the high FFA content. In recent years, due to the fact that low-quality oils become
the most important potential feedstock for biodiesel production, research in the field of
heterogeneously catalyzed methanolysis is aimed at developing of bifunctional catalyst i.e.,
catalytic systems that exhibit dual basic and acidic sites which could simultaneously catalyze
the transesterification reaction of TAG and FFA esterification in a one-step process.

Two Step Process

Only a few reports are found on the completely heterogeneous two-step process, where in
both steps heterogeneous catalyst was used (Srilatha et al., 2012; Zhang et al., 2010). To
obtain biodiesel from used cooking oil with 12% of FFA, the free fatty acids were first
esterified with methanol using a 25% TPA/Nb,Os catalyst based on oil, followed by
transesterification of the oil with methanol over ZnO/Na-Y zeolite catalyst (Srilatha et al.,
2012). Beside high yield, both catalysts could be reused several times. The FFA content from
Zanthoxylum bungeanum seed oil was reduced from 20% to 1% using ferric sulfate, and then
transesterification with CaO was performed (Zhang et al., 2010).
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Table 6. Examples of heterogeneously catalyzed transesterification of different feedstocks

Feedstock FFA, Catalyst Reaction conditions Yield, % Reference
% T, °C Methanol: Wt % of Time, h
oil molar ratio | catalyst
Edible oils
Soybean oil 0.05 CaO 65 10:1 1 2 >99 Kouzu i sar. (2008a)
Soybean oil - nano CaO 23-25 27:1 1 24 99 Reddy et al. (2006)
Soybean oil - Zn0O 130 55:1 5 7 30 Antunes et al. (2008)
Soybean oil a)— Zn glycerolate 140 30:1 3 6 a) 76.6 Reinoso et al. (2014)
b) 10 b) 93.8
Soybean oil 1.3 ETS-10 zeolite, 150 6:1 10 24 88.5-95.8 | Suppes et al. (2004)
K-ETS10,
Cs-ETS10
Soybean oil <0.05 Mg-Al hydrotalcite 65 15:1 7.5 9 67 Xie et al. (2006)
Sunflower oil - Ca0 60 (N2) 13:1 1 1.5 >90 Lépez Granados et al.
(2007)
Sunflower oil 0.14 CaO 60 6:1 1 2 98 Veljkovi¢ et al. (2009)
Sunflower oil 0.1 Ca0-Zn0O 60 10:1 2 4 97.5 Kesi¢ et al. (2012); Lukié¢
et al. (2014)
Sunflower oil 0.14 CaTiOs, CaMnOs, a) 60 10:1 2 3 a) <0.5 Kesi¢ et al. (2016)
CazFe20s, CaZrOs b) 165 b) >90
Sunflower oil 0.14 Ca diglyceroxide 60 10:1 0.5 2 97.9 Luki¢ et al. (2016)
Sunflower oil — K2CO3/Al-O-Si 120 15:1 2 1 98 Luki¢ et al. (2009; 2010)
Sunflower oil 0.1 Ca0-Zn0-K2CO3 70 10:1 2 1 >05 Kesi¢ et al. (2015)
Sunflower oil — ZnO/Al-O-Si 200 30:1 2 4 92 Luki¢ et al. (2014)
Rapeseed oil 0.15 Ca/Zr mixed oxide 120 72:1 8 6 92.6 Liu et al. (2015)
Rapeseed oil <0.5 CaO/MgO 64.5 18:1 2 6 92 Yan et al. (2008)
Canola oil — Nano CaO 50-65 9:1 3 2 100 Zhao et al. (2013)
Canola oil 1.04 K2COs/nano CaO 65 9:1 3 8 97.7 Degirmenbasi et al.
(2015)
Canola oil <1 KOH/MgO 65 6:1 3 9 95.1 Ilgen and Akin (2009)
Canola oil dolomite 67.5 6:1 15 3 91.8 llgen (2012)
Palm oil - CaO/Al>03 65 12:1 35 5 95 Zabeti et al. (2009)
Palm oil — KOH/AI203 60 15:1 3 2 91.1 Noiroj et al. (2009)
Palm oil 0.2 S04%/Zr02 180 8:1 0.06 2 82.8 Kansedo and Lee (2012)
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Table 6. (Continued)

Feedstock FFA, Catalyst Reaction conditions Yield, % Reference
% T, °C Methanol: Wt % of Time, h
oil molar ratio | catalyst
Palm kernel oil - mixed oxide CaMgZn | 60 20:1 6 3 975 Limmanee et al. (2008)
Cottonseed oil — KF/Mg-La 65 12:1 5 1 ~100 Song et al. (2011)
Peanut oil 0.22 dolomite 64 12:1 4 2 96.2 Niu et al. (2014)
(glycerol
yield)
Coconut oil 5.8 Ca(NOs)2/Al203 60 65:1 15-20 3 94 Benjapornkulaphong et
al. (2009)
Coconut oil 0.61 MgznAIO 182 16:1 3.32 6 98 Olutoye and Hameed
(2013)
Corn oil — CaO/SiO2 65 16:1 6 8 90.6 Moradi et al. (2014)
Non-edible oils
Jatropha curcas - Ca0 70 9:1 15 25 93 Zhu et al. (2006)
Jatropha curcas 7.5 Zr/CaO 35-65 15:1 5 2 >99 Kaur and Ali (2014)
Jatropha curcas 5.53 KNO3/Al.03 70 12:1 6 6 84 Vyas et al. (2009)
Jatropha curcas — CaMgO 65 15:1 4 5 83 Taufig-Yap et al. (2011)
Jatropha curcas — Mg-Zr mixed oxid 65 55:1 10 0.75 ~100 Sree et al. (2009)
Jatropha curcas 7.23 MgznAIO 182 11:1 3.32 6 92 Olutoye and Hameed
(2011)
Karanja (Pongamia 34 Li/CaO 65 12:1 5 2 99 Kaur and Ali (2011)
pinnata)
Karanja (Pongamia | — a) ZnO 120 10:1 24 0.1 a) 83 Karmee and Chadha
pinnata) b) Montmorillonite K- b) 47 (2005)
10 c) 59
c) Hp-Zeolite
Castor (Ricinus - hydrated lime a) 25 0.42:1 vol% 1.6 a) 14 a) 98 Sanchez-Cantu et al.
communis) oil b) 65 b) 2 b) 100 (2013)
Castor (Ricinus - TiO2/SO4 120 6:1 5 mol% 1 25 Almeida et al. (2008)
communis) oil
Castor (Ricinus - Zns(OH)s(NOs)2-2H2 | 60 29:1 5 3 20 Zigba et al. (2010)
communis) oil 0o
Sea mango (Cerbera | 6.4 S04%/Zr02 150 12:1 0.08 3 941 Kansedo and Lee (2012)
odollam) oil

Complimentary Contributor Copy




Feedstock FFA, Catalyst Reaction conditions Yield, % Reference

% T,°C Methanol: Wt % of Time, h
oil molar ratio | catalyst

Waste vegetable oil | 3.7 CaO 65 12:1 5 4 86-87 Puna et al. (2013)
3.66 CaO 65 12:1 5 4 87 Soares Dias i sar. (2013)
2.6 CaO 65 10:1 1 1 >99 Kouzu i sar. (2008a)
0.87 Ca0-ZrOz 65 30:1 10 2 921 Dehkordi and Ghasemi

(2012)

3.78 CaO-Lax03 58 20:1 5 3 94.3 Yan et al. (2009)
0.45 Cao.9Mno.10 50 18:1 3 4 94.9 Dias et al. (2013)
1.27 Ca0-Zn0O 60-96 10:1 2 0.25-1 98 Luki¢ et al. (2013)
1.35 MgzZnAIO 182 16:1 9 6 85 Olutoye i Hameed (2013)
2.54 S042/Sn02 150 15:1 3 3 92.3 Lam and Lee (2010)
1.47 Ti-SBA-15 200 108:1 15 3 97.6 Chen et al. (2014)
0.52 SrO 65 6:1 5 3 86 Viola et al. (2012)
15 Zn stearat/ SiO2 200 18:1 3 10 98 Jacobson et al. (2008)
15 Quntinite-3T 75 15:1 10 6 97.7 Kondamudi et al. (2011)
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Enzyme-Catalyzed Transesterification Processes

Synthesis of biodiesel using enzyme catalyst is a green approach of producing renewable
fuel by environmental benign biocatalyst. Enzyme-catalyzed transesterification process has
certain advantages compared to the chemically catalyzed transesterification process s such as
mild reaction conditions, simultaneously catalysis of FFA esterification and TG
transesterification which make this process suitable for feedstock with high FFA content, no
difficulty in the enzyme removal from reaction mixture and product separation and
purification. However, the major issue for the industrialization of the enzyme-catalyzed
biodiesel production is the high price of the enzyme. One way to overcome this drawback is
to immobilize the enzyme and obtain a reusable and more stable catalyst for the continuous
processes. Lipases from different origins, such as Pseudomonas fluorescens, Pseudomonas
cepacia, Rhizomucor miehei, Rhizopus oryzae, Candida rugosa, Chromobacterium viscosum,
Thermomyces lanuginosus, Candida antarctica etc. are most commonly used as catalyst for
biodiesel production (Bajaj et al., 2010; Bankovi¢-Ili¢ et al., 2012; Guldhe et al., 2015).
Celite, macroporous acrylic resin, macroporous anion exchange resin, silica and reticulated
polyurethane foam are some of the carriers used for enzymes immobilization (Bankovié¢-Ili¢
et al., 2012). Recently, novel immobilization techniques are being developed to enhance the
performance of immobilized lipase, solvent tolerance, reusability, stability, and to make the
separation process easier (Guldhe et al., 2015). These techniques include the new types of
carriers such as protein-coated microcrystals, cross-linked protein coated microcrystals,
magnetic particle carriers and different nanofibrous membranes such as hydrophobic polymer
and polyvinylidene fluoride membranes (Guldhe et al., 2015). Examples of enzyme-catalyzed
transesterification of different feedstocks, with enzyme type, carrier, solvent and the reaction
conditions applied are given in Table 7.

Beside the high cost of enzymes, the problems related to the use of enzymes as catalysts
in transesterification process are much longer reaction time and inhibition of lipase activity by
short chain alcohol. Methanol can deactivate immobilized lipases, thus the use of ethanol,
propan-2-ol, ethyl acetate or diethyl carbonate as acyl acceptors has been suggested to
overcome lipase inactivation (Bankovi¢-Ili¢ et al., 2012). The other solution is the stepwise
addition of methanol. The addition of organic solvents such as n-hexane, t-butanol, n-heptan,
1,4-dioxane, petroleum ether and iso-octane or the enzyme-catalyzed transesterification under
supercritical CO, improve the mass transfer and reaction rate (Bankovi¢-Ili¢ et al., 2012;
Guldhe et al., 2015).

The biodiesel yield can be enhanced and the time of reaction reduced by using two
immobilized lipases from different sources which have different substrate specificity and
catalytic activity (Bajaj et al.,, 2010; Guldhe et al., 2015). The combination of two
immobilized enzymes, of which one is active in the catalysis of esterification of FFA and the
other in the transesterification of TAG, enables biodiesel synthesis from low-cost feedstock.

The enzyme-catalyzed process is generally performed at relatively low temperatures,
between 20 and 50°C, because at higher temperatures denaturation of enzyme occurs, thereby
decreasing its activity (Guldhe et al., 2015). Water is a very important factor, because it
influences the lipase catalytic activity and stability. Excess water leads to ester hydrolysis,
which decreases the esters yield. Lipases from different sources showed different responses
towards water content, thus optimum water content in the reaction depends upon the lipase
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and feedstock used, immobilization technique employed and type of solvent (Guldhe et al.,
2015).

Supercritical Transesterification Process

Transesterification can take place without the presence of a catalyst and is carried out
with alcohols at temperatures and pressures above their critical values i.e., at supercritical
conditions. Under the condition of supercritical state thermo-physical properties such as
dielectric constant, viscosity, specific gravity and polarity, drastically change depending on
the temperature and pressure. These properties of densed, supercritical alcohol enable better
solubility of TAG and alcohol. One of the most important alcohol characteristics, its polarity,
would decrease in supercritical conditions, and as a result, non-polar TAG can be well
dissolved with supercritical alcohol to form a single phase of oil/alcohol mixture (Kusdiana
and Saka, 2001; 2004a). In this way, the initial reaction lag stage caused by the low solubility
of the alcohol in the oil phase can be overcome, the reaction rate is higher, the reaction time is
shorter, and in several minutes high yield of biodiesel can be achieved.

One of the main advantages of supercritical transesterification is the absence of catalyst,
which makes separation and purification of reaction products, since there is no soap formation
and no waste generation from catalyst neutralization and purification of biodiesel. Another
very important feature of supercritical transesterification is that water and FFA do not have
any negative effect on the conversion, therefore this method of biodiesel production can be
used for various low-grade biodiesel feedstocks. FFA are easily converted into corresponding
esters and thus contribute to higher FAME vyields. If water exists in reaction system,
hydrolysis of TAG occurs, after which esterification between formed FFA and methanol takes
place, thus, the presence of water at a certain amount in transesterification could even
enhance the methyl esters formation (Kusdiana and Saka, 2004a).

The main disadvantages of supercritical reaction are extremely high temperature (about
350°C) and pressure (45 MPa) which lead to the high energy consumption and high cost of
the apparatus since the expensive materials should be used for making reaction equipment to
avoid corrosion and ensure the safety (Lee and Saka, 2010). High temperatures also can cause
the easy degradation of produced esters. Also, the large amount of alcohol is used in
supercritical transesterification, usually molar ratio of methanol to oil is about 40:1. The
review of the operating conditions applied in supercritical processes is given in Table 8.

To overcome these disadvantages, Kusdiana and Saka (2004b) developed a two-step
biodiesel production method (Saka—Dadan process) in which hydrolysis of TAG is carried out
at a subcritical state of water to obtain fatty acids, while the methyl esterification of the
hydrolyzed products is treated near the supercritical methanol condition to obtain FAME. The
two-step method use milder reaction condition and shorter reaction time, as an advantage
compared to one step process.

Saka and Isayama (2009) proposed a non-catalytic biodiesel production process by using
supercritical methyl acetate instead of alcohol, thus producing the FAME and triacetin instead
of glycerol. Triacetin formed as side product can also be used in the cosmetic, food or
petrochemical industries. It was found that the reactivity of methyl acetate is slightly lower
than methanol in supercritical state, and transesterification can only proceed at a temperature
higher than 320°C.
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Table 7. Examples of enzyme-catalyzed transesterification of different feedstocks

Feedstock FFA, Enzyme Carrier Solvent/ Reaction conditions Yield, Reference
% water T, | Alcohol:oil Wt % of | Time, | %
°C | molar ratio catalyst h
Edible oils - Candida rugosa Magnetic chitosan n-hexane 35 | 41 10 30 87 Xie and Wang
microsphere (methanol (2012)
Soybean oil stepwise
addition)
Soybean oil - Thermomyces lanuginosa Silica gel - 40 | 11 10 50 >90 Duetal.
(methanol (2005)
stepwise
addition)
Sunflower - a) Rhizomucor miehei a)lon exchange resin | n-hexane 40 | Methanol 10 48 a) 80 Soumanou and
oil b) Thermomyces lanuginosa b) Silica gel 31 b) 85 Bornscheuer
¢) Pseudomonas fluorescens c) Polypropylene c) 91 (2003)
Sunflower - Candida antarctica Acrylic resin - 45 | Methanol 3 1 >99 Ognjanovi¢ et
oil (Novozyme 435) 31 al. (2009)
Sunflower - Candida antarctica Macroporous acrylic | — 50 | Propan-2-ol 10 8 934 Modi et al.
oil (Novozyme 435) resin 4:1 (2006)
Rapeseed oil | 1.8 3% Lipozyme TL IM - t-butanol 35 | Methanol 4 12 95 Li et al. (2006)
(immobilized Thermomyces 4:1
lanuginosa) + 1% Novozym
435 (immobilized Candida
antarctica)
Canola oil - a) Candida antarctica Epoxy functionalized | 1) - 50 | Methanol 3.8 72 1)a) 24 Babaki et al.
b) Thermomyces lanuginosus SBA-15 2) t- 31 b) 33 (2016)
¢) Rhizomucor miehei butanol c)34
2)a)58.8
b) 94.2
c)95.4
Palm oil - Thermomyces lanuginosus Modified Fe;0,4 t-butanol 50 | Methanol to 23.2 24 97.2 Raita et al.
FFA (2015a)
4.7:1
Crude palm 4 Thermomyces lanuginosus cross-linked protein t-butanol 50 | Methanol to 20 60 95.5 Raita et al.
oil coated FFA (2015h)
microcrystalline+ 4:1
zwitterionic glycine
Cottonseed - Candida antarctica Macroporous resin t-butanol 50 | Methanol 1.7 24 97 Royon et al.
oil 6:1 (2007)
Coconut oil 12 Novozym 435 - - 60 | Ethanol 7 24 80.5 Berchmans
10:1 and Hirata
(2008)

