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ABSTRACT

Development of Biebased andBiodegradabld=ilm from CarborDioxide Based
Polymer and Polflactic acid)

Qirui Sun Advisor: Dr.Amar Mohanty
University of Guelph, 2015 Coadvisor: Dr.Manjusri Misra

In order to develop bioplastic alternative to conventional pedsedlexible packagingthis

study focused on the fabrication and evaluation of ébbsed and biodegradable cast film. The
material chosen for the matrix of film is a blend of poly(lactic acid) (PLA) and poly(propylene
carbonate) (PPCT.he effect of a chain extenderdafferentloading leelson the mechanical
thermal and barrier properties of the films were investigated. Witth#i@ extender, the
compatibility and interfacial adhesion betn the two polymer phasggnificantly improved

It is hypothesized tha PLA-chain extendePPCcopolymeris being formed during the

reactive extrusion processhich was revealed lgharaderizationstudies The elongation at
break of thdilm with optimal amount of chain extender showed dramatic increaseobg than
2000%. Differential Scanning CalorimetfpSC) studiesdemonstratethat chain extender
hindered the crystallization of the film which explained the decrease in both water and oxygen

barrier
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Chapter lintroduction

Theflexible plasticpackaging industry has bedominated by petrbased plastice recent
years Because of the poor degradabilitypstrobased plastics,uge consumption of these
plasticpackaging solutionkas posed great problems in termsvaéte disposaMassive
amouns of postconsumer plastic packiag areeither placed in the landfill sites or processed
through incineratioywith only a smallamount being recycled and reused. Landfilling is
continuouslyproducing hazards to the environmenmlile incineration emiti&arge amountsf
carbon dioxide, causingimeasurable damage to the environmbnaddition, petroleum
resourcs aredepleting,which further comprisethe sustainable development of the plastic

packaging industry.

With the intention to establish theng-term sustainabilityof flexible plastic packaging industry,
more sustainable alternats/® conventional petrbased plastifiexible packaging solutions
need to be developeBioplastics are promising candidates because of their eithdxalsied or
biodegradabl@ature, which can potentially help alleviate the disposal problem and heavy

reliance on the fossil &l.

In this studyiwo bioplastics were chosas the matrix to develop a biased and
biodegradable film, which are poly(lactic acid) (PLA) and poly(propylene carbonate) (PPC),
respectively. Poly(propylene carbonate) (PPC) is a biodegradable polyncércahi be
synthesized using propylene oxide and carbon dioxide. It can contain more thand0wt%
sequestered COIt exhibits excellent elongation at breathich can be utilized to modify

plastics with low toughness. However, its strength and thernialitstare weaknesses that



require improvementPoly(lactic acid) (PLA)s currently the most commercially available
bioplasticglobally, whichis produced from cotnPLA possesses superior strengtht lacks
elongation at brealtt also presents reasdsia barrier performances (oxygen and water vapor),

which allows PLA to be applied in the flexible packaging field.

A preblend of PLA and PPC with optimal blending ratio was prepared as the matrix for
developing the film. A chain extender was incorporatéa the film system to enhance the
compatibility between the two bioplastics, aiming for improved overall performance (thermal,
mechanical and barriefy combining theadvantagesf PPC and PLA along with proper
compatibilization fromintroducingthe chtain extender, a bibased and biodegradable flexible
plastic film with high performance could be achieved. This study explored the fabrication of

this film and characterized various performances of the developed films.

1.1 Overview of Plastics

One of themost profound aspects in our human daily lives is the material. Materials give us the
foundation to make tools, buiktructuresdesign products, etc. The advancement of materials
hascontinuously providetiumanitywith more and betterhoicesand improving the quality of

our lives. The advent of plastics was a significant breakthroutite history of materials
advancement Given the advantages of light weiglstiperiormechanical propertieand cost
competitiveneslasticsdisplacedmetals ad woodin many applicationand took up a huge

share of the material mark&the development of plastics has mé#aemincreasingly attractive.

Currently, plastics are widely uséttoughouthe world in different fields for various
applications, such asutomotiveparts, electronic devicespnstructionand packagingrhese

plastics are polymeric materials tlzainsist of a large number of polymer chaifisey are



synthesized via condensations or polymerizations of organic mondiest.of the plastics

arederived from petrolem sourcesnd majority of the plastics cannot be composted.

The global consumption of petroletimased plastics inA2wasreportedto bemore than 88
million tons with an annual increase of $%uch depattence demonstrates how much effects
the fluctuation of oil price would have on the cost of petrokaased plasticdn addition the
depleting source of the oil alsoeasmphasizing the unsustainable nawfrehemodernplastic

industry.

Over time, usingetroleumbased plastics produces problems fraamecological and
environmental point of view. Production of petrolebased plastics involves carbon dioxide
emissiorwhich contributego global warming In addition because of their inherently poor
biodegradabilityand @mpostability most petroleuntbased plastics are very resistant tmbe
degradedvera long time periodThe disposal of plastics has become a severe prohlpm
until recently Jandfilling andincineratiorhave beethe two major means of disposing the
waste plasticsand havebeen causingrassivedamage to the environment this whole tithe
Landfill sites have been continuously expending due to the large consumptiortios ftaghe
last decade. Massive quantit@fsplasticdebris remain in landfill siteproducing harmful
chemicals and gases to the environment. Incineration is emitting enormous amount of carbon
dioxide to the atmosphere, which poses great threate ntironment in terms of escalating

the global warming.

As such, in order tprovidealternativematerialsto these petroleurhased plastics, great
interest has been drawowards developing functionaio-basedr biodegradabl@lastics.One

classof theseplasticscan bemade from renewable sources like agriculfeedstock The



application of thesbioplasticscan begreatlyhelpful with reducing the larggonsumptiorof
petroleunt®®. Another clas®f bioplasticsis eitherbiodegradabler compostablgallowing
them tobe disposed without leaving hazards to the environriéetimplementation of these

bio-basedbr biodegradabl@lastics is the future trend of the plastic induStfy.

1.2 Bioplastics

Due to concernsegardingthe current reliance dhe plastic industry on petroleum and the
environmental problems raised the massonsumption of conventional plastitspplastics

areof greatcurrent interest to academic researchers as well as industry mahagers

Bioplastics are produced using biopolymers or theirddeand compositet regardgo the
definition of biopolymer, there has been some misunderstanding ab®dtid@polymeris not
necessarilyooth biobased anthiodegradabf¥. Some biopolymers are blmased but not
biodegradable, whieas some biopolymers are biodegradable but ndbvdsedBased on the
sourceof the raw materiahnd thebiodegradability biopolymers can belassifiedinto three
categories, which includeetrocbasediodegradabl@olymers renewable source based
polymers and polymers fronmixed sourcegrenewable and nerenewable}'*> The

categorizationsf differentbiopolymers are depicted in Figure. 1.

As for thepetrobased biodegradabpmlymers they are synthesedusing raw materials
derived from petroleum resour¢&sThis classof polymers takes up the major share of the
market as their superior properties and broad apicéields.Examples of polymers in this

class argoly(butylene adipateo-terephthalate) (PBATand mlycaprolactone (PCL)



Renewable source based polymers are polymeratbgynthesized using compléte
renewable resources, such agricultural feedtock or byproducts obiotechnological
processes As advancements techology, the prodetion of this classf biopolymers already
starts togrow rapidly Somepopular members in this class ady(lactic acid) (PLA)bio-

based polypropylene (PP) and{mased polyethylene (PE).

Those polymers from mixed sources are synthesigagdja comlination ofboth petrobased
and biebased monometsSome examples apwly(trimethylene tenghthalate) (PTTand bio

based thermosets.

The main objective of bplastic development is oservation of fossil resourcesdair quality’.

Since many bioplastics are derived from renewable sources, the use of these bioplastics can help
to diminish the heavy dependence on the petroleum raw materials that are consumed by
manufacturing the conventional plastitsthe @se of biebased bioplasticshé production

contributes less carbon dioxide emission to the environment than that of the petralsedn

plastics, resulting in reducing the carbon footprint during the manufactimiother words, by

using bioplastics,dssitbased raw materials are preserved and carbon dierisions are

reduced resulting in the mitigatin ofglobal warming’. Moreover, he biodegradability ah
compostability of some bioplastics can greatly help in reducing the garbage volume and the

impact from the ovelandfilled areas.



BIODEGRADABLE

- Poly(lactic acid)

- Polyhydroxy alkanoates

- Starch Polymers
- Cellulosics

A

BIO-BASED

- Bio-Polypropylene
- Bio-Polyethylene

- Poly(butylene succinate)

- Poly(vinyl chloride)

- Poly(caprolactone) - Polystyrene
- poly(butylene adipate-co- - Polycarbonate

terephthalate)

PETROLEUM-BASED

v

Figurel.1 Classification dBiopolymers
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(Modified after referenceEndres, H.J.; SieberRaths, A. Engineering BiopolymerEng.

Biopolym. 2011)




1.3 Flexible Pastic Hlms for Packaging

The flexible packaging industry haadtwo majorbreakthrough# its history.In the 1920s

the introduction of cellophane became a better alterngtitraditional packaging material&
significant fraction of the packaging mateffiat various products was shifted from metals and
glass to cellophane since cellophane provided much morerdenvandighter weight flexible
package¥. Flexible packages also require lesaterial, resulting in reducing cost. Additionally,
flexible packages are beneficial in terms of providing economic savings in storage space and
transportation. Albf theseadvantages madbeflexible packaging industry grodramatically

fast. In the eayl 1950s, another revolution took place due to the commercialization of plastic
films. Better properties and lower cost made plastic faragperior flexible packaging material
as compared to cellophane. Ever since then, the flexible packaging indudteehatominated

by plastic filmsg.

There are two common forms of the flexible packages, which are anasgs. Wraps are
plastic films which have not been made into package sh@figsthis method,the product is
simply woundup inthe plastidilm and storedIn regards tdags, plastic films are formed in
shapes either before or at the same &aswhentheproduct is being packaged. The most
commonly applied technique for the shaping of these plastic films is thedwdatg of the

edges.

Two plastic resinsvhich are majorly being used to produce flexible plastic films for packaging

are chosen to Hested and discussed below.

Low-Density Polyethylene (LDPE) and Linear L-@ensity Polyethylene (LLDPE)



Low-densitypolyethyleneand linear lowdensitypolyethyleneare widely sed for the flexible
packaging films in various applications. LDPE has a long molecular chain branching structure
that is produced by a high pressure and high temperature copolymerization process. LLDPE is
produced through high temperature but low pressure copolymerization process in the presence
of few monomer, such as butane, hexane or ottahéas a linear structure consisting of
polyethylene backbones thatssess lanches ofshort chains or monomer urfits LDPE and

LLDPE are flexible materialwith excellent mechanical properties and good prebagsy.

Due to LLDPE branchingstructure its crystallization is hindered, resulting in lower

crystallinity than LDPEAs such LLDPE presents higher tensile strength, puncture resistance
and impact strength than LDPE. On the other hand, LDPE is superior to LLDPE in terms of
processbility as theextrusionof LLDPE requires higher screw speed and preésure

addition, LDPE can be sealed at lower temperature with a wide temperature range, exhibiting
better heasealing properties than LLIEP LDPE and LLDPE have very good water vapor
barrier properties while being poor barriers to gases like oxygen and carbon idkielecan

also maintain their excellent flexibility at very low temperasuiteanks to their suberoglass
transiton temperature However when being exposed to heat, they cannot retain their good
performance. Furthermore, blending LDPE and LLPDE is a promising approach to obtain
flexible packaging material with superior performaficBecause of their excellent

procesability, they are suitable for either film casting processing or film blowing processing. In

currentindustry, they are mostly produced with film blowing processing techgique
Polypropylene (PP)

Polypropylends synthesizedia polymerizationof propylene monomersost of the currently

used PP haanisotactic structuré. The density of the PP is only 0-8®1g/mol, whictis the

8



lowest density among tlemmodityplastics. The stiffness of PP is better than that of LDPE,
which gives it the advantage to be applied in thesjgted packaging applications where
demand stiffer materidisThe clarity of PP is anothedvantage and can also be further
enhanced by incorporation of polymer that consists of ethylene monomers to decrease the
crystallinity. UnorientatedPPfilms present insufficienstrength(30 MPg), particularlyunder

low temperatureondition. To deal wit its lack ofstrength PP produced from biaxial extension
film process like film blowing process exhibits much besteengththan that of the
unorientatedilm™* It also has superior water vapor barrier properties. Howevengtite
sealing property of PP film is n&vorable Typically, coating or coextruded with sealants is

needed to help PP film seal well.

