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Abstract

Thermoplastienaterialsusingbio-derived renewableesourcesrestudied intensively and
arewidely used in applications including packagiagriculture anetherconsumer goods.
Starchbased plastics exhibdtgood balance betwe@&mvironmental benefitsnechanical
properties, processabilitgnd low costRecently, there have beeanmerousefforts to
amplify the positive effects on the environmaititile maintaining competitive physical

properties in order to meet the needs ofrtiaeket.

Canadian companidsmve developed new starblased products to amplify the positive
environmental impact®dymer Specialties International developed a new thermoplastic
starch copolymer resin with competitive characteristics. However, thergyisttte
information on theeactionmechanismand chemical compositions. Another Canadian
company, Ecosynthetixs producing starch naparticle materials for applications such as
paper coating. Recent studies condutigdur research group showed prging results by
applying these materiaés filler in polyethylene composites. Thessearch problems

generateapportunities to investigate and develop new applications.

The goal of this researatias to develop a techngpto characterize and process
environmentally friendly materigusing starch as gaolymer and as naparticle The
research aimed to extend the range of properties of starch materials while maintaining
environmental benefits and competitive physical properties for applicationssuch a

packaging andgriculture.



The firstresearclobjectivewasto characterizéhe new thermoplastic starch copolymer
resin. Indepth characterization of its molecular structure and measurement of its thermal and
mechanical propertieserecondicted. The mierial was also investigated in the presence of
nanocellulose as reinforcemeRurthermore, e esterification process using maleic
anhydride was done through three different systems: a reactive microwave reactor, a vacuum
rotary evaporator,ral a twinsaew extruder. A series studiesvas conducted and the
materialswere compared viehemical compositioanalysis Mechanismdgor maleationwere

confirmed and this is an important step for manufacturing copolymer resin.

Thesecondobjectivewas to investigtethe application of starch as nauaoticle The focus
was onthedispersion of starch naparticlesin agreen polyethylene matrix. Achieving
uniform distribution and desirgghrticlesize through tuningf theprocessing conditions and
additives werelte keys. Detailedharacterization ahe composite materials were
conductedBYy designing and@plying a systematiapproach, uniform narsized dispersios
of thefillers wereachievedwithin the matrix and this was confirmed by morphological

analysis.
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Chapter 1

| ntroducti on

1.1 Motivation and Objectives

Pl astics are important materials in todayos
flexibility in their applications, and they constitutee secondargest petroleurapplication
after energy1]. However, plastic pollutioin both aquatic and terrestrial environment is a
growing issue globally. In westn societies, on averaggevery person consumes 100 kg of
plastics every yedR]. Among the uses, weismall portions (9 to 26) of plastics are
recycled while 22 to 43% end up in landfil§. A projecton shows that 9 billiometric tons
will berecycled, 12 billion metric tons incinerated, and 12 billion metric tons discarded in
landfills or exposed to the natural environment by 2B0Most plastics produced
worldwide are not biodegradable amctumulationn the environmens achallengeo

modern societies.

Academia andhdustryhaveattemptedo replace the conventional petrolew®rived
materials with more sustainable alternatj\&sch as bioplastics, for a very long period. The
term bioplastics may refer to both plastics frombésed feedstock (plants and animals) and
biodegradable plastidsom any sourcéhat compost afte certain period4]. Some
commonbiebased plastics in todaybés mar ket are pi

polyhydroxyalkanoate (PHA), starch derived plastcdyethylene (PE) dered from bie

1



ethanol and poly(ethylene terephthalatg TlPobtainedvia fermentationSome of these
materials already take a big portion of the market wdsathers are stilin theresearch and
developmenphaseTablel.1 illustrates some of these bibmsed plastics with their

applications and processing methods.

Table 1.1 Bio-based plastics with their major processing methods and applications

Polymer Major Processing Methods Major Applications
PLA Inj. Mold., Blow Mold., Consumer goods,
Extrusion, etc Packaging, etc.
PHA Blow Mold. Packaging, Medical uses,
etc.
StarchBase Inj. Mold., Blow Mold., Consumer goods,
Extrusion, etc. Packaging, etc.
PET Blow Mold. Packaging (Bottles)
PE Inj. Mold., Blow Mold., PackagingConstructions,
Extrusion, etc. Automotive, etc.

Bio-based plastics could overcome many sustainability and environmental issues.
However thelarge scale continuous development of these materials is still facing challenges.
Some of the challenges include poor mechamedrmanceyariability of properties and
high production cost with lack of infrastructurelt is thusnecessary to develop and improve
themanufacturingf these materials. There are different strategies that can be used to
introduce a bioplastito the marketOne strategy that has been very successful is to take a

2



polymer that is wetknown and then prepare its monomer using renewable feedstock. This is
thecase of polyethylene for example, whethylene is made from dehydratiohbio-based
ethanol Anothe strategythat has been successful is to take a polymer that is inherently made
from a renewable feedstock and modify the polymer structure to adapt to common
manufacturing processes (molding, extrusion, etc.). This is the case of PLA for example,
where the monomer lactic acid is easily obtained by controlled fermentdjphut the

balance of cost and physical properties of PLA do not meet customer requirements to
compete with other polymers very effectively. For better understanding, some of these

thermoplastics are categorizealsed on their sources and compostabilitifigurel.1.