Complimentary Contributor Copy




Feedstock FFA, | Enzyme Carrier Solvent/ Reaction conditions Yield, % Reference
% water T, Alcohol:oil Wt % of Time, h
°C molar ratio catalyst
Non-edible - Rhizopus oryzae Reticulated - 30 Methanol 4 60 80 Tamalampudi et
oils polyurethane foam 1:1 al.
Jatropha particles (2008)
curcas
Jatropha 271 Pseudomonas Celite Water 4-5% 50 Ethanol 10 8 98 Shah and Gupta
curcas cepacia 1:4 (2007)
Jatropha 4.65 Burkholderia Modified attapulgite | Water 7% 35 Methanol 10 24 94 You et al. (2013)
curcas cepacia 6.6:1
Jatropha - Candida antarctica | Macroporous acrylic | — 50 Propan-2-ol | 10 8 92.8 Modi et al.
curcas (Novozyme 435) resin 4:1 (2006)
Jatropha - Candida antarctica Macroporous acrylic | — 50 Ethyl 10 11 91.3 Modi et al.
curcas (Novozyme 435) resin acetate (2007)
11:1
Karanja - Candida antarctica | Macroporous acrylic | — 50 Propan-2-ol | 10 8 91.7 Modi et al.
(Pongamia (Novozyme 435) resin 4:1 (2006)
pinnata)
Karanja - Candida antarctica | Macroporous acrylic | — 50 Ethyl 10 11 90.0 Modi et al.
(Pongamia (Novozyme 435) resin acetate (2007)
pinnata) 11:1
Mahua - Pseudomonas a) K;SO,4 - 40 Ethanol 10 a)2.5 a) 99 Kumari et al.
(Madhuca cepacia microcrystals 4:1 b) 2.5 b) 92 (2007)
indica) b) Glutaraldehyde c)6 c) 96
c) Accurel
Waste 18.3 Geotrichum sp. a) K;SO, t-butanol 40 Methanol 0.5 a)9 a) 72 Yan et al. (2011)
vegetable microcrystals 4:1 b) 12 b) 69
oils b) Glutaraldehyde
70 3% Lipozyme TL - t-butanol 35 Methanol 4 5 >75 Li et al. (2006)
IM (immobilized 4:1
Thermomyces
lanuginosa) + 1%
Novozym 435
(immobilized
Candida antarctica)
27.2 Penicillium Resin D4020 t-amyl alcohol 35 Methanol 168 U 7 92.8 Li et al. (2009)
expansum + blue silica gel 31

as adsorbent
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Table 8. Examples of supercritical transesterification of different feedstocks

Feedstock FFA, % Reaction conditions Yield, % Reference
T,°C Pressure, Methanol:oil molar | Catalyst/ Time, min
MPa ratio wt %
Edible oils - 310 32 40:1 - residence 96 He et al. (2007)
Soybean oil time: 25
Soybean oil — 260 30 36:1 nano MgO/3 10 ~100 Wang and Yang (2007)
Sunflower oil — 400 20 50:1 — 30 96 Madras et al. (2004)
Sunflower oil - 252 24 41:1 Ca0/3 6 ~100 Demirbas (2007b)
Rapeseed oil — 350 45 42:1 — 4 95 Saka and Kusdiana (2001)
Rapeseed oil 15 300 20 42:1 — 15 ~100 Warabi et al. (2004)
Rapeseed oil — 350 20 42:1 methyl acetate | — 45 97 Saka and Isayama (2009)
Rapeseed oil - 350 20 42:1 dimethyl - 12 94 Ilham and Saka (2009)
carbonat
Palm oil - 400 20 50:1 — 30 96 Rathore and Madras (2007)
Palm kernel oil 15.5 350 19 42:1 - space time: 96 Bunyakiat et al. (2006)
~7
Cottonseed oil - 250 N/A 41:1 - 8 98 Demirbag
(2002)
Hazelnut kernel ail - 250 N/A 41:1 - 5 95 Demirbag
(2002)
Coconut oil 8 350 19 42:1 - space time: 95 Bunyakiat et al. (2006)
~7
Linseed oil — 350 20 40:1 — 30 ~100 Varma and Madras (2007)
Non-edible oils Rathore and Madras (2007)
Jatropha curcas — 400 20 50:1 — 30 96
Jatropha curcas 2 320 8.4 43:1 — 4 100 Hawash et al. (2009)
Jatropha curcas 3.5 320 15 40:1 — 5 84.6 Samniang et al. (2014)
Jatropha curcas 0.46 250 7 24:1 Micro 28 90.5 Tang et al. (2007)
NaOH/0.8

Karanja (Pongamia - 400 20 50:1 - 20 96 Rathore and Madras (2007)
pinnata)
Karanja (Pongamia 2.2 300 20 42:1 methyl acetate | — 45 96.6 Goembira and Saka (2015)
pinnata)
Castor (Ricinus - 350 20 40:1 - 30 ~100 Varma and Madras (2007)
communis) oil
Sea mango (Cerbera 6 380 8-10 45:1 - 40 78 Ang et al. (2015)
odollam)
Waste vegetable oils - 360 25 40:1 - 20 80 Tan et al. (2011)

4 270 10 2:1 — 45 100 Lee et al. (2012)

1.32 287 N/A 41:1 — 30 99.6 Demirbas et al. (2009b)
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Table 9. Physical and chemical properties of biodiesel from different oils as compared to diesel fuel (Bankovié-Ili¢ et al., 2012;
Demirbas, 2009; Gui et al., 2008; Karmakar et al., 2010; Karmee and Chadha, 2005; Leung et al., 2010; Ramos et al., 2009;
Srivastava and Prasad, 2000; Talebian-Kiakalaieh et al., 2013)

Vegetable oil Kinematic Density, Calorific Cetan Flash Point, | Pour point, | Cloud point, | Oxidation
viscosity at kg/m? value, MJ/kg number °C °C °C stability at
40°C, mm?/s 110°C, h

Edible oils 4.04-4.5 885-914 40-41.3 45-52 178 -7t0o-3 -2tol 13-2.1

Soybean

Sunflower 4.2-4.9 860-880 41.3-45.3 49-50 166-183 - 1-34 0.8-0.9

Rapeseed 4358 882 37-45 54.4-55 170 -12 —-41t0-3.3 2.0-7.6

Palm 4.4-5.7 860-900 34-41.2 61-62 164-182 15 13-15 4.0

Canola 3.53 880-900 — 56 — — — —

Linseed 3.75 892.5 37 53 172 - -3.8 0.2

Coconut 2.73 807 - - 110 - 0.0 35.5

Peanut 4.42-4.9 883 39.7-40.1 54 176-193 5 -

Cottonseed 3.6-9.6 850-880 37.5-41.1 455-54 162-167 -4 -2 -

Non-edible oils 4.23-4.8 863-880 39.2-42.7 52.3-63 135-148 4.2 2.7-10.2 2.3

Jatropha curcas

Karanja (Pongamia 4.85 876-890 35.6-42 52-61 150-180 —6 -1 2.54

pinnata)

Castor (Ricinus 15.25 899 - - - - -13.4 1.1

communis)

Mahua (Madhuca 3.98-5.72 880-916 37-39.4 56.6 129-208 6 5 -

indica)

Neem (Azadirachta 5.2-8.8 820-884.5 40.1 51-57.8 - - 14.4 7.1

indica)

Rubber seed (Hevea 5.8 860 36.5 37-49 130 -8 4 -

brasiliensis)

Tobacco seed 4.23-5.2 860-888 44.6 51.6 165.4 - - 0.8

(Nicotiana tabacum)

Waste vegetable oil 4-53 878-897 39.2 48-54 148-196 9-11 13 -

Standard EN14214 3.5-5.0 860-900 35 51 >101 - - >8

Petroleum diesel 2.0-45 820-860 42-46 46 60-80 -35t0-15 -15t0 5 -

ASTM D975
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Dimethyl carbonate was also proposed as a potential reactant for biodiesel synthesis
under supercritical conditions (Ilham and Saka, 2009). Final products of this process are
FAME with glycerol carbonate and citramalic acid as byproducts (Ilham and Saka, 2009). It
is reported that glycerol carbonate has higher economic value than the abundantly available
glycerol because it can be used as the raw materials for paint, dyes and adhesives and as a
source of new polymeric materials (Ilham and Saka, 2009).

PROPERTIES AND QUALITY OF BIODIESEL OBTAINED
FROM DIFFERENT OILS

Biodiesel that is used in diesel engines in pure form (B100) must be in accordance with
certain standards for similar fuels produced from petroleum. The characteristics of biodiesel,
which is made in the process of alcoholysis of vegetable oils, are defined by the specification
EN 14214 of the European Committee for Standardization, which completely defines the
quality of FAME. The standard was adopted in 2003, has been changed over the years with
last version from 2012, and is valid for all member states of the European Union. While EN
14214 is more restrictive and applies only to mono-alkyl esters made with methanol, i.e., fatty
acid methyl esters (FAME), the US specification, ASTM D6751, defines biodiesel as mono-
alkyl esters of long chain fatty acids derived from vegetable oils and animal fats.

The properties of biodiesel can be influenced by various factors including the quality and
physicochemical properties of feedstock, primarily its fatty acid composition, as well as the
production method (Atabani et al., 2013; Maddikeri et al., 2012). Fatty acid composition of
oil plays an important role in some critical parameters of the biodiesel, such as cetane
number, oxidation stability and cold flow properties. Table 9 shows some of the important
physical and chemical properties of biodiesel produced from different oil sources as
compared to diesel fuel and EN 14214 specification.

Viscosity is very important property of biodiesel since it affects the performance of the
fuel flow system and the operation of fuel injection equipment, particularly at low
temperatures when the increase in viscosity affects the fluidity of the fuel (Demirbas, 2005;
2009a). If the viscosity of the biodiesel is lower, it is easier to pump and atomize to achieve
finer droplets (Demirbag, 2005; 2009a). The conversion of TAG into FAME through the
transesterification process reduces the molecular weight to one third that of the TAG and
reduces the viscosity significantly, from 27.2 and 53.6 mm?/s for different oils, to 3.59 and
4.63 mm?/s for FAME, but compared to diesel fuel, all of the vegetable oil methyl esters are
slightly viscous. Structural features, fatty acid composition such as chain length, degree of
unsaturation, double bond orientation, and type of ester head group can influence the
kinematic viscosities of biodiesel (Atabani et al., 2013; Demirbag, 2009a). Viscosity increases
with the increase in the chain length and decreases with the increase in the number of double
bonds (unsaturation chain level). As can be seen from Table 9, most of the biodiesel obtained
from different oils has acceptable viscosity, with exception of coconut biodiesel that has
lower value, due to the high amount of short chain fatty acids, and castor with much higher
viscosity due to the high content of ricinoleic acid.

Cetane number (CN) is a measure of ignition quality of diesel fuel and it relates to the
ignition delay time of a fuel upon injection into the combustion chamber. The higher the CN,

Complimentary Contributor Copy



Vegetable Oil as a Feedstock for Biodiesel Synthesis 115

the easier the fuel ignites when it is injected into the engine (Demirbas, 2005). The CN of
biodiesel is generally higher than CN of conventional diesel, because of its higher oxygen
content (10 to 11% by weight), which may encourage more combustion than hydrocarbon-
based diesel fuels in an engine. Biodiesel CN depends on the feedstock used for its production
and increases with increasing chain length of fatty acids and increasing saturation (Karmakar
et al., 2010). Lower cetane numbers have been associated with more highly unsaturated
components (C18:2 and C18:3). From that aspect, the oils such as sunflower, soybean, rubber
seed and linseed, with higher levels of unsaturated components, could hardly meet the
standard regarding CN (Ramos et al., 2009). In the case of palm biodiesel the CN is very high
because of the presence of saturated fatty acids such as palmitic (C16:0) and stearic (C18:0)
acid. Rapeseed oil is rich in C18:1, C20:1, C22:1 and biodiesel produced from this oil has a
CN close to palm biodiesel (Table 9). For biodiesel from oils which contain a higher amount
of unsaturated linoleic acid (C18:2), such as peanut and corn biodiesels, the cetane number is
in the medium range (Ramos et al., 2009). Jatropha, mahua, neem and tobacco have CN close
to that of diesel fuel, while karanja usually have higher CN than other biodiesels (Table 9).

Oxidation stability is one of the major issues affecting the use of biodiesel and it
determines resistance to chemical changes brought about by oxidation reaction (Ramos et al.,
2009). Oxidation stability of biodiesel depends greatly on fatty acid compositions and degree
of unsaturation. Saturated FAME are more stable than unsaturated, while polyunsaturated
FAME are at least twice as reactive to autooxidation than monounsaturated. Therefore, the
biodiesel produced from feedstocks with higher concentrations of saturated fatty acids
commonly shows better oxidation stability. Contrary, the vegetable oils rich in linoleic and
linolenic acids, such as soybean and sunflower tend to give methyl ester fuels with poor
oxidation stability (Table 9). Furthermore, the vegetable oil with presence of smaller amount
of polyunsaturated fatty acids, such as palm and neem oil, give methyl esters with improved
oxidation stability (Ramos et al., 2009). Coconut oil is high in saturated fatty acids and gives
biodiesel with very high oxidation stability. According to these results, it might be stated that
an inverse relationship between a high oxidative stability and better cold flow properties of
the biodiesel fuel exists (Singh et al., 2014).

Important parameters for low-temperature applications of a fuel are cloud point (CP),
pour point (PP) and cold filter plugging point (CFPP). The CP is the temperature at which a
cloud of wax crystals first becomes visible when the fuel is cooled (Demirbas, 2009a). The
PP is the temperature at which the amount of wax from a solution is sufficient to gel the fuel,
thus it is the lowest temperature at which the fuel can flow (Demirbas, 2009a). The CFPP
defines the fuels limit of filterability and refers to the lowest temperature at which biodiesel
flows under vacuum condition through a standard wire mesh filter. The value of CFPP is
defined in national standards and ranges from +5 to —26 °C, depending on the season and the
region in which adopted standard is applied. The low temperature properties of biodiesel are
also mainly dependent on its compositions. It is well known that unsaturated FAME
crystallizes at lower temperature than saturated, due to its different three-dimensional
configuration. A higher content of unsaturated fatty acids in the vegetable oil will result in
biodiesel having better cold flow properties. For example, biodiesel from palm oil has poor
cold flow properties because it has high content of saturated fatty acids (about 50%) (Gui et
al., 2008). Meanwhile biodiesel from rapeseed oil which has high content of unsaturated fatty
acids has the best cold flow properties. The biodiesel CP is typically higher than CP of diesel
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fuel and ranges from —13 to 15°C. The saturated fatty acids produce methyl esters that will
start to crystallize at ~0°C, such as for soybean and sunflower oil. The castor methyl ester has
the lowest CP of —13.4°C, while the highest CP are noticed for biodiesel produced from palm,
neem and waste cooking oils (13-15°C).

CONCLUSION

The need to replace fossil fuels with alternative and renewable energy sources, partly due
to their limited resources and partly due to the increased environmental concern, has led to
extensive research in the R&D of biodiesel synthesis and production. The wide range of
available feedstock for biodiesel production is one of its advantages, and since the cost of
feedstock represents over 70% of overall biodiesel production cost, selecting the best
feedstock is vital to ensure the low production cost of biodiesel. The quality and
physicochemical properties of feedstock strongly influence the quality of biodiesel, as well as
the selection of suitable production technology. Currently, biodiesel is mostly produced from
edible oils, however from economic and social reasons, the edible oils should be substituted
with lower-cost and reliable feedstock, which do not compete with food crops, such as non-
edible and waste vegetable oils. Since the amounts of oily crops, both edible and non-edible,
animal fats and waste cooking oils are limited, and unlikely to provide worldwide biodiesel
production demand, in recent years a high interest has arisen towards the other potential
renewable sources, primarily microalgae.

Increasing biodiesel consumption requires optimized production processes allowing high
production capacities, simplified operations, high yields and the absence of special chemical
requirements and wastes as side products during FAME synthesis. Conventional
homogeneous process of FAME synthesis today is mainly applied in industry, however it has
some economical and environmental drawbacks, such as removal of the catalysts after
reaction and a large amount of wastewater produced during the catalyst neutralization and
FAME washing. What is more important, this method is not suitable for the biodiesel
production from oils having higher amount of FFA, which both non-edible and waste
vegetable oils in most cases are. The utilization of an efficient solid catalyst could solve these
problems of a classical, homogeneous method. The advantage of heterogeneous catalyst
usage is its fast and easy separation from the reaction mixture without requiring the use of
neutralization agent. Furthermore such type of catalyst could be regenerated and reused, and
is suitable for use in continuous process, leading to safer, cheaper and more environment-
friendly operation. Another promising technology for biodiesel production from low-cost
feedstock is non-catalytic process, i.e., process under supercritical conditions of alcohol. This
process is conducted without using any catalyst, avoiding the complications of purification in
the downstream processing, and is not sensitive to the presence of FFA and water in the oil.

