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Abstract. Poly(lactic acid) is a well known polymer for mdhan 20 years in the biomedical fields
applications. Today, according to rising pricesaif and massive consumption of fossil resource,
this biodegradable aliphatic polyester is on theyw@a be a wide used commodity polymer.
Moreover PLA is as a “green plastic” because isimthesized from annually renewable resources.
In many ways similar to poly(ethylene terephtalaegh as rigidity, transparency, crystallization
kinetics and food contact ability, it fulfills tlpackaging industry requirements for most of thyedri
objects. But for applications like hot food packsgsoft films and stretch blow bottles for example
some properties of PLA have to be improved liket ltkedlection temperature (HDT), impact
stiffness and gas barrier properties. There are ynaays reported in literature today to improve
these properties. In order to compare it with otiveell known polymers, figure 1 represents
thermal properties of PLA and these polymers. Tim af the work deals to identify actual
weaknesses of commercial grades of PLA. Secomdlyresent pertinent ways to improve PLA’s
properties have been identified according to chqe@tess and final properties wished. This study
is composed of three main items. In a first timbjldiographical study is necessary to identify the
different ways to improve PLA’s properties usedrdgearchers and industrials in literature. The
most significant ways will be describe here. ThémA Rompound (PLA with additives or PLA
copolymers for examples) will be synthesized irditmms closed to industrial conditions studying
crystallisation kinetic and rheological propertiesn this step thermal, physico-chemical and
mechanical properties of products synthesized bellcharacterized. At the end of this study the
best ways of improving PLA’s behavior will be pregsd and described [1].
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1. State of the art

Lactic acid, the basic block to synthesize PLA, vwsadated for the first time in 1780 by a Swedistemist
Scheele and first commercially available in 1884ctic acid is used in many processed foods astarisc
inhibitor or acidic flavoring agent for example. &lcommon way to produce industrial lactic acid ys b
bacterial fermentation of agricultural raw matesiaich as corn or potato starch, cane or beet bugalso
waste materials from agricultural production. Thé@hA can be polymerized by different ways:
polymerization of lactic acid by polycondensatiarby dimerization of lactic acid to obtain lactided then
ring opening polymerization to obtain polylactida4]. This method is able to produce high molecular
weights PLA at an industrial scale.

The farthest developments of using PLA in packagnaystry are for food, fruits, vegetables and &saas
well as catering products for cold beverages andlsndndustrial and commercial grades of PLA are

available on the market [13-17]. Today Cargill Devaturework®! is the leader of PLA production with a

capacity of production (in 2007) of 140 000 tonstyeNatureworkd! PLA have a good clarity and glossy,
heat-sealing ability, oil and fat stability, bettersion strength than cellophane (+25%), taste feaaur
barrier, good ability to be printed on, enoughfségs to produce hard package and blow mouldindyats,
crease resistance, workability on conventional gmeints and of course it is environmentally friengibwer
fossil raw materials and energy consumption, smad@issions of greenhouse gases, renewable raw
materials and compostable). So this commercial B€€ording to its properties can be used in a widge

of applications. But PLA have weakness. A low taflection temperature (about 50°C) restrains PQA t
low temperatures applications. PLA has also insigffit gases barrier properties regard to PET awd ha
weak impact resistance. These three major weaksie$st A have to be improved in order to use PLAIN
wide range of packaging applications: microwavatalek, bottles and films with barrier properties-fitg.

There are many ways describe in the literaturentprove these properties of PLA. First of them is to
improve crystallisation kinetic and crystalline pesties of PLA. This can be done by using, for epian
nucleating agents or plasticizers. Crystallinityaiso a way to improve mechanical properties of Rinéler
temperature. Impact resistance should be improgedjiplasticizers. Nanostructured PLA and multifghas
polymers based on PLA are also reported in liteeafor increasing PLA's mechanical properties and
helping biodegradability [16-25].

1.1. Modification of crystalline property of PLA

1.1.1. Introduction

It is reported in literature that the maximum PL#Astalline content is about 35% to 45% but crystation
kinetic of neat PLA is very slow and thus procediggiof crystalline PLA would be difficult for proess
like extrusion or injection [3-6]. This is one dfet main reasons to improve crystallinity and ctjigtion
kinetics of PLA. The other one is to improve beloaviof PLA under temperature because above itsglas
transition temperature (about 60°C) only the ciiis@aPLA phase can confer useful mechanical prig®r
There are three major ways to improve crystallir@pprties of PLA: the use of nucleants to lower filee
surface energy and initiate crystallization, the o$ plasticizers to increase chain polymer mabéihd so
helping crystallization and playing with processgmaeters and moulding conditions to reach the legst

of Crystallinity [6-8].
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1.1.2. Semi-crystalline PLA — stereocomplexed PLA

Lactic acid exists in two optical enantiomers: ttla and D-lactic. Ring opening polymerizationaslay the
common industrial way to produce poly(lactic aciddh high molecular weight. L-lactide and D-lactidee
dimers of two L-lactic (or D-lactic) acid. Mesolacis a dimer of one L-lactic and one D-lactic. FA:L
poly(L-lactic acid) and PDLA: poly(D-lactic acidyethe polymers associated with these two morphegog
Fermentation process of corn tends to favor pradacof L-lactic [1,4,6]. So commercially available
poly(lactic acid) is a mixture of L-lactic and Delic with a major contents of L enantiomers [28-3R]s
reported that an amorphous commercial grade of Pave a ratio L:D of 80:20 to 98:2 (molar ratio) aad
semi-crystalline commercial grade a L:D ratio of88.6 to 98:2. When PLLA and PDLA are blended they
form a stereocomplex that can act as a nucleatierics PLLA when cooled at a temperature below @im
PLLA. As a conclusion the stereochemistry of PLAc@anplex because of its chiral nature. Controlhef t
ratio of L to D monomer content is an important exilar feature for PLA.