Ethylene vinyl alcoholEVOH), poly(ethylene terephthalate)EFP) andpolyvinyl chloride
(PVC) are also widely useaakflexible packaging materials. They either possess favorable
barrier properties in terms of oxygen or water or show superior mechpropairties Currently,
themajority ofthe flexible packaging markettaken by theeconventional petrdbased plastics
Since flexible packaging a substantiaslomponenbf modern societanda mostly shorlived
product the consumption of packaging materials is huge and showstinuouslyuptrend.

This enormous consumption of petrased plastics raises great enviremtnconcern in terms
of the disposal of these materidlandfilling has beesommonly usedor the disposal of
flexible packaging materiglsvhichare continuouslhaccumulatindarge quantitieef waste

plastic debrign the environment asontaminats and toxicities to nature.

Reuse and recycling are critical actions that are being undertaken to reduce the impact from the
landfilling problem. However, gstconsumer packaging material is challengingetase and

recyck as there igftena varietyof plagicsin eachcompositionFor examplepackages with
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multi-layered structureand packages with an aluminum foil center laydrich aredesignedo
achieve favorable barrier propertiase extremely difficult to be recycled in terms of separating
the indvidual layers respectivelyhe separation, identification and recycling of each individual
layer requiresnore steps and energy than that for recycling traditional plastics. In addition,
manyflexible packages are contaminatedfbgd products, which bexne another obstacle for

reuse and recycling of flexible packaging materials.

As suchjt is imperative to develop an alternative way to make the flexible packaging solutions
more sustainable and efriendly. Bioplasticsareconsidered to bpromising cadidates as

packaging materials to help the sustainable growth of the flexible packaging industry.

1.4 Importance ofResearch on the Development &ioplasticsHIms

for FlexiblePackaging Application

As mentioned previous|ythe flexible packaging indtry needs to provide more sustainable and
ecofriendly solutions in order to attain losigrm sustainability of its growtA.herefore, the

development of bioplastics for packaging applicaierof great interedb researchers,

industrial managers and \gernmentin Europe, the entire flexible packaging marketich

includes both the manufacturer and consyimes movi ng towards fAgreener ¢
reusable and recyclable packaging-bésed packaging and biodegradable or compostable
packagingThis trend has been promoted by EU directives as well. Several-wiolkd

initiatives have been launched with a mutual focus on developing bioplastics to replace

conventional petrdased flexible packaging materfalsEuope is currently leading the

movement in advancing bioplastics packaguegoss the globdt can be seen théte future

trendis to turn the flexible packaging market from pebr@ased material dominant to bioplastics
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dominant. Moreover, thieioplastic hdustry has started to growanincreasing rate recent

years, which can be seen by the rising anptaductionand demand of thelasticsover the
world®®?” which will continue tgpromote the development of the bioplagtickaging.

However, even though the bioplastic packaging industry is growing rapidly and has all sorts of

factors promtng it, it still falls far behind conventional plastic packaging industry.

Insufficient performance of bioplastics as compared to the conventional plastics is one
important issue that limits the growth of the bioplastic packaging indid#spite the
biodegradabilityor bio-based nature of bioplastics, they also possess theidi@wipacksvhen

being applied as flexible packaging materials.

Mechanical and thermgkerformancear e t wo cr i ti cal factors that
of beingprocesse@ndmanufactured i large scale and applied in different packaging solution
fields. Many bioplastics are deficientsome aspects tiiese two performances when

compared to the conventional petrased plastics. For instance, in this study, PRGent

large elongation but low strength, whereas, PLA owns high strength with almost no elongation.

PPC is also lack of thermal stability and shows very low glass transition temperature.

In addition, the barrier performance of the material is another proaddactor for flexible
packaging in terms of maintaining the sHé# of the packaged products. Most of bioplastics
can be efficient in one barrier property either for oxygen or water barrier but deficient in the
other one. For example, the oxygen lerpgroperty of PLA surpasses that of PP and PE,

whereas, the water barrier property of PP and PE are much bettdrahafPLA.

As a result of aforementionedonomic trend of flexible packaging industry and insufficient

performancef bioplasticsthedevelopment of bioplastic film is increasingly important in
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terms of achieving bioplastic flexible packagingh optimum performanethatcan be
comparable to the conventional plastics and be able to meet various requirements of flexible

packaging indusy.
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Chapter 2Literature Review

2.1 Polypropylene Carbonate (PPC)

Polypropylene carbonate (PPC) is a-based amorphous, thermoplastic polymer, which can be
synthesized from C£and PO using supported catalyst. More than 5% of CQ by weight
canbeconvertednto PPC showing thecost competitiveness and environmental friendly
advantagesf PPC In addition, PPC is a biodegradable polynitsrdegradation and
decomposition can easily occur in the soil, in some sohamdsinder weathering conaifis.

These factors demonstrate its potential to be a substitute for petrbémed plastics and

resolve the major landfill issumusedy the low degradability of petroleubrased plasticd

Moreover, PPC can also provide some favorable propertiethasnaoplastic polymer when
applied in industrial products. One of the favorable propertiésgeood melt flow
characteristics. The ester units in PPC6s str
feasible melting procesability of PPC. Howeer, the poor thermal stability of PPC limits the
maximum process temperature to some degqePC may begilo decompose during the
procest’. Currently, many studies have been conducted to improve the thermal stability of PPC,

and to further enhance tpeocessability of PPC when applying into large scale applications.

Another favorable property of PPC is the large elongation at break, which gives opportunities
to add fillers into PPC or blend PPC with other polymers to enhance its poor stiffness (ten
strength and Young6és modulus) to a wuseful ran
maintaining the acceptable toughn&Sslany PPGbased biodegradable blends and composites

have been proposed for applications as industrial productsasditins and automotive parts.
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According to the aforementioned considerations, the conversion pfod®PC is a feasible
way to utilizewaste CQinstead of emitting it into the atmosphere and reduce the
environmental burden. This polymeric materialdPéan also store GQluring the life of the
products and provide means for longer,G@questration. The ndoxicity and good
biodegradability of PPC also provla choice ofanenvironmentally friendly materiatather

than conventional plastics.

2.2 Poly (Lactic acid) (PLA)

Poly (Lactic acid) (PLA) is an aliphatic polyester thermopladéicved from renewable sources,
which areprimarily sugar and starchPLA is compostabland nortoxic. It possessesxcellent
strengthand modulusbut poor ductiliy and HDT. Because of these advantagé#\ has been
considered tbethe most promising and practidabpolymer.The earlier applicationf PLA
waslimited to onlymedical products, such as stitches and imptatevice$®. With the
advancing of PLA technology, its uses are expanding in packaging to a number of new

industrial products.

The synthesis of PLA can laecomplished by the polymerization of lactic acids. The raw
material used to produce lactic acidnainly derived from sugar, corn and starch, which is
inexpensive and easy to obtaline basic synthesis of lactic acid invohagsiotechnical
process, with startswith the fermentation of dextrosafter the fermentation, lowlw PLA is
producedvia a condenisig reaction procest.actic acid enantiomerare obtained through the
conversiorof low molecular weight PLA, which is followed by purifications. last, the high
Mw PLA is producedhrougha ringopening polymerization procé8$® The monomer of PLA,

lactic acid, can exist in both-2nd L- enantiomersThe ratio of these two enantiomers in the
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PLA canprovidematerials with variableropertie2’. This advantage allowBLA to be

designed and produced specifically to rhaddferentrequiremert.

Thesuperiomproperties of PLA are the main reason that makes it such an attractive biopolymer.
It presents goobiodegradabilityandbiocompatibility UnorientedPLA provides considerably
goodstrengthandmodulus OrientatedPLA shows even bettgrerformancghan many
conventional plastics, such as’P3s tensile andlexural strengthandmodulussurpass high
density polyethylene and propylen¢hereas its impaatrengthand strain at break are much
lower than those of HDPE and PP. It has a relatively low heat deflection temperature, which
also limits its application in higtemperatte environment® *2. PLA also possessesasonable
barrier properties in regards to oxygen and water vapor, whadmparabldéo some of the
conventional plastics, like PET, PS and etc. Since RcRstoughnessnumerous studidsave
been focused on enhang its toughness. In addition, through proper modification, the barrier
performance of PLA can be goedoughto fulfill the requiremerg for many packaging

applicationd**

2.3Polymer Blends

Polymer blends are usually referredipmlyblendsd and sometimes d&lloysd to get an idea

from metallurgy”. Polymer blends are defined as any combination of two or more polymers
resulting from physical blending. Nowadays, polymer blends are attracting more global interest
in academic resear@s well as industrie3.heir current anghotentialtechnologicakignificance

is remarkablewhich can be proved by their ubiquitous presence in consumer protiucts
comparison with copolymerization, polymer blends dile & provide a meawof combining

usefulpropertiesof different polymers and substances thropbkisicalprocess steps instead of
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chemical approaches. Moreover, the pursuit of further understandingpifytbiealproperties
and mechanical performanacaispolymer blends has developed new principles and revealed

new opportunities for research amddressingpractical issug

There are two major factors of the polymer blends that havedbedied most in recent
researcff. One of them is the imiscibility. Dueto thethermodynamidssuesthe polymer

blend system is generally not miscitd@d the degree aompatibilityvaries in a wide range.
Since thecompatibilityand miscibility of polymer blends has critical significance to
morphology angbroperties numeous studies have been conducted to modify and improve the

immiscibility of the blends.

Along with the immiscibility, thenteractionof melt flow with theinterfacialbehaviorand the
viscositiesof the blend system is another major facidnis factor ca also bedentifiedas the
morphology of the blenddhe morphology highly depends on the bleodcentratioff".
When at lowconcentratiorof either component, thdisperseghases fornmearlyspherical
drops whereas at high loading cylindefiers, and sheets fornit is said that at both ends of
the concentration scale, the blend is dispersed, and in the middle,-tostoauousOverall,
the polymer blends can provide iacrediblywide rangeof variousmorphological states from
coarseto fine, which are being intensively studied and investigated. Since the teasisier
inside the polymer blends is greatly affected by the states of morphology, it is of great

importance to modify ahcontrol the morphology of polymer blends.

2.3.1 PhysicaBlending

The physical blending is referred to the simgdenpoundingf polymericmaterialshrough
melt-processing without anghemical reactions taking plaeThe outcome ophysical
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blending iscalled apolymer blend. Physical blending is reported as a convenient route to create
new materials with improved properties. Additionally, this process also has its advantages in
terms of costompetitivenesand timesavng. Since physical blending can be accomplished

with conventional machinery in a short time period without expensive investment, it is much

preferred by industries.

The goal of physicablendingis defined as to improve or tailor the properties of payic
materials tacertaindesired applicationsn most cases, to maximize the performance of the
materials. To be more specific, physical blending is abéetomplish diversebjectives in
light of obtaining desiredhaterials such as cost reductioremeralimprovemenf mechanical
properties, impact resistance, decrease of sensitivity to watezase of barrier properties,
improved biocompatibility, etc. Many successful cases of employing physical blending as

materials modification approach cbe seen in current research and ingustr

2.4 Development of PP{Dased Boplastics

As a biodegradable and Biimsed polymeric material, PPC is considered to be a good candidate
to complement and replace some of the petrolbased plastics in various ajmaitions.

Additionally, its large elongation at break is useful for many applications. Numerous studies
have highlighted the benefits of producing PPC in terms of helping to mitigate the CO2
emission while reducing the current reliance on the cdioreal fossit-based plasticé

However, the property profile of neat PPC cannot fulfill many requirements, as it is neither

typical for engineering plastics nor rubbers.