The main obstacle in biodiesel commercialization is still its high cost, thus it needs to be
reduced either by the reduction of feedstock cost, or by the application of more efficient
technology for biodiesel production, which at the same time has to be environmentally
acceptable. By using a low-cost feedstock, cost of biodiesel can be significantly reduced.
Technologies based on utilization of heterogeneous catalyst or the non-catalytic supercritical
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process have shown high potential in overcoming existing limitations in biodiesel synthesis,
however further research is needed for their practical applications.
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ABSTRACT

Ozonated vegetable oils have demonstrated promising results for clinical application,
and they have been the focus of great pharmaceutical interest to treat dermatological
disorders, such as infections of skin ulcers and chronic wounds. There are reports of these
products as effective to heal refractory wounds, where conventional treatments and
available medications prove ineffective. In fact, in some European countries, such as
Germany, they can be obtained on prescription from pharmacies. Countries such as Cuba
have developed commercial ozonated oils, and they have been successfully tested to treat
many diseases. Cuba is one of the pioneers in the implementation of this therapy in
Public Health Services for over 22 years. Ozone reacts with the double bonds of
unsaturated fatty acids of vegetable oils, providing stable ozonation products, mainly
ozonides, hydroperoxides and polyperoxides (depending on reaction conditions) with
therapeutic potential. Several studies have demonstrated their antimicrobial and
antifungal activity, as well as their role as wound healing modulators, showing no
cytotoxicity when tested against NIH/3T3 murine fibroblast cells. Simple analytical
techniques such as peroxide value, iodine value and viscosity determination have been
extensively used for characterization of products, together with spectroscopic techniques
of NMR (*H and *3C) and infrared, chromatography and thermal analysis (TG/DTG -
DSC). This chapter aims to highlight recent contributions to the production,
characterization and biological activities of ozonated vegetable oils.

* Corresponding author: Email: nathrodrigues@live.com.
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INTRODUCTION

Oils or vegetable fats are lipids (glycerol esters) extracted from seeds, nuts and native
fruits or short crop cycle or long/perennial. They can be extracted by mechanical (molding) or
by chemical solvent extraction or a combination of these methods [1].

The oils are products rich in monounsaturated fatty chains and poly-unsaturated acids,
antioxidants, fat-soluble vitamins and other components in minor proportions. Vegetable oils
have low allergenic capacity, are nontoxic and used as fuel, food, functional product due to
the intrinsic therapeutic properties or structural, cosmetic changes, industrial and
pharmaceutical uses [2].

The cutaneous application of vegetable oil as a therapeutic practice and dietary
coadjuvant has been described mainly in adult patients at risk for essential fatty acid
deficiency [3]. Vegetable oils and volatile oils are able to increase the potential penetration of
different drugs. Formulations with different vegetable oils for medicinal purposes facilitates
transdermal permeation, mainly due to entrainment efficiency and bioavailability [4]. The
concentration of vegetable oils in the formulations increases permeation and this is attributed
to the fatty acids content as confirmed by studies on release kinetics and transdermal
permeation [4, 5].

Modification of unsaturated fatty acids by ozonation at a different time is an option to
carry out the synthesis of new drugs and/or preparation of different pharmaceutical forms.
The ozonation fatty acids and chemical transformation allow preparation of a single product
carrier which is bioactive and at the same time for multiple purposes. Unsaturated vegetable
oils can be ionized or produced as oleogel for direct filling. The oleogel has spreadability,
adhesiveness and melting temperature close to body temperature. Assays with gram-positive
and gram-negative resistant bacteria strains and tumor cells showed a biological activity of
vegetable oils and their applicability for wound healing and treatment of chronic wounds.
This chapter discusses the synthesis, mechanisms, characterization and biological activity of
ozonated vegetable oils for healing chronic wounds.

The chemical synthesis for obtaining ozonized vegetable oils using unsaturated oils,
bubbling a gas mixture (O2/O3) of a porous ceramic for different periods of time in a reactor.
The preparation of oleogel is by its deposition on a water bed (up to 10%) in contact with the
porous ceramic to distribute the gas and Os reaction with unsaturated vegetable oil fatty acids
to form ozonides and lipoperoxides (aldehydes, ketones, peroxides) [6]. Ozone reaction with
unsaturated constituents of vegetable oils occurs exclusively with the carbon-carbon double
bonds of unsaturated acids and ozonides to produce lipid peroxides. Various oxygen
compounds are formed depending on the ozonation time: aldehydes, diperoxides and
polyperoxides; which are partly responsible for part of the biological activity of ozonated oils
[6, 71.

Despite simplicity of the reaction which normally uses direct ozone bubbling in the
vegetable oil, the quality and process reproducibility for obtaining oils patterns depend on the
quality and purity from vegetable oils and other process parameters, such as: (i) the type of
ozone generators; (ii) the conditions of ozonation, reactor, ozonation time, reactor material
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and process scale iii) the presence of water or catalysts; (iv) the efficiency of the ozonator,
flow and concentration of O3 carrier gas/diluent and yet the purity of oxygen used in addition
to other parameters [8].

The characterization of the species produced in the ozonation needs to be performed, as
well as details of the reaction kinetics at different process times. The physicochemical
properties of the products obtained in different ozonation times should also be assigned.
Accordingly, the quality of ozonized products must be checked by various spectroscopic and
chromatographic techniques and/or classical analytical techniques for the complete
characterization and accurate quantification of ozonized products. The most widely used
techniques in the ozonation are Fourier Transformed Infrared (FT-IR), *H/**C-NMR and
analytical methods for the determination of peroxide levels, acidity, viscosity and iodine
value [9].

The ozone and ozonized product from the ozone reaction with fatty acids and other
substrates have intense biological activity (bactericidal, virucidal, etc.). Ozone disinfectant
properties are well revealed in the use of ozonated vegetable oil. Ozonated oil was found to
have antiseptic activity. These products stimulate the immune system and act on the healing
and tissue repair. The biological activity of the product stability and performance in different
formulations allow its use in pre-clinical and clinical testing [10]. Unsaturated fatty acids are
essential components of vegetable oils and cellular membranes, therefore, the effects of their
ozonation have been widely studied. In the literature, many studies are available using
different vegetable oils, especially in topical applications (external use), although there are
reports of the oral administration. In these studies, the majority of vegetable oils used for
these different purposes are the olive and sunflower oils. However, different vegetable oils or
essential oils can be used for producing ozonized products for different cosmetic or
therapeutic applications. Ozonized commercial oils are available for a variety of applications.
Unsatured oils are best known and available for nutritional purposes [11]. The composition of
unsaturated fatty acid are chemical intermediates for ozonation and production of several
products for treating of skin (acne, herpes, wrinkle, psoriasis, cracking and peeling), treatment
and healing of chronic wounds and other applications. Some examples of such oils are the
sunflower, thyme, sesame, soybean, coconut, olive, hemp seed, grape seed, jojoba, sweet
almond, avocado, flax seed, and others.

Currently, to treat skin diseases, there are a variety of anti-infective agents available.
Some products of these commercial products for topical use have become inefficient due to
the emergence of resistance of pathogens. The ozone has strong biological activity, eliminate
pathogens from the release of oxygen species, while active fibroblast proliferation, induces
the reconstruction of the intercellular matrix, keratinoblasts proliferation, and wound healing.
Accordingly, new products have been proposed for the synthesis and its proper use to meet
the demands of the pharmaceutical industry.

In this scenario, the use of ozone and vegetable oils allow the production of new assets
that are both bioactive and vehicle with excellent antibacterial properties, fungicides and, with
a healing property. The ozone is an unstable molecule with intense biological activity by its
decomposition into singlet oxygen. This species is highly reactive to pathogens (viruses,
bacteria, protozoa and other microorganisms) and can degrade natural or synthetic
compounds and their metabolites residues. The produced ozonated derivatives of unsaturated
oily substrates allow the production of a multiplicity of commercial products of wide
application. The control difficulties of the oxidative process in the production and topical
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application, stability, and adequacy of the application form have been carried out by new
techniques, pharmaceutical forms and strategies in the ozonation of vegetable oils, in addition
to increasing the stability and conservation of characteristics of the obtained products [9].

Numerous diseases can lead to failure of organs, mucous membranes and arteries. This
problem has been exacerbated with aging and many skin lesions are subject, ulcers and
generalized infections with high socioeconomic cost. In this respect, Zanardi et al. (2013) [12]
shows that ozonized oils are a low-cost option compared to conventional antibiotics for
topical application to the reduction of the infection, and wound healing. The intense
bactericidal and immunostimulant effect of these products accelerates healing. The study also
shows that the removal of debris and exudates is a necessary increase in the bactericidal effect
of the ozonated condition products [12].

The effect of the ozonization in olive oil, soybean oil, oleic-, linoleic- and linolenic acid
was performed by Sadowskaet et al. [13]. The products obtained from different time
ozonation were analyzed by different techniques: *H NMR [14], 3C NMR. The amounts of
peroxide and acid contents, viscosity and molecular weight were determined in pure and
ozonized oils. Results showed that the chains of fatty acids showed a gradual decrease in the
unsaturation level with increasing time of ozonation. The reaction products were identified by
Criegee mechanism [15]. The produced ozonides and disappearance of the unsaturations were
sequential, with increasing values of the indices peroxide and acid to the oils, the highest
increases were observed for the soybean oil. The long time ozonation produced a number of
products with different molecular weights were identified as oligomeric ozonides and cross-
ozonides respectively [13].

A recent study by Moureu et al. [16] reported that ozonation conditions change the
composition of ozonated oils, opening new perspectives for the application of ozonated oil.
The study showed that the consumption of double bonds is the same carrying out the
ozonation conditions with or without water. However, the emphasis has been pointed out that
water increases the formation of peroxides and acid species. This result indicates that the
bioactivity of the product and the bactericidal activity is better for ozonized oils in the
presence of water and this biological activity is specifically related to the existence of
peroxides species [16].

PrRODUCTION AND CHEMICAL CHARACTERIZATION
OF OzONIZED VEGETABLE OILS

Production of Ozonized Vegetable Oils

The ozone gas used to the reaction is generated from extra-dry oxygen (99.9%).
Vegetable oils are ozonated in a semi-batch reactor or Drechsel bottle with a sintered filter at
the bottom using ozone generator with the ozone concentration and gas flow defined [17, 18].
Guerra-Blanco describes the use of ozone analyzer connected to a computer, capable of
detecting ozone in gas phase outlet in the reactor. The ozone monitoring is used to measure
the ozone consumption and degree of ozonation [17]. Despite there are highly sophisticated
ozonolysis equipments, it is possible to build an ozone generator using parts easily obtained
on the market and its performance is perfectly suitable for common laboratory work [19].
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The efficiency of ozone reaction with ethyl oleate has been monitored by iodometry. The
unreacted ozone emerging from the bubble reactor was trapped in a Kl and determined each
hour by titration with Na»S,03 (sodium thiosulfate) 0.1 M. Ozone reaction with ethyl oleate is
nearly quantitative for several hours, and the unreacted Os emerges from the bubble reactor
when the molar ratio Os/C=C = 1 is reached [18].

The ozonation of different vegetable oils, such as sunflower, olive, grape, flaxseed, baru,
coconut, sesame and canola oil under different conditions have been studied. However, the
comparison between the results remains difficult due to the large amount of parameters
influencing the reaction, such as ozone flow rate and concentration, and use of solvent. Table
1 shows some reactions conditions.

Ozone reacts with carbon—carbon double bonds unsaturated fatty acids (free and as esters
in triglycerides), according to the mechanism described by Criegee [15] to form different
oxygenated species such as ozonides, hydroperoxides, polymeric peroxides and aldehydes,
depending on reaction condictions [16, 18].

Scheme 1 shows the mechanism of ozonolysis reaction described by Criegee in 1975
[15]. The first product of the reaction is called malozonide (1), which is very unstable and
decomposes to give a zwitterion (2) and a carbonyl compound (aldehyde or ketone,
depending of starting material) (3). In the absence of polar solvent, the zwitterion must react
either with itself or with the carbonyl compound. Reaction with the carbonyl compound (3) to
form a monomeric ozonide (4) as the major product and ozonides polymeric as minor
products. The zwitterion (2) generally dimerizes to form 5 or polymerizes when 3 is a ketone,
less susceptible to nucleophilic attack [11]. In the presence of protic solvents, such as water or
alcohol, the zwitterion interact with the solvent to give hydroperoxides (4) in high yield, since
the concentration of the solvent far exceeds that of any other substances with which the
zwitterion may react.

Spectroscopy

Several techniques have been used to characterize ozonized vegetable oils. Spectroscopic
methods are adequate because they make it possible to detect chemical changes that occur
from the ozone reaction. Fourier transform infrared (FT-IR) and nuclear magnetic resonance
(*H and '3C NMR) are used to study these reactions where the signals corresponding to
reactant and product groups are well identified.

In FT-IR spectra of oils before ozonolysis reaction is observed characteristic bands of
C=C double bond stretching (1651 - 1654 cm "1) and C=C-H stretching (3009 cm1). Upon
increasing reaction times, these bands diminished and a new band at 1005 - 1106 cm*
appeared, attributed to C-O stretching of ozonides [17, 23]. Kogawa et al. and, other authors
report that aldehyde bands were absent from the IR spectra of the ozonized oils [23, 26].

The FT-IR data for sunflower oil and ozonized sunflower oil of 24 hours shows absent
bands of C=C—H stretching (3009 cm) and appeared of C-O stretching of ozonides at 1106
cmt, 13C NMR and lodine Value described above confirmed the disappearance of double
bonds [23].

The FT-IR spectrum of ethyl oleate before ozonolysis reaction presents two bands in this
region at about 1117 and 1097 cm™! attributable to the C-O stretching of the ester group. The
strong ozonide band at about 1110 cm™! gradually overlaps these two bands [18].
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Oils are mainly formed of triglycerides, with different substitution patterns due to the
length, degree and kind of unsaturation of the acyl groups, and by minor components such as
mono- and di-glycerides. The chemical shifts of the triglycerides at *H NMR spectra are well
known and presents the same standard for different vegetable oils [29].

Table 1. Ozononation reactions conditions

Author Vegetable Sample/solvent Gas Ozone Time of
Oil Flow Concentration | reaction
Soriano Sunflower 50 mL oil 0,5 33-39 g/m® Until
etal., [20] | Oil 50 mL 0il/400 mL L/min Solidification
deionized water
Diaz Sunflower 150 g oil 42 L/h | 79,5 mg/L 2h
etal., [21] | Qil
Diaz Sunflower 192g 0il/20 mL of 72 L/h | 81.6 mg/L 35, 7h
etal., [22] | Oil water
Diaz Sunflower 80 mL 0il/8 mL 30L/h | 75,2 mg/L 8,05h
etal., [7] and Olive water (Sunflower
Qil Qil) 5,73 h
(Olive Qil)
Moureu Sunflower 50 g oil 30L/h | 65 mg/L 1-7h
etal., [16] | Qil 50g oil/5g ultra pure
water
Guerra- Sunflower 9 g each oil 0,5 30 mg/L 5 h (Until
Blanco and L/min complete
etal., [17] | Grape Oil reaction)
Kogawa Sunflower 200 mL each oil 1L/min | 60 pg/mL 6, 12, 24 and
etal., [23] | Flaxseed Sunflower 36 h
and Baru Oil/Water 9% (v/v) 24h
Oil
Diaz and Methyl 1,6 mL/ 0,16 mL 42 L/h | 69 mg/L 7,25 min
Gavin, Linoleato water
[24]
Cataldo, Ethyl Oleato | 130 mL 3,5 0.0260 mol/h 1,2,6,8,10
[18] L/min and 15 h
Diaz Coconut Qil | 150 g 54 L/h | 37,5 mg/L 74,4 min
etal., [25] 150g/15 mL of
water or ethanol
Zanardi Sesame Oil | 40 mL 15 55 mg/L 15, 30, 60, 90
et al., [26] L/min e 120 min
Sega Sesame Oil | 40 mL 15 45 mg/L 15, 30, 45, 60,
etal., [27] L/min 75, 90, 105,
and 120 min
Omonov Canola Qil 100g/600 mL 6,5 50 g/m? 90 min
etal., [28] ethanol, methanol L/min
and ethyl acetate.
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Figure 1. IR spectra of sunflower oil and ozonized sunflower oil — 24 hours.

In the 'H NMR spectrum obtained from sunflower oil, the signs of olefinic hydrogens
were observed in the region between 5.20 to 5.39 ppm. The signals at 2.00 and 2.74 ppm
correspond to the protons of the methylene (-CH,-CH=CH-), and the methylene group across
the double bonds (-CH=CH-CH>-CH=CH-), respectively. The double doublets at 4.10 and
4.26 ppm are assigned to hydrogens of methylene group sn-1 and 3 positions of the glycerol
moiety (Figure 2), these signals remain in the ozonized oil spectra, indicating that there not
changes occur in the glycerol moiety during the ozonolysis reaction [30]. The methyl group
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terminal presented a difference in the chemical shift depends of acyl groups, for linolenic acyl
at 0.9 ppm and other acyl groups at 0.8 ppm [29].

The ¥C NMR spectrum shows two signals, at 172 and 173 ppm, refers to carbonyl
carbons esters, sp? carbons corresponding to the unsaturation of the fatty acids were identified
as the signals between 127 and 130 ppm. The signals 62 and 68 ppm refer to the carbon
linked to the oxygen of the glycerol moiety, CH, and CH respectively, and the signals
between 34 and 22 ppm refer to other carbon (-CH.-) present in the structure [30]. The Table
2 shows mainly chemical shifts of *H and *C NMR for vegetable oils.