Based on
Renewable Materials

o Green-PE Bio-PA PLA PHA
S Bio-PUR Starch g
S o
5 PE PP PBS PBAT o
PVC PS
Based on
Fossil

Figure 1.1 Categorization of plastics based on the sources and compostability

Thermoplastic starch (TPS) is an inexpengiebased material that issedin a wide
range of applications. Despite its environmental benefits,HE8Snany wak points such as

its susceptibility to moisturgs]. A prolonged exposure to high moisture can alter its
3



properties and will lead to fare inenduse. Alsothelongterm storage of these materials
raisesheissue of retrogradatigfr]. Because of these critical weaknesses, blends of
hydrophilic starch and hydrophobic conventional polymers such as polyethylene and
polypropylene, are reported tine literature[8-10]. Furthermore, many efforts have been
made to chemally modify starch and reduce its hydrophilic nature. This was typically done
by replacinghe hydroxyl groups orthe starch moleculeby other functional grougd.1-13].
However, to tk bestothea ut hor 6 s k n o wilyaf@wreports in the liteeatura r e
aboutthecharacterization of F'S materials prepared by reactions with other polymers.
Therefore, the preparation of TPS copolymers is not well known. This lacloafiedge and
understanding precludes the manufacturing of TPS copolymers and the development of

starchbased materials witimproved properties, such as the resistance to moisture.

The first section of thisesearch investigated a new type of thermopastirch copolymer
recently developed by a Canadian company called Polymer Specialties International Inc.
[14]. This new polymeshows great potentiflecause it is based on starch but it has
properties somewhat similar to polyethylene. The research focused on increasing the
knowledgefor themanufacturingof this newthermoplastic starch copolymer (aspect related
to its preparation using reactive extrugidhe characterization of its moleculatructure and
its physical properties (thermal and mechanical). The material was also investigated in the

presence of nanocellulose r@$nforcement.

The second section of this research investigated the starcthiedm | | er 6 s point of
Another Cana@dn company, EcoSynthetpreparedstarch nanopartictevia reactive

extrusion.The focusvason dispersinghe starch nanparticlesin agreen polyethylene
4



matrix. This approach wat® incorporae starchinto a thermoplastic that ison-compostable
but ispreparedrom renewable source&chievingauniform distribution and desired
particlesize throughhetuningof theprocessing conditions and additiwgere key factors

The physical and chemical properties were related to the filler particle size.

Theobjectives of this research were to develop a technologyamacterize&and process
environmentally friendly materialssingstarch as polymer and as naparticle The
research aimed to extend the range of properties of starch materials while majntainin
environmental benefits and competitive physpralperties for applications such as

packaging and agriculture.

1.2 Thesis Layout

This thesis is composed dtthaptersThe layout is presented Figurel.2.

The firg chapterdescribes tmotivation and objectives of tlewerallstudy with the
layout and the experimental plans. The second chapter reviews some literatutbebout
materials, processingchniquesandanalysis Chaptes 3 and 4describehe study of &rch
utilized as cepolymer.Chapter Jists the materiak used along with the preparation and
testing proceduresndChapter 4 provides experimental results disdussionChaptes 5
and 6 correspond to the study of starch utilized aspaatiolein compositesFinally, the
lastchapterreviews theconclusions reached the study and recommends some future

works.
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Chapter 2

Literature Revi ew

2.1 Starch

Starch is a carbohyalte that is found in many plant species including potato, corn,
cassava, rice, etc. It amimportantmeans oenergy storage for these plants and thus many
animalsincluding humas consumehe starckcontaining components tfiese plants as food.
Also, it is a natural polymer that hasiractedh lot of attention lately as a possible alternative
to petroleurbased plastics. Chemically, it has a large numbghlugose units joined by

glycosidic bondsFigure2.1 represents theolecular structure dhe starchrepeating units

OH
o O
OH HO

OH

o 2 0o

HO
OH 0 0
HO OH
OH
o O
HO
OH e
O

Figure 2.1 Molecular structure of starch (reproduced from [15])

As the figureillustrates, it is composed @ long chain of glucose units with a few

branching pointsLinearamyloseandbranchedamylopectinare the two molecular building
7



blocks of starch. Depending on the sources, the contents of amylose and amylopectin differ,
and thus the average weight chain length and degree of branching diffelt.ds amylose,

the glycosidic linkage ig®ém carbon 1 to 44 (1Y 4)), whereasamylopectirhas the same
backbone configuration as amylose wgticosidic linkags from carbon 1 to 4§ (1Y 4)),

but also fom carbonl to 6 (J(1Y 6)), forming branch points.