PPC presents an amorphous structure and a relatively low glass transitioraterapehich is

within the range of human body temperature. Additionally, the inherent low stiffness and poor
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thermal stability al sontdailange eéxter’P Kanpstudiestaves t r i a |

been conducted focusing on improving the properties of PPC and exploring new applications of

PPC.
PPC/Inorganic Nandiller Composites

ZnO nanédfiller has been employed to improve the stiffness of PPC. It was reported that PPC
and ZnO nandiller were prepared through melt compounding in a rotary mixer atNL30

Good dispersion of the narsize filler in the PPC matrix & observed, indicating good binding
between the PPC matrix and particles, which was suggested to partially contribute to the
improvement of the stiffness of PCThe tensile strength and the elastic modulus were
improved to 32 NPa and 1700 N#a with 10% wt filler in the composites compdto the neat
PPC.Moreover, the increase of these two propergesainedconstant with more content of

filler in the composites. However, the elongation at break was reduced with the addition of filler
and showeda constant decreasing trend with increasing level of fdir conterf. In addition,

it was observed that the smaller the filler particle, the btétispersion of the filler in the

PPC matrix, consequently resulting in further improved stiffnesmg\with the mechanical
properties, both the oxygen and water barrier properties of the composites were greatly
enhared compared to neat PPMased on the aforementioned improvements and advantages,
PPC and ZnO narfiller composites considered to be areellent candidate to be applied in

the packaging field. More noticeably, good antibacterial properties were also obtained, which
further solids the feasibility of implementing this composites for packaging application.
However all the process and tessudts are only at the laboratory scale. Future study on the

largescale production and implementation of this material neelble conducted.
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PPC/Corn Starch Composites

Blending PPC with natural corn starch has been implemented and studied by sevamci rese
groups. In the research, PPC and the corn starch were blended through melt compounding at

150N *2.During the process, no obvious degradations of iPRfolecular weight were

observed, which indicates the feasibility of processiegéhlends. It was reported that the

tensile strength of the composites was improved with no more than 40% starch content. When
the starch content went above 40%, the tersérength slowly decreakeHowever, as soon as

the starch content exceeds 60%, the tensile strength decreases dranatealhelow the

value of neat PPC. This is probably caused by a good compatibility between PP€ @l t
groups in corn staréh On the contrarythe elongation at break shows a decreasing trend with
theaddtion of the starch from 1.5% to 35%, resulting in brittle samples. The thermal properties
of the compositefglass transition temperature and thermal decomposition onset temperature
have littledependence on the composition of the composites; however the overall thermal
properties of PPC stilhiproved in the composit&s™ The PPC starch compositearetotally
bio-based and biodegradable, which gives favorable environmental friendly properties. In
addition, the improved mechanical and thermal properties of the composites give this material
great potential to beppliedin automotive parts. However, further studies on preventing the

decrease of the ductility are still requested.
PPC/PHB Blends

Poly (3-hydroxybutyrate) (PHB) ibiodegradabléhermoplastic polyester. Its superior
biodegradability and bicompatbility makes it a favorable material under the circumstances of

global warming. Additionally, PHB also has very similar propetigsolypropylene, which is

19



a commonly used petroleubased plastic. But, the brittleness and high price of BB its
commercial applicatioff. Since PPC is a ductile material whigh elongation at break, it was
proposed that blending PPC with PHB could be an applicable routine to produce polymer

blends with improved and optieed properties.

The blend of PHB and PPC was prepared through solution blending with the chlorotben as
solvent at room temperature. After that, the biewere cast into film sampfEsTwo

independent glass transition tengteres in the blends were observed, indicating the
immiscibility between PPC and PHB. Additionally, no changes were detected in the two
independent glass transition temperatures. The crystallization behavior of PHB did not show
any significant changes aP€was addedhto the system. The SEM observation of the blends
showed a clear phase separation between the PPC and PHB phases. All of the above
observations demonstrated that there was no miscibility between the two polymers. However,
the elongation at kak of PHB was significantly enhanced with little decrease in the tensile
strength, which is considered to a favorable characteristic of the blends. Although, the blend of
PPC and PHB presented no miscibility, the properties of the blesrdsimprovedonpared to

the two original"’*® Thus, it is worthile to generate merfuture studies to modify and

improve the miscibility of the PPC/PHB blends so that a new green material with favorable

properties can be provided.
PPC/PHA Blends

Polyhydroxyalkanoate (PHA) is a bmased and biodegradable polymer, which has great
potental application in a wide rangmcluding thepackagingandbiomedical fields. Théssue

with PHA is its fragile mechanical behavievhichresuls in extremely brittle materidfs With
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theintention of utilizingthe ductility of PPC to modify the brittleness of PHA, the blend of PPC
and PHA was prepared through extrusion blending at\NL7Then, the blends were

transformed into tensile samples by irtjec molding at 170N~ andfilms were also prepad

by extrusiofi®. After the characterization, it was reported that the fragile mechanical behavior of
PHA was modified by PPC, as improved elongation at breakolvaerved. The impact strength

of the blends also significantly increased compared to the neat PHA, whiskgisificant
improvement in terms of being utilized packagingapplicationsMoreover, the barrier

properties of PPC for both oxygen and watere enhanced due to the high crystalline content

of PHA. This study demonstrated that blending PHA and PPC could be a practical and feasible
way to exend their application field as bioplastiespecially in the packaging fieldchieving

phase compatibzation would be the next objective of this study. Also, the feasibility of large

scale production of the blends requifeher investigation
PPC/PLA Blends

Poly (Lactic acid) (PLA) is a brittle polymer with high stiffness, which can be derroed f

fully renewable feedstocks In one studyablend of PPC and PLA was prepared through
extrusion blending at only 13020N *°. Two independent glass transition temperatures
assigned to PLA and PPC respectivebreobservedlIt was reported that the Tg of PPC phase
increased from 22 to 3 with increasing PLAcomponentn the blends, whereas the Tg of
PLA phase decreased slightly byN3as increasing the addition of PRCthe blends. The

changes of the Tg of both polymenslicated the partial miscibility between PLA and PPC. The
Youngbés modulus changed | i nerathelblgndsiiorh 200tb he i nc

3200 MRa for pure PPC; meanwhile, the yield sggmwas enhanced from 4 to 60 IRt was
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proposed that substantial interfacial adhesion existed between the PLA and PPC phases,
resulting in the |Iinear behavior of the Young
plateaus were observed on the stsissin curves when the PLA content changed from 30% to

60%. It was suggested that a reversal of the continuous phase from PLA to PPC occurs at
approximate 30% PPC content, giving the explanation for the various mechanical behaviors. It

was also mentioned that the thermal stability of PPC was improved in this lclempared to

neat PPC.

However, another study on the PLA/PPC blends gave different experimental data and
conclusions from the aforementioned study. In this study, the blend of PPC and PLA was also

prepared through extrusion blending, but at a temperafir7ON “®. There were no changes

observed in the Tg of the two polymer phases. Moreover, it was reported that a good dispersion
of the componentsihhe matri x was detected, illustratincg
modulusranged from 600 to about 3800 Rand the yield strength linearly changed from 4 to

80 MPa.

One possible reason for the different experimental data can be the various sbtirees
polymers which these two studies used. However, thegisientesults and conclusions

from these two studies still demonstrate the lack of thorough understanding of the PLA/PPC
blend system. Thus, there is a strong need for further study yzearsald investigate the
PLA/PPC blend system in order to obtain optimal blends for future applisaisca biebased

and biodegradable material.
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2.5 Incorporation of Chainx@ender in theBiopolymer System

Despite the advantages of biopolymers, thdienent deficiency in mechanical properties, melt
flow, melt strength and thermal stability limit their processing window and large scale
applications. Great efforts have been dedicated to the modification of biopolymers in terms of
tailoring their properes to meet different requirements for various applications, such as
packaging and automotive applications. PLA is currently the most commonly used and
commercially available biopolymer. With the intention of enhancing its melt strength and
thermal stabiliy and to maintain its high molecular weight during the melt extrusion and

molding process, chain extenders are of great interest in being applied in the PLA system.

Chain extenders are normally low molecular weight multifunctional compounds. They
consistof different multiple functional groups in the molecule chains. fahgtionality and
thermal stability are generally merits of these chain extenders. Several chain extenders were

reported in the literature, and are listed in Taéblehere.
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Table 2-1 List of typical chain extendets*®

Classifications Chain extenders
Diisocyanate compound Hexamethylene diisocyanate (HDI)
Dianhydride compound Pyromellitic dianhydride (PMDA)
Bisoxazolines comound 1,3-Phenylene bis(®dxazoline2) (PBO)

Multi-functional epoxy compound Joncryl' ADR 4368F;

Joncryl* ADR 4368C

Diimide compound Polycarbodiimide (PCDI)

Tris(nonykphenyl) compound Tris(nonylphenyl) phosphate (TNPP)

It is suggested that the atidn of chain extenders help reconnect the polymer chains that
break down during the processing, resulting in improved molecular weight in the pafymers
This is caused by the reaction between the chain ends of the polymbednddtional

groups of chain extenders. Since the reduction of the molecular weight of polymers
(degradation), especialfgr somebiopolymers, always occurs during the processing i.e. melt
extrusion, injection molding, the presence of chain extendemnhaartain the high molecular
weight of processed polymers or even increase the molecular weight, which always leads to
more stability and better propertiés® In addition, the reactions between polymers and
chain extenders usually happen fast enough to be done during the extrusion of polymers
without the need of extra residence time, which is preferable when processing plymers
Because of the multiple functional groups in chain extenders, it is proven that pohaimey ¢
can form long chain branch structures and crosslinking structures during processing with

chain extenders. The formation of long chain branch structures further controls the

24



degradation of polymers while enhancing the melt strength of polymers aaswied

mechanical properties of polymers, such as tensile strength and elotigatdor the
occurrence of crosslinking, strength and thermal stability gain further improvement as a
result of decreased polymer chain mobility. It was also noted that the incorporation of chain
extenders canebused as a reactive compatibilizer in polymer bigtsHowever, with
increased molecular weight induced by chain extentegsjscosity of melt polymers
increased, causingdramatic reduction ahemelt flow index (MFI) ofthe polymers®*’.

Hence, the processing window can betea sincemanyof the processscannot be

accomplished witlthe polymers havingvery low melt flow rate, i.e. injection molding.

In manycaseschain extenders are used in poly (ethylene terephthalate) (PET) products. PET is
widely used in bottles arfiims for packaging applications as it provides outstanding

mechanical performance, barrier performance and chemical resiStatmeever, degradation
always takes placguringthe processing of PEThe application of chain extenddras proen

to be successful in preserving the high molecular weight of PET through reconnecting the chain
fragments during the melt processihy™® Betterrecyclabilityand mechanicgerformance

arealsoachieved with thapplicationof chain extendef&°%

In recent years, as the development of biopolyrhessncreasedPLA has beemf great
interestfor tailoringinto applicable product®ecausehe degradation of PLA during the melt
extrusion is one of the issues tpatventPLA from beingwidely manufactured, avoiding
degradatiorandmaintainingthe highmolecularweight as well as the mechanipabperties are
subjects to bextensivelystudied®®¥®*. Manyresearcherfound it might be promising to apply
chain extenders in the PLA syst&ff®°. One study shows that the thermal stability as well as
the molecular weight of the PLA was enhanced through theextusion with chain extenders.
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Three types of chaiextendersvere studiedTNPP, PCDI and Joncryl ADR436®2 The
occurrencef chain extension was suggested to be the mechdorsmprovementin TNPP

and PCDI, formations of long linear chains were found. As for Joncryl, long chain branched
structurs and crosdinking contributed to the chain extension. In another study, a
multifunctional chain extendéCESA) was applied in the PLA/PBAT blend sst>. The melt
strengthand elmgation at break of the blend were reported to be largely improved due to the
incorporation of chain extender. The thermal stability was enhanced as well. It was also
mentioned that the improved compatibility between the PLA and PBAT could be one of the
man reasons that led to those improvements. Hence, the chain extender also revealed its

function as a compatibilizer.