More specific information is obtained by 'H and 3C NMR spectroscopy in order to
identify the changes in the chemical structure that occur during the reaction. Guerra Blanco et
al., [17] observed in the ozonized oil spectral data, four different types of signals. These types
are identified as conserved, decreasing, increasing, and increasing/decreasing signals [17].

The conserved signals are those that do not suffer any modification after treatment with
ozone. These signals correspond to the a- and B-hydrogens of carbonyl groups, some
methylene, and methyl of acyl groups and glycerol moiety. Therefore, protons that are not in
proximity to double bonds not change its chemical shifts. Signals corresponding to the
hydrogen of the double bonds (sp?) (CH=CH), and to vinyl hydrogen (CH,~C=C-CH; and
CH>-C=C-CH>-C=C-CHy), (C=C-CH>-C=C), show a decreasing after reaction [17].

New signal in *H NMR spectra of ozonized sesame oils at 5.15 ppm are attributed to the
hydrogen of ozonide or 1,2,4 -trioxolane. Such evidence was confirmed by the appearance of
a signal in 3C NMR spectra at 104.33 ppm [26].

CH,00CR' sn-1
R"COO H sn-2
CH,00CR™"™  sn-3

sn = stereospecific numbering
Figure 2. Glycerol moiety.

Table 2. 'H and 3C NMR data of vegetable oils (untreated) (Almeida et al. [30]; Sega et
al. [27]; Guillén and Ruiz [29])

Moiety 'H 8(ppm) 13C 3(ppm)
—CHs 0.90 —0.80 (m) 14

— (CH2)n— 1.40-1.15(m) 22-32
—0OCO-CH>—CH2— 1.70-1.50 (bs) 24
—~OCO-CH>- 2.35-2.20 (1) 33-34
—CH,—CH=CH- 2.10-1.90 (m) 27
—CH=CH-CH,—CH=CH- 2.80-2.70 (t) 25
—CH20COR (sn-1 and 3 glycerol) 4.32 — 4.10 (dd, dd) 62

> CHOCOR (sn-2 glycerol) 5.26-5.20 (m) 68
—~CH=CH- 5.40-5.26 (m) 127-130
—0OCOR -- 172-173

bs: broad signal; m: multiplet; t: triplete, dd; doublet of doublet.
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(Source: authors).

Figure 3. 'H-NMR spectra expansions from 0 to 3.0 ppm and 4.5 to 6.0 ppm for sunflower oil ozonized
for different exposure times: (A) 0 h; (B) 12 h; (C) 24 h; (D) 36 h. 2x, 4x and 8x: larger by factor.

Diaz et al., [21] observed in spectra of sunflower oil additional signals at 9.74 ppm and
9.63 ppm (triplets from aldehydic hydrogens), 5.6 ppm (olefinic protons signal could arise
from hydroperoxides), 5.15 ppm (multiplet from ozonides). In 3C NMR, aldehyde carbons
resonating from 199 to 203 ppm, methynic carbons corresponding to ozonides and
hydroperoxides from 104 to 122 ppm, methylenic carbons belong to ozonides and
hydroperoxides from 42 to 44 ppm, and 23 to 24 ppm belong to methylenic carbons vicinal of
ozonides [21].

Figure 3 shows the *H NMR spectra of ozonized sunflower oil at different times of
reaction. Multiplet at 2.0 (-CH>-CH=CH-), a triplet at 2.7 ppm (-CH=CH-CH,—CH=CH-)
and multiplet at 5.2 (-CH=CH-) present prior to reaction initiation, were absent from the
spectra obtained after 24 and 36 h of ozonolysis. With the formation of ozonides, new signals
appeared at 1.66 and 2.08 ppm, corresponding to methylene groups at the a-position and
between ozonides, respectively. The multiplet at 5.5 ppm in the spectrum of ozonized
sunflower oil 12h (B, Figure 2) and its absence from other spectra (C and D, Figure 2)
indicate the formation of a homoallylic ozonide, with chemical shift of the signal for the
remaining double bond hydrogens from 5.3 to 5.5 ppm. Table 3 shows the main *H and 3C
NMR chemical shifts for the vegetable oils [23, 30].

Physicochemical and Analytical Techniques

Some authors have remeasured the viscosity of sunflower [17], grape [17], sesame [26,
27] and coconut oil [25] and correlated viscosity increases with the ozonation degree increase.
This observation is commonly explained by a decrease in the flexibility of ester chains
because the total number of unsaturations has decreased, and by the formation of chemical
species with higher molecular mass, which are assumed to be oligomers [25]. Modification of
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the unsaturated acyl chains ozonation kinetic affects the mobility and the reactivity of the
species involved in the reaction. This aspect is of particular importance in terms of product
characterization and evaluation of the ozonation reaction [26].

The ozonized coconut oil in ethanol showed lower viscosity. This behavior might be due
to the solubility of oil with the ethanol. When water is used in the systems the viscosity
increases because the emulsion appears due to the poor solubility of oil in water [25].

Table 3. 'H and *C NMR data of ozonized oils. (Guerra Blanco et al., [17]; Sega et al.,
[27]; Kogawa et al., [23])

Moiety 'H 5(ppm) 13C 8(ppm)
o 1.3-1.4 (bs) 23-24
\C/\( >/\C/
Ha b—a Ha
He o He 1.6 -1.7 (m) 30
H
\Hko 22 OWD 2,0-2.1(m) 35-36
R Y \{
0—O0 0—0
H, o H 2.3-2.5(m) 4142
AN
0—o0
H\ o /H 50-5.2(m) 103 - 104
R\C\/ \/C/R
0—o0
H H
R\\C/OY\(O\C//R
\O—O 0—0/
FA o I 52-53(m) 100
R N N %R 5.3 -5.4 (m)
A A
O0—o0 o—
. o I 53-5,4(m) 120-121
>=<\( \///R 5,5 (m) 133134
H H 0—o0
H
R o O?LR
<,

bs: broad signal; m: multiplet.
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The study of the physicochemical properties of ozonized vegetable oils has a great
importance for its characterization. Analytical methods such as peroxide, acidity, and iodine
values usually carried out to follow-up the ozonization process and for determining the
quality of ozonized vegetable oils [22].

The peroxide value (PV) represents the quantity of peroxide in the sample (meq kg1);
acid value (AV) represents the present free acids (mg of KOH g1); and iodine value (V) is a
measure of total number of double bonds in the sample (g of iodide (100 g)1 of sample). All
these values are well described according to the European pharmacopoeia [31, 32] and
Official Methods of Analysis of the Association of Official Analytical Chemists [33].

The literature describes an increase of acid and peroxide value and a decrease of iodine
according increase of time of ozonation [16, 23, 7, 26, 27]. Acid value increases with the
reaction time, indicating that acids can be formed through decomposition of ozonides or
directly during the reaction. From the investigated samples, oleogel exhibited the highest
acidity value, which can be explained by the formation of other peroxidic compounds in the
presence of water, such as hydroxy-hydroperoxides [23]. According to Moureu et al., the
increase seems to be slower for the samples ozonized without water, which is significantly
higher for the oils ozonized with water [16].

It is well-known that iodine value is a measure of the total number of double bonds
present in an oil sample [32]. The results also showed a decrease in iodine values with longer
reaction times. The ozonized baru oil presented iodine value of 0.71 g (100 g)'1) after 24
hours of reaction. Nonetheless, flaxseed oil showed an iodine value of 44.61 g (100 g)1 after
24 hours, indicating the presence of double bonds, as observed by the signals at 136-120 ppm
in the 3C NMR spectra [23]. Zanardi et al., reported a decrease of iodine value of 113.65 to
13.39 with the greater ozone dose used (9,900 mg) in Sesame oil [26].

The determination of the amount of peroxide present in oils ozonized is of fundamental
importance because ozonides are responsible for the biological activity of these substances
[7]. The peroxide value is expressed in milliequivalents (mEq) of active oxygen the quantity
of peroxide present in 1000 g of sample, and commonly determined by iodometrics
techniques, due to the ability of these compounds to oxidize iodide to iodine. Then, iodine is
titrated with sodium thiosulfate solution [30].

According to the literature, for samples with high concentration of peroxides as ozonized
oils, the experimental procedure described by American Qil Chemists' Society (A.O.C.S.)
[33] becomes inadequate. The one-minute time, after addition iodide is insufficient for the
peroxides present in the sample oxidize iodide to iodine. The dialkylperoxides and peroxides
high molecular weight react slowly with iodide. Therefore, changes such as temperature and
reaction time may be performed to obtain better results [34, 35].

Furthermore, the iodometrics methods used have some limitations. The two main sources
of error in iodometrics tests are: (i) iodine reaction with the unsaturation of fatty acids and (ii)
release of iodine from potassium iodide by oxygen in the solution to be titrated [36]. The
determination of the amount of peroxide present in the ozonized oils is of great significance
and new methodologies to quantify the peroxide must be developed.
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Thermal Behavior (TG/DTG - DSC)

The TG curves (Figure 4) show mass losses for sunflower oil and ozonized oils.
Sunflower oil (A) presented mass loss in one step in temperature between 300 and 450°C and
ozonated sunflower oils shows mass losses at three and four main steps, respectively. For
oleogel (C), the first mass loss started at 70°C and for ozonized oil by 24 h (B) mass loss
started at about 93°C, revealing higher thermal stability of the latter.
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Figure 4. (1) TG (2) DTG curves for sunflower oils in a N, atmosphere (A) 0 h; (B) 24 h; (C)
oleogel 24h.
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Figure 5. Heat DSC curves for sunflower oil: (A) 0 h; (B) 24 h; (C) oleogel 24h.
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Figure 6. Cooling DSC curves for sunflower oil: (A) 0 h; (B) 12 h; (C) 24h.

Several samples of oils and ozonized oils were subjected to Differential Scanning
Calorimetry (DSC) analysis. The study shows DSC curves corresponding by heating, cooling
and degradation. DSC heat curve for sunflower oils (Figure 5) shows endothermic transitions
corresponding to triglyceride (TAG) melting. Samples of sunflower oils show more than one
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endothermic transition to melting, suggesting polycrystalline state and the ozonized oil
samples underwent endothermic transitions at higher temperatures than oils without
ozonolysis. For the oleogel ozonized sunflower oil in presence of water was observed a Glass
transition at about -56°C, which is a feature of polymeric materials or substances that undergo
non-crystalline solidification. Glass transition was followed by an endothermic peak,
corresponding to melting temperatures from -30 to 12°C and a fusion heat (AH) of 19.78 J g*
[23].

Exothermic transitions observed in the cooling curve for DSC (Figure 6), corresponding
to crystallization of fatty acids, sunflower oil exhibited transition characteristic of unsaturated
acids, at -20.80°C. The ozonolysis leads to a decrease of unsaturated fatty acid decrease due
to ozone reaction with the double bonds, leading the ozonized oils to present a similar thermal
behavior to that of saturated fatty acids [23]. Melting and crystallization profiles from oil
samples with high degrees of saturation involved higher temperature than for oils with high
degrees of unsaturation [37].
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Figure 7. Thermal degradation DSC curves for sunflower oils. (A) 0 h; (B) 12 h; (C) 24h.

Cataldo and Kogawa et al. carried out a study of thermal behavior by Differential
scanning calorimetry (DSC) [18, 23]. The ozonized vegetable oils, which seem completely
stable at room temperature, should not be heated above 100 °C. The thermal analysis shows
that the ozonides of ethyl oleate decompose showing a peak at about 155°C and a broad
exotherm. The accepted mechanism of the ozonide thermal decomposition involves the
homolytic cleavage of O-O bond which is also considered to be the rate-determining step
leading to aldehydes, carboxylic acid and other minor products [18]. Previously, Soriano et al.
reported that ozonized sunflower oil decomposes at 152°C with a decomposition enthalpy of
878.7 J/g [38].

Kogawa et al. showed that thermal degradation by DSC and ozonized sunflower oil
presented exothermic peaks attributed to degradation followed by oxidative decomposition of
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ozonides at about 150°C [23]. Oxidative decomposition was probably caused by oxygen
released from ozonide degradation. The thermal analysis for oleogel exhibited exothermic
peaks related to decomposition at similar ozonized sunflower oil of 24 h. Figure 7 shows
thermal degradation DSC curves for sunflower oils.

BIOLOGICAL ACTIVITY

There is plenty of scientific literature dealing with the biological activities of ozonized
vegetable oils, especially with respect to antimicrobial activity (antibiotic, antifungal and
antiparasitic), as well as wound healing and antiulcer activities.

Pharmaceutical products based on ozonized vegetable oil are commercially available,
mainly for dermatological treatments such as stimulants of wound healing and/or as
disinfectants. Oleozon® (ozonized sunflower oil) is manufactured in Cuba; Cocozone in
Britain by coconut oil ozonolysis; OO0 and O2-ZAP are manufactured in Canada and the
USA, respectively, from olive oil [39].

The commercial product Oleozon® was evaluated for its antimicrobial activity against
resistant strains of methicillin-sensitive Staphylococcus aureus and Staphylococcus
epidermidis [40], with MICg of 9.5 mg/mL at a time of action of 60 to 180 minutes. The
ozonized sunflower oil was evaluated by Sechi et al. (2001) [41] as an antibiotic agent front
various bacterial, sensitive and resistant strains of Staphylococcus aureus, Enterococcus
faecalis, Enterococcus faecium, Streptococcus pyogenes, Escherichia coli, Pseudomonas
aeruginosa, and various species of Mycobacterium. The results were very satisfactory, with
MICs of 2.37 to 9.95 mg/mL for the species of mycobacteria, and 1.18 to 9.5 mg/ml for all
other bacteria. At first, MIC values on this scale seem too big, but vegetable oils are complex
mixtures of antioxidants and high-molecular-weight triacylglycerols, acting as a matrix
capable of releasing active oxygen from ozonides, which have antimicrobial activity [41].

Previous works were followed by many researchers using other microorganisms.
Additional parameters were analyzed starting from different vegetable oils. Table 1
summarizes this information.

It is interesting to note that many authors could relate the antimicrobial activity results to
the peroxide index (PI) values showing that, to some extent, the higher the oil peroxide value,
the greater the activity. After a certain point, an increase in Pl does not influence the activity
[16, 22, 25, 39, 43, 44]. This relationship suggests that the antimicrobial mechanism of action
of ozonized vegetable oils is related to the action of oxidizing species, which was reported by
Diaz et al. [49].

Studies show the influence of ozonation conditions and of the initial fatty acid
composition of ozonized sunflower oils on their iodine index, peroxide index, acidity value
and, antibacterial activity. The results indicated that fatty acid composition of the oils has no
significant effect on the antimicrobial activity. However, the addition of water has a direct
impact on the increase in peroxide index and so better antibacterial activity of oils ozonized
with water [16, 23]. Recent results of our research group (not yet published) indicate that the
neem oil ozonized in the presence of water also showed better antimicrobial activity. These
results reveal opportunities for further studies and applications of ozonized oils.
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Table 2. Ozonized vegetable oils and antimicrobial activity
Author Product Bacterial strain MIC (mg/mL)/inhibition zone
(mm)*/other information
Rodrigues Bioperoxoil® S. aureus, E. coli, P. aeruginosa, | 2.0-3.5 mg/mL
etal. [42] (sunflower ozonized Candida albicans and
oil) Salmonella typhimurium
Diaz et al. [25] Coconut ozonized oil | S.aureus and P. aeruginosa 17- 28.5 mm
(with or without
protic solvent)
Diaz et al. [22] Sunflower ozonized S. aureus, E. coli, P. aeruginosa, | 9.5-38 mg/mL

oil (agueous media)

Bacillus subtilis

Diaz etal. [7]

Sunflower and olive
ozonized oils
(agueous media)

S. aureus, E. coli, P. aeruginosa,
B. subtilis

0.95-14.25 mg/mL

oil

Torres et al. [43] | Ozonized theobroma | C. albicans 5.78-93.75 mg/mL (depending
oil on exposure time)
Gomez et al. [44] | Ozonized theobroma | C. albicans 2 - 15 mg/mL

Skalska
etal. [39]

Sunflower ozonized
oil

E. coli, C. albicans, B. subtilis

200-250 mg O3/ g oil**

Daud et al. [45]

Bioperoxoil®
(sunflower ozonized
oil)

Microsporum canis

According to the authors,
there is statistical indication
that the ozonized oil acts
against M. canis and there is
clinical evidence of its action
over this dermatophyte.

red pepper seed oil

Menéndez Oleozon® (sunflower | phase 111 simple-blind study on better therapeutic effect than
et al. [46] ozonized oil) onychomycosis patients topical ketoconazole
Gerrer et al. [47] | Bioperoxoil® C. albicans, Candida 11-19mm

(sunflower ozonized parapsiloses, Candida

oil) guilliermondii, Candida

tropicalis, Tichosporum asaii

Ozyildis Microcapsules E. coli, P. aeruginosa, 17-22.5mm
et al. [48] containing ozonized methicillin resistant S. aureus,

vancomycin resistant E.
faecium, C albicans

Diaz et al. [49]

Sunflower ozonized
oil (different sources
for ozone formation)

S. aureus, E. coli, P. aeruginosa

4.75 — 28.5 mg/mL

oils (with or without
water)

Montececchi et Novox® (olive S. aureus, Porphyromona 19.0-30.7 mm
al. [50] ozonized oil) gingivalis (0 — 1:128 dilutions)
Moureu et al. “Classical” and a S. aureus, E. coli, Streptococcus | 5 - 40 mg/mL
[16] “high oleic” uberis
sunflower oils
ozonized with or
without water
Kogawa Sunflower, flaxseed S. aureus, E. coli, P. aeruginosa, | 3 —10 mg/mL
etal. [23] and baru ozonized E. faecalis, oxacillin resistant S.

aureus, vancomycin resistant E.
faecalis

* MIC= minimal inhibitory concentration, using dilution methods; inhibition zone = using agar diffusion method.
**100% of growth inhibition using the dose of 200 or 250 Oz mg/g of oil during ozonolysis reaction.