1.1.3. Nucleants and plasticizers

A large amount of nucleants for PLA was reporteddsearchers. First of them, talc, is a well kndiler
widely used with polymers. Literature reports [1t34t talc is also a good nucleating agent for PAAth
addition of talc it is possible to reach the 40%cofstalline phase in PLA. But this result was oted in
specific conditions with a slow cooling rate nottable for industrial production (cooling rate ayeeater
than 10°C/min in injection moulding for example)rFhigh cooling rate, plasticizer combine with talc
increased the crystalline kinetics of moulded PLA imould temperature has to be in the 70-100°Ceaang
The plasticizer showing the best results in liter@twas poly(ethylene-glycol) PEG added at abo@t 0.

It was also described that plasticizers of low roolar weights are better than high molecular waidHEG,
because they are more able to migrate from thagphberulitic amorphous layer to the front of grayvin
spherulite helping them to grow easily. But for lgggion such as food packaging, ability of polymer
migration is not suitable. As a result of blendIgA with PEG, glass transition was lowered. Theibibity
limit of PEG in PLA occurs when melt glass trarmititemperature stopped to decrease. In the case of
amorphous PLA, it is reported that transition frbrittle to ductile occurs when Tg is shifted to 8550 the
use of plasticizers will increase elongation atakreand lowering tensile modulus and brittlenesslefhd
[13,20]. As a conclusion the use of plasticizer®itA can modify properties of both amorphous amise
crystalline PLA. Other efficient plasticizers foL®R reported in literature are citrate esters oadeitine.
Other nucleating agents suitable for PLA accordmbiterature are aliphatic amide compound. Fomgxa
ethylenebis (12-hydroxysterylamide) called EBHSA. [Results show a greater nucleation density with
smaller spherulites than neat PLA. One other omemmpound family was found as PLA’s nucleatingrage
in literature: hydrazide compound. An interestirtgdy has compared efficiency of PLA mixed with
hydrazide compound (1% wt.) or aliphatic amide commqu and talc (1% + 1% wt) in injection moulding
conditions. The properties of injected compoundenggrite impressing. HDT (Heat Deflection Temperatur
and impact resistance were increased more thae wiioeat PLA. But on the processability point afw
injection time cycle was not industrially viabler faliphatic amide compound and talc (injection eyalas
about 7 min). For hydrazide compound injection eyalas reduced to less than 3 min. As reference
polypropylene injection cycle is about 1.5 min. ERAand talc are readily available products but hyite
compounds have been synthesized at laboratory [@ial5].

1.1.4. Processing parameters

Literature is quite poor about the influence of qasses parameters on PLA crystallization [21]. DSC
analysis can be useful to predict PLA behaviour wpeocessing. The literature showed that annealing
material above its glass transition temperature®’q®0increased polymer chain relaxation (for both
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amorphous and semi-crystalline PLA) and crystdilirfin the case of a semi-crystalline PLA). One can
remarks that annealing material within an induktiiamework of producing PLA may be sometimes

difficult to realize. Sakai et al. in their studyopessed PLA (with nucleating agents) with a mould
temperature of 110°C to enhance crystallizatione Trocess parameters and their influence when
transforming PLA will be studied during the expegmtal part of this report.

Effect of Annealing and Orientation on Microstructures and Mechanical Properties of Polylactic Acid

Previous studies have shown that there are twasldhdrystal structure in PLA, depending on therfation
conditions: ana form (pseudo-orthorhombic, pseudohexagonal, ohoohiombic) and ap form
(orthorhombic or trigonal). Hoogsteen et al. [28)estigated the effect of solution spinning on the
microstructure of PLA, and found that the b/a raticreased with increasing draw ratio. Similar teswere
also reported by Sawal et al. [30]. Kokturk et [8l1] studied the development of crystal structunel a
orientation during uniaxial stretching of lineardaoranched PLA films using an Instron tensile tegii¢h a
temperature controlled environmental chamber in tdraperature range of 65-85°C. It was found that
stretching the materials above their Tg producemdrarientation in the amorphous state, and beyand
critical level, very sharp and highly oriented lyatalline formed chains with 3/1 helices. Whentstrag at

or below Tg, the films were found to revert to ghly oriented amorphous state through the destnuaif
the crystalline domains.

1.2. Other ways of modification of PLA

In this second part of this bibliographical studg,overview of other ways of modifying PLA will lggven.
One of the promising ways of these modificationmasostructuration of PLA. Nanoclays and core-shell
rubbers are the most related nanostructurantsLfarif literature. Chain extension mechanism has alsen
identified to modify PLA. With chain extenders aage molecular weights of polymers should be in@éas
and thus should increase physical and mechanitahisir of the material. Last way of PLA’s modifican
that will be discussed in this part is PLA blendimigh other biopolymers or polymers. A lot of blencould

be considered, but just a few examples will be iilesd in this study.

1.2.1. Composites based on PLA.

One promising way for improving that behaviour dfAPis its nanostructuration [11-12]. Nanoclay and
Core-Shell rubbers, according to literature, aeerttost promising materials for that nanostucturaf20].

a) Core-Shell rubbers generally consist of a crogsdid elastomeric core of controlled composition aize
produced by the emulsion polymerization procesh withermoplastic shell encapsulating core (ran@e o
size 50-500 nm). Surface of core-shell can alsgrafted (or not) in order to enhance compatibilityth
material. These core-shell are generally use asirapact modifier (for plastics) improving impact
resistance of PLA. Parameters that influence efficy of these core-shells are: size of particled tre
quality of their dispersion in the polymer matnixpber glass transition temperature and the adhes$mthe
polymer matrix. This adhesion and property improgets depend on the surface chemistry of shells.
Literature reports additions of about 5% to 10% aftcore-shells in PLA matrix. Efficient core-shdis
PLA related in literature have a pulybutylacrylatere with a polymethylmethacrylate shell. ReceRtim