To concludebased on many studies done by ottessearcherghe applicationof chain
extenders in the biopolymer systeanbe a promisingvay to enhance the processibility and
performancef the polymersThis givesagreater chance for biopolymers to be used in large

scale applicatiogin variousfields.

2.6 Film Processing

Packaging application has been taking up a huge share of ttie ipldgstry. Plastic films are
seen everywhere in the daily life as being used for packaging material. Millions of tons of
plastic films are being manufactured every day. The two most commonly applied techniques

for plastic film processing are film casgj processing and film blowing.

2.6.1Film Casting Processing

26



Film casting processing is a conventional way to protlueenoplastidiims. Many of the
thermoplastic films that are being used in different packaging applications are manufactured
using thistechniqué®. The basic components and principles of the procqssrisayedn

Figure 1.This procesag typically involves ainglescrewextruder in the first stage, which
melts and extrudes the polymer pellets fed from the feeder. Right after the extrusion, molten
polymer is casted into film through a flat die which is attached to the end of theegxtrud
barref*®”. After the filmis stretcted in the air by the rollf is then solidified and quenched on

a chill roll while retaining the fild shape.Typically, airknives ae applied when the film
reactesthe chill roll to gain better formation and cooling of the cast fifirfis Theschematiof

film casting processing is shown in Fig@&&. In most casesfter this casting procesiims

are subjected to further procesg such aghermoforming stretchingo developbiaxial
orientationor coating orother productso obtainthefinal product® °. There are several

important factorsn this film casting process that have been reported:

1) Draw ratio

2) Air gap length

3) Roll temperature
Draw ratio is defined as the ratio of velocity of the chill roll to the velocity of the film coming
out from the flat dieDraw ratio is critical in determingnthe thickness and physical structure of
the forming film. In addition, it is also important to understand the draw ratio and manipulate it
since changing processing material requires relative adjustment to the dr& Tatio
Increasing the draw ratioas always been a mesgto enhance the productivity. However, lack
of proper understanding of the role of draw ratio in the film casting procesgirgwayslead

to undesirable consequengcssch as the formation of neckand edge bead of the film or film
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breakag€’®. The airgap length is defined as the lengthviben theflat die exit and the point
where the film touch the first takg chill roll. This air gap length determines the how long the
film is kept in the air, affecting the cooling and strain etperiencecrystallizationand

s'%78 In terms of avoiding trapping air and eliminating the film

physicalappearancef the film
defects, shorter air gdpngthis recommended for most of the materialvas found in one

study that longer air gap length arose more formation of-imeckthe film®. The increase of
neckin appearanceay lead to formation of thicker filfis*® Roll temperature aldtasan
effecton the film forming when the filns cooledand solidified on the chiroll. The effect is
varied depending on thEopertiesof the materid’. Some studies reported that in regards to the

film casting process of PLA, the condensation and slippage of the film need to be avoided by a

relativelyhigh roll temperature (2503 ).
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2.62 Film Blowing Processing

Film blowing processing ianindustrial technique to manufactyskastic films.The majority of
plastic films are produced with this film blowing proceBse crosssection of thaypical

elements of the processdepicted in Figure .2. It involves an extrudemnannular die, a tube
(also calledoubblg formed by the polymer, air suppliesiad several rolls (nip rolls and guide
rolls)®!. The polymer pellets are firstigd in the hopper and melt extruded throughetruder.
The molten polymer then esifrom the annular die and fosra bubble with the assistant of the
supplied cooling air. Compressed air is supplied irctéreerof the bubbleThe cooling air

supply surrounds the middle to the upper part of thble. The polymer formed bubble then
solidifiesand is collected by the guide rolls and nip rolls into flat sheet or film. The place that is
above the die at which tteelidificationoccurs is called the freeze IfieThe coolingair can be
used to control where thigeezeline occurs Above the freeze line, tleeformationof the

polymer formed bubble isegligible Three important factoiduringthis film blowing process
arethe thickness reductigifR), drawratio (DR) and blowup ratio(BUR). The thickness ratio
(TR) is defined as the ratio of the space between the annular die and the bubble to the thickness
of the film at the freeze linavhich is normally around 2R00.The draw ratio (DR) is defined

as the ratio of the veldg of the polymer at the freeze line to the velocity of the polymer at die,
which is reported typically within the rangé10-40. As for the blowup ratio (BUR), it is the

ratio of the diameter of the polymer formed bubble at the freeze line to theteliarhthe inner

die, which typically falls in the range of32 The blowing and drawing process of the polymer
film during the film blowing process can shape the film into a biaxial orientatiorunibormly.
Films with biaxial orientation exhibit much better properties compared to those films with only

one axial orientation in terms of mechanical properbasjer propertieet# Hence,
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achieving films with biaxial orientation is tipgimary attractive characteristic of this film

blowing processing.
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2.7 Water Vaporand OxygenPermeability

The permeation of water vapor and ga®ughthe polymer filmmanly consists of three

processes, which are listed below:

1. Sorptionof thepermeanmoleculedgnto the polymefilm (adsorption and absorption)
2. The diffusion of permeant molecules inside the polymer m#troughouthe film.

3. Thedesorptiorof thepermeant molecules from the other side of the film surface.

Thus, the permeability of theertainpermeants is affected by the solubility of the permeant in
andthe diffusioncoefficientof the permeant in regards to the polymer film, which can be

expresed with the equation:
P=DS

where Pstands fopermeability D representsliffusion coefficientand Sis thesolubility

coefficient respectively.

The ®lubility coefficientis relatedo the variancebetween solubility parameten$ polymer
ard the permreant molar volume ofhe permeantemperature anahajorcharacteristic of
polymer. The solubility coefficient of different permeants as to different films can vary in a

large range.

Thediffusion coefficient can be affected by the activation energyeopttrmeant in the
polymermatrix, the fraction free volume of the polynstructure the crystallinity of the
polymer, polarity of the molecular chains of the polynpeessurelifference of the permeants

between the two sides of the film and temperature.
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Therefore, the permeation of the water vapor and gases is a complicated process, which can be
affected by too manyariables resulting in the unpredictability of the permeability of water

vapor and gases. There has been great interest recent yeamsptiagi¢o diminish the

permeability of water vapor arakygenas lower permeability means less mass transfer

between the packaged products and outsidéronmentFrequent mass transfer oxygenand

water between the packaged products and outside emegrdrcan greatly compromise or

deterioratehe quality of the producia many waysleading to shorter shdife.

The termfbarrierproperyois always used in the packaging field, which represents the ability
of the material to preverertainpermearg from permeating through, such as water vapor or
gas. The barrier property is just an expression without actual value whereas permeability
coefficients of the permeants can be usegliantifythe barrier property. Higher permeability
indicates poorer beer property in terms afertainpermeant; and better barrier property comes
with lower permeability. Hence, water vapor and gases permeatuéfficientsof various
polymer films have been extensivatydied Biopolymers are currently aficreasingnterest in
the plastic industry. In order to develop possible candidatesitkagingndustry with
biopolymers, numerous studies have beamductedn the permeability of biopolymgrsuch

as PLA and PPC.

Auras anchis groupstudied theoxygen andvatervapor permeability of polylactic acid)(PLA)
under different temperature and relative humidityhe results showed that higher temperature
led to higher oxygen permeability whereas lowetampermeabilitywasdetectedvith

increasing temperature. The relative humidity did not have significant impact on both oxygen
and water permeability. It was also reported that the oxygen permeability oivBtlawer

than that of PS but higher that of PEnd the water permeability of Plwashigher than both
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PET and PS buh acomparableange Their study indicated that PLA has the competitive

performance as the conventional plastics in terms of oxygen and water barrier.

Another study conducted by \Wer and coworkersave compared the biopolymers and
conventional polymers terms oftheir water vapotransmission ri& (WVTR) andoxygen
transmissiomateasalow to high rangeThe OTRof PLA wasreported to be lower than PS and
PE but higher than PHAVDC and EVOH. The WVTR of PLA was claimed to be lower than
EVOH but higher than PS PE and PH/Studies also showed that the higher degree of

crystallinitythe PLA led to the lower permeability of both oxygen and water Yapor

There has also been somesearchocusing on studying the barrier paminance of PPC.

However, the results with regards to the oxygen and water papmeabilityof PPC from

different research are nobnsiderableonsistent; and sometimes are contradictdrge study
completed by Seo and his coworkers showed thaixiigen permeability of PPC i25.3288
cc*mil/100in?-day-atm (calculated by myself in regards to their reported GT.Rnother study
found theoxygenpermeability of PPC to bg.117cc*mil/100in*-day-atm It can be noted that

the oxygerpermeabilitycoefficients from these two studies have large differéhd@ere is

also one study that claimed the oxygen permeability of PPCQ®B804cc*mil/100ir’-day-

atm, which is even much lower than that of EVOMH0254 ctmil/100in*2-day-atm)*®. The

reason for all these inconsistent results for the permeability of PPC could be the difference of
the PPC they used as there is no specific giladgnatedor each PPC. And the grerties of

PPC from different manufactures can be significantly different because of the variance in the
choice of catalysts armbpolymerizatiorprocesse¥. The various tegquipmentand test
conditions seem not to be the reason for the inconsistency of the reshéscaktlation of

permeability already takes thogariablesnto consideraon.
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Chapter 3ProblemSatement and Hypothesis

3.1 ProblemS3atement

As the biggest contributor to the global warmicaybon dioxide (CO2) emissions have largely
been focused on. The majgoncern is to address the massive emission of CO2. Direct
utilization of CO2 in making industrial products is a novel way to sequestrate CO2. Poly
(propylene carbonate) (PPC), which is a biodegradable polymer, can be synthesized by the co
polymerizationof CO2 and propylene carbonate. This polymer is a possible alternative for
synthetic polymers; however, it has its own drawbacks. It has low thermal stability, which
makes it difficult to process. Its poor stiffness also limits its applications. Poli (¢eid)

(PLA), also as a promising biopolymer, has been extensively studied due to its favorable
properties. Blending PPC with PLA can be an effective wawitomizethe drawbacks of both
parentpolymers. The blend of PLA and PPC is a biodegradablersysti possibilityto be
appliedfor packagingapplicationsHowever, in order to obtaimorefavorablemechanical
thermal and barrier performancése appropriatéblending raticdfor PPC andPLA in the blends

andpropercompatibilization of the blendsiléiheed to be investigated.

3.2 Hypothesis

1. A biopolymer blendccan be produced from physical blending PLA WRtRC inanoptimal
blending ratio that is able tlemonstratenhanced mechanical, thermal and barrier
performances as compared to the indivichakent polymers.

2. The incorporation of the chain extender, in this case Joncryl ADR-@368n achieve in

improving the compatibility between PLA and PPC in the PLA/PPC blend, resulting in
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enhanced mechanical, thermal and barrier performance. The catigeatiblendaimsto

beutilized for the packaging applications.

3.30Dbjectives

The overall objective of this project is to develop a new class dfdsed and biodegradable
green polymefilm by combination of C@based polymer PPC with PLA. The mahmatienges
can be to achieve thmlancednechanical properties, especially toughness and strandth
reasonabléarrierpropertiesof the final product as well as favorable thermal properties in
comparison with the respective properties of the petroleased composites currently used in
the industry. The developed Hiased polymetfilm is targeted to substitute for a class of

petroleumbased composites currently usedl@xible packagingapplications
Specific objectives are:

1. Determine the optimal bleit ratio between the PLA and PPCatthieveblends with
balancednechanicaperformance in terms aluctility and strengtlas well as enhanced
thermal performance in regards to PPC.

2. PreparePLA/PPC blends with different concentration of Joncryl. Themdsewvith
differentformulationare processed into cast films with the optieaifilm casting
processingarameters.

3. Determine thenechanicglthermal and barrier performances of the produced films.

Explore the effect of the incorporation of chain exteraethe PLA/PPC blend films.
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Chapter 4Materials and Methods

4.1 Materials

4.1.1Poly(propylene Carbonate

One of the biopolymers used in this study was (pobpylene carbonat¢PPC) The chemical
structureof PPC is portrayed in Figure 4.This PPC resin wagbtained from Henan Tianguan
Enterprise Group Co. Ltd. (Chind)was synthesized by tle®polymerizatiorof carbon
dioxide and propylene oxide in the presence of catalyst. & kassity of 1.21.28 g/molPPC
does not present any melting temperasime the polymer has a totally amorphous structure.