There are also reports in the literature of antiparasitic activity of ozonized vegetable oils.
Hernandez et al. evaluated the cytotoxic effect of Oleozon® on Giardia duodenalis
trophozoites. The total cytotoxic effect on 15x10* cells was obtained with 30uL (28.6 mg) of
Oleozon® [51]. Direct cytotoxic-oxidant effect on the parasite in vitro may be one of the
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mechanisms of action for a parasitocidal effect of this product. Rajabi et al. studied the action
of ozonized olive oil on Leishmania major promastigotes, the parasite that causes cutaneous
leishmaniasis [52]. The authors found that ICso were 120 mg/mL and 165 mg/mL for
Glucantim and almost 2 and 3.5 pg/mL for ozonized olive oil, considering mean alive
promastigotes determined by MTS method and light microscope [52].

Pai et al. described the potential of ozonized sesame oil to augment wound healing in
rats. The animals were treated with two doses of ozonized sesame oil (peroxide values 500
and 700 mEq/1000 g, respectively), and framycetin, an antibacterial drug commonly used for
treating wounds, was used as positive control [53]. Ozonized oil treated wounds had
significantly higher tensile strength, collagen content and superoxide dismutase activity than
that of the control treated wounds, which means that area treated with ozonized oil revealed
better healing activity.

Some authors have reported other activities related to increasing on antioxidant enzyme
activity. Rodriguez et al. [54] and Zamora et al. [55] reported the antiulcer activity of
ozonized sunflower oil in rats. Rodriguez et al. evaluated the protective effect of ozonized oil
on damage to digestive mucosa caused by ethanol action. Results demonstrate that OSO
pretreatment exerts protective effects in ethanol-induced gastric ulcers in rats and these
protective effects are mediated, at least partially, by stimulation of some important
antioxidant enzymes such as SOD (superoxide dismutase) and GSH-Px (glutathione
peroxidase), which are scavengers of ROS (reactive oxygen species) and therefore, prevent
gastric injury induced by them [54]. Zamora et al. investigated the potential cytoprotective
effects of ozonized sunflower oil in the damage of rat gastric mucosa induced by
indomethacin. They also observed the cytoprotective effects of OSO in rat gastric mucosa. It
was concluded that these cytoprotective effects are mediated somewhat by upregulation of the
antioxidant system and mainly SOD [55].

Abu-Gharbieh et al. [56], similarly, evaluated the potential protective effect of ozonized
olive oil in 2,4-dinitrobenzene sulfuric acid (DNBS) induced colitis in rats. Their results
demonstrated that pretreatment with ozonized oil exerts protective effects in DNBS induced
colitis in rats and provided evidence that protective the effects are mediated by stimulation of
some antioxidant enzymes, once CAT (catalase), GSH-Px, and SOD activities were
significantly increased in the distal colon of inflamed animals pretreated with olive ozonized
oil with respect to control group dose dependently.

Sanchez et al. tested the antioxidant activity of a cosmetic formulation made with
ozonized theobroma oil on rat skin irradiated with ultraviolet light. Again, the ozonized
vegetable oil was able to stimulate the activity of antioxidant enzymes SOD and GSH-Px,
which prevent skin injury induced by ultraviolet radiation [57].

Although ozonized oils have been used in many countries in the treatment of wounds and
skin ulcers, reports on their cytotoxicity are scarce. Kogawa et al. [23] investigated sunflower
and flaxseed ozonized oils (different ozonolysis times and conditions) for cytotoxicity against
NIH/3T3 fibroblasts, but proved non-toxic when compared with doxorubicin, which is a
desirable trait for the safe use of ozonized oils in patients. Also, authors evaluated the
antitumor potential of the products against cancer cell lines: 786-0 (ATCC-CRL-1932, renal
adenocarcinoma) HT-29 (ATCC-HTB-38, colon adenocarcinoma), MFC-7 (ATCC-HTB-22,
breast adenocarcinoma), PC-3 (ATCC-CRL-1435, prostate adenocarcinoma), and B16-F10
(ATCC-CRL-6322, murine melanoma), and concluded that the oils were potentially active
against neoplastic cell lines [23].
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ABSTRACT

Virgin coconut oil (VCO) is a product that can be produced from fresh coconut meat,
milk, or residue. Over the years, it has become known as a popular functional food oil. It
is considered to be the newest, high-value coconut product, very much sought for its
human, nutraceutical benefits, as well as a functional food. Its increasing popularity can
be attributed to numerous studies showing its beneficial effects. Several studies have
investigated the pharmacological properties of VCO including anti-inflammatory,
analgesic, antipyretic, anti-oxidant, anti-stress, and antimicrobial properties. Furthermore,
other studies have also investigated the bone loss prevention as well as cardioprotective
effects of VCO. For example, administration of VCO in animal studies (i.e., Sprague-
Dawley rats) showed significant antithrombotic effect compared to copra oil. The effects
were comparable with sunflower oil fed animals. This chapter will discuss the chemical

*Corresponding author: Email: gerard.dumancas@okstate.edu, Phone: +14057308752.
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properties, sources, synthesis, preparation, uses, and worldwide production of VCO. A
particular focus will be on the health benefits of VCO including its most recent findings.
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1. INTRODUCTION

Coconut oil is one of the most important food oils in the world as a source of dietary fat.
It is extensively used as cooking oil, and also in food industries such as confectionary and
baking products [1]. There are two types of coconut oil based on how they are obtained from
the coconut meat: refined, bleached and deodorized coconut oil (RBD) and virgin coconut oil
(VCO). RBD oil is made from copra, which is the dried coconut kernel or meat, produced
through smoke drying, sun drying or a combination of both. Then the clean, ground and
steamed copra is pressed to obtain the coconut oil. Although coconut is one of the healthiest
foods known to mankind, the drying process and unhygienic storage and handling makes the
extracted oil unsafe for human consumption. Therefore the refining, bleaching, and
deodorizing process is necessary after the extraction. This process requires heating the oil at
high temperatures, between 204°C and 245°C, which destroys the essential amino acids,
tocopherols (i.e., Vitamin E) and other valuable compounds present in coconut oil [2-6].

Coconut oil can also be extracted from fresh coconut kernels, the process of which does
not involve high temperature treatments. The Philippine national standard defines VCO as the
oil obtained from the fresh, mature kernel (meat) of the coconut by mechanical or natural
means, with or without the use of heat, without undergoing chemical refining, bleaching or
deodorizing processes, which does not lead to the alteration of the nature of the oil [5]. This is
the purest form of coconut oil, which has the fresh coconut aroma and contains natural
Vitamin E and other valuable compounds present in the coconut meat. VCO has a clear water
appearance. RDB oil, in contrast, can appear yellow, pink or red-orange due to the
contaminants (microbial or other), or high temperature processing. VCO has low free fatty
acid content and peroxide value since it does not undergo the copra-making process, which
eliminates atmospheric and hydrolytic oxidation compared to the RBD process [5].

There is a growing demand for VCO in United Sates and other developed countries,
which can be attributed to the increasing number of books, journal articles and other scientific
literature published on the health benefits of VCO. The amount of VCO manufactured in
tropical countries has grown rapidly in the last two decades. For example, the number of
VCO producers increased from 20 in 2003 to 200-300 producers in 2005 in the Philippines
[7]. The exported VCO from the Philippines has increased from 19 metric tons to 177 metric
tons from 2002 to 2004 as reported [8]. It was reported in another document published by the
Philippine Coconut Authority that the export of VCO increased from 2737 metric tons to
6002 metric tons from 2010 to 2012 showing that the demand and the production of VCO is
rapidly increasing [9]. Worldwide production of VCO shall further be discussed in the
succeeding sections.

2. CHEMICAL PROPERTIES OF VCO

VCO, which is extracted directly from coconut milk by a wet process under controlled
temperature conditions, retains more of its beneficial components than copra oil. Particularly,
this extraction process avoids the loss of minor components such as pro-vitamin A, vitamin E
and polyphenols due to UV irradiation from sunlight during the drying of copra [4, 3, 10].
VCO has a rich content of medium chain fatty acids (MCFASs), predominantly lauric acid;
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others include caproic acid, caprylic acid and capric acid [10]. A study conducted by Mansor
et al., [10] on VCO extracted by different processing methods reported that the lauric acid
contents ranged from 46.36%-48.42% and the total MCFA in the oil (caproic acid, caprylic
acid, capric acid and lauric acid) ranged from 59.02% to 62.27% of the total fatty acids.
According to his findings, the highest lauric acid content was reported from the samples
extracted using the fermentation process, followed by fresh-dry, chilling, and enzyme
methods.

Apart from the high concentration of MCFAs, VCO also contains saturated fatty acids
(SFAs) such as myristic acid, palmitic acid, and stearic acid, as well as unsaturated fatty
acids, both mono-and di-unsaturated fatty acids. As reported by Mansor et al., [10] the
concentrations of SFA and total unsaturated fatty acids ranged from 28% to 31% and 6.73%
to 8.13%, respectively. Table 1 presents the fatty acid compositions of VCO produced from
different methods and the Asian Pacific Coconut Community (APCC) standard compositions
for VCO [10]. Variations in fatty acid composition could result from different methods of
processing among VCO samples (Table 1) [3, 10, 11].

lodine value, saponification value, and peroxide content are some of the most important
chemical properties that are vital in characterizing the quality of VCO. Other important
physicochemical properties in VCO include free fatty acid composition, moisture content, and
viscosity (Table 2).

Table 1. Fatty acid (FA) composition of VCO produced from different methods and
APCC standard compositions for VCO (% area)

FA Extraction Method APCC Standard
Chilling Enzyme Fermentation | Fresh-dry
C6 (caproic acid) 0.57+£0.00 | 0.52+0.00 | 0.57 £0.01 0.55+0.00 | 0.40-0.60
C8 (caprylic acid) 7.39+0.03 | 6.63+0.01 | 7.21+0.13 7.23+0.00 | 5.00-10.00
C10 (capric acid) 6.15+0.01 | 5.49+0.00 | 6.07+0.10 5.94+0.01 | 4.50-8.00
C12 (lauric acid) 48.05+0.11 | 46.36+0.00 | 48.42 +0.90 | 48.07 £0.02 | 43.00-53.00
C14 (myristic acid) 18.45+0.03 | 19.5440.01 | 18.75+0.34 | 19.23+0.00 | 16.00-21.00
C16 (palmitic) 8.94+0.05 | 9.94+0.01 | 9.06 +0.16 8.91+0.01 | 7.50-10.00
C18 (stearic acid) 2.96+0.03 | 3.37+£0.00 | 3.15+0.00 3.17+£0.09 | 2.00-4.00
C18: 1 (oleic acid) 6.18+0.03 | 6.50+0.01 | 6.35+0.01 5.79+£0.01 | 5.00-10.00
C18: 2 (linoleic acid) 1.31£0.01 | 1.63+0.00 | 1.36 £0.00 1.12+0.00 | 1.00-2.50

Table 2. Physicochemical analysis of VCO extracted using the different methods [10]

Analysis Extraction Method APCC Standard,
Chilling Fermentation | Fresh-dry Enzyme 2007

lodine value 4.13+0.02 4.30 £ 0.07 4.18 +0.04 4.26 +0.05 4.10

(g 12/100 g fats)

Free fatty acid 0.31+£0.01 0.29 £0.02 0.46 £0.01 0.35+0.01 0.5 max

(mg KOH/g oil)

Saponification value | 258.23+3.09 | 256.73+0.85 | 258.42 + 1.41 | 262.72+0.32 | 250-260 min

(mg KOH/g oil)

Moisture content 0.11 £0.01 0.06 +0.00 0.04 £0.00 0.11 £0.01 0.1-0.5

(% wt)

Viscosity (Pa.s) 48.93 +£0.31 48.73 £0.46 50.93+0.31 | 48.93+0.31 NA

Complimentary Contributor Copy




Health Benefits of Virgin Coconut Oil 165

lodine value of VCO gives an indication of its saturation level. The low content of iodine
value as described by Mansor et al. (Table 2) [10] and Marina et al. [3] verified that VCO has
high degree of saturation. Consequently, VCO has high resistance to oxidative rancidity. Free
fatty acids (FFASs) are responsible for the undesirable flavor and aromas present in VCO and
are formed by the hydrolytic rancidity, due to ester hydrolysis either by lipases or moisture.
Measured FFA contents were varied from 0.29-0.46 (mg KOHY/g oil) in a study conducted by
Mansor et al. [10].

The saponification value, another important chemical characteristic, measuresthe average
molecular weight of all the fatty acids present in VCO. One study found out that VCO has
very high saponification values compared to other vegetable oils (3). The higher the
saponification value, the shorter the fatty acids on the glycerol backbone, indicating that VCO
contains a higher amount of short-chain fatty acids. Mansor et al. reported the saponification
values from four different extraction methods (Table 2) [10].

VCO can also be characterized by the presence of antioxidants. Tocopherols, which are
natural lipophilic antioxidants, are known to be found in vegetable oils including VCO.
Mansor et al. [10] detected three types of tocopherols present in VCO including beta, gamma
and delta forms. Beta-tocopherol ranged from 0.04 — 0.05 mg/kg, gamma-tocopherol ranged
from 0.01-0.05 mg/kg, and delta-tocopherol was detected at a very low concentration levels
(1.30 x 10-5 t0 1.10 x 10-3 mg/kg) in VCO.

VCO is also good source of phenolic compounds, which are potential natural antioxidants
found in foods. Total phenolic contents present in VCO will vary based on coconut varieties
and oil extraction processes [4, 3, 10]. VCO has been shown to have a high total phenolic
content (11.82-29.18 mg gallic acid equivalents [GAE]/100g oil), which is responsible for its
high antioxidant properties (antioxidant activity ranging from 52.54% to 79.87%) [12].
Another study conducted by Arlee et al. has reported total phenolic contents of VCO ranged
from 48.17-57.89 mg GAE/100 g oil [13].

Moisture content is another important quality characteristics for oils and fats. Low
moisture levels will increase the shelf life by preventing oxidation and rancidity processes,
whereas high moisture content will assist in hydrolysis. Mansor et al. reported the moisture
content (% wt) and viscosities for VCO extracted using four extraction methods (Table 2)
[10]. The highest recorded viscosity was from fresh-dry method while the lowest was from
fermentation method.

Besides the abovementioned properties, formation of peroxides and hydroperoxide in the
initial stage of lipid oxidation is also an important property of VCO that should be noted,
because it reflects the tendency of the oil to become rancid. As observed by Marina et al. [3]
peroxide values ranged from 0.21 to 0.63 mequiv oxygen/kg oil, which were far below the
maximum limits according to Codex standard [14].

3. SOURCES, SYNTHESIS, PREPARATION, AND USES OF VCO

3.1. Sources

Coconut oil extracted from the fruit of the coconut palm (Cocos nucifera L.) is of two
different types: (i) coconut or copra oil obtained from dry coconut flesh and (ii) VCO
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acquired from fresh coconut flesh. VCO can either be obtained directly from the fresh
comminuted (grated, chopped, granulated) coconut meat or from coconut milk or from
coconut milk residue [5]. However, the choice of the technology to be implemented for VCO
processing depends on various parameters such as scale of operations, the degree of
mechanization desired, the amount of investment available and the demands of the
prospective buyer [5].

3.2. Processing of VCO

The Philippine National Standard (PNS) for VCO (PNS/The Bureau of Agriculture and
Fisheries Product Standards (BAFPS) 22:2004/International Certification Services (ICS)
67.2000.10) defines it as: “oil obtained from the fresh, mature kernel (meat) of the coconut by
mechanical or natural means, with or without the use of heat, without undergoing chemical
refining, bleaching or deodorizing, and which does not lead to the alteration of the nature of
the oil. VCO is essentially water-clear or colorless. It contains natural vitamin E and has not
undergone any hydrolytic and atmospheric oxidation as demonstrated by its very low free-
fatty acid content (even without refining) and low peroxide value” [15]. VCO has a fresh
coconut aroma and its intensity depends on the extraction process. Hence, unlike refined
coconut oil, the production process of VCO does not go through the RBD procedures, which
are carried out at high temperature between 204°C and 245°C as mentioned earlier [16]. VCO
can be produced even at home without the need for any specialized equipment. As a means to
ensure the production of high quality oil, the VCO processor used at home or plant should
strictly comply with the good manufacturing practices and quality control procedures [17].