& Haas presented its first commercially availablendic based Core-Shell for impact modificationRIifA
known under ParaloidTM BPM 500. Rohm & Haas presenguite impressive results in terms of
improvement of impact resistance. Moreover thisitaddkeeps the transparency properties of PLA.rRoh

& Haas claimed that addition of 7.5% wt of Paral&éidBPM 500 improve dart drop impact resistance of
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PLA more than 5 times than with neat PLA . Othepsiers like Duporit!, Arkema and BASF developed
their own impact modifiers for PLA.

b) Other nanostructurants useful for PLA founditarhture are nanoclays. Montmorillonite (MMT) iget
most related clay in literature for improving proties of PLA. These patrticles are plate-shaped \aith
average thickness of approximately 1 nm. Lengtiesdrom several tens to several hundred of nan@set
Surface of platelets is generally modified withfaarants to provide miscibility with the polymerdan
allowing complete dispersion. Moreover MMT is eawoiwal, naturally abundant and environmentally
friendly. Clay contents in PLA matrix related iteliature are up to 10% wt. The most important issue
withdraw is a good dispersion of clay in the polymmeatrix. The hydrophilic nature of PLA confersribre
ability to be compatible with hydrophilic surfactaron clay. The use of compatibilizers like elastiom
ethylene copolymers has been reported to enhaecdeatyree of exfoliation of the organoclay. As proes
improvement, it was reported that MMT improve tieathdeflection temperature (HDT) of material (76°C
for neat PLA and 110°C for PLA with 7% wt of MMTden a 0.98 MPa load), gas barrier properties (clay
creates a ‘labyrinth’ that retard the progress ofsy molecules through the matrix resin) and help
biodegrading of material. There was also reporthdttclay can acts also as nucleant for PLA [11-12].
Southern Clay Products produces commercial gradedMT with different surface treatments. Cloisite®
and Nanofil® are these products name. Cloisite® 3@ reported to be the more suitable clay for PLA
according to its hydrophilic surface.

c¢) Core-Shell and Nanoclays

Tonggnian et al. [20] also reports the synthesisPbA composites using MMT nanoclays and core-shell
rubbers. It was reported that the use of core-shddbers enhanced the degree of exfoliation of MMT.

1.2.2. Chain extension or crosslinking of PLA

Another way to improve mechanical properties of Piefiorted in literature is chain extension [4,7ha
extension increases molecular weights of polyntezngth of melt (acting like a crosslinker) andoatsin be
use a reactive compatibilizer in blends [26-27].rdtver a study show that branched PLA are moretable
cold crystallize. When compounding polyesters makecweights are subjected to degradation. Itpered
that this degradation could be fast when procesaitigh temperature or shear rate. That can caless of
physical and mechanical properties of polymer.tFegkated chain extension experiments of PLA werneed
with isocyanate compound. This molecule is knowhedoxic and highly volatile so there are few ragts
for using it within the framework of this study. Wisuch a technique, researchers increased PLAMEIIs,
elongation at break and glass transition tempezatur

Another chain extenders related in literature isHBA-based epoxy resins (Zhou et al. [7]). In thigdy, a
modified PLA (dicarboxylated obtained with succiaichydride) was blended with DGEBA with the help of
a catalyst tetrabutylammonium bromide (TBAB). CGhaktension was performed in a rotavapor rotating a
150 rpm under a 100 Pa pressure and at 150°C.r&adts were obtained for a mol ratio of dicarbaxgtl
PLLA and DGEBA of 1:1 (85% PLLA, 14% DGEBA and 19BAB). Results presents a molecular weight
improve from 10,000 to about 87,000 g/mol withoat gontent. In this study chain extension was nyainl
linear. Evidence of reaction was done using FTIRyais.

BASF Joncryl® is a commercially available chainemder for PET and PLA that uses non linear chain
extension. This product is an epoxy-functional esty—acrylic based or styrene-free acrylic basedivea
polymers. According to the supplier, it is compos&diow and high epoxy functionalities that allow
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molecular weight modifications in a much largergassing window. There are two advantages with BASF
Joncryl®: it can be purchased as a solid (usefutdactive extrusion) and it has the food contgceement
[1]. Results showed by supplier are quiet impresgmproving molecular weight form 125,000 to 429,00
g/mol within the addition of 1.7% of this commetcmoduct (process parameter : reaction time 6 atin
220°C with grade 6300 of PLA from NatureworksTM).ofdover this chain extension mechanism is
patented by Natureworks® LLC. To perform chain asten of PLA, molecules containing epoxy functions
seems to be the most promising way.

1.2.3. Multiphase materials and copolymers basedlagkn

Other way of improving properties of PLA is to bieih with others molecules. Literature is very righout
blending PLA with other polymers or biopolymers. #flaelated studies are about blends of PLA with
thermoplastic starch and/or polycaprolactone). Some studies also report synthesi$LA based
copolymers. At last the great amount of polymers materials existing today in the market can lethink
and search about new polymers and blends baseddAn P

1.2.3.1. PLA compounds with thermoplastic starch.

Thermoplastic starch (TPS) is a low cost biopolymerduct from annually resources. Drawbacks of this
polymer are its poor mechanical properties and lghsitivity to moisture. Starch is composed of two
polysaccharides: amylose and amylopectin. Amylesgenerally the minor component in starch. Amodint o
amylose and amylopectin in starch depend on staothce. Amylose is a linear macromolecule and
amylopectin is a branched macromolecule. In ordebé processable, starch has to be plasticized and
gelatinized (that is to say making disappearedtaliyse structure of starch at 70-90°C in preseofcevater

or glycerol acting as plasticizer). Blending PLAJaRPS without compatibilizer or initial treatmepfalls to

a material with very poor properties. Grafted PLAhwmaleic anhydride in a single screw extruder ban
prepared (Sarazin et al. [4]. Then PLA modified whshded with TPS in another single screw extruBer.
glycerol content in TPS of 36% at least, TPS-PL&nbls showed improved ductility and elongation atkr
between 100 and 200%. Researchers explain thimeeaheent by a better homogeneity of the blend with
grafted PLA than blend with neat PLA. In anotheundst dioctyl maleate was found to be efficient
compatibilizer and plasticizer for PLA + TPS bldmat results are less impressive.