The level of organizatiom starch granules is quite compléxnalytic techniques such as
x-ray diffraction (XRD) and electron microscopy have contributed to analyze the native form
of thestarchfound in the granuld-igure2.2 illustratesthelevels of organization of aarch
granule Amylose and amylopectin molecules are organized in granules as alternating
amaphous andgemicrystallineconcentriagrowth layersThe semicrystallinelayersconsist
of ordered regions composed of double helices formed by short amyldpestehesThe
semicrystalline layersare further ordered into crystalline structures (crystalline lamellae)
ard amorphous lamelladhe amorphous regions of the sanjstalline layers and the
amorphougrowth layersare composed of amylose and rardeled amylopectin branches

[16, 17].
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background

Crystalline lamellae
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Figure 2.2 Starch granulesorganization (reproduced from [17])

Starch granules have numerous pores present on the shitpoe?.3). In fact,starch
granules can be considered as porous material exhibiting both external and internal surface
area. The external surface area can be determined by microscopic analysghand li
scattering techniques. Again, the geometry and quantity of these poyasepending on the

sources of starch granulgsg).
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Figure 2.3 Scanned electrormicroscopy image of corn starch granuleg19]

2.2 Thermoplastic Starch

The crystalline regiogin starch disappeavhen it is subjected to temperatsiggeater than
~70°C in the presence of plasticizers such as water or glycerol. The plasticizers break
hydrogen bnds between starch macromolecules, accoragdrypartial deptymerization
of thestarch backbone. This helfmslowerthe melting and the glass transition temperature
of starch below its decomposition temperature of Z30The product of this transformation
is called thermoplastic starch (TPS). Gelatinizationéspitocess of breaking intermolecular
bonds of starcmolecuksusing plasticizers such as water and glycerol, and high
temperature. The heat helps tiasticizer molecules to diffuse intioe crystallinedomains
of thestarch molecule. Because of its higlblecular weight, high plasticization levels are
required for gelatinized starch to flow. Using extrusion that provides a closed predsuriz
environment with high temperature and shear stress that breaks down the crystalline structure
and rendeg starchcompletely amorphous, gelatinization along with some molecular weight
reduction can be achieved. Once the starch is gelatinized andiptatthe TPS can flow

10



just as anythermoltenthermoplastic polymer and thus is suitable for conventional molding

ard otherthermoplastigrocessing technologies.

The role of plasticizer is crucial tmproving themechanical, thermal and water absorption
of TPS A study was conducted to see the effects of different plas@refPS using
monohydroxyl alcohols, higimolecular weight glycolsand low molecular weight glycols. In
general, products usingw molecular weight glycols exhibitedsuperioroutcome wheras
monohydroxyl alcohols and high molecular weight glycols failed to plasticize the starch in
the first pace. Among mangther alcoholsethylene glycol was the most effective. The
guantity ofplasticizer did not affect the crystallinity of the products but affected the
mechanical properties. Tensile tagtrevealed improvements in tensile properties as

ethylene glycol contents increased up to 40Rg(re2.4) [20].

EG

Stress (MPa)

15%  20%!30% 40%

T 1 LR

20 25 30 35 40 45 50
Stram (%)
Figure 2.4 Stressstrain curve of TPS, plasticized using ethigne glycol as plasticizer at different
concentrations[20]

0 5 10 15
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2.3 Modification of Thermoplastic Starch

Natural starchg inherently unsuitable for most plastic applications. Therefore, it is often
modified either chemically or physically. Modified starch cahance the positive attributes
of starchwhile minimizingits drawbacksMany starch derivatives are used in food
processing, papermakintiie pharmaceutical industry and as adhesives. As a replacement to
conventional petroleurderivedplastics, TPS is also modified in order to meet the properties
required for specific applications. The hydrophilic nature of TPS makasceptible to
moisture attacks and significant changes in dimensional stability and mechanical properties

[21-23.

Chemical modification of TPS generally irlves eserification, etherification or oxidation
of the hydroxyl groupsTheaddition of reactive and organic reagentsatoaqueous slurrpf
starch is done to produceostcommercialderivatives Tuning the reactive environment is
necessargas well. Typcally, pH of 79 is required for esterification whereas more basic
environment of pHL1-12 is required for etherificatioi\ relativelymild temperature of
60 °C or less is commoto prevenxidation and degradation tfe polymer chain.
Neutralization usg strong acids such as hydrochloric acid and sulfuric acid is often done

followed by washing with water and drying in the ¢8d, 25|.

2.3.1Starch Esters

Traditionally, starch esters have low degreesubstitution (DS) and are prepared in
agueous media via batch proced&&$. Nowadaysgontinuous processvia reactive
extrusion (REXhave becmea popular tool for the modificatioaf starch Esterification

with anhydrides, carboxylic acidand vinyl esters have been studied extensively.
12



O

o o o —> O Na

OH o)
DH‘l H,0
o)
Na” _DNU Na*
o)

Figure 2.5 Basecatalyzed esterification of succinic anhydri@ (ring-opening)[27]

The esterification of starch by anhydrides may be catalyzed by acid or base. The overall
reaction is shown ifrigure2.5 for abasecatalyzd esterification with succinic anhydride.
This process has a clear advantage that there are no byproducts formed sindegt is a r
opening reaction. There are numerous anhydride esterification pFredesg using different

anhydride and catalystsvith an extrusior]28, 29].