Some of the properties of PR@presented in Table-.

— n

Figure4.1 Chemical structure of Pdlgropylene carbonat€PPC)
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Table4-1 Typical Properties of Polypropylene Carbonat¢PPC)

Density (23 ) (g/ml)

1.201.28

NumberAverage Molecular Weight (g/mol)

200,006500,000

Notch Izod Impact Strength (J/m) >25
Glass Transition Temperature ) 25-39
5% Weight Loss Temperaturs () > 250
Ash content (%) Less than 3
Hardness (Shore) 20-50
Melt Flow Index (g/10min) 0.51
PC (propylene carbonate) content (%) Less than 1
Tensile Strength (MPa) 10-20
Elongation at Break (%) >300
Polydispersity 4-6

*Datawas obtained from thidenan Tianguan Enterprise Group Co. Ltd.
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4.1.2Poly (lactic acid)

The othebiopolymerused in this study wasoly (lactic acid (PLA). The chemical structure of
PLA is depicted in Figure 4.Zhis ALA resinwas purchased fromatureWorks LLC (United
States). The grade of PLA usegs 3001DIt has a density of 24 g/mol and amelting

temperaturaround 176180 .Some of thaypical properties oPLA arepresented in Table 4.2

d S OH

n

Figure4.2 Chemical structure dPoly (lactic acid(PLA)
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Table4-2 Typical Properts of Poly(lactic acid) (PLA)

Density (23 ) (g/ml) 1.24
Clarity Transparent

Flexural StrengthNIPa) 108
Heat DeflectioniTemperature3y() 55

Flexural Modulus K1Pa) 3600
Melt Flow Index (g/10min)2108 , 2.16kg) 22
Tensile StrengthMPa) 62
Elongationat Break (%) 3.5
Notch 1zod Impact Strength (J/m) 16

4.1.3Joncryl ADR 4368-C

The Chain extender used in this stwegsthe Joncryl ADR 436& supplied by BASHnN this
study, this chain extenderrigpresentetyy the ternfiJoncryb. Joncryl has a vgrhigh
functionality and has been reported agatremely effective chaiextender It canfacilitatethe
formation of long chain branched and crtieking structurego achieve the chain extension.
Figure 43 portraysthe typical structure ahe Joncyl multifunctional chain extenders, which
are styrenacrylic oligomers In thestructure R1-R6 represemstalkyl groups, such as H, Gldr
higher alkyl groupsX, Y and Z are in the range of2D. The characteristgof Joncrylare

depicted in Tabld-388
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Figure4.3 Chemical structure of Joncryl ADR 43638

(Redrawn after the data sheet from BASF)

Table4-3 Charateristics ofoncryl ADR 4368R

Functionality(f) 9
Appearance Solid flake
Density (23 ) (g/ml) 1.08
Glass Transition Temperatur 54
)
Epoxyequivalentwveight 285
(g/mol)
Molecular weight (Mw) 6800
(g/mol)

*Data was obtained from tH&ASF.



4.2 Methodology

4.2.1BaselL ine Study

Injection Molding BlendSampledrepaation

In order to determinthe optimal blending composition between PPC and PLA b)enels
blendingand injection moldingf PLA and PPC at different weight percént%) PLA/PPC
ratioswere conducted-or this, (neat PPQ@0%PLA/60%dPPC,50/%PLA/50%PFC,
70%PLA/30%PPCand neat PLAwere prepared and their mechanical properties were
evaluated. Prior to blending, the neat polymers were driad oven at for 15 h to avoid
hydrolysis during processing. After drying, the neat polymers and blend sammblesferent
compositions of PLA/PPC were processed in a DSM Xplore ragtauder (Netherlands)
equipped with @o- rotating twin screw. Thenelt processing parameters: Extruder temperature,
residence time and screw speed were set alN175min and 100 RPM, respectively based on
preliminary trial optimization of parameters. After extrusion, the melted materials were
injection moldedvith aDSM Xplore micrainjection molding equipmerdt 179\ to form

tensile and flexural bars in accordance with ASTM D638.
Mechanical Propertie€haracterization

Tensile strength, modulus and percent elongation at break of the neat PLA, PPC and their blend
injection molded samplegere measured usiran Instron Universal Testing Machine

(Instron3382, 10 kN load cell) with a strain rate of 5 mm/min according to ASTM D638 method.
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For all the reported results, at least five specimens for every formulation weserateand the

averages of the values were reported.

Based on the mechanical performance, PLA/PPC 40/60 blend exhibited the best performance

compared to the other formulatiofshown in see results and discussion section).

4.2.2Primary Study

In regardto the conclusion from the base line stuBiA/PPC 40/60 blend was selected as a
base blend foconductingfurtherfilms study To produce films, PLAPPCand Joncrypellets
weredried prior to blending process. Then PLA and PPC wieneded in 40/60 ta with the
addition of 0.0, 0.phr, 0.50hrand 1.0phdoncrylusing a Leistriz twin screw extruder
(Germany). The processing parameters on the extruder were kept cahstéerperature,
residencdime andscrewspeed of 178 , 2min, 100 rpm, respeactely. Theextruded blend
strandswverethenpelletizedimmediately after the extrusioRilm castingorocessvas
performedusingacast film extruder, Microtruder RC#625, Randcastle, New Jersey, USA

The processing pameters for film making were set to a temperature ay180dscrew speed

of 23.2 rpm, based on preliminary experimentation trieti& outcome film has a thickness in

therangeof 0.090.12mm.

4.2.3Tensile Properties Test

Forthe PLA/PPCblend filmswith 0, 0.2phr, 0.5phr and 1pbf Joncryl, the ASTM D882

method was followed to perform the tensile testiffie method employed in this study is
different from previous base line study as the ASTM D882 is specifically designed for film
testing.Specimensvere cut into strips from the extruded films. The dimension of the specimen
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strips wered.090.11mm in thickness, 9.900.00 mm in width and 150 mm in lengirhe

initial distance between the two gripssset to be 100mm accordingA&TM D882.The
crosshead speed of thestwas set tde25mm/min.According toASTM D882, the film

sample which failglue to a tear failure will give anomalous data and cannot be compared with
the data from normal failure. As for tear failure, ASTM D882 defined it asuaddthats

initiated by the fracture at the edge of the samaplkdis completed by the progress of the
fracture across the sampleln suchacase, tesample weretested for each formulatidn

account for the potential dfie tearfailure during the test. Five results for each formulation with

normal failure wereecorded and the average value was reported.

4.2 .4Differential Scanning Calorimetry (DSC)

A thermal analysis (TA) instrumer@200 wasused to perform the DSC analysis in nitrogen
atmosphere. For every specimen, sample mass was accurately measured betwddnhrbg.
An aluminum pan was used to hold the specimens antbadsd itio the instrumentAfter
loading the specimen, the instrument started to scan and h@dtagpecimensverescanned

from room temperature to 260 with a heating rate of D0/min. When the temperature

reached 200 , the specimen was cooled down from RO -40N with a cooling rate of [§

/min. Then, a second heating scan was performed on the specimergdignto 200N with

the heating rate of M0/min. The first cooling cycle was used to analyze the melt crystallization

behavior of the specimens and thes® heating cycle was used to investigate the glass
transition temperature (Tg), and melting temperatures of the specif@results were

analyzed using TA instrument Universal Analysidtware.
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4.2 .5Fourier Transform Infrared Spectroscopy (FTIR)

The infrared (IR) spectra of PLA, PPC, Joncryl and the blend plastic flms was were analyzed
using FTIR (Thermo Scientific Nolet, 6700 ATRFTIR) at room temperature. Finely milled
dried samples of PLA, PPC, Joncryl, and dried blend film specimens with and withauy!
wereused for the analysi4¢00 scansvere conducted with 4 cih resolution for the FTIR. The
measurementsetween 4500 and 400 einwere recorded. For the background, the same

conditiors wereapplied.

4.2.6Scanning Electron Microscope(SEM)

The morphologies of PLA/PPC 40/60 blend films with and without Joncryl were examined
using a HITACHI S570 (Tokyo, Jap® scanning electron microscope (SEM) under an
acceleration voltage of 80 kV. Before examining the films, a layer of galad palladium
particles withathickness of 20 nm was coated on the surface of the films to enhance the
electron conductivity of theample while reducing the chances of heat accumulation on the

surface of the sample, which will possibly lead to deformation of the film surface.

4.2.7Thermogravimetric Analysis (TGA)

TGA was performed on the specimens by using a TA Instrument Q50@ Wav rate of 60

ml/min nitrogen atmosphere. The specimens were heated up froim(&®&m temperature) to
450N at a rate of 28 /min. The temperature at which theaximum degradation rate occurred

was detected with derivative thermogram (DTG).

45



4.2.8Water Vapor Transmission Rate (WVTR)Measurements

Thewater vapor transmission ratelues of the blend films were obtainiedm a Permatran

W® Model 3/33 (USA, MOCON). All the test films were placed between two aluminum foil
masks with the test area of 5Tand the two foil masks were seatedethemwith vacuum
greaseBefore testing, calibrations of the equipment were performed using calibration films
from MOCON. Also,after every 3 to 4 experimenthe calibratiorprocesavasrepeatedising

a reference fin supplied by MOCONo ensure the validity of the resulfster masking the

film sample wih aluminum foi§, the sample was placed in a test eeldl was clamped between
two chambers. As such, the chamber wichilled with test gas (water vapor) istlouter
chamber. The other side is the inner chamber which is filled with carrier gas (nitrblgers).

are two test cells on the equipmeherefore each time two samples dreing tested at the
same timeThe test was performextcordinggo ASTM F 1249%tandard. Referring to the
standard,Hle test condition was setadtemperaturef 37.82+ 0.13 and a relative humidity of
100% In order to generate 100% relative humidity, a sponge filled with HPLC water was
attached to the insideall of the outer camber. Temperature was controlled by the equipment.
Nitrogen flow rate was set to 1@ CM (standard cubic centimeter per minuia cell A, B, Z
and 50 SCCM foR. Cell Z is the zero cell and Cell R is the reference cell. A reference film is
placed inthe cell R. Thdllustration ofwater vapor transmission rate test principées
demonstrated in Figure 4 7the test principle ibasicallythat the water vapor molecules
generated by the wet sponge permeate through the filmtf@outer chamber ttheinner
chamter. Afterpermeation, the water vapor molecuketaken by the dried nitrogen in the inner
chamber and carried to the sensor of the equipment. The sensor iscqlaatttyhow much

water vapor is being taken to the sensor by the nitrogen eshpdriod was set to be 45
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minutesevery cycle for each cell. As such, every 45 minutes, the computer gives a data point
calculatedby the sensor about how much water vapor in quantity diffuses through the sample
and reaches the sensor. The sensor aticatip takes the test area thfe sample andhe time

into calculation giving datawith unit of g/nf-day. The data will be recorded by the computer
continuously Since testindparrierpropertiesof films is a delicate work (no matter water vapor

or oxygen), the entire system which the test is performed in has to be free of water vapor
molecules from outside sources. In light of this, prior tdisievery test, a twbour

conditioning process, which only uses dried nitrogen to flush the entire systézartout any
existing water vapor molecules, wasrformedfor each test cell. Another processledrezero

is performedhroughouthe whole test. This process happens evempbiteswhen the test is
switched to the other cell after finishittgeted in previous cell. This process is to make sure no
water vapor exists in the next cell before testing by flushing with nitr@¢fesr. the recorded

data value reached a steady state, this value was reported and the test was stopped. For every
test, it nomally took 812 hours to reach a steady stételeast bur experiments were repeated

for each film formulation. The average value and standard deviation were reported.
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Film Test Sample
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Flow (test gas)
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Figure4.4 lllustration d water vapor transmission rate test principles

(Redrawrafter PermatrarW® Model 3/33peration manual frorMOCONNCc)
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4.2.9 Water Vapor Permeability Measurementsusing Dish Method

As d@orementionedthe testing obarrierproperties is a delicatest that requires strictly

controlled test conditions to obtain accurate and valid results. Therefore, another measurement
of waterbarrierpropertienf my film samples was conducted using a differaathodnamed

dish methodo confirm the water vapgrermeabilityresults acquired from the previous method.
This testis performedaccordingo ASTM E96 standard. The bagiancipleof this test is to

cover a dish, which is impermeable to the water vapor, with the film specaménhe dish is

filled with desiccants. Then, the film covered dish is placed into environment with controlled
temperature and relative humidity. At last, the water vapor transmission rate can be obtained by
measuring the weight gain of the dish every hour. Because the weight battepends on the

how much moisture permeates through the film specimen and is absorbed by the desiccants.
Thesteps of performing this test grertrayedn Figure 4.5. In this study, steel cups were used

as the dish with a test area of 19.62% amd thesilica gel was used as the desiccants. Prior to

starting the test, the silica gel was dried in the over a 105 24 hours.
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Step 1

Step 2

Step 3

Step 4

Step 5

Dry desiccant (silica gel) in the oven at 105 °C for 24 hours;
Prepare film samples with a diameter greater than 6cm.