The production of VCO is divided into three stages, (i) pre-processing, (ii) processing
and (iii) post processing.

Comminuted Coconut Meat Coconut Milk Extraction Coconut Milk Residue

Figure 1. Methods of VCO processing.
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3.2.1. Pre-processing Stage

The pre-processing stage involves all the steps performed before the opening of the fresh
coconut such as on-farm activities (harvesting, collection and husking of nuts), transport from
the farm to the VCO processing site (factory or home), storage, and selection for daily
processing [18].

3.2.2. Processing Stage

The processing stage begins with the opening of the fresh kernel and is complete until the
final recovery of VCO. The VCO production process can be carried out in eight different
ways based on the desired final quality of oil [5, 4, 19-20]. The common method of
classification is based on whether a dry or wet process is employed. However, methods can
also be classified based on the precursor form of coconut used (Figure 1).

A. Fresh Coconut Meat

(i) High Pressure Expelling Process

The high pressure expelling process is considered to be the most appropriate method to
process a capacity of 3000 or more coconuts a day [5]. The method demands the use of
mechanical dryers and high-pressure expellers that are equipped with water-cooled shafts.
VCO obtained from the high-pressure expeller process is highly viscous as it contains all of
the natural gums present in the parent fresh kernel. There are three different types of high-
pressure expeller method of VCO production based on the mode of preparation of kernels
prior to drying, the Wet Milling Route, the Desiccated Coconut Route, and the Grated
Coconut Route [5, 17].

e Wet Milling Route. In the wet milling route, the de-shelled meat is first washed with
copious amount of water and then milled. The particulated coconut meat is then dried
to 75°C and the oil is extracted using a screw-type press to produce VCO and
coconut flakes [8].

e Desiccated Coconut (DCN) Route. The DCN route involves washing, grinding,
blanching and drying of the coconut meat. The ground meat is dried to a moisture
content level of 2.5-3% using a conveyor type hot air dryer with three diminishing
temperature levels (100°C, 85°C, and 65°C) (17)°. Desiccated coconut products,
which do not pass the accepted quality standards in terms of color and microbial
content, can still be processed into high value VCO [8, 17].

e Grated Coconut Route. The grated coconut route is similar to the DCN route except
that it requires fewer processing steps and equipment [8].

(i) Fresh-Dry Low-Pressure Extraction Technique

This method is also known as the intermediate moisture content technique [17]. Utilizing
a low pressure of approximately 460 psi, oil can be extracted from most seeds and nuts
provided the moisture content is maintained between 10-13%. Likewise, oil can be extracted
from finely grated and dried coconut meat if moisture content levels are within the optimum
range. The grated kernels dried either by indirect hot air drying or solar drying is placed in
bags made of cheesecloth [17]. The oil extraction process is carried out in a bridge press,
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which facilitates easy removal of the residue, and as the cheesecloth acts as a filter, the
resultant oil contains only a less amount of fine kernel particles. While the extraction process
performed with low moisture content meat results in reduced oil quantity, high moisture
content meat yields relatively turbid oil owing to a mixture of oil and coconut milk. The
acceptable level of moisture content in VCO should be 0.1% or less [17].

B. Milk Extraction

(1) Modified Kitchen Method

For many decades, people in coconut producing areas like the Philippines and India
produced coconut oil for hair and massage applications by boiling the extracted coconut milk
from freshly grated or comminuted coconut meat [17]. Nevertheless, the dark yellow oil, thus
produced possesses a very short shelf life and becomes sour within three to five days. A
slightly modified procedure known as the Modified Kitchen Method utilizes the same
principle with the exception that the heating systems are properly controlled so as to prevent
the recovered oil from turning yellow. Moreover, the recovered oil is further dried to maintain
moisture content less than 0.2%, in order to extend the shelf life. Although, the method
produces VCO with an intense coconut aroma, the final recovery of oil is relatively low when
compared to other methods due to the fact that a major portion of the oil gets trapped in the
protein residue [17].

The modified kitchen method includes two distinct parts, (i) Extraction of coconut milk,
and (ii) processing of VCO from the coconut milk. Extraction process can be done manually
or through the use of a hydraulic press. The grated kernel is mashed and placed in a cheese
bag (manual method) or a white net bag (hydraulic jack method), and tightly squeezed to
produce the coconut milk. Often times a second extraction is also performed to enhance the
oil quantity. The squeezed milk is then allowed to settle preferably for two hours so as to
distinguish the separation of coconut cream (oily phase) and skim milk (aqueous phase)
layers [21]. After scooping the coconut cream from the top, the cream is heated maintaining
an initial temperature of 90°C for the first hour and later reduced to 80°C to allow the
coagulation of protein. And as the oil separates, the temperature is further reduced, and
continuous stirring is done to facilitate uniform heat through the mixture. The oil produced is
scooped out from the wok carefully and filtered through a cotton-plugged funnel (small scale)
or a pressure filter can also be used for large scale processing [17].

(ii) Modified Natural Fermentation Method

The Modified Natural Fermentation Method requires much less investment, with
moderate labor and energy inputs compared to all the currently available VCO processing
technologies. Dayrit, et al. [22] suggested that the natural fermentation method is a familiar
process for the production of VCO which can be conveniently performed both at the
household level and at the industrial scale.

This method of VCO production is similar to that of the Modified Kitchen Method except
that the extracted coconut milk is diluted and allowed to stand for hours to undergo natural
fermentation. Fermentation can also be induced by the addition of foreign substances such as
Lactobacillus plantarum [23]. The maximum permissible level of FFA content in VCO is
0.1%. However, the FFA content of VCO produced by traditional natural fermentation
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method ranges from 0.33-0.38%. The reason for such high FFA content in VCO obtained
through traditional method could be attributed to the long hours of settling time (36-48
hours). Hence, as a means to obtain water clear VCO with acceptable FFA levels, the
fermentation time is regulated to a maximum of 16 hours. The finely grated fresh kernel is
subject to a hydraulic press for the extraction of coconut milk. The extracted coconut milk is
mixed with one portion of water and left to settle at ~40°C for a maximum of 16 hours for
fermentation to occur [24]. The fermenting container displays five distinct layers comprising
of different components in ascending order: (i) gummy sediment at the bottom, (ii) fermented
skim milk, (iii) fermented curd layer, (iv) VCO layer and (v) a top layer of fermented curd.
The top layer of fermented curd is scooped out and the VCO layer is separated and filtered
through a filtering funnel plugged with cotton. The fermented skim milk obtained in this
process is unfit for human consumption and should be discarded. In certain cases, the coconut
milk emulsion can also be separated by adjusting the pH of the emulsion between 3 and 5.6
and inoculated with bacteria cultures [25].

(iii) Centrifuge Method

The best quality VCO can generally be achieved through the centrifuge process [26-27].
There are two different types of centrifuge processing of VCO: (i) the two-phase (liquid-
liquid) centrifuge process and (ii) the three phase (liquid-liquid-solid) centrifuge process.
Based on how the VCO is recovered from the coconut cream, the two-phase (liquid-liquid)
centrifuge process can have slight modifications. Three different routes have been reported.
(i) The cream is subjected to vacuum evaporation to remove water and coagulate the protein.
(ii) The cream is frozen and heated in a double boiler and is filtered to remove the coagulated
protein. (iii) The cream is heated in a controlled temperature to coagulate the protein and
remove water. In all the three cases the resultant oil is filtered through a filter press followed
by vacuum drying to remove traces of water [28-29].

Compared to the two-phase centrifuge process, the three-phase centrifuge process is
simpler: the filtered coconut milk is passed through a three-phase centrifuge system where the
individual components are separated by an applied centrifugal force [28]. The coconut milk
after its extraction is mixed with one portion of hot water and is fed into the centrifuge. The
cloudy oil that comes out of the centrifuge is again mixed with the second portion of hot
water and fed again into the centrifuge for a second pass. The final oil is filtered to remove
any solid particles and vacuum dried to afford water clear VCO. The scales of operation of
VCO are relatively large owing to the high investment cost [17].

C. Coconut Milk Residue

The Bawalan-Masa Process

The Bawalan-Masa Process (BM) is a hybrid of fresh-dry and the fresh-wet processes
[17]. The precursor for the VCO extraction in BM process is the coconut milk residue, which
represents approximately 25-50% of the weight of the freshly grated coconut meat. The
residue is blanched and dried in a mechanical dryer to reach specific moisture content. The
defatting of the dried residue under controlled conditions in a specially designed equipment
produce VCO and low fat, high fiber coconut flakes. The oil containing fine particles is
filtered through a mechanical filter to give a clear VCO. Coconut flakes obtained as a by-
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product during the process can be re-dried and ground to produce coconut residue flour. The
VCO, thus, produced is very light in texture and is easily absorbed and has a very mild
coconut scent [17].

3.2.3. Post Processing Stage

The post processing stage includes all processes that are conducted to improve the quality
of the produced VCO. It includes oil drying (removal of moisture content), ageing (removal
of the sour smell), and fine filtration (removal of fine residue). Table 3 gives the comparison
data of the overall quantity and moisture content of the recovered oil of all the methods
discussed so far [5].

3.3. Uses of VCO

VCO has a wide array of uses and applications, which can be classified as either edible or
inedible categories. A comprehensive review of its health benefits is discussed in the
succeeding sections.

Edible Applications

e VCO serves as an important source of energy in diet [5].

e VCO is used as cooking and frying oil due to its exceptional resistance to rancidity
development, and it enhances the flavor of food [5].

e Due to its nature of unchanging palatability, VCO is used as a substitute for
buttermilk in filled milk, filled cheese and ice cream [5].

Inedible Applications

e ltis used as a skin and hair conditioner [17].
e Aromatherapy and massage oils [30].
e QOil base for a variety of cosmetic and skin care products [31].

Synopsis of Health Benefits

e VCO is the only naturally available low-calorie fat [32].

e VCO boosts the immune system and protects humans from atherosclerosis and
cardiovascular disease [32].

e Digestion of VCO takes place easily without the need for bile.

e VCO stimulates metabolism and prevents obesity [33-34].

e It also inhibits cancer causing agents [35].

e Itincreases the absorption of vitamins, minerals and amino acids [32].

e VCO has the potential to prevent exercise and chronic cold restraint stress-induced
damage and restores the antioxidant balance [36].

e The presence of polyphenols and medium-chain fatty acids in VCO imparts anti-
stress activity [36].
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Wound-healing rate was increased in skin of rats treated with VCO [19].

VCO was also used as an ‘ethnomedicine’ to treat gastrointestinal problems and
minor cuts, injuries and swelling [37].

Effective and safe as mineral oil when used as a moisturizer for mild to moderate
xerosis [38].

Dried-and fermented-processed VCO has hepatoprotective property [39].

Has anti-oxidant activities and does not adversely affect serum lipid levels [40].

Has anti-diabetic effects [41].

VCO displayed inhibition of Candida sp. responsible for fungal infection [42].

The fatty acid present in VCO acts as a potential immunostimulant, which increases
immunity through the increase of lymphocyte and Th-CD4 in chickens vaccinated

against Avian influenza virus [43].

Table 3. Comparative data of VCO obtained by different processes [5, 17]

Type of Process

Quality of Oil

Recovery

Fresh-Dry High-Pressure | Wet Milling Route | FFA-0.05-0.08% 60 kg per 100 kg of dried
Processes Expelling Desiccated MC - 0.07-0.1% milled kernel
Coconut Route FFA- 0.05-0.08% 58 kg per 100 kg of
Grated Coconut MC - 0.0-0.1% desiccated coconut
Route FFA- 0.05-0.08% 30 kg per 100 kg of fresh
MC - 0.07-0.1% grated kernel
Low-Pressure | Low pressure FFA-0.1-0.2% 25 kg per 100 kg of fresh
Extraction MC-0.17% & grated coconut kernel
below
Fresh-Wet Coconut Milk | Modified Kitchen FFA-0.1% 16.5 kg per 100 kg of
Processes Extraction Method MC - 0.14% & fresh grated coconut
Modified Natural below kernel
Fermentation FFA-0.1% 34 L per 100 L of
Method MC -0.12% & coconut milk
Centrifuge Method | below
(2-phase) FFA-0.04-0.08% 28 L oil per 100 L of
MC - 0.1% & below | coconut milk
Coconut Milk | Bawalan-Masa FFA- 0.05-0.08% 17 kg per 100 kg of wet
Residue Process MC - 0.07-0.12% residue

4. WORLDWIDE PrRoDUCTION OF VCO

4.1. How Production of VCO Changed through Time

While it may be the common assumption that the production process of VCO has
changed through time, this may not actually be the case. The actual production processes and
the methodology behind them have not consistently changed. Fermentation and the unheated
and “cold pressed” procedures are the most typical methods used in the mass production of
VCO and have not been seen to drastically change over time. These methods are not to be
confused with RBD coconut oil (chemically refined, bleached, deodorized) methods [44-45].
However, what has been observed throughout time is an ongoing debate as to which method
is actually the best, which is the focus of multiple research groups around the world. For
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example, a study conducted in 2005 at the University of the Philippines suggested that VCO
in general contained more antioxidants than that of RBDs [44]. Nonetheless, the real concern
was focused on the question as to which method, fermentation or unheated and “cold
pressed,” produced more antioxidants. The study concluded that the VCO prepared with heat
through the fermentation process contained on the average a significant amount more
antioxidants than other methods [44]. A few of these antioxidants included superoxide
dismutase, malondialdehyde, Vitamin E, phytosterols, and phenolic compounds, in which
were found to have a variety of different functions and benefits [46]. Further studies
conducted, which include a study done in 2005 in Malaysia and another in 2011 in Sri Lanka,
proved that all methods that involve heating the VCO produces more antioxidants [46-47].

4.2. Largest Producers of VCO

As previously mentioned, the studies conducted were located in a variety of different
countries including the Philippines, Malaysia, Sri Lanka, India, etc. The significance of
mentioning the location of these studies lies in the fact that these countries are all the major
producers of VCO. The leading coconut-producing country is the Philippines, followed by
Indonesia, India, Sri Lanka, Thailand, and Malaysia; most of which had universities that
conducted significant studies relating to debate between the methods behind producing VCO.
There are multiple factors to consider as to why these countries are the ideal location for the
production of VCO. Primarily, these countries are located in areas very favorable for coconut
palm growth, in which reasons include average rainfall per year, sunlight, sandy soil, and
humidity [48-49]. The Philippine coconut industry in and of itself accounts for 1.5% of gross
national product (GNP) and is the highest net foreign exchange earner in agricultural exports.
The Philippines coconut industry employs nearly 20 million people, which accounts for
around one-third of the country’s entire population. The industry earns approximately $510
million in U.S. currency on an annual basis. Across the globe, Indonesia and the Philippines
were the world’s two largest producers of coconuts with an estimated production of 16.3 mn
tonnes and 14.4 mn tonnes from 3.3 mn ha and 2.7 mn ha, respectively. India is the third
largest with an estimated world coconut production of 10 mn tonnes from 1.9 mn ha. The
major exporters were Philippines and Indonesia while India consumed most of its coconut
product. Across the Western Hemisphere, Central America, Jamaica, Brazil, and Mexico were
the major producers of coconut. The major coconut oil importing countries in the world
included EU-15 (15%), the USA (33%), Malaysia (5%), South Korea (4%), East Europe
(4%), and Singapore (4%) [50].

Coconut oil accounts for approximately 20% of all vegetable oils used worldwide [51].
Examination of the world coconut oil supply and distribution for over a decade (2002/03 to
2015/16) shows a steady decline in the total supply of the oil starting from 2013/14 (Figure
2). This total supply of the world coconut oil is the sum of the beginning stocks, production,
and imports. The decline can be attributed primarily to the decrease in the beginning stocks
available for the coconut oil supply. Worldwide exportation of the coconut oil has not
tremendously varied over the past five years. Industrial domestic consumption and food use
domestic consumption of the coconut oil have also started to increase slightly since 2014/15.
Overall, the worldwide ending stocks available for the coconut oil have steadily declined
since 2011/12 [52].
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4.3. Economic Benefits and Analysis of VCO

VCO was flagged as an unhealthy food product and a possible contributor to heart
disease around 40 years ago. However, over the years this idea has been adjusted [53].
Saturated fatty acids in coconut oil gave the oil a bad reputation and resulted in its sparse
consumption [53]. However, an increasingly new wave of consumers have flocked to the oil
as new studies have proposed health effects including weight loss and analgesic, antipyretic,
cardio-protective and anti-carcinogenic effects. The economic boom, which has followed in
the wake of these new studies, has generated a very lucrative market in coconut producing
countries on a wide scale [54]. In general, VCO production has benefited the local economies,
but in other cases the opposite seems to be true.
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Figure 2. World coconut oil supply and distribution [52].