Maleic anhydride islso quite popular in stargbolymer composites he reaction for the
grafting of maleic anhydridés illustrated inFigure2.6. One or more hydroxyl groups can be
replaced by ringppering of maleic anhydride. Howevethe C6 position is the most
preferentiaposition. The product of this reactibias been stued extensively. For example,
polyethylene grafted maleic anhydride with starch was used to produce biodegradable
polyolefins andpolyestersPoly(butyleneadipateco-terephthalate) (PBATgrafted maleic

anhydridewas used agnadditiveto prepae starch foam$30].
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Figure 2.6 Grafting maleic anhydride to starch[29]

2.3.2Blends and Composites

Often starch iblended or put into composites with other polymers to enhance the
environmental benefits and retalasirable physical prop&t. There are a few literature
reports for thesblends and composit¢31-33]. While retaining its granular structure, starch
is put into composites dhermoplastic starcirPS is blended with another polymer. The
main obstacle facing the blends or composites is the hydrophatoice of most synthetic
polymers. Simply mixing these polymers with hydrophilic staegultsusuallyin a
composite witlpoor properties anchorphology due to phase separation. In order to reduce
phase separation, interfacial agentsumed. These inti&cial agents should contasome
chemicalmotives that arsimilar to the starch andther polymers. However, due to the
difference in naturbetweemmotives it is extremely difficult to cgpolymerizethese

products Reactive extrusion helps to overcothes problem.

Use of maleic anhydride and maleic acid as coupling agent (interfacial agents) was
reported inafew studieq29, 30]. These reagents functionad esterification catalysts aad
grafted cepolymer (StarcHPBAT) product was successfulpyroduced Furthermore, maleic

anhydride witha peroxide radical initiatowasadded to starch and PBAT in extruder The

14



addition ofthe peroxide resulteth better propertiesTable2.1 shows some of thetarch
synthetic polymer compositions processed with maleic anhydride. Also, therawarder
of studies with maleic anhydride modified polymers (polyolgfimaleic anhydde, PLAg-

maleic anhydride, PBA§-maleicanhydride etc.) blended with stardi34, 35].

Table 2.1 Synthetic plasticstarch blends/composites procesdavith maleic anhydride

Compositions Reference

PLA-starchmaleicanhydride2,5-bis(tertbutylperoxy}2,5

dimethylhexane [34
P_LA-pIasticizedstarchmaleic anhydde-2,5-bis(tertbutylperoxy}2,5 (34
dimethylhexane

PLA-glycerolplastcized starchmaleic anhydridgoeroxide [36]
PE-maleic anhydridgperoxide [37]

2.4 Thermoplastic Starch Copolymer from PSI

The term thermoplastic starch copolymer was coined by Polymer Spégciahtyational
Inc (PS)), a Canadian company widtresearch and development center located in
Newmarket, Ontan. The company developed and patented a new matdrikd the process
of making the materias described in their patefit4]. The procesases a mixture dadt least
one of a dicarboxylic acid and a dicarboxylic acid anhydride stérch to yield a starch
mixture Addinga liquid mixture including water and polyol to tharsh mixtureproducs a
functionalized starchMixing the functiomlized starch with a resproduce the starckresin
copolymer. The material produced by this mettsdniodegradable and compostablable

2.2 provides exampkeof thecompositional rangef theraw materialsn eachreaction stage.

15



The material and the process developed by PSI will be the basis for the research project

proposed for this PD. thesis.

Table 2.2 Compostional formulation of PSI starch resincopolymer [14]

Raw material Stage 1 Stage 2 Stage 3
Starch 85-99.8%
65-85%
Maleic Anhydride 0.2-15%
Glycerol 10-25% 40-60%
Water 4-12%
Peroxide 0-0.3%
Polyester 40-60%
Total 100% 100% 100%

Studiestakenfrom theliteratureshowedhatmaleation of starch is known toeelve the
starch backbone by hydrolysis and thus the degree of grafting is greatly enhanced by maleic
anhydridg29, 30, 38]. Figure2.7 showsthe schematic$or themaleation, hydrolysis and
glucosidation reactionsccurringduring the reactive extrusiaf maleated thermoplastic

starch.
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Figure 2.7 Maleation, hydrolysis and glucosidation reactions occurring during the reactive
extrusions of maleated thernoplastic starch

This chemically modified starch Ba high reactivity toward polyestesuch as
biodegradable po(putylenesadipateco-terephthalatePBAT) that can yield graft
copolymerq3Q]. Blending the modified starch with PBAT is an easy process to reduce the

hydrophilic nature of starch and gieevironmental benefits at tharse time.
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Hablot et al. also proposed mechanisms of transesterification reactions between modified
thermoplasticstarch and PBAT. Thesuggestedhatgraft copolymers were formed by
covalent bonds through aeomoted tansesterification reactions betwehe ester
functionalities of PBAT and the hydroxyl groups of the thermoplastic st&ighrg2.8).

These reactions wepenfirmedfrom the analysis of thATR-FTIR spectra of the products.
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Figure 2.8 Proposed rmechanism of transesterification reactions between thermoplastic starch
and PBAT

2.5 Nanoparticles-Thermoplastic Starch Composites

Nanasizeparticlescan be used tallf manytypes of thermoplastsdn order to enhance

their chemical, mechanical and even electromagnetic prope@lag-based nanocomposites
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have been extensively studied in the last decade and can now be applied commniEreially.
haveshown many advantages over theonventionally filled micrecounterparts. Impved
tensile properties, high modulus, increased strength and hestanesi, thermal stability,
decreased gas permeabili;md flammability are all advantagestbé clay nanocomposites

Recently, clayTPS composites were synthesized and threiperteswere reported39].