In another study Sarazin et al. blended PLA or PREk with TPS without any treatment. Results show
enhancement of properties of PLA especially elangadt break and impact resistance. But improveroént
elongation at break is not as important as in tfewipus described study. Nevertheless it appeatstiie
presence of PCL at about 10% wt. improve impadstasce (and ductility) compared to neat PLA byéhr
This study confirms the need of a TPS with at 18886 of glycerol.

1.2.3.2. Copolymers based on PLA

PLA-based copolymers found in literature are ppadliy intended to the field of medical applicatioBst
these experiments may have some interest withiriréime of this study to find new ways of developmen
for PLA. Cohn et al. report synthesis of PLA-POLREO-PLA block copolymers in a two step process.
First step is the synthesis of PLA-PEO-PLA or PLBEPPLA triblocks copolymers by a solvent way.
Second step consists of crosslinking these blocits the help of hexamethylene diisocyanate (HDI).
Results show impressive elongation at break fothggized materials (600% for PLA-PCL copolymer and
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1000% for PLA-PEO copolymers). Solvent way is nompatible with industrial process for packaging
industry but crosslinking of PLA, as described amtfl-2-2, is possible in reactive extrusion.

1.2.3.3. Other blend based on PLA

The second most important natural polymer in thédvs chitin. Main sources are marine crustacdies
crabs or shrimps. Chitosan is a derivative of nhithen its rate of deacetylation reaches 50%. &hitds a
semicrystalline polymer. Hydrophilic nature of dséan may affect its stability. Most applications of
chitosan are found in medical area according tbigsompatibility. Moreover chitosan possess bargeti-
microbial and fungicidal properties. So in the digf packaging application, blending chitosan wihA
may be a promising way for bioactive film produatitdNevertheless most related synthesis of PLA-shito
blend is made by film casting. This way of syntedsinot conceivable for an industrial scale preceéghen
blended together, PLA did not react with chitos@ne study of Correlo et al. [5] related blendingPhfA

with chitosan by melt processing. Authors synthesia 50:50 PLA chitosan blend in a twin screw
corotating extruder (TSE). Unfortunately, littlefanmation is given about chitosan used and its gnatmon
before blending with PLA. Thermal profile and ratat speed in TSE are given. Results showed that
chitosan acts as a nucleating agent for PLA imiatold crystallisation at 90°C (100-110°C for hEaA).
Tensile strength and elongation at break decreasetpare to neat PLA. But these are not searched
properties for such blend. Most important are learaind fungicidal that seems to be carried wittiosiain.
Related article did not analyse barrier propentiesynthesized material. Finally the literatureawtpd that

the use of MDI as compatibilizer enhance interfacidhesion between PLA and chitosan and PLA
crystallinity without leaving free isocyanates aating to MDI reaction with water. To conclude, aating

to the amount of commercial polymers availablel@rharket, one can imagine that a large amounieoflb
based on PLA that should be synthesized in the feextyears. Actual impressive growth of biopolymer
market leads researcher and industrial to develoe mand more new products

In this bibliographical study, most promising wdyemhancing PLA properties have been reviewed.eBett
crystallinity level can be achieved by the use wfleating agents and plasticizers in associatidh sitable
processing parameters. Mechanical properties calsid been improved by the help of chain extension.
Impact resistance to produce films and bottles béllenhanced according to additions of core shblhers.
Temperature resistance and biodegradability carcdrded with the use of clays to synthesize PLA
composites. Blending PLA with other biomaterials asays to be followed to produce tunable and ecanom
biomaterials. Finally Chitosan is an interestingtenial to obtain, associated with PLA, good barrier
properties for film applications.

2. Main results and discussions

The aim of the work was firstly to identify actuakaknesses of commercial grades of PLA. Secondly,
pertinent ways to improve PLA's properties haverbaientified according to chosen process and final
properties wished. The present study was compdsediomain steps:

- Academic bibliography of actual properties of Plit4,industrial synthesis and different ways of immment of its
physical, chemical and thermomecanical propertiéscording to this first step, PLA formulations te@ b
synthesized and tested were determined. Raw miatarid additives were also ordered.

- Four commercial grades of PLA from suppliers wenaracterized in order to compare their thermal, ohagical,
mechanical and physical properties. This study shithvat commercial grades of PLA by their physicalerties.

- Elaboration of PLA formulations was done at plastianufacturing facilities of our laboratory usingcarotating
twin screw extruder. Blends were pelletized andhtiebaracterized using capillary rheometry , difiatial
scanning calorimetry (DSC), thermomechanical arialys.
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- Thin films were also prepared in order to charactermechanical and thermomechanical propertieyoftesized
materials.
All formulations were done on the basis of Natundw® LLC PLA grade 2002D (extrusion grade).

The main objectives are:

- Improvement of crystalline properties and crystation kinetic was performed using nucleating agé€malc) and
plasticizer poly(ethylene glycol) PEG.

- Improvement of elongation at break and impact tasise of PLA was done using commercial Core-Shélbers
grades (supplied by Rohm & Haas). Studied gradese viRaraloidTM BPM500 (sold for PLA that keep its
transparency) and ParaloidTM EXL2330 related indeaic literature.

- Chain extension of PLA was performed using commleaciditive supplied by BASF. This additive is p#td by
Naturworks® LLC and its name is Joncryl®. Joncryd@ditives are multifunctional polymers containingogy
functions). The effect of two grades of Joncryl®RirA will be characterized: Joncryl® ADR 4300S (rejgbxy
functionality) and Joncryl® ADR 4368CS (high epéxyctionality that certified FDA).