Dried silica gel Prepared film sample

Steel cup Epoxy glue as sealant

' .“
]

Measure the initial weight of the specimens

Placed the specimens into the environment chamber with a 100%
RHand 37.8°C

A

-
=

Measure the weight of the specimens every hour until the weight
gain/hour becomes stable

Figure4.5 Shematic of Dish Mthod
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4.2.100xygenTransmissionRate (OTR) Measurements

Theoxygentransmission rate values of the blend films were obtained @XahRAN®

Model 2/21 (USA, MOCON).The equipment was connected with oxygen and
nitrogen/hydrogen cylinder$he installation of samples is the same procedure as the wate
transmission rate tess such, the chamber which is filled with test gasy@en is the outer
chamber. The other side is the inner chamber which is filled with carrier gas (nigrodien
hydrogen. There are two test cells on the equipment; thereéaeh time two samples are
being tested at the same time. The test was performed according to BS9Bbstandard.

Referring to the standard, the teshdition was set to betamperature at 280.1N and a

relative humidity of 0%Temperature was contted by the eqyupment.Oxygenflow rate was

set to20 SCCM (standardubic centimeter per minutelNitrogen/Hydrogen flow rate was set to
10 SCCM.Thelllustration ofoxgyentransmission rate teptincipleswas depicted in Figure
4.6.The test principles basically that th&00% concentration of oxygen flows into the outer
chamber angeermeateshrough thespecimerto the inner chambeAfter the permeation, the
oxygenmolecules will be taken by thetrogen/hydrogen mixed gas the inner chamber and
caried to the sensor of the equipment. The sensor is able to quantify hovorygehmis being
taken to the sensor by tharrier gasThe test period was set to be 45 minutes every cycle for
each cell. As such, every 45 minutes, the computer gives a datagloulated by the sensor
about how muchwvaterin quantity(cc) diffuses through the sample and reaches the sensor. The
sensor automatically takes the test area of sample and the time into cal¢cglaing a data

with unit of c¢m?day. The data wibe recorded by the computer continuoulye entire
system which the test is performed in has to be free of water vapor molecules from outside

sources. In light of this, prior to starting every test, atwar conditioning process, which only
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usegthecarrier gago flush the entire system to clear out any existixggen was performed

for each test cellThe rezero process is the same as the water vapor transmission teatéo en

no oxygenexists in the next cell before testims the sensor for thioxygen transmission rate

is supersensitive the test will be stopped automatically when there is langeuntof oxygen
reaching the sensor, which is called exaange. Masking the film with aluminum foils to

minimize the test area is a precaution tevent this overange situation fronoccurring
Anotherprecautionis the application of individual zero process, which is to test the specimen
without oxygen flow (test gas) prior to starting actual fEse actual test begins only urttile

sensor givesn OTR valueextremelyclose to zeroHowever, everthese precaution processes
some poor oxygen barrier material still cannot be tested on this machine, which in our cases is
the neat PPC film. Several trials have been done to reproduce the PPC fiireasde its

oxygen transmission ratalthoughthe optimization of the film casting process of neat PPC

film has been done multiple times and the PPC filobisinedwith homogenousppearance,

the oxygertransmissiomate test on PPC film still kept rd@ng overrange state and provided
noresults As for the end of the tesdfterthe recorded data value reached a steady state, this
value was reported and the test was stopped. For every tgsicdlly took 12-30 hoursfor the
individual zero processnd 1012 hours for the actuéd reach a steady state. At letisee
experiments were repeated for each film formulation. The average value and standard deviation

were reported.
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Film Test Sample

O, Flow

DryN,/H, >“ (test gas)

Flow
(carrier gas)

(
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Inside Chamber Outside Chamber

Figure4.6 lllustration of oxgyentransmission rate test principles

(Redrawrafter OXTRAN® Model 2/2dperation manual frorMOCONNC))
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4.2.9 Statistical Analysis

The experiment was conducted with a completely random design with 4 factors which are
treating the PLA/P€ blend with 0, 0.2, 0.5, 1phr concentration of Joncryl. Allntezhanical
properties for each formulation were assessed with at least 5 replicates. As for the oxygen
permeability at least 3 replicates for each formulation were prepared and investigatiedn

the case of water vapor permeability, testing was performed on at least 4 replicates. The results
from these experiments were statistically analyzsdgthe ANOVA oneway variance
analysisprocedure on the Minitab Ver. 16 (Minitab Inc., Statdl€ye, PA). A significance of

0.05 for all the analysis was usdthe means and standard deviations vegrayzedand

compared with the Tukeyairwise comparison test.
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Chapter 5Results andiscussions

5.1 Tensile Properties Analysis

Mechanical property ging of PLA/PPC blends was performed to determine the optimum

blend composition for further processing and development of the blend based films. As such,

blends with 70PLA/30PPC, 50PLA/50PPC and 40PLA/60PPC were prepared andAested.

shown in Figuré.1 and5.3, it was observed that neat PLA showed high tensile yield strength

with very low elongation at break. Samples failed without necking at a strain of around 5%. On

the other hand, studies have reported that neat PPC exhibited much higher elohbatiak a

with apparent long necking before brélindicating that the inherent brittleness of PLAlkcb

be modified by blending with PPC. As for the binary PPC/PLA blends, it was noted that the
elongation at break of the blend shows significant increase while the tensile strength at yield
decreased with increasing PPC content in the blend. The maxiadumof elongation at break,

216%, was obtained from the blend of 40PLA/60PPC, with tensile strength around 50 MPa. It

was al so observed that the Youngbés modul us va
but much higher than that of neat PPRIg(re 5.2)T he Youngds modul us val ut
reduced with increased loading of PPC and varies significantly with different formulations

compared to tensile strength and elongation at biidek40PLA/60PPC blend showed a

significant increment in the @hgation at break with slight decrease from 52MPa to 48MPa in

tensile yield strength, compared to the blend composed of 50PLA/50PPC. Also, as the

concentration of PPC in the blend increased, a further loss in tersllduswas observed.
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Figure5.1 Tensile Strengtlof PPC, PLA and PPC/PLA blends: (A) neat PPC, (B) neat PLA, (C)
PPC/PLA (30/70), (D) PPC/PLA (50/50), (E) PPC/PLA (60/40).
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Figure5.2 Young's Maulusof PPC, PLA and PPC/PLA blends: (A) neat PPC, (B) neat PLA,
(C) PPC/PLA (30/70), (D) PPC/PLA (50/50), (E) PPC/PLA (60/40).
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Figure5.3 Elongation at Break of PPC, PLA and PPC/PLA blends: (A) neat @) @gat PLA,
(C) PPC/PLA (30/70), (D) PPC/PLA (50/50), (E) PPC/PLA (60/40).

Figure 5.4 shows the typical strestsain curves of PLA/PPC bleswith differentformulations

From the stresstrain curve, it can be noted that PLA/PPC with 40/60 formulgtiesents

balanced stiffness while gives a large rise tatlighnessmaking itanoptimal formulation for
PLA/PPC blend in terms of increasing ductiljthout losing muchstrength Additionally, a
narrower processing temperature window is expectédmgher content of PPC in the blend,
because of relatively poor thermal stability of PPC. As such, the mechanical property testing of
the blend exhibited that 40PLA/60PPC blend could be considered as the optimal composition

for film developmenttakingtth t ensi |l e strength, Youngds modul
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Figure5.4 Stressstrain curves of PPC, PLA and PPC/PLA blends

Figure 5.8llustrates typical stresstrain curves of 40PLA/60PPC blenthfs with different

level of Joncryl: 0, 0.2, 0.5 and 1phr. For all films, three main regions were discernible: elastic
deformation, yielding, and stress hardening. It is noted that for the PPC/PLA blend without
Joncryl, the elastic deformation region endedtkly as strain increased, but this region was
extended significantly with the inclusion of Joncryl into the blend. This extension revealed large
increment in the strength of the films, giving promise to reversible deformation of the films
under certainoad. The curve showed significant yielding region followed by intense stress

hardening for all films. With more Joncryl in the blend, the area of stress hardening region is
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becoming larger, indicating increased elongation at break. However, when Jeachgd 1phr

in the blend, the stress hardening region ended at much lower stain percentage than that of blend

with 5phr Joncryl.

50
40
] 30 ~— (1) PPC/PLA/Joneryl 60/40/0.5
g 0 0.05 0.1 0.15 — (2)PPC/PLA/Joncryl 60/40/0.2
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Figureb.5 Stressstrain curves of PPC/PLA blend films with and without Jghc

As presented in Table 5, mechanicapropertiesn terms of tensile properties of

PLA/PPC/Joncryl with increasing concentration of Joncryl. The means and standard deviations
of all the properties are reported in the table. A statistical analysisex@smed on all the

reported data by using Tuk@symethod in with a oaay ANOVA variance analysis. A

significance of 0.05 was used in all the tests. The statistical results are represented with
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alphabetical letters for each value of mean in the tabihima same columrpfesentinghe

same property), each different letsggnifies a statistical range of value that it falls into and is

statistically different from other values frasissimilarranges represented by other letters. For

each column, theighest value for that particular property is represented by the figiteAs

the value decreases, the representation letter change8AimoBo i Co and so on.