The synthesis afarbon nanotube (CNT) is a relatively newly developed technology.
CNTs have beepreparedvith a high aspect ratioThe cylindrical carborrich molecules
haveawide range of applications in nanotechnolaggludingin compositeselectronics
and optics. Despite inconsistencies in properties dtlet@NTs synthesisawide range of
aspect ratig anddifficulties in purification, CNT composites are extensively studied for
many engineering applications.few studies on CNTPS compositesan befound inthe
literature. CNT showed reinforcing effect whildhe CNT-TPScomposites haanproved

water resistance and sonlearical conductivity{40].

Anotherenvironmentallyfriendly option for TPS naremmpositsis usingcellulose

nanocrystalCNC) which is further described in thext section.

2.6 CelluloseNanocrystal (CNC)

In the area of nanoellulosic materials, there are three major groups of matefiaéy are
cellulosenanofiberCNF), cellulose nanocrystals (CN@lso known asanocrystalline
celluloseNCC), and bacterial nacellulose (BNC). CNF is produced by mechanical
delamination of woodibresusing highpressurehomogenizeequipmens or super grinders.

CNC can be obtained from natiVidresby acid hydrolysis, giving rise to highly crystalline
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and rigid nano particleshich are shorter (1060000 nm) than CNF obtained through the
homogenizatiomoute. BNC is formed by several species of fermentation ba¢tdiian

thisresearchonly CNC wasconsidered andtilized.

CNC canincrease the strength and stiffnessnatterials Just a small amount can increase
theresistance to stress, making it attractive as apegformance reinforcing materi@@ NC
can also alter the surfacerofteriat like paper, changing its permeability, strength
flexibility and optical properties. Adding a littleNC to paper noticeabligoosts its gloss.
CNC canalso improveensile strength, stiffnessmdsurface smoothnesEhese properties

can providenew opportunities to devel@mvancedigh-strength materialgi2).

Another advantage @&NC is environmentafriendliness CNC is the product of
renewable, recyclable natural resources (pulp is the main source material) and testing to date

suggests that it is virtually netoxic and its production poses no serious environmental risks.

Thelengh and width ofCNC depend on the nature thfe cellulose source, as well e
extraction conditions. It is reported tl@NC can have aiameteranging from 5 to 20 nm
and its lengtltan bea few hundresl of nanometers. Literature reports that its Young

modulus ranges from 130 to 250 JR3].

2.7 Potential Applications
2.7.1Films for Packaging

Many paperbasedpackagingshese days have implemented plastic coatingsdoous
reasons. It giveaglossy look better moisture resistance, improved mechanical properties,

and sometimes works as an oxygen barrier in food packaging. In most of these cases,
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conventionapetrolaim-basedoolyethylene is used. Regardless of tHaeseefits, when it
comes to disposal and recycling, polyethylene films attached to paper grexhibit
limitations and cause environmental issj#8. Henceconsumerandgovernment
legislationsare in opposition tthis type of packaging. Theeemandor more
environmentally friendly packaging materigdgising quickly.After imposing a surcharge
on plastic and paper grocery bags, San Francisco, Califero#ante the first city in the
United States that mada affortto reducehe amount of plastics used in packagifgble

2.3 shows the status of legislations on plastic bagketSA [45].

Table 2.3 Status of plastic legislation (reproduced fron{45])

States Plastic bag ban Plastic bag fee Discussion
Alaska 2009 (Bethel)
Arizona 2013 (Bisbee)
Arkansas 2013 (Little Rock)
California 2007 (San Francisco)
Colorado 2010(Telluride)
Connecticut 2008 (Westport)
Hawaii 2008 (Maui County) Zoggu(rﬁ;l; al
lllinois 2014 (Chicago)
Indiana 2012 (House Bill No.
1521, IN)
lowa 2009 (Marshal County)
Maine 2014 (Portland)
Maryland 2012 (Chestetown) 2011&'\)/'”0”[13)0 mery
Massachusett 2012 (Brookline)
Nevada 2009 (Bill 397, NV)
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New Mexico 2013 (Santa Fe)
New York 2011 (East Hampton)

North 2009 (Hyde, Currituck
Carolina and Dare)
2012(Corvallis),
Oregon 2010 (Portland) 2013 Eugene)
: 2009 (Bill 864, Bill
Pennsylvania 609)

Rhode Island 2009 (Barrington)

Texas 2010 (Fort Stockton)
Vermont 2013 (Bill 262, Bill 33,
VT)
Virginia 2009 (Bill 1814, VA)
Washington 2009 (Edmonds)
WestVirginia 2009 (H(\)/U\s/()e Bill 3058,
. . 2009 (Assembly Bill
Wisconsin 170, W)
District of . \
Columbia 2009 (Washington)