- Nanostructuration of PL by elaboration of nano oficracomposites using Montmorillonite nanoclays. The
addition of chitosan (derived from chitin 2nd mabtindant natural polymer worldwide) has also beepi@ed as
the 2nd composite way. Nanoclays, grade Nanofil®ds purchased from Southern Clay Products (Germangt
Chitosan of medium molecular weight was purchaszu fAldrich.

2.1. Material and Methods

Classification, evaluation and selection of PLA grades available on the market.
The identification of PLA grades available on tharket has been carried out specifying followingeasg:

- The place of production: US, Europe, Asia.
- Suitable processing technologies: extrusion, ingectolding, thermoforming, etc.
Following to this identification, four PLA gradeswe been chosen to be tested. These PLA gradds fulf

following conditions:

- From two different suppliers: one from US and tkigeo one from Europe
- For each supplier, one grade for each of the twannpmocessing technologies (extrusion, Injection
molding and)

Classification, evaluation and selection of PLA grades available on the market.
Results of the identification of PLA grades ava#abtn the market are displayed below:

Place of
Supplier Grades Suitable processing technologies
production
Natureworks 3001D USA injection molding
Natureworks 2002D USA extrusion, thermoforming
Natureworks 3051D USA injection molding
Natureworks 4032D USA extrusion, extrusion film
Natureworks 4042D USA extrusion, extrusion film
Natureworks 4060D USA co extrusion
Natureworks 7000D USA blow molding
Natureworks 7032D USA blow molding
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Mitsui Toatsu Chemicals LACEA H100 J unstretched Japan film, blow, injection molding
Mitsui Toatsu Chemicals LACEA H100 J stretched Japan film, blow, injection molding
Mitsui Toatsu Chemicals 5100 Japan
Mitsui Toatsu Chemicals T100 Japan
Jongboom Biopearles M106 injection molding
Jamplast Jamplast JPPLA extrusion, thermoforming
extrusion, thermoforming, film
Hyecail HM 1011 EU extrusion and injection molding
XP13003, XP13004, XP13005, blow molding, injection molding and
Hyecail XP12001 EU paper coating
Metabolix P1001 USA
Metabolix P1002 USA injection molding
Metabolix P2001 USA extrusion coating

Table 1: Identification of PLA grades availabletermarket
Following the previous identification, 4 grades BELA were selected (see table 4) to be tested and

characterized.

Injection moldding Extrusion
Natureplast PLIO05 PLE005
Cargill Dow, Natureworks® 3051D 2002D

Table 2: Selected PLA grades for characterization

Then, these four commercial grades were charaetkliz order to evaluate and classify them. Physico-
chemical, thermal, mechanical and rheological prigse have been investigated using the following
analytical/testing methods:

- Size Exclusion Chromatography (SEC) to provide information in terms of molecular wetigimd
polydispersity of selected PLA grades.

- Differential Scanning Calorimetry (DSC) with the aim to determine the thermal behaviouselécted
PLA grades.

- Méet Rheometry to investigate viscoelastic properties of differstudied PLA(S) (viscosity, relaxation,
elasticity...)

- Tensletest on PLA film to determine some mechanical properties

- Dynamic thermomechanical analysis (DMA) to emphasis impact of thermomechanical past on
material properties.

Classification, evaluation and selection of additives available on the market to improve PLA
performance.

A preliminary work aiming at identifying weaknessafscommercial grades of PLA was necessary before
the identification of additives available on the rke to improve PLA performances. This work was
composed of:
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- Anidentification of weaknesses of neat PLA that was carried out by a bibliography - current
properties of PLA and its industrial synthesis -d @ompleted by the characterization and the
comparative study of four commercial grades mestidin the previous part.

- An identification of different ways of improvement of its physical, chemical and
thermomechanical properties thanks to an acadenei@ture review.

Following these identifications, 4 axes of improwhhave been selected as essential to be studied:

- Cristallinity and kinetic of cristallization

- Mechanical properties

- Thermomechanical properties

- Barrier properties
Consequently, the identification of additives aablé on the market was oriented and based on the
improvement of these axes:

1 Plasticizers and nucleants to impravestallinity and kinetic of cristalization:
- Plasticizers: P.E.G : poly(ethylene-glycol) fronridh
- Nucleants: Talc from Aldrich
- EBHSA...(the results concerning this nucleant wilt be presented in this paper (see our
patent [1])
2 Chain extender to improwaongation at break and impact resistance:
- Joncryl® J4368 CS and Joncryl® J4300 S from BASF
3 Core-Shell particles to improvepact resistance andelongation at break
- ParaloidTM EXL2330 from Rohm&Haas
- ParaloidTM EXL2314 from Rohm&Haas
- ParaloidTM BPM500 from Rohm&Haas
4 Montmorillonite nanoclays to increaskastic modulus and, help biodegradability, flame retardant
andnucleating effect
- Nanofil® 5 from Southern Clay Products, GE
5 Chitosan to improvearrier properties
- Medium Molecular Weight Chitosan powder from Aldric
Formulations were defined varying proportions afehtds were synthesized with the purpose of checking
experimentally the efficiency of these additivesttvance PLA properties.

All blends were made of the same PLA commerciatlgraNatureworks® 2002D (extrusion grade), and
were compounded in corotating twin-screw extrudedifferent compositions. Indeed, the blends were
characterized in order to quantify the improvemehtthe rheological, thermo-mechanical and barrier
properties.This experimental part has led to idgBtiadditives and formulations showing interestiagults.

Figure 6: PRISM 16/25 corotating twin-screw extnude

Table 3: Summary of formulations and characteridedds
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2.2. Results

2.2.1 Results of Size Exclusion Chromatography

These first results show that molecular weightriigtion of Natureworks® grades is broader thars¢he
from Natureplast. Polydispersity index of Naturaplgrades are very close and lower than 2. Figure 7
present a comparison between their molecular ligtons. Table 3 summarizes the obtained molecular
characteristics. Regarding the average moleculéghijevalues are quite similar except for Natureke®
injection grade (3051D) which show a large molecdlatribution with a presence of small chains.