One of the chief examples of the positive effects is the development of a VCO industry in
the Solomon Islands, which before the turn of the century primarily produced copra [55].
After the dried coconut kernel was harvested, it was then shipped off and processed away
from the site where it was harvested. The coconut oil demand has brought new prosperity to
the islands, which before were plagued with poverty. Dr. Etherington, a Stanford educated
economist developed a system called Direct Micro Expelling (DME), which presses the oil on
a small scale and obtains it in little under an hour. This allowed the people of the Solomon
Islands to expand their use of the coconuts, effectively utilizing more of the coconut at the
village level of the coconut oil production [55]. Dr. Etherington’s company, Kokonut Pacific,
has installed more than 40 DME systems in the Solomon Islands, and sees potential to put in
more than 300 in the coming years.
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The world’s leading producer of coconut oil, the Philippines has shown how lucrative this
industry can be. About one third of the population in the Philippines is directly or indirectly
employed by the coconut industry in the Philippines [54]. The boom of the coconut oil has
generated a massive industry in the Philippines, but some argue that the influx of business has
not stimulated the economy at every level. Numerous farmers still live in poverty even though
their crop has grown in value. Evidence of this, is based in the facts that coconut farmers are
still some of the poorest farmers in the world. It is estimated that sixty percent of the farmers
living in the Philippines live in poverty [56].

5. BENEFICIAL EFFECTS OF VCO

5.1. Anti-Inflammatory Properties of VCO

Inflammation is a protective response of the immune system against pathogens, but can
also result to damaging consequences if not regulated [57]. The complex immune processes
and mediators involved in the inflammatory response can induce and aggravate many
diseases. Recent studies have found that inflammation plays a key role in various human
diseases that are not primarily disorders of the immune system, which includes cancer,
atherosclerosis, ischemic heart disease, and neurodegenerative diseases such as Alzheimer’s
disease [57]. However, current medications have adverse effects and there is a need for more
effective and safer anti-inflammatory therapeutics. Thus, VCO offers the potential for further
research and development of anti-inflammatory therapies. Different groups have shown great
interest in exploring the anti-inflammatory effects of VCO because of its high phenolic
contents. Some of the phenolic acids identified in VCO include caffeic acid, p-coumaric acid
and feulic acid [58]. Polyphenols control and reduce inflammation through a series of
pathways, therefore, preventing cancer and other diseases with an inflammatory pathogenesis.
Therefore, it is of interest of this section to summarize the anti-inflammatory action of VCO
that has been investigated [59].

5.1.1. Anti-Inflammatory and Anti-Oxidant Properties of VCO Inanimal Models
of Rheumatoid Arthritis

Arthritis is caused by joint inflammation that can ultimately lead to disability.
Rheumatoid Arthritis (RA) in particular is a chronic inflammation that affects synovial joints
and progressively results to destruction of articular cartilage. Current medications used to
treat RA have side effects; the need for effective therapeutics that also permit greater
compliance is what drive the investigation into products such as VCO. Vysakh et al. explored
the anti-inflammatory effect of the polyphenolic fraction extracted from VCO on
experimental arthritis [60]. Their results demonstrated the potential health benefit of VCO on
adjuvant induced arthritis in rats, and determined that mechanism behind this action is due to
its antioxidant and anti-inflammatory effects. Their findings on how VCO inhibits arthritis
can be summarized as follows:

e Downregulated (inducible nitric oxide (NO) synthase) iNOS expression. Nitrite
production in VCO treated animals was reduced significantly compared to adjuvant
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treated rat. This suggests that reduction of chronic inflammation in arthritic animals
might be due to the downregulation of INOS expression followed by decreased
cellular production of NO. Therefore, the anti-inflammatory activity of VCO may be
due to their ability to counteract NO induced oxidative damage, which eventually
helps in the remodeling of cells.

e Decreased cyclooxygenase-2 (COX-2) expressions. During inflammation, COX-2
enhances the synthesis of prostaglandins (PGs) that are associated with
inflammation. The activity of total COX and COX-2 expressions was decreased in
VCO treated rats. Reduction of paw swelling and decreased expression of COX-2
indicate the immunological protection provided by VCO.

e Inhibited tumor necrosis factors-a (TNF-a) activity. TNF-a may play a role in the
pathology of RA. Blocking of TNF-a followed by inactivation of T cells,
macrophages, and fibroblasts interrupts the inflammatory process. This anti-TNF-a
activity supports further pharmacological research on VCO, in hopes of improving
anti-inflammatory medications.

e Downregulated Interleukin-6 (IL-6) expression. IL-6 plays a devastating role in
cartilage and bone degradation during arthritis. VCO supplementation significantly
downregulated the expression of IL-6 in paw tissue of arthritic rats. VCO
supplementation also restored the levels of acute-phase proteins (APPs) to near
normal values in arthritic rats. Thus, decreased IL-6 production correlated with
decreased APP production, thereby reducing disease severity.

e Enhanced Glutathione (GSH) and superoxide dismutase (SOD) activity.
Polyphenols from VCO enhanced the activity of GSH and SOD, which help preserve
the integrity of cellular membranes. VCO administration produced a significant
increase in free radical scavenging activity of antioxidant enzymes like glutathione
peroxidase (GPX) and catalase.

e Decreased lipid peroxidation. The elevated levels of lipid peroxidation were
significantly decreased after VCO treatment. VCO reduces free radicals formation as
well as inflammation. These results imply that adjuvant induced arthritis may be
associated with lipid peroxidation and demonstrates the anti-arthritic effect of VCO.
VCO reduced lipid peroxidation causing a modulation in cellular antioxidant defense
system.

Intahphuak et al. also explored the inhibitory activity of VCO against acute and chronic
inflammation. They found that VCO exhibited moderate anti-inflammation on carageenin-
and arachidonic acid (AA)-induced hind paw edema in rats as well as on ethyl
phenylpropiolate-induced ear edema, which are all models of acute inflammation [59].
Consistent with the findings by Vysakh et al., they also demonstrated that the consumption of
VCO aided in inhibiting the expected immune factor responses to endotoxin, and diminished
the production of pro-inflammatory cytokines in vivo. They also found that the mode of
action of VCO to inhibit inflammation may also involve the lipoxygenase pathway because it
is effective in AA-induced rat paw edema model. AA-induced edema animal model has been
reported to be resistant to selective COX inhibitors but sensitive for detecting the in vivo anti-
inflammatory activity of lipoxygenase inhibitors [61].
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The group also investigated the effects of VCO on cotton pellet-induced granuloma
formation in rats and compared it to the effects of the known anti-inflammatory drugs
indomethacin, and prednisolone. Granulomatous inflammation is a distinctive pattern of
chronic inflammatory reaction. Indomethacin and prednisolone inhibited granuloma
formation by interfering with the proliferative phase of inflammation. However, both drugs
also caused weight gain. They have shown that VCO also inhibited granuloma formation but
did not result in weight gain. VCO exhibited an inhibitory effect on chronic inflammation by
reducing the transudative weight, granuloma formation, and serumalkaline phosphatase
activity. The results obtained suggest that VCO probably inhibits the proliferative phase of
chronic inflammation but avoids the steroidal-like effect, as it had no effect on body weight
gain and dry thymus weight. The activity of VCO on the alkaline phosphatase level in serum
may be due to its inhibitory effect on inflammatory cell activity and/or stabilization of the
lysosomal membrane.

Similar to the paper of Intahphuak et al. [59], Zakaria et al. [85] investigated the anti-
inflammatory effects of VCO using in vivo models. The group utilized two types of VCO,
produced by standard drying (VCOA) and fermentation (VCOB) on animal models
(mice/rats) of both acute and chronic inflammation. The VCOs exhibited anti-inflammatory
activity in an acute model (carrageenan-induced paw edema test), consistent with the findings
of Intahphuak et al. with the same animal model. Comparing the two, VCOB showed a
greater anti-inflammatory effect than VCOA. However, in contrast to the findings of
Intahpuak et al. [59], the VCOs did not show ant-inflammatory effects on chronic (cotton-
pellet-induced granuloma test) model of inflammation.

5.1.2. Anti-Inflammatory Effect of VCO against E.Coli Endotoxin

Dietary fat influences many aspects of immune function. Escherichia coli endotoxin is a
potent stimulator of interleukin 1 production from macrophages. The present study examines
how feeding rats high-fat diets either rich (corn oil) or poor (coconut oil) in linoleate at high
and low concentrations affect responses to endotoxin. Spleen phosphatidylcholine linoleate
contents were higher in the corn oil than in the coconut oil group and arachidonate
concentrations were highest in the group fed a high concentration of corn oil. Coconut oil
completely abolished the responses to endotoxin. The inhibitory effects of coconut oil against
the endotoxin largely be due to reduced prostaglandin and leukotriene synthesis [62].

Similar to the aforementioned study, Sadeghi et al. (1999) carried out an investigation on
the effect of dietary oils such as coconut oil, corn oil, olive oil, safflower oil and fish oil on
in vivo cytokine response to bacterial lipopolysaccharide [63]. These dietary oils were fed to
mice for 5 weeks and the mice were then injected with a non-lethal dose of Escherichia coli.
The mice were sacrificed after 90 or 180 minutes post E. Coli injection to measure plasma
cytikine concntrations. The results showed lower peak plasma concentrations of TNF-alpha,
IL-1beta and IL-6 in mice fed with coconut oil and fish oil compared to other dietary oils.
Moreover, peak plasma IL-10 concentrations were higher in mice fed with coconut oil than in
mice fed with other oils. These results suggest that coconut oil diminishes production of pro-
inflammatory cytokines in vivo and diminishes enhanced production of IL-10. This appears to
be an additional anti-inflammatory effect of this oil, which could give added benefit in
various clinical conditions.
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5.1.3. Therapeutic Effect of VCO on Inflammatory Acne Vulgaris

VCO contains a large amount of lauric acid, which has been shown to have antibacterial
property on Propionibacterium acnes (P. acnes). This served as the motivation to investigate
the anti-inflammatory property of lauric acid on acnes vulgaris. The anti-inflammatory
activity of VCO has also been explored on Acne vulgaris. Acne vulgaris or simply acne, is the
most common human skin infection and its prevalence is about 80% in the majority of the
countries worldwide [64]. Inflammatory lesions of acne may lead to acne scarring and may
have an impact on psychosocial health [65]. Acne is caused by P. acnes, a Gram-positive
anaerobic bacterium that dwells in the pilosebaceous follicles of the skin. Although P. acnes
is part of the normal skin bacterial flora, it plays a key role in the development of
inflammatory acne when it proliferates and colonizes the pilosebaceous unit. Previous studies
have found that P. acnes triggers the production of proinflammatory cytokines that are
mediated by Toll-like receptors [66]. In another study, Nakatsuji et al. demonstrated the
potential of lauric acid as an alternative option for antibacterial therapy in acne treatment.
Lauric acid showed stronger antimicrobial activity as compared with benzoyl peroxide
against skin bacteria, including P. acnes, in vitro. It also showed therapeutic potential against
P. acnes-induced inflammation in vivo. This study evaluated the antimicrobial property of
lauric acid against P. acnes both in vitro and in vivo. Both intradermal injection and
epicutaneous application of lauric acid effectively decreased the number of P. acnes
colonized with mouse ears, thereby relieving P. acnes-induced ear swelling and
granulomatous inflammation. This promising result showed the potential of using lauric acid
as an alternative treatment for antibiotic therapy of acne vulgaris [67].

5.2. Analgesic and Antipyretic Potential of VCO

Intahphuak et al. found that VCO demonstrated a moderate analgesic effect on acetic
acid-induced writhing response in mice [59]. VCO at high doses (1000-4000 mg/kg)
decreased the number of writhes induced by acetic acid significantly (~30-60%). This effect
is modest compared to the known non-steroidal anti-inflammatory drug (NSAID) drug,
Indomethacin, which only requires 10 mg/kg dose to markedly decrease the writhing response
by ~80%. The mechanism of acetic acid-induced algesia involves the release of endogenous
substances such as H*, K*, serotonin, histamine, bradykinin, PGs, and substance that excite
pain-nerve endings. The analgesic effect of VCO could be due to its ability to block both the
synthesis and release of these endogenous substances responsible for pain.

The analgesic effect of VCO was also assessed by Zakaria et al. [85] using several tests.
The group utilized acetic-acid induced abdominal constrictions, hot plate test and formalin-
induced paw licking test on mice or rats. The VCOs (VCOA and VCOB) exhibited analgesic
effect in both the abdominal constriction test and hot plate test indicating their activity in
blocking both peripherally and centrally mediated pain induced by chemical and thermal
stimuli. The peripheral and central effects of VCOs were further confirmed by their
effectiveness in reducing pain in the formalin test. Compared to the analgesics, acetyl acetic
acid and morphine, VCOs were less effective even at higher concentration.
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5.2.1. Antipyretic Effect Effects of VCO on Yeast-Induced Hyperthermia in Rats

Intahphuak et al. also studied the antipyretic potential of VCO. Fever is a clinical sign of
inflammation; elevation in body temperature occurs when the concentration of PGE2 in
certain parts of the brain increase. The group demonstrated that VCO exhibited antipyretic
activity on yeast-induced hyperthermia. The antipyretic activity of VCO most probably is due
to the inhibition of cyclooxygenase, therefore blocking the synthesis or release of PGs in the
thermoregulatory center. This mode of action is similar to that of Ibuprofen, a non-steroidal
anti-inflammatory agent that possesses antipyretic activity [59].

5.3. Antioxidant, Anti-Stress, and Anticancer Benefits

Mainstream popularity of VCO has led to misinformation regarding potential benefits
and how it is beneficial. For example, many companies touted the Vitamin E content of VCO
and interchange the benefits of the two. Vitamin E comes in several forms and refers to a
group of compounds that include tocopherols and tocotrienols. Coconuts have been shown to
have modest tocopherol and tocotrienol concentrations of 0.07, 0.79, 0.18, and 1.04 mg/100 g
edible weight of y-T, a-T3, y-T3, and total, respectively [68]. Regarding potential anticancer
properties, Jordan, et al. developed tocopherol-rich nanoemulsions which were shown to
possess anticancer activity [69]. This finding shows that VCO may possess some anticancer
activity due to the presence of tocopherols and tocotrienols. Also, in a separate study, VCO
enriched with zinc was shown to increase the number of helper Tcas and cytotoxic Te cells
[70]. T. cells release cytokines, which are capable of activating macrophages, thereby
eliminating virus-infected cells and destroying cancer cells. Thus, VCO appears to have some
anticancer value. However there are a couple of things to bear in mind. One is that VCO only
has a small amount of vitamin E and many other fruits and vegetables have more of these
tocopherols and tocotrienols. Another thing to note is that to the author’s knowledge there
appears limited evidence as of yet to support VCO having significant anticancer properties.
The greater body of working comparison, instead supports VCO having antioxidant, anti-
inflammatory, and immunomodulatory effects [71].

In the body, lipoproteins carry cholesterol through the body, to or away from cells. Low-
density lipoprotein (LDL) carries cholesterol through the body and into cells. High-density
lipoprotein (HDL) carries cholesterol away from cells. When LDL is carrying cholesterol into
the cells of arteries, it can become trapped within artery walls. If there are free radicals within
the body or other oxidizing substances, plaque can form and restrict blood vessels [72].

The lipid peroxides are typically unstable, decomposing to form a complex series of
compounds [69, 71, 73-74]. These newly formed compounds often include reactive carbonyl
compounds comprised of reactive carbon-oxygen double bonds. Malondialdehyde (MDA) is
a product formed from the decomposition of polyunsaturated fatty acid peroxides.
Measurement of the MDA is an indicator of lipid peroxidation. The assays often used include
chromogenic reagent, which reacts with MDA to form a stable chromophore whose
absorbance maximum can then be measured by UV-VIS spectrophotometry. Antioxidant
activity is assessed by measuring lipid peroxidation/oxidative stress and antioxidant capacity
through the evaluation of the MDA concentration and other antioxidant enzyme levels, which
often increase in response [69, 71, 73-74]. These enzymes may include catalase, glutathione
peroxidase (GPX), glutathione reductase, and superoxide dismutase (SOD). The presence of
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polyphenols and the medium chain fatty acids are said to contribute to the antioxidant
activity/antioxidant capacity of VCO.

Lipid peroxidation from free radicals and oxidants is a well-established injury mechanism
in both plants and animals and is used to indicate oxidative stress in cells as well as tissues
[69, 71, 73-74]. Oxidative stress can occur due to this free radical generation in the body
leading to bone stress as well as organ damage, including the heart. Antioxidants generally do
not reduce cholesterol levels, but rather they prevent plaque from building up by binding to
and removing free radical scavengers and other oxidants, thus preventing LDL oxidation. The
polyphenol groups present in VCO were found to be capable of preventing in vitro LDL
oxidation, thus, VCO does provide antioxidant benefits and numerous studies have shown
these benefits when VCO has been added to the rat diet [69, 73-77]. In one of these studies,
VCO had a greater inhibitory effect on microsomal lipid peroxidation compared to copra and
groundnut oil and so is a better antioxidant [73]. The VCO increased the level of antioxidant
enzymes and, thus, was able to prevent lipid peroxidation. Findings in this study showed that
VCO also reduced LDL and increased HDL cholesterol and total cholesterol levels [73].