Although there are many materials in the market that are compostable, their properties do
not meet some standards. One of the most important factors to considemigisture
barrier. Traditional thermoplastic starch, for example, has satisfactory nieailpmoperties;
it comes from renewable sources #@ing compostable. However, it is extremslysceptible
to moisture which makes insuitable for many packagg applications. This is one of the
motivationsto studythe new improvednoisture resistant thermoplastic starch copolymer

from PSI Inc
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2.7.2Filmsfor Agricultural Uses

In order to secure and increase prodoggputs while enhancing crop quality, agricultural
growers often apply plastic filmesanaid (Figure2.9). An estimated 98,000 tons of
polyethylene plastic mulch is used in North Ameriea 700,000 tons worldwide
improve crop yield, modify soil temperature, and consergeture[46]. However, this
agricultural tool is very costlfrom both economic andnvironmental perspectives. The
mulchis produced from nomenewable fossil fuels and is difficult to recycle afieing it for
one season due to pesticide and soil contamination. If not removed, the plastic film will stay

in the soil for cendries[47].

» X

Y

Figure .9 Agricultural pIetherne mulch films
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Alternative mulches have emetysince the late 2Dcenturyto resolve environmental
concerns about conventional polyethylene uses. Films are produced from renewable,
biodegradable polylactic acid (PLA) or polyhydroXyeahoates (PHA). Bidased films lok
similar to PE mulches and pride benefits, including increased moisture and soll
temperaturg¢48]. In contrast to PE mulch, bibased filmsexhibit unfavourablenechanical
properties such dewer tensile strength and resistance, resulting in a less durable product
subject tauncontroleddegradation, andxhibitincreased rips, tears, and holes, which can

increase weed pressyrg].

2.8 Renewable Polyethylene

A commodity plastic, polyethylene (PE)the most widely used plastic in the world. It is
under the category of thermoplastic which can be easily processed@odessed using
high temperature. The chemical formolaly contairs carbon and hydrogen atoms. PE can
be further categorized inttifferent groups based on their density. Hagnsity polyethylene
(HDPE) has a density range between 0.940 and 0.965,dfsdensity polyethylene
(LDPE) has a range between 0.915 and ®@4n?, and there are other subcategories such
as linealow-dersity polyethylene (LLDPE]}50]. The difference in density is determihiey
their degree of crystallinity which is determined by the amount of side chains (degree of
branching. HDPE has long linear chains wéiminimumnumberof side chains whereas
LDPE contains a higher amount of side chalvasn HDPE. Due to its long chmes with little
branching, HDPE shows higher crystallinity than LDPE and, therefore, has higher density.
Because ofhis, HDPE tends to have better chemical resistance and higher opacity than

LDPE. Main applications for HDPE includeusehold chemical comters, shampoo
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bottles, cosmetic containers, pharmaceutical botles other packaging applications.
LDPE, on theother hand, shows other desirable properties including clarity, and flexibility;

main applications are containers, shopping bags, agrialftins, and stretckwraps.

The traditional way of manufacturing PE is based onnmeoewable sources using etiyé
feedstockpetrochemicals. Though it has bdmmeficialfor consumerso have this material
that has been usédeverydayapplicationsover a centuryit is based omon-renewable
resourcesln many marketghe consumers have requested materials thahare
environmentally friendly and hawereduced CQfootprint. Therefore, the major driving

force for renewable thermoplastics is basacconsumer demand.

A more environmeiatly friendly alternative was cently commercialized by a chemical
companyin Brazil (Braskem SA). Instead of collecting resources from petrochesyticay
harvested sugar cane and manufactured PE from it. Ethathicedfrom sugarcane
becomes the source of the monomer, ethylenen Theethylene is polymerized to produce

PE Figure2.4) [51].

Sugar Green
Cane Polyethylene

Figure 2.10 Process of manufacturing renewable polyethylene from sugar cane
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The sugar camproduction accountsr about 7.8 hectares and only about 1% of this land
is used specifically for ethanol production. Therefdrbardly competes againfstod
sources. #s0, this methodepresenta very sustainable way of manufacturiPg It has
significantly lower greenhouse gas emissions with nearly 100% made from renewable
materials.The report for the carbon contemtalysis of this bibased PEan be found in the
Appendix section. Té production captures about 2.5 kg of @r 1kg of PE resin

produced.

The PE produced via this environment friendly method is no different from the one derived
from petrochemicals. Although there are limited numbers of grades present today, their
propeties aresimilar tothe counterpamgrades made from petrochiea source. Braskem
produces HDPE, LDPEnNd LLDPE for specific applications. More recently, some
companies including Proctor and Gamble started mass production of their consumer product

usingthis renewable PE.

2.9 Properties of Interest

Characterization oftarchbasedmaterials can be done via both quantitative and qualitative
investigations. There are standardized metlfimis theAmerican Society for Testing and
Materials (ASTM)andthe International Organization for Standardization (I13ia3t are

available. Repeated trials are necessfanyanalysis

Not only the material itself but also the processing environments and techceque
influence the properties. Even with the sgrtesticmaterial,for examplejf one was

injection molded and the other wast-pressed, they certainlyill show different physical
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propertiesFurthermore, different processing conditions such as temperatuextansion

speedaffect the properties of the materials as well.

Information about the properties of interastl analsis techniques ammvered in this
section.Thermal behaviour, rheological properties, chemical structnoephological and

mechanical properties art mcluded.