0,009 : ‘
0,008 -—|—NW3051D —NW2002D — PLI005 — PLE005

0,006 Ifh&"\
NS
= 0,004
/A \%
0,002 ,,/ / \
)N

0 !;r—//__/:_./// \
100 1000 10000 100000 1000000
Mi (g/mol)

Figure 7: Overlap of Mi distribution curves

Natiere i in iw I
NW3051D 96530 25885 111300 43
NW2002D | 144510 51255 167035 273
PLIO0S 131730 90190 155075 172
PLE00S 137075 110350 183665 166

(Mp: molecular weight at peak; Mn: number averagdecular weight;
Mw: weight average molecular weight; Ip: polydisgigrindex)

Table 3: results of Mp, Mn, Mw and Ip

2.2.2. Results of Differential Scanning Calorimetry
The thermal analysis was performed in two parts:

1 part: pellets were analysed without any thermaatment. They were just dried approximately 12
hours in an oven at 60°C under vacuum conditionsadsp to relax chans before to be analyzed.
2" part: pellets were analysed again after havinghbaebmitted to one of the following thermal
treatments:

= Treatment 1: pellets were melted at 190°C and émmrealed at 110°C overnight

= Treatment 2: pellets were annealed at 110°C ovetrnig

Frontiers in Science and Engineering
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A melting peak is observed for all grades on fireating thermograms. However, this peak is muchemor
important and noticeable for Natureworks® grades tNatureplast ones. The calculated crystallins@la
about 38% for Natureworks® grades and less thanf@Natureplast grades (table 4). Therefore, PLAS
from Natureworks® exhibit higher crystalline corttehan Natureplast products in «recieved» condition
This observation cannot be generalized to purchasditions since we do not have any informationuabo
exact storage conditions between purchase and tdment pellets were received to be analysed. Then,
during cooling and second heating, any recrystdie or melting phenomena are observed. The slow
crystallisation kinetics of PLA (frequently relatedliterature) is emphasized with these tests.ofding to

the present results, Natureplast products have amsglransition temperature slightly lower than
Natureworks® products (about 2°C). Same phenomeasoabserved for melt temperature: PLA from
Natureworks® present a higher melt temperatur€ (@°10°C) than PLA from Natureplast.

1st heating 2nd heating
Fesults Tm (") AHm (J/g) *e Tgi°C) ACp (W)
MNW30s1D 1583 3.8 0.38 61 0.092
MW20020 152 3.9 0.38 61 0.093
FLI 142 4 0.04 59 0.088
FLE 144 1.6 0.0z 59 0.083

Tm: Melting temperature (°C); AHm : melting enthalpy (J/g) ;
Xc: crystalline amount (using 93 J/g as reference value for a crystallite of infinite size);
Tg (°C): glass transition temperature
Table 4: Comparison of thermal properties of sel@@LA grades — 1st part (without any
treatment)
Regarding the 2" part:

The results given in table 5 show that samples lwhiave been melted before annealed have a bigger
crystalline content than samples only annealeds Ebilld be explained by an enhancement of crysithn
when samples were cooled between 190°C and 110%edver, it seems that all analysed samples reach
the same maximum crystalline content that is ald@%. Consequently, it is possible that Natureworks®
sells pellets that have been thermally treatedrbedonce previous analysis results show a simdeell of
crystallinity. Such treatment is probably necesdarpbtain semicrystalline products and so, helfful
material processing to improve mechanical and &apioperties. Additionally, results of this secquatt
confirm observations done in the first one:

- a glass transition temperature slightly lower fdéatureplast materials (about 2°C)
- a melt temperature lower for Natureplast produtisn Natureworks® (about 7°C to 10°C)

15t heating 2nd heating

Material Tm AHm i Tg

MWW 3051 153.2 38.1 041 60,8

troatment 1 MW 2002 152 .2 36.3 0,39 61
PLI0OS 146.3 38.56 041 581

FLEOOS 147 .8 40.3 043 58,3

MYY 3051 154 4 343 037 61.6

treatment 2 MW 2002 154 1 319 034 61,3
PLI00S 1447 322 0,35 594

PLE0OS 147 .8 36.5 0.39 592

Tm: Melting temperature (°C); AHm : melting enthalpy (J/g) ;
Xc: crystalline amount (using 93 J/g as reference value for a crystallite of infinite size);
Tg (°C): glass transition temperature
Table 5: Comparison of thermal properties of sel@@LA grades — 2nd part (after treatment)
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2.2.3. Results of Melt Rheometry
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Storage modulus (G’), loss modulus (G”) and complscosity (*) as frequency function are

presented as follow. These results show that Nallaseand Natureworks® materials have not the
same rheological behaviour. One common phenomebsereed on curves for each supplier is that
G’ and G” of extrusion grades are slightly highlan injection grade. Moreover G’ and G” of the

two Natureworks® grades are bigger than G’ and @& 'Natureplast grade. Complex viscosity
curves showed again the contrast of Natureplast Matlireworks® properties. These results
corroborate those obtained from SEC investigations.

Storage modulus - Gi):
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Figure 8: Comparison of the rheological behaviahe 4 industrial grades at 180°C.
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2.2.5. Results of the dynamic thermomechanicalyaigl

1,00E+10 35
+ E'(Pa) NW2002D after film processing - -
tan delta NWW2002D after film processin
E' (Pa) NMW2002D annealed after film processing . “ P 9
LYy
. 3 tan delta NW2002D annealed after film
ik processing
1,00E+08

1,00E+08

Storage modulus (Pa)

1,00E+07

*
05
1,00E+06 ; ; ; ; 1 :

30 50 70 90 110 130 30 50 70
Temperature (°C)

90 110 130
Température (°C)

Figure 9: DMA results (Storage modulus G* andd)aom PLA film with and without annealing

The results given in Figure 9 emphasis the infleeaad impact that process could have on material
properties. Thermomechanical properties dependhemmomechanical past, so process conditions. PLA
properties depend on its thermomechanical past el we can see that the PLA film analyzed was
converted under process conditions that did notathe material to crystallize (thermally or mecicafly
under stress) leading to the detection of highdigta peak (glass transition/amorphous state). itlesess,

annealing step performed is efficient enough tovalthe PLA film to crystallize since tan delta has
dramatically decreased.