Table5-1. Means, Standard deviation asi@tistical analysis of thensile properties of
PLA/PPCLChain extendeblend film

Joncryl Tensile Standard Secant Standard | Elongation at| Standard
concentratiofphr) | Strength | Deviation | Modulusat | Deviation break Deviation
in the PLA/PPC | At Yield 1% strain (%)
blend films (MPa) (MPa)
25.80 1.58 1567.3 169.4 12.80 2.59
Ophr (B) (B) ©)
33.64 2.97 1917.6 94.7 132.60 28.1
0.2phr (A) (A) (B)
35.38 3.32 1832.4 91.3 262.20 57.3
0.5phr (A) (A) (A)
36.08 3.40 1921.6 163.6 21.00 8.94
1phr (A) (A) (©)

As shown in Figuré.5, 5.6 and 5.7 and Tablel5increasing Joncryl content from 0.21iphr

in the

PPC/ PLA bl

end fi

ms

resulted

i n
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compared with PPC/PLA blend films without Joncryl. Also, the elongatidmeak of the films

was largely enhanced with the loading of Jon®ylecifically, at 0.2phr Joncryl content, the

films showed a 140% increment in tensile yield strength and 122% in secant modulus while the
elongation at break was enhanced by 1035%.filims with 0.5phr Joncryl exhibited a 137%
increment in both tensile strength and 116% in secant modulus, along with a huge increase by
2040 % in the elongation at break as compared to the film without Joncryl. Interestingly, as for
the films with 1phr dncryl, the tensile strength and secant modulus showed a 140% and 123%
increase as compared with the pure blend, but the elongation at break did not display any
significantly difference according to the statistiaahlysis.Thelower elongatiorat breakof

film with 1% Joncryl as compared with 0.2 andghBJoncryl samples could be related to the
occurrences of more creiekings between the polymer chains when loading more Joncryl was
added into to the blend syst&tf. Moreover, it was suggested thhe incorporation of Joncryl
does not only extend the polymer chains but also was able to resulting in forming a long chain
branchedstructurd®. With higher concentration of higher Joncryl content in the blend, there is a
higher probability of a more fregnt crosdinking by joining chain ends with functional groups.
With the presence of more crelgsking and long chain branching structures, the mobility of the
polymer chain in the blend system is expected to decrease significantly. Thus, duringrthe stra
hardening period, it would be difficult for the polymer chains to move and rearrange, resulting
in low elongation at break. Similar observation was reported in the study conducted by
Khonakdar et &f. In their case, with more inclusion of chain extender in HDPE, increased
crosslinking between the polymer chains imposed more restriction on the elongation behavior
of the polymer, resulting significant decrease in elongation at bAeakher possible reason for

the drastic decrease in the elongation for film with 1phr Joncryl migthtabeéhe decrease in
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theamountof molecular chain ends leads to thexurrence of stress concentratiassrequent
chainextensioriargely reduces the number of chain éndBhesestress concentrations can be
responsible for the reduction in thectility of the film with 1phr Joncryl. Similar observation
has been seen by othresearcherashen the PLA S the minor component in the blend, chain
extended PLA dispersed phase acted as stress concentrators in the presence oft#oncryl. T
elongation at teak was drastically decreased in their case a§*wEtle improvement in tensile
strength and secant modulus of fi@s could mainly be due to the formation of higher
molecular weightlonger chain structurendlesscrosslinking. However, there is only
minimum increase in thetrengthand modulus fron26 to 33after adding 0.2phr Joncryl into
the PLA/PPC blend filmMoreover, ncsignificantdifference in thestrengthand modulus is
observed when increasing the concentration of Joncryl to 0.5phr andcbgindingto the
statistical analysisThis is attributed to the small amount of Joncryl in the blend systbioh
may not besufficientto enhance thstrengthandmodulusin a large extentThis has also been
observed in other studi#s®. As for the elongation at break at lowencentration of Joncryl
concentration, the increased elongation at break the improvement might be catwsedniayn
factors. One of them can be the formation of PlgkhcrytPPC copolymer. Since PPC and PLA
havesimilar chemicalstructureand they all havéunctionalend groups, the Joncryl has the
potential to react with both PLA and PPC, forming a copolymiee.formation of PLA
JoncrytPPC copolymer can greatly reduce the interfacial tension while increasing the
interfacial adhesion, resulting in muchttee compatibility.The compatibilization function of
Joncryl has been confirmed with several studiesasreported inonestudy that the
incorporation of Joncryl could increase the compatibility of the blend system through the

formation of intensive ésr linkages between the PLA/PBAT polymer chainanother study
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also proposed the formation of copolymer RléncrytPBAT with the compatbilization of

JoncryP“. In such case, the compatibility of PLA/PPC blend system in the tibukl be

improved by the addition of Joncryl due to themation of copolymebetween the PLA/PPC
polymer chaingnd Joncryl chaingrovidingimprovementin interfacial adhesiobetween the

two polymer phases. The ductility of the matrix (PPC) with improved compatibility with PLA
promises the observed high elongation at break of the films. As a result, PLA/PPC/Joncryl films
with highly improved mechanical properties were obtaimed the optimal concentration of

Joncryl for this blend film is 0.5phr.
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Figure5.6 Tensile Strength of PPC/PLA blend films with and without Joncryl: (A) PLA/PPC
(40/60) blend films, (B) PLA/PPC/Joncryl (@D/0.2) blend films, (C) PLA/PPC/Joncryl
(40/60/0.5) blend films, (D) PLA/PPC/Joncryl (40/60/1) blend films.
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Figure5.7 Secant Modulus of PPC/PLA blend films with and without Joncryl: (A) PLA/PPC
(40/60) blend films, (B) PLA/PPC/Joncryl (40/60/0.2) blend films, (C) PLA/PPC/Joncryl
(40/60/0.5) blend films, (D) PLA/PPC/Joncryl (40/60/1) blend films.
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Figure5.8 Elongatio at Break of PPC/PLA blendnfis with and without Joncryl: (A) PLA/PPC
(40/60) blend films, (B) PLA/PPC/Joncryl (40/60/0.2) blend films, (C) PLA/PPC/Joncryl
(40/60/0.5) blend films, (D) PLA/PPC/Joncryl (40/60/1) blend films.
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5.2 Fourier Transform Infrared Spectroscopy (FTIR)

It is important to understand the interactions between the components of a polymer blend. If
there are no recognizable changes in the IR spectra of the polymer blend in terms of the
interactions between components, the polymers in the blend are considesezbtopletely
immiscible. However, if there are some distinguished interactions (obvious changes in the
specific bond stretching region) that can be observed from changes in IR spectra, the polymers
in the blend can be considered to be compafiblderefore, the employment of s

important to identify the interactions occurring in polymer blend systems, and also to
investigate the dispersion behavior of the component polymers in the blend. It is imperative to
note here that the compatibility and miscibility play a significatd on the mechanical

properties, thermal properties and barrier properties of the polymer blend. In light of this, FTIR
spectra of PPC, PLA, Joncryl, and PPC/PLA 60/40 blend film with and without Joncryl were
collected. Since no apparent differencesenarserved between the IR spectra for PPC/PLA
blend films with different concentration of Joncryl, a typical PPC/PLA blend film with 0.5%

Joncryl was selected as representative sample in this research work for FTIR analysis.

Figure5.9shows the FTIR spé&@a of neat polymers and their blend films. In the 21600 cm

1 region, the spectra of both PLA and PPC showed a strong carbonyl stretching. The peak of the
carbonyl group in PPC was observed to shift towards higher wavenumbers with the addition of
PLA in the blend, which gave a strong evidence that there was appreciable chemical interaction
occurring between the two polymé&rsAn extensive investigation on poly (vinyl pfa)/PCL

blends exhibited similar carbonyl absorption peak ¥hiftnother study suggested that the

formation of a strong chemical interaction between the parent polymers could increase the
stretching absorbance frequency of carbonyl C=0 group while initiatstgft to higher
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frequency®. In light of this observation, it could be concluded that strong iaémteraction
related to carbonyl groups took part in the RRRLA blend system. Another possibility is that a
chemical reaction occurring between PPC and PLA that could resulpolymer chains
through esteester interchange reactions. As for BfeC/PLA blend film and the typical blend
film with 0.5% Joncryl in the 1800700 cm1 region, the stretching peak of Joneryl
compatibilized film (e) exhibited slight shift towards lower wavenumber compared with the
neat blend (c). This could be ascribedhe reaction between the functional groups of Joncryl
and carboxyl groups of PLA/PPC blend.This is also another indication of strong interaction

occurring between the blend material and Joncryl functional groups.

Absorbance peak at 1223 e¢htould be coelated with thé C-O-C- groups in the PP, With

the addition of PLA, it could be observed thattk=O-C- stretching vibration peak shifted to
lower wavenumbes for the PPC/PLA blend. This is another indication of chemical interaction
taking place at theC-O-C- bond or around theC-O-C bond through the blending of the two

polymers.

The vibration peak appeared around 11861¢ra15 cml, 860 cml, 760 cml ard 710 cml

in the Joncryl spectra is attributed to the stretching peak ef Ot CH epoxy groups % 1%%

After blending Joncryl with the PLA/PPC blend, the stretching peak of epoxy groups in Joncryl
almost disappeared, indicating that the gpgroups were consumed as a result of the chemical
reactions with the two polymers in the blend system. Epoxy functional groups, being very
reactive at high temperatures, can trigger the formation of a carbgdrdxyl covalent bond

within the polyester§?. The aforementioned shift of carboxyl functional groups in both PLA

and PPC is also possible in line with the reaction of the epoxy functional groups of Joncryl with

the carboxyl goups of the polymers.

69



Absorbance

Based on the FTIR spectra of the neat polymer and their blends, the disappearances and shifting
of several specific stretching absorption peaks, it can be deduced that several appreciable
interactions between the molecular chainPBC/PLA blend and Joncryl took place during the

melt processing. This shows that Joncryl played a significant role in the interactions of the blend
composition and increasing the compatibility of the blend, which also agrees with our result

from morpholog (SEM) studies.

)
:
> ; =

;
!
-

— o

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600

Wavenumber (cm -1)

Figure5.9 FTIR spectra of (A) PPC, (B) PLA, (C) PPC/PLA 60/40 blend film, (D) Joncryl and
(E) PPC/PLA/Joncryl 60/40/0.5 blend film.
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5.3 Thermogravimetric Analysis (TGA)

TGA analyss was first performeah thepresence ofitrogenonneat PPC film and neat PLA
film to investigate théhermal degradation behavior of the ngalymerfilms. TGA and DTG
curves showdthe thermal degradation behavior of neat polymer films as a furaftion
temperatur@and argresented in Figure 5.10 and.b.From the TGA test, four parameters
were measured: the degradation temperature at which 5% weight loss ogglrth€lonset
degradation temperatureqle), thedegradation temperature at whitke tmaximum
degradation rate (first DTG peak) occurg{J and thedegradation temperature at which the

second DTG peak occursgtd. These ardéisted in Table &2.
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Table5-2 Thermal propertieshained from TGA analysis of PLA/PPCiain extendeblend films

Tso(3 ) Tonsef3 ) Tmax(3 ) Tsed3 )
Material
Neat PPC 224 267 302 342
Neat PLA 325 324 367 N/A
PLA/PPC 40/60 260 282 307 344
PLA/PPC/Joncryl 261 280 307 343
40/60/0.phr
PLA/PPC/Joncryl 259 281 306 344
40/60/0.phr
PLA/PPC/Joncryl 260 280 307 345
40/60/phr
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Figure5.11 DTG curves of PLA film and PPC film

In the Figure 5.11, neat PLA film shows muchtéethermal stability than the neat PPC film.
The Tse, 0f PLA film is 108 higher than that of PPC film; and tbasetdegradation
temperatur®f PLA film is also57 3 higherthan that of PPC film (Table-B). The poor

thermal stability of PPC hadwaysbeen a great conceras it greathlimits the application and
processingvindow of PPG*¥1% |t was reported that PPC can easily be decomposed between
150-1803 4687, However, in our case, the onset degradat@mnperatur@and the T, for neat

PPC film is 267 and 224, which is much higher than what has been reported. This could be
attributed to the ultrahigimolecularweight of the PPC used in this study as it was reported that
the PPC with high molecular weight can be more thermally stable belav 2@ the PPC

with low molecular weight®%1% |n the Figure 5.12, it can be noted that there is only one peak

in the DTG curve of PLA at 387 whereas two peaks are observed for the DTG curve of PPC
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at 302 and 342 . The maximundegradatioroccurs at 367 for neat PLA, which is again 60
higher than that for PP@s for the thermal degradation of PPC, there are two steps with
different mechanissinvolvedin the process. One of them is reported as an unzipping reaction
induced by backbone imfy between the functional groupkhe other one is suggested to be the
random main chain scission reactitit® The main byproduct produced from the unzipping
process is cyclic propylene carbonate while thg@ioduct from the random chain scission is
carbon dioxid&*!? Studies showed thgte unzipping processccursfirst in the thermal
degradatiorof PPC with lowmoleculamweight, followed by the random chain scission reaction.
On the contrary, for the therm@¢gradatiorof PPC with high molecular weight, th@ndom

chain scission takes place beftine unzipping process. This is beca&uthat therare fewer

reactive end groups in the high molecwasight PPC than in the low molecular weight PPC as
the reactive endroups facilitatehe unzipping process during the thermiegradatiott>**2