2.9.1ThermalBehaviour

Thermogravimetric analysis (TGA) usgogrammedheatingin a chambeto measureghe
mass chage as a function of temperature or tiniee chamber can be fed with either air or
nitrogen gas. TGA is a valuable tool to determine the onset of thermal degradation of the

starch, polyesteCNC and other nano materials.

Differential scanning calorimetry (DSC) is anotlaralyticaltool to determine the thermal
properties of different samples. It measures the difference in heat flow between the sample
andareferenceDSCcan identify thecrystallization(Tc) andtheglass transitioriTg)
temperature The changes in these thermal properties can easilyaracterizedby

studying the DSC curves.

2.9.2Rheological Property

Themelt flow index (MFI) measures the ease of flonnafltenthermoplastics and is a
very commorparameteunsed in indatry as an indirect measurement of molecular weight.
MFI is defined ashemass of polymer flow, in grams, per ten minutes. ASTM D1238
describes the procedui@ measuringhe MFI of polymers. Initially,the MFI can be used to
determne the processabilityf the polymer. Thermoplastic starch and its composites can
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have a range of MBI In order toutilize a specific plastic processing technigtleese

materials have to be in a certain range of $1FI

2.9.3Chemical Structures

Fourier transform infrared (FTIRS arelativelyeasy tool to determine tlolemical
structue of unknown substances. Depending on the soafregarch, initial reactant
composition and typeof nano materia| different FTIRspectawill be obtained. If any
chemical modifications are done the sample, FTIR can easdgsss the degree of
modification In this research, both potassium bromide (KBr) pellets angressed films
areanalyzed. Either absorbancet@nsmittances displayed with respect twwave numbers

between 4000 and 400 &m

Similar to FTIR,nuclear magnetic resonand\R) also helps to determine tkbemical
structureof unknown substanceshe resonance frequency of a particslalp structureis
directly proportional to the strength of the magnetic field appRestructural parameter of
interest in starch and modified starchethesdegree of branching (DB). DB can be measured
by hydrogen and carbon NMR for starch. NMR goaverfuland reliable characterization
technique, but only when it is performed under condgtiorwhich there is complete and
homogeneous dissolution oftlsample. However, because of the presence of many different
hydroxyl groups, the hydrogen NMR spectra of polysaccharides can sometimes be

complicated to interpret.
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2.9.4Morphological Property

Scaming electron microscopy (SEM) is a powerful tool to investigfadsurface
morphology of materials. It yieldsgh resolutiorimages by utilizing a beam of electson
aimed athe surface of the samples. Depending on the microscope, SERklsddlity to

imagenanasizel structures.

Nevertheless, there is a disadvantage of uairgjectron beam ovexlight beamin visible
optical microscopyThe suface of the material has to be conductive so that electrons can
travel easilyMany plastic composites ar@nconductive materials. Therefore, without any
pretreatmentthey arechallengingto visualize under the SEM. To overcome this

disadvantage, the samples are coated with a thin lagai®f52].

The electron gun shoots electsdowards the sample with a known voltage. Once the
electrors reachthe surface of the sample, they interact with the surface and scatter. Different

detectos are mounted and detect the specific scattering of els¢&8n

There are a few valuable morphological properties that can be obtained when studying the
starchbased composites and blenils SEM. The roughness of the surface, distribution of
fillersin the matrix, fracture mechanisms and interaction between diffigneses are all

important characteristics to investigate under the SEM.

2.9.5Mechanical Properties

Both ASTM D790 and ISO 178 atlereepoint bending tests for flexural properties.
Flexural strength measures the ability to resist against flexural deformatialingpe The

modulus gives the ratio between flexural dressand the straif54]. The loadcell measures
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both displacement and fortieat are recorded in the comput€&hen the following formulae

calculate flexurastrength strain and the modulus:

o0 0 0'Q
f 20 o

cul 0 l -
where:
Ur = strength or stress in the outer surface at midpoint, MPa
P =load at given point, N
L = support span, mm
b =width of beam tested, mm
d = depth 6beam tested, mm
U = strain in the outer surface, mm/mm
D = maximum deflection on the centre of the beam, mm

Es = modulus of elasticity in bending, MPa

Rigid fillers for plastic composites commonly increase the stiffness. However, they may
have negativeffects on thetsain atfailure. The strength of the materainalsobe reduced
when there is not enough interfacial interaction between the fillers and the f&drbo] If
the stress is naufficiently transferredrom one phase to the othameduction in

mechanical properties may occur.

Tensile properties are also essential when analyzing plastic mafEnlspeimen
undergoesiniaxialdeformations and the load ceflonitorsstressha is recorded byhe

computer. This procedure can provide tensile strength, mga@uldslongation at break
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[57]. Tensik strength and the percentage elongation at breakoakndatedvia the

following equations:
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Typically, a specimen undergoes elasticod®eiationfirst which isreversible Once,
stresseseachthe yield strength (elastic limit), th@asticdeformation takes placPlastic
deformation is a permanent owberethe material loses elasticity. Eventuafigilure

(rupture)occurs. Brittle matéals rupturebefore plastic deformation can oc¢g#].