To conclude, this first study showed that Natursplajection and extrusion grades are not equivaien
Natureworks® extrusion and injection grades. Matershowed differences in each experiment carnigd o
Chromatography showed that Natureworks® producte tragh polydispesity especially extrusion grade
2002D. DSC thermograms showed that “as receivedenads are semi-crystalline for Naturepworks®
pellets and amorphous for Natureplast pellets. Meittal tensile tests showed slight differencegims of
properties. The rheological analysis confirms thdifferences between materials. Finally, thermeeatal

properties (especially the modulus) are increak&ddue to the presence of crystalline phase ieduly
annealing.

2.3. Classification, evaluation and selection aflifdes available on the market to improve PLA
performance.

2.3.1. Identification of PL A weaknesses and ways of improvements

The academic literature review about PLA’s progsrtand weaknesses as well as the different ways for
improvements can be seertie state of the art; the main observations are summarized below:

Concerning PLA properties and weaknesses:

Frontiers in Science and Engineering
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Based on commercial grade characterized and studige previous part, PLA can be amorphous or semi
crystalline. When PLA is semi-crystalline, maximwamount of crystalline phase is about 40%. Its glass
transition temperature is about 60°C and meltingntpes approximately 150°C. These poor thermal
properties represent one of the main weaknessd¢d Af (regards to PET for example that has a glass
transition temperature at 80°C approx and cryselinelt at 250°C approx.). This weakness does ot a
PLA to be used to make microwavable packages. @rer aveakness of PLA it is very slow crystallizatio
kinetic that didn't allow it to crystallize durinigs transformation by extrusion, injection or theforming.
Some mechanical properties of PLA are also pooA R&s satisfactory elastic modulus and stresseddl.yi
But it has a very small elongation at break (somegnt) and a very poor resistance to impact regtrd
classic polymers used for packaging. That put aerdihake on using PLA for some applications. Léshe
main weakness of PLA are its poor barrier propgrtteoxygen, gazes and water vapor regards to BET f
example.

Concerning ways to improve PLA properties:
Ways to improve PLA properties according to acadditgrature are:

- Improvement ofcrystalline properties and crystallization kinetic of PLA is performed with the help
of nucleating agents (crystallization initiator) anglasticizer s (to enhance macromolecular mobility).

- Improvement oflongation at break andimpact resistance is performed by the addition cbre shell
rubbers particles.

- Chain extension of macromolecular chain of PLA may helpstrength of melt andther momechanical
properties of PLA by decreasing molecular mobility. This alhaxtension can also be performed using
molecules containing epoxy or isocyanate functions.

- Composites materials based on PLA may have bett¢hermomechanical behavior, barrier
properties andkinetic of biodegradability.

2.3.2. Experimentation and characterization

It is important to note that the following results are¢ exhaustive. Despite the interesting nature af kind
of main results, only some ones are chosen todmepted here as follow:

A- Blends with plasticizers

Blends of PLA + 10% wt PEG and PLA + 1% wt Talc daveen prepared. Their main thermal, and
mechanical characterizations are given in figudes13) and table 06, respectively. Hence, the ¥atg
comments can be noted:

= Crystallization kinetic of PLA was improved accaglito the use of nucleants and plasticizer.
=» Crystallization half time of PLA with TALC or PE@eashorter than neat PLA
= Using PLA with TALC :

»  Better crystallization half time (but a little bitng for processing)

. Mechanical behavior is weaker than neat PLA

e Spherulite size is about 30n within a long annealing time and appropriate terajure
= Using PLA with PEG :

e Crystallization half time is too long
e Tgis too much lowered with 10% wt. of plasticizer
*  Spherulite size is about 20& within a long annealing time and appropriate terafure
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Figure 10: Result of DSC analysis —influence oflikating rate

E (Mpa) s, (Mpa) z, Yo . (Mpa) z, [ o)
", 2540 54 6 31 473 27
Hi2002D (210) (2.1) {0.1) (1.8) (15)
PLA 18380 44 B 3.6 263 162
+10% wt. PEG (16) (0.8) (0.1) (2.9) (130)
PLA + 1% wt 2480 48 4 3.2 429 12
TALC (110} (2.0) (0.1) (1.3) &)

enhance the kinetic of crystallization of PLA im@dation with processing technology [Maazouz efHl.

Table 6: Tensile test results — comparison of meichhproperties
Finally, it is important to note that the origirtafnary nucleant systems based on talc, EBHSA &itd t®
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Figure 11: determination of crystallization hatha
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PLA 2002D + 10% wt. PEG

N Q07 : £i52 e

Isothermal @125°C — 45 min Isothermal @105°C — 3 min

Figure 12: Polarized Light Microscopy observati@efore isothermal crystallization every samples
were melted @200°C during 5 min)

B- Blends with chain extenders:

Blends of PLA with 0.9% wt. Joncryl J4368 CS (FDR),A with 0.5% wt. Joncryl J4368 CS (FDA), PLA
with 0,9% wt. Joncryl J430thave been also formulated. Their main thermal, Idggeal and mechanical
characterizations are given in figures (13-15) tatde 7. Hence, the following comments can be noted

+ Mechanical properties improvedy(and elasticity modulus)
- Extrusion process may be difficult to control
- 0,9% of Joncryl ® J4368 CS in Natureworks 2002Bashigh

- - No nucleation role
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Capillar rheometry of PLA and blends based on Joncryl @180°C die 20/1
100000
4 PLA Natureworks 2002D
A NW2+09wt-J4368
4 NW2+05wt-J4300
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Figure 13: Results of capillar rheometry analysgithe neat PLA and its formulation with the chain
extender.
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Figure 14: Result of DSC analysis of the formulasidoased on PLA and the chain extender at
different compositions.