Hence, in our study, the ultrahigh molecuhgeight PPC most likelynainly undewentthe

random chain scission process first during the TGA Addtoughthere are few reactive groups

in this PPC, the unzipping process could still take place afterwards since the product form the
random chain scigsn process provided reactive end groups. As such, the first DTG peak could
be correlated to the random chain scission process of the trdegratlatiorof PPC; and the
second DTG peak could be assigned to the unzipping pfoc¥sgheoverallevaluation of
thermalperformancef neat PLA and PPC films gives the suggestion that PLA may be able to
help improve the thermal stability of the blend when blended with PPC. Furthermore, with
respect to the presencetb&unzippingprocess during the thermd¢gradatiorof PPC, the

incorporation of Joncryl has the potential to enhance the thstatality of PPC by reducing
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theoccurrencef unzippingprocess since the multipfenctionalgroups from Joncryl can react

with the reactive end groups of PP&

TGA analysis was also performed on tteatPLA/PPCblend films, in addition to films with

the incorporation of Oghr, 0.5hr, 1phrJoncryl to investigatthe effect ofJoncryl on the

thermal stability of the films. Figurés12 and 5.13how the thermal degradation behavior of
blend films as a function of temperataed the main parameters obtained from tGATare
presented in the Table2 It is observed that blermdj PPC with PLA has enhanced the thermal
stability in comparison witltheneat PPC. Both the,Jsetand Tso, Of the blend is higher than

that of neat PPC, especially the,TSimilar observation ialso seen by otheesearchef&'*3,
However, the DTV curves show that the maximum degradation temperature for the PLA/PPC
blend has no significant differeniem that of the neat PPC, indicating the degradation of PPC
still dominates the degradation. As for the blend with differententration of Joncryl,m
significant variation between the four blends was obseilestratingthat the addition of

Joncryl did not affect the onset thermal degradation behavior of the PPC/PLA Bl#hdsgh

all the TGA curves seem overlapped iglte 5.13, indicating no apparent differences between
the thermal degradatidsehaviorsof different film formulations, the DTG curves reveal that the
addition of Joncryl had an effect on the thermal degradation rate of the blerabdersedhat

with increasing the Joncryl content in the blend system from Ophr to 1phr, ttoergnatiation

rate of the blend has been reduced gradually. Hence, the incorporation of Joncryl enhanced the
thermal stability of the PLA/PPC blend by slowing the degradationThte.can be attributed

to the reconnections of the molecule chanaksicedby Joncryl. Both PLA and PPC were

reported to have random chain scission mechanism duringitgrimdatios®>*'* The multiple

functional groups on the molecular chains of Joncryl can react with those PLA and RPC cha
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ends which are generated during the random chain scission and re¢bamexito one

oligomerof Joncryl, preventing furthetegradatiorirom proceedinty*>

20
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Figure5.12 TGA curves of PPC/PLA 60/40 blend films with and without Joncryl

77



(d). PLA/PPClJoncryl 40/60/1phr
(c). PLAPPPC/Joncryl 40/60/0.5phr
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Figure5.13 DTG curves of PPC/PLA 60/40 blend films with and without Joncryl

5.4 Differential Scanning Calorimetry (DSC)

Non-isothermal differential scanning calorimetry (DSC) analysis was conducted on the film
specimens to investigate the thermaperties of the PLA/PPC films with and without Joncryl.
The nonisothermal DSC first cooling curves and second heating curvesAPPC and
PLA/PPC/Joncryl filmsare shown in Figure 5.14, 5.15 and Figure 5.16, respectively. With the
aim to investigatehe crystallizationbehavior of the PLA/PPC and PLA/PPC/Joncryl films and
the effect of the Joncryl on the crystallization of the films, it is important to compare the degree

of crystallinity of these film samplé&**® As such, the degree of crystallinit§c(PLA) of the
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PLA components for all the film samples wadculatedas PLA is the only crystal phase

present in the films. Th¥c,PLA was obtained by using the following equation

3

[§
L
¢
L
35¢

awm,!yv PTT

Where theY’'O i) 0 & the heat of melting of the PLA crystal in different films obtaifrech
themelting peak on the second DSC heating scanYTef 0 as the heat of cold
crystallization of the PLA components in different films. As on the second DSC heating scan
for all the film samples, no cold crystallization was obserY&d, i) O dwas zero in this study.
TheYO ) O & the theorétal heat of melting of a 100% crystalline PLA, which is reported as
93 J/g*" 8 Thew O O & the weight fraction of PLA component in the fofation of all the
films. All the DSC parameters obtained from the cooling and heating scan for PLA/PPC and

PLA/PPC/Jonayl films were listed in Table3.
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Table5-3 DSC parameters obtained from the D&@n curves for PLA/PPChain extender

blend films
Joncryl
content Melt n mc(Jg)| TgB) First melting Melting n mi
(phr) in crystallization temperature | temperature( (J/9)
PLA/PPC| temperature@ ) 3) 3)
(40/60)
BLEND
1 106.98 12.51 34.94 157.11 165.5 2.08
0.5 108.44 13.43 37.47 158.33 166.49 2.27
0.2 109.45 14.26 34.85 159.63 167.97 3.12
0 110.96 15.59 38.79 161 169 5.01
Neat PLA N/A N/A 60.1 N/A 168.7 N/A
Joncryl
content n m2 n cl Xc (%)
(phr) in (J/9) (J/g9)
PLA/PPC
(40/60)
BLEND
1 6.34 N/A 23
0.5 7.93 N/A 27
0.2 8.73 N/A 32
0 10.98 N/A 43
Neat PLA 31.63 25.14 7.0

The first DSC cooling scan (Figure B)Irevealed that uniform single exothermic peak was
observedor all the films with different Joncryl concentratiofhese exothermic peaks were

attributed to the melt crystallization of PLA component, as PPC presents a solely amorphous
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structure. It wasilso observed that the melt crystallization temperature of the films shifted to
lower values from 110 to 108 almost uniformly, with an increase of Joncryl concentration
This can be ascribed to the adverse effect from the addition of Joncryl anystedlizationof

the films.It was siggestedhat the melt crystallization temperature is an indiregptai that
indicates the crystallization rate and crystallinity, and a lower crystallization temperature always
represents a lower crystallization rate as well as lower crystaififity’**? As such, loading
Joncryl into the blend system resulted in decreasing the crystallization rate and cry&fallinity
This is again proved by thheduction ofheat of meltrystallizationof the PLA component in

the film (@ H nar)g with increasing Joncrgbntentas summarized in Tabled The

decrease crystallizationtemperature, ratend crystallinitycan be caused by the formation of
long molecular chains and branched structures in the polymer blend. Study showed that the
addition of Joncryl could connect short chain polymer evitsits multiple-functional groups

to form longer chains and also could branch multiple molecule chains to form branched
structuré®*?°  In light of this, the presence of long chains and branched strsichag reduce

the mobility of the chains structure resulting in hinderingctie@npacking during the

crystallization of PLA component in the bléRd®
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Figure5.14 DSC first cooling curves (cooling rate dil3min) of PPC/PLA films and PPC/PLA
films with 0.2%, 0.5% and 1% Joncryl

The nonisothermal DSC second heating curves of the PPC/PLA blend film and films with
0.2%, 0.5% and 1% Joncryl were also presented in Figlifeand 5.16-rom the DSC curves
between 20 to 50 (Figure5.15), it was noged that there was only one single glass transition
temperature in all the blend filmSther researchers have reported that PPC has a Tg value of
around 38403 while PLA hasa Tg value of around 5603 , which was also observed from
DSC analysis of neat PLand PPC in the previous stdf§/"*** The difference between Tg
values of PLAand PPC is normally onlground10-153 . It was mentioneth one study* that
when blending PLA with PPC, the twadiridual glass transitiotemperaturesorresponding to
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the two parent polymers had a tendency to move towards each other, approaching the
intermediate value. This finding was atsanfirmedby another study conducted by Ma afel

In their study, when the amount of PLA and PPC component in the PLA/PPC blend were
adjusted close to each other, thi#erencebetween their two individual Tg valudscreased
further and furtherEspecially for PPC, the Tg increased greatly from 22 t® 43 the PPC
content in the blenchcreased Theoccurrencef appreciable Tg value convergence was
considered as a strong evidence that there is partially miscibility between the two parent
polymeré”"*7 Based on the discovery from theés® studiesit can be suggested that the Tg
convergence took place in our PLA/PPC/Joncryl blend films as well, especially with a blend
formulation of 40% PLA and 60% PPC. Hence, because of the natneggbboringTg values

of PLA and PPC and the Tg ceergence in the blentheobservatiorof single Tg in this paper
is probably due to the close proximity of Tg values ofRh& and PPGn the blend, which
resulted in the overlapping of the Tg values. It can also betlsaethne Tg of the blend slightly
shifted to lower valueBom 38.79 to 35 with the addition of Joncryl in the blend syste€rhis
can be attributed to the reduced crystallinity of the PLA component in the blend induced by the
incorporation of Joncryl as lowerystallinity leaves more anrphous fraction volume to the
molecule chains. As such, higher chain mobility decreased thetiglasgiontemperatureAs

the content of Joncryl in the blend increased, there was no significant variation in the Tg of the
PLA/PPC/Joncryl blend filmsThe reason for this could be that increadimg amountf

Joncryl developed more long chain branching structures and eveHickasg structures in the
blend, which also limited the mobility of the molecule chih¥> The increase of the chain

mobility due to lower crystallinity could be count@lanced by the depressimjluenceon the
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chain mobility caused by long chain branchatiguictureand crosdinking structuresamong the

molecule chains.
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Figure5.15DSC second heating curves (heatintg i@ 1N /min) of PPC/PLA blend films and
PPC/PLA blend films with 0.2%, 0.5% and 1% Joncryl frory 2@ 50\

It wasobservedn Table5-3 thatPLA/PPC blend exhibited much higher crystallinity than neat
PLA. This could be caused blyeacceleration influeceof PPConthecrystallizationrateof
PLA in the blend system. It was also obserwednother study that PPC indaddaster growth

rate of the PLAspherulitesleading to acceleratexdystallizationrate of PLA®.
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As shown in the Figur.16 all blend filmsdisplayedwo melting temperature peaks between
168 and 173 . The first melting peakvas considered to be caused by the melt re
crystallization of the polymers, specifically the PLA polymer. Thergestallization occurred

during the second heating cycle while the existing crystals with less perfeatrizitalline

structure gained enough time to melt and produce more PLA crystals. This endothermic process
was correlated to the first melting peak on the cdfiesfter the recrystallization, the higher

and more perfect PLA crystals which consisted of both the original crystals and crystals
produced from recrystallization were melted during the second melting peak. It was suggested
that less structurally perfect crystals have a similar structure to high perfecbattbs,

lamellar thickness of the less perfect ones is smaffér Also, it could be observed that both
melting peaks shifted to lower values with increased loading of Joncryl into the polymer blend
system. For the first melting peak, a decrease in thengeémperature revealed thhe

nucleation of less structurally perfect PLA crystals occurred during the first cooling cycle.
Additionally, these less perfect crystals were even less perfect than before due to the
interruption effect on chain packing fratme addition of Joncr§t'?2 As for the second melting
peak, the temperature was reduced due to the decreasing number of perfect PLA crystals and the
decrease in perfection of the PLA crystals structure. Sinceyldrasre an effect on interrupting
the molecular chain packing, the crystallization of perfect PLA crystals was hindered.
Therefore, with the addition of Joncryl, the overall crystallization behavior of PLA was
interrupted and hindered resulting in a daseeof melting temperature of the polymer blends as
shown in Figuré.16 In addition,accordingo the calculatedrystallinity of the four blend

films, the crystallinitystayedn a downward trend consistentyg theconcentration of Joncryl

increasegdwhich isfurtherevidencethat Joncryl has an adverse impact on the crystallization of
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PLA in the blend. Different from other chain extenders, Joncryl tends to form long chain
branchedstructurewith polymers instead of forming long chain linear structitereover, with
higher amount of Joncryl, the formation of crdis&ing is also foundf °*. The presence of
these twastructurs highly restrains the mobility of the molecular chains, which makes the
packing of chains a slow amifficult procedure. As such, the crystallizationRafA is hindered
in our PLA/PPC blend. This has also been observed by nesegrchera/hen applying Joncryl

into thepolymersystem®*?°,

Figure5.16 DSC second heating curves (heating rate &f Aflin) of PPC/PLA blend films and
PPC/PLA blend films with 0.2%, 0.5% and 1% Joncryl fromN.2énd higher
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