The antioxidant properties of coconut oil obtained through the various methods have
often been examined. The antioxidant properties of coconut oil obtained from different
extraction methods are different in scale. For example, Seneviratne, et al. concluded that a hot
method of extraction of coconut oil can produce an oil that contains more phenolic
compounds than a coconut oil extracted under cold conditions [78]. As a result of this,
coconut oil extracted under hot conditions showed higher antioxidant potential than coconut
oil extracted under cold conditions since the phenolic compounds are the free radical
scavengers. Therefore, consumption of VCO that have undergone different methods of
processing may result in VCO with different antioxidant content and, thus, slightly different
potential health benefits. Other extraction methods for coconut oil have been examined as
well with a goal of using only as little processing as can be to keep the properties of the virgin
material. An extraction using supercritical carbon dioxide resulted in 99% extraction
efficiency [79]. Use of this method would result in minimal alteration of virgin material and
maximum recovery of oil, however it would have a high extraction cost.

The properties of coconut oil may vary in look, taste and composition depending on
methods used to obtain the oil from the nut, regardless of whether the method involves
processing (non-VCO) or not (VCO) (3-4, 46). For example, in one study, VCO was obtained
through two separate methods: through chilling and also through fermentation, and both were
compared to each other as well as coconut oil obtained through the RBD process [80]. The
VCO obtained through fermentation showed a stronger scavenging effect and higher
antioxidant activity than the VCO obtained from the chilling method. The VCO from use of
the chilling method showed a higher reducing power than fermentation obtained VCO and the
RBD oil. The VCO obtained via either method showed a greater antioxidant capacity and
higher phenolic acid content than the RBD processed oil.

The loss/change in hormone such as estrogen through naturally growing older or other
means leads to a progressive accumulation of oxidative damage in tissue and bone [81]. In
2012, Abujazia, et al., showed that addition of 8% VCO (8 g VCO to 100 g chow) to the rat
diet caused a significant decrease in stress-induced MDA levels in bone [81]. In these studies,
female rats were subjected to ovariectomy or sham manipulation in order to simulate
postmenopausal osteoporosis. The removal or manipulation of the ovaries and subsequent
change in hormones leads to progressive loss of bone matrix in the rat, and, thus, a useful
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model for the occurrence in postmenopausal women. Osteoporosis is bone inflammation
associated with oxidative stress and in this study the stress due to lipid peroxidation was
estimated by an MDA assay Kit using tibia bone sample. Rats subjected to ovariectomy also
had higher GPX and SOD concentrations compared to control groups which seems to indicate
that VCO prevents the lipid peroxidation and increases the concentrations of antioxidant
enzymes in the rat model used. Although the SOD concentration was increased, the increase
was not statistically significant unlike the MDA and GPX concentrations, which were
statistically significant and the results of these studies indicate alignment with other studies
showing the effectiveness of VCO in maintaining bone structure. VCO prevented loss of bone
density by preserving bone mass in the rat model.

A similar study from the same group and also using the postmenopausal osteoporosis rat
model was performed by Hayatullina, et al. using an 8% (8 g VCO to 100 g chow) VCO
supplemented diet [82]. A diet supplemented with VCO led to rats with significantly greater
bone volume in rats that had ovariectomy or sham manipulation than those without VCO in
the diet. These findings support the evidence for reduction of bone loss density through lipid
peroxidation in the estrogen deficient ovariectomized rat by inclusion of a VCO enhanced
diet.

VCO then, clearly is effective as an antioxidant when included in the diet. How might
VCO compare as an antioxidant to several other oils deemed healthy enough to be included as
part of a balanced diet? Findings by Arunima, et al. revealed that a diet supplemented with
VCO was more effective at reducing oxidative stress in rats than olive, sunflower and copra
oil [36, 83]. In these studies, VCO functioned to help increase several enzyme activities
including those of catalase, glutathione peroxidase, and glutathione reductase and superoxide
dismutase. Enzymatic activity in the rat model used in this work supports findings indicating
the antioxidant ability of VCO as part of a balanced diet. VCO also decreased tissue lipid
levels in this study as it did in those previously mentioned.

Studies in similar animal models regarding the antioxidant capacity of VCO have
continued to reinforce findings from previous rat studies. Yeap examined in vivo antioxidant
and anti-stress properties of VCO in mice [36]. The studies showed that stress induced lipid
peroxidation from mice administered the forced swim test and cold restraint stress test at 4°C
was reduced in mice serum through the use of VCO at doses of 10 ml/kg animal weight. VCO
also caused an increase in the liver superoxide dismutase enzyme level and administration led
to restoration of balance in brain monoamine neurotransmitter levels, particularly serotonin.
Since administration of VCO blocked the increase of serotonin seen in untreated, stressed
animals, the depletion of this neurotransmitter was not observed in the VCO-treated animals.
This study demonstrated the potential for VCO in blocking stress-induced inflammation and
lipid peroxidation.

Thus, VCO consumption as part of a balanced diet is beneficial due to the known
antioxidant/antistress properties. It turns out that antioxidant properties are also seen in the
topical application of VCO in addition to dietary intake of VCO. Nevin, et al., 2010, showed
that rats treated topically with VCO to excision wounds healed faster. 0.5 ml and 1.0 ml of
VCO was applied to wounded Sprague-Dawley rats [19]. Lipid peroxide levels were lower in
the VCO treated wounds versus control. Antioxidant activity was also proven based on the
alteration of enzyme levels of glutathione and MDA. Thus topical application of VCO is
beneficial in addition to dietary intake.
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Clearly, we have seen how VCO can reduce lipid peroxidation and alter enzyme levels
associated with oxidative stress. VCO can eliminate or reduce the loss in bone density due to
accumulation of oxidative damage. VCO can also reduce or eliminate oxidative damage in
body organs as well. For example, oxidative stress can lead to hepatic toxicity [84].
Treatment with VCO was shown to help protect liver function, reduce liver damage
associated with lipid peroxidation and lead to an improvement in hepatic antioxidant
enzymes, enzyme activity and liver fatty acid level [39, 85-86]. Treatment with VCO was
shown to help protect liver function, reduce liver damage associated with lipid peroxidation
and lead to an improvement in hepatic antioxidant enzymes, enzyme activity and liver fatty
acid level

5.4. Cardioprotective Effects

VCO has a rich content of MCFAs consisting of caproic acid, caprylic acid, capric acid,
and lauric acid [10]. It contains high amount (65%) of medium chain triglycerides (MCTS).
These MCTs are directly absorbed from the intestinal tract and sent directly to the liver and
doesn’t participate in the biosynthesis and transport of cholesterol [87] and, thereby provides
a quick source of energy. As a result, VCO was found to be effective against cholesterol
levels. VCO was found to reduce the total cholesterol, triglyceride, phospholipid, and LDL,
and increase the HDL in the serum and tissues [73]. In addition, the polyphenolic component
found in VCO was capable of reducing lipid levels and LDL significantly [74].

VCO was also reported to prevent hypertension and improves endothelial functions in
rats fed with repeatedly heated palm oil [88]. In another similar study, it was reported that
VCO supplementation demonstrated a cardioprotective effect by preventing an elevated blood
pressure when rats were fed with repeatedly heated palm oil [89]. VCO at a dose of 1.43
mi/kg reported protective effects on the vascular and cardiac tissue remodeling when rats
were fed with repeatedly heated palm oil [90].

The higher reaction polyphenols in VCO are responsible for its anti-inflammatory and
anti-oxidant effects and therefore helps in the prevention of cardiovascular disease and
atherosclerosis [60]. Animals fed with VCO were found to have better coagulation studies
with lower fibrin levels and better prothrombin time when compared with copra oil and
sunflower oil [12]. VCO administration to rats increased anti-oxidant activity and lowered
lipids and thrombotic factors compared to normal coconut oil [76].

In a prospective open label trial in humans, it was found that a 4-week supplementation
of VCO significantly reduced waist circumference and improved lipid profile and it is safe for
use in humans [91]. In another study, it was found that coconut oil consumption did not
elevate serum total cholesterol or serum triglycerides in a cohort of 1,839 Filipino women
[92].

As described in this section, the existing literature reports the cardiovascular health
benefits of VCO. However, evidence pertaining to VCO use is limited and more research in
this area is needed to definitively recommend dietary VCO to improve cardiovascular disease
risk.
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5.5. Bone Loss Prevention

Oxidative stress and free radicals are implicated in the pathogenesis of osteoporosis.
Therefore, antioxidants are likely to prevent the disease. In one study, it was shown that VCO
effectively improved bone structure and prevented bone loss in osteoporosis rats and this
effect can be attributed to the polyphenols present in VCO [82]. Further, VCO
supplementation showed a significant improvement in the bone antioxidant status by
preventing lipid peroxidation and increasing levels of glutathione peroxidase and superoxide
dismutase enzymes in the osteoporotic rat model [81].

5.6. Antimicrobial Effects

VCO has a long history of use as an antibacterial agent. A history of safe topical use and
no known or reported cases of adverse effects opens up more possibilities of the use of VCO
against infections. VCO contains high quantities of MCFA like lauric acid, caproic acid, and
caprylic acid; studies have shown that these MCFA are responsible for its antibacterial,
antifungal, antiviral, and properties [93].

e Antibacterial activity. MCFAs and their derivatives are effective in destroying lipid-

coated bacteria by disintegrating their lipid membrane. The antimicrobial activity of
VCO might be due to an active compound monolaurin, which is a product of lauric
acid metabolization [94]. Lauric acid is the predominant fatty acid in the coconut oil
[95]. It is also present in breast milk and was found to helpsupport healthy growth in
breastfed infants and was shown to possess antimicrobial properties [96].
VCO and monolaurin have shown antibacterial effects on Staphylococcus aureus,
and can be useful in the proactive treatment of atopic dermatitis colonization [97].
Similarly, in pediatric patients with mild to moderate atopic dermatitis, a topical
application of VCO for 8 weeks was superior to that of mineral oil based on clinical
and instrumental assessments [98]. In contrast, VCO did not inhibit the growth of
Staphylococcus aureus and the morphology of Staphylococcus aureus cells exposed
to the oil was not different from that of the untreated cells. This effect might be
attributed to the low concentration of lauric acid (0.47 mg/ml) in VCO, which is
below the minimum inhibitory concentration (MIC) of lauric acid (1.6 mg/ml) [99].
Another study demonstrated the inhibition of growth of antibiotic resistant
Clostridium difficile mediated by MCFAs, which are derived from VCO [100].
Hydrolyzed VCO was more effective against Pseudomonas aeruginosa, while
unhydrolyzed VCO did not inhibit the bacterial growth [101]. In another study,
enzymatic hydrolysis of VCO inhibited growth of Salmonella species in in vitro and
in vivo studies [102].

e Antifungal activity. Since VCO is a rich source of MCFA, which possesses
antifungal activity, a study in Nigeria reported its effectiveness as an antifungal
agent, and compared its action to fluconazole, a first line of treatment against drug
resistant Candidaalbicans. The study concluded the oil to be very potent against
Candida species at 100% concentration when compared to fluconazole and therefore,
can be used in the treatment of fungal infections caused by Candidaspecies [42].
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Capric acid was more effective against Candidaalbicans, while lauric acid was the
most active at lower concentrations.

e Antiviral activity. VCO was found to be effective against lipid-coated viruses, such
as Epstein-Barr Virus (EBV), influenza virus, leukemia virus, hepatitis C virus, and
Cytomegalovirus (CMV); it acts by disrupting viral membranes, assembly, and
maturation. Lauric acid has greater antiviral activity than caprylic acid, capric acid,
or myristic acid [103]. Monolaurin acts by solubilizing the lipids and phospholipids
in the envelope of the virus and, thereby causes disintegration of the envelope [53].

CONCLUSION

VCO is becoming popular as a functional food oil due to increasing public awareness
about its health benefits. VCO is obtained from the fresh, mature kernel (meat) of the coconut
by mechanical or natural means, with or without the use of heat, without undergoing chemical
refining, bleaching or de-odorizing process, which does not lead to the alteration of the nature
of the oil and preserves the essential amino acids, tocopherols (vitamin E) and other valuable
compounds present in coconut oil. Recently published literature about the health benefits of
VCO has been a boost for the growing demand of VCO.

VCO has a rich content of MCFAs, predominantly lauric acid and some SFAs with a
higher amount of myristic acid compared to other SFAs. The properties such as higher levels
of saponification, phenolic compounds and tocopherols and low iodine numbers and peroxide
values make VCO a potential healthy addition to the normal diet.

As discussed before, there are several methods by which one can produce VCO.
Accordingly, the quality and quantity of the final oil produced vary with the different
processing techniques employed for extraction. Also, the produced VCO possess varied
organoleptic characteristics. The high-pressure expelling method and Bawalan-Masa method
generally produce VCO with a longer shelf life of one year or more. The modified kitchen
method incurs a very low investment cost and is prone to rancidity development after five
days if moisture is not properly removed after extraction. A two-stage centrifuge process can
produce best quality VCO with coconut aroma. However, the best oil recovery is achieved
with a high pressure expelling method. Hence, in order to ensure that only high quality VCO
is produced, it is highly recommended adhering to the principles of good manufacturing
practices.

Different groups in animal models have evaluated the anti-inflammatory, analgesic and
antipyretic properties of VCO. VCO inhibits both acute and chronic inflammation in RA
induced animal models when used in high dose. In other studies, VCO also exhibited
moderate analgesic and antipyretic effect on acetic acid-induced pain and yeast-induced
hyperthermia, respectively. There are very few studies on the analgesic and antipyretic
activity of VCO and, thus, needs further investigation. These preliminary studies give
encouraging results to further exploit the therapeutic potential of VCO.

On the other hand, other studies proved that there are indeed beneficial antioxidant
properties in VCO. A diet enhanced with VCO may have potential health benefits as long as
the fatty acid content in the diet is moderated. Unadulterated VCO may also be richer in
antioxidants providing greater health benefits than RBD or other means of obtaining the
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coconut oil. Of course, maintaining a proper balance of saturated fatty acids in the diet is
important and this should be kept in mind when VCO is included in dietary intake.

VCO with limited pharmacotherapeutic properties is gaining popularity in the modern
society. From the existing literature, there are many health benefits including cardioprotective
effects, bone loss prevention, antibacterial, antifungal, and antiviral effects. However, more
research is needed to provide conclusive evidence against clinical applications.

FUTURE DIRECTIONS

VCO is currently enjoying a great deal of positive press thanks to increased publicity
about its potential health benefits. Although it is being touted as the latest “superfood,” with
ascribed qualities that run the gamut from causing weight loss to fighting cancer, it is likely
that future research on VCO will focus on its anti-inflammatory properties. This is because
inflammation is now attracting attention from scientists as a potential unifying factor among
multiple diseases. Recent studies have shown that tissue degeneration due to chronic
inflammation plays a role in the pathogenesis of such different diseases as type 2 diabetes,
Alzheimer’s, and age-related macular degeneration [105]. While inflammatory mediators are
usually produced in response to cellular injury, they are also released from fat cells, which
explains the increased risk that overweight people face for a variety of conditions.

A 2016 study published in the neurology journal Brain showed that brain inflammation is
likely a driving factor behind Alzheimer’s disease, rather than simply an immune reaction
after brain pathology has already set in [106] Treatment of inflammation in Alzheimer’s mice
stalled their loss of neuronal connections, and improved their memory loss and behavioral
problems. However, treatment did not stop the progression of amyloid plaque buildup in the
mice’s brains. Interestingly, the results of this study dovetail with those of a 2015 study
published by the University of Valencia, which found that administration of 40 mL/day of
VCO to Alzheimer’s patients produced a statistically significant improvement in cognitive
status [107]. It is important to note, however, that this study ascribed the beneficial affects of
VCO to the cellular energy source, namely ketones, provided by its medium-chain
triglycerides. Other studies with similar results also prefer the ketogenic hypothesis to the
anti-inflammatory hypothesis [108]. Nevertheless, considering the novelty of the association
between Alzheimer’s disease and inflammation, it is likely that more light will be shed on
how much of a role VCO’s anti-inflammatory properties play in its therapeutic effects on
Alzheimer’s patients.

The ketogenic and oxidizing properties of VCO have also attracted attention in recent
years, particularly in the context of weight loss. The most recent example is the craze for so-
called “bulletproof coffee,” which was claimed to heighten alertness, suppress appetite, and
increase fat burning via ketosis, due to the addition of butter and medium-chain triglycerides
(often in the form of VCO). The current scientific standpoint towards bulletproof coffee is
one of skepticism, considering the variability of results and lack of formal research. However,
the potential association between weight loss/ketogenesis and VCO alone is a current hot
topic in research. A study due out in 2016 correlates a high-VCO diet with improvement in
hyperglycemia and dyslipidemia in high fructose-fed rats [109]. A 2014 study reported that
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VCO significantly increased hepatic lipid metabolism and fatty acid oxidation compared to
copra oil [110]. Research in this area is ongoing.

In summary, the future directions of VCO research seem to focus most on its anti-
inflammatory and ketogenic/lipid oxidizing properties. Furthermore, both these areas of
research appear most popular in the context of treating Alzheimer’s disease and promoting
weight loss. While results for these topics of investigation remain preliminary, they are the
focus of nearly all the most recent papers published on the health effects of VCO. We may,
thus, anticipate that research into the correlation of VCO administration with inflammation,
lipid levels, weight loss, and Alzheimer’s is ongoing, and that more complete information is
forthcoming.
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