E (Mpa) g, {Mpa) z, (%) s, (Mpa) z. (%)

. 2540 b4.6 3.1 47 .3 27
NW2002D (210} (2.1) (0.1) (1.8) (15)
PLA + 2510 531 4.0 436 9
0.9% J4368CS (150} (18] (0.1 (7.4 &)
PLA + 2880 £1.5 2.9 48 4 18
0.5% J4365CS (110} (1.1} (0.1} (6.2 (5
PLA + 2810 58.2 2.4 502 29
0.9% J4300 (170} (3.3] (0.1j (2.6 (10}

Table 7: Tensile test results — comparison of meichhproperties
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Figure 15: Tensile test curves of the formulatibased on PLA and the chain extender at different
compositions.

C- Blends with Core Shell particles:

The following formulations have been prepared:

=  PLA with 10% wt. Rohm&Haas BPM500

=  PLA with 5% wt. Rohm&Haas BPM500

= PLA with 10% wt. Rohm&Haas EXL2330

=  PLA with 5% wt. Rohm&Haas BPM500 + 0,5% wt. J4368CS
Their main therma and mechanical characterizatoegiven in figures (16-17) and table 8. Basethese
results, the following comments can be noticed:

+ + Better processability

+ + Better elongation at break without lowering Tg
+ Good visual transparency with Paraléf#iBPM500
- Decrease of elastic modulus and s

- - No nucleation role

E {Mpa) o, (Mpa) 2, (%) a, (Mpa) 2, (%)
2840 546 3 473 27
NVW2002D (210) {2.1) {0.1) {1.8) {15}
PLA 5% 2130 497 33 38 19
BPM500 (100) (1.2 {0.2) (0.6) (7)
PLA =+ 10% 2030 546 10 380 174
BPM500 (70) (04) {0.1) (2.2) (110)
PLA =+ 10% 1950 484 35 370 178
EXL2330 (M) (NI (M) (M) (NI)
PLA+5% 2250 50 1 30 407 29
BPMS00 +0 5% o o ol il o
J4368CS (50) 0.8) 0.2) (1.2) (5}

Table 8: Tensile test results — comparison of meclaaproperties
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Figurel6: Result of DSC analysis of PLA and itsriatations with 5 and 10% o a core shell
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Figure 17: Tensile test curves

D- Blends with Nanoclays / Chitosan:

Blends of PLA with 5% wt. MMW Chitosan and PLA wifi% wt. Montmorillonite Nanofil® 5 have been
also formulated by twin screw extruder too. Theaimthermal and mechanical properties are presented
figure 18 and summarized in table 9, respectivalyeed, the following comments can be noted:

+ Small nucleating role of Chitosan and Montmorilleni

+ No problems during processing

- - lower mechanical properties except elastic modtdu$LA + MMT
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Figure 18: Result of DSC analysis of PBfended Nanoclays and Chitosan.

E (Mpa) o,(Mpa) e, (%) c.(Mpa) e.(%)
2540 54.6 31 47 3 27
NW2002D (210) (2.1) (0.1) (18) (15)
— 1830 419 32 38 2 7
PLA+5%CTN (20) (0.6) 0.1) (0.8 (1)
PLA+5% 2620 46.9 26 396 15
Manofil 5 {100) (2.0) (0.1) {(1.4) (4)

Table 12: Tensile test results — comparison of raeidal properties

4. Conclusion

The study of four commercial grades of PLA, relgpeeviously, showed that PLA grades may have some
differences in their properties (thermal, rheolagjienechanical and physical). So these differehea® to
be taken into account in order to choose the mgate of PLA according to process and final apptca

chosen.

The study of PLA with additives in order to enhatteermomechanical properties of PLA gave thesdtsesu

1) Plasticizer (PEG) helps to processability of PLAvéring torque of extruder. Elongation at break is

2)

significantly improved. Crystallization kinetic éso improved, but not enough (study on nucleating
agents may enhanced this kinetic). Neverthelesadhéion of plasticizer brought to weaknesses.
The glass transition temperature is lowered froniGQneat PLA) to 44°C within the addition of
10% wt. of PEG. Elasticity modulus is also too mlmhered. As a conclusion for this part, the use
of plasticizer only with PLA except if no thermebjperties are required.

Nucleating agent (TALC) helps PLA’s nucleationiation but the addition of TALC lowers the
elongation at break of PLA. We were able to usettrnary nucleating system, based on talc,
EBHSA and PEG to enhance the kinetic afystallization of PLA in correlation with processing

technology [1].
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3) The addition of Core-Shell grade BPM500 loweredteaeViscosity. In the case of grade EXL2330,
no difference were measured compared to neat Plofe-Ghell didn't act as a nucleating agent.
Elongation at break is improved as when a plasticis used but without lowering Tg. Elastic
modulus of this blend is lower than neat PLA buthas as when a plasticizer is used (for same
amount of additive). Visual observation of film fions that grade BPM500 keeps PLA's
transparency better than EXL2330. Study of impesistance has to be done.

4) Chain extension of PLA with BASF Joncryl® additiveproves elasticity modulus and stress at
yield. High reactivity of blend at the molten stattelow shear rate may affect its transformation
when processing by extrusion. Added at low ratesO(5% wt.) it can “repair” molecular
degradation (well known when processing polyestdtsgould also be used as a compatibilizer
when blending PLA with other molecules. No roleclofin extender as nucleation initiator was
measured.

5) The last two blends studied (PLA + Nanoclays or PLAChitosan) brought a small nucleating
effect. Measured mechanical properties are lowerghrds to neat PLA (not in the case PLA +
nanoclays for which elasticity modulus is slighthproved). Nevertheless interesting enhancements
that can be brought to PLA (bactericide and fundgtifor chitosan and help to biodegradation and
enhancement of thermo-mechanical behavior) needcmore precise study over these blends.
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