A stressstrain curveyieldsanumber of parameter$hetensile strength can lalculated
by dividing the maximum load by the average cresstional arealhe percenglongation at
break is obtained by dividing the length of extension by the original gauge length and
multiplying by 100%. ASTM D1708 describes a standard methaldiermine theensle

properties of plastics ke use of micretensile specimens.

Impact behaviouis an essentiabspect when characterizipglymer and composite

materials. Impact tests are conducted in numerous araysachhasdifferent advantages.

Onestandardized & theZOD impact test uses a pendulwvith a known weight A
specimen is heldsa cantilevered beam the device A notch is made prior to the test and
the pendulum hits the top half of the notched specimen. Thgidést theimpact strength

which is the amount of enerdgr crack propagatiobeforefailure. The value is reported in
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Jimand J/Min ASTM and I1SO standards, respectiveh5TM D256describes standard

methods for the 1IZOD pendulum impact resistance of pla&tjs

Another useful type of standardized method is the Gardner impact test. It determines the
relative ranking of materials according t@ tamount of energy requiréal crack or break a
flat specimenA weight falls in a vertical tube and ithe striker resting on top of a
specimen. Repeated trials are to be conducted and the mean failure energy is reported. ASTM

D5420 describes the stamdanethods ofthe Gardner impact tesf60].
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Chapter 3

Materi Mes had&t arch as Copol ymer

3.1 Materials

The material containing 34 wt.% starch was manufactured by compounding corn starch
and polybutylene adipateo-terephthalate(PBAT) in a batch procedsy Polymer
Specialties International Ltd. (Canadahis starchcopolymerwas providedn pellet form
(Figure3.1). The manufacturer has providéduriertransform infrared (FTIR) spectroscopy
results Figure3.2). Details of this material preparation are provided in a patent that describes
theprocess for makinghe starchresin copolymef14] and it was briefly desdrsed in the
previous chapteDried regular corn starch (Tate and Lyle lot# DW2572B2, UK) was used
for comparison as well. Cellulose nanocrystals (CRROD to 400 nm in length and a few nm

in thicknesg61]) wasprovided byCelluforce (Canada).

In order to rurthe NMR analyss, lithium bromide (LiBr), deuterated dimethyl sulfoxide
(DMSO-d%), and deuterated trifluoroacetic acid (TH84 were purchased fro®igma

Aldrich (Canada)

For the extrusion procesBBAT (EcofleX’ F Blend C1200) was purchased from BASF

(Canada)Organicperoxide, 2,5dimethy}2,5-di(tertbutylperoxy)hexan€Trigonox® 101)
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was purchased fromikzonobel(Canada). Maleic anhydride was purchased from Fluka

Analytical (Canada)

Figure 3.1 Starch resin copolymer manufactured by PSI
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Figure 3.2 FTIR spectrum of starch resin copolymer manufactured by PS[14]
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3.2Sample Preparationand Characterization
3.2.1ChemicalComposition Analysis

Regular starch and TPEBAT copolymer resins were analyzed using nuclear magnetic
microscopy (NMR). Tizzotti edl. used an effective method to analyze stiscNMR [62].
With some modifications, the & method was implemented in this study. @ @B LiBr
was dissolved in 1§ of DMSO-d® and 10mg of starch or TP®BAT copolymer was mixed
with the LiBri DMSO-d® solution. The mixture was heated at 70 °C and was constantly
shaken for 20 hours. The samples were thamsferrednto NMR tubes and were delivered
to BrukerSpectrospin 500 Ultrashield fanalysis and thproton NMR {H NMR) scans
were doneA moderatelyhigh temperature of 70 °C was used to enhance the solubilibeof
starch samples and not to damage the polymer chain at the santsoans were
acquiredfor chemical shiftgangingfrom -1 to 19 ppmSpectra of rawarn starch were
analyzed before and after adding FBA Then the TP BAT copolymer resins were
studied with the préreatment of TFADY. The spectra were Fourier transformed tirel
MestReNova (Mestrelab Research) software was useldd@malysis. Basiee and phase

corrections were done prior to peak assignments and quantitative analysis.

3.2.2Sample Preparations and Mechanical Characterizations

Preparation of specimens for mechanical tastsdescribed her€irst, the TPSPBAT
copolymerresins wereryogenicallyground.Pellets weresubmergedh liquid nitrogen and
groundanda powder particle sizef less than 0.1 mrwas obtainedThe groundpowder was
vacuum dried at 40 °C for 24 hours. The povedkesamples were then injection molded

(Injection Molding Apparatus, Ragan). The processing temperat(lvarrel)was varied
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from 150 to 175 °CThe mold temperature was set at 40 TGe pressure 0690 kPa 100

psi) with 15 seconds of injectiomold periods was applied.

There were three diffent geometrishapes for thepecimengFigure3.3): plain
rectangular bars, dumbbell shapasd circular specimens. The plain{s@iaped specimens
were used for flexural and notched 1ZOD impact strength tests, the durabapéd
specimensvere used for tensile tests, and the circular specimens were for the Gardner impact
tests. The injection molded specimens went thraughiefannealing procedure at 120 °C to
erasehermal historyAs afinal step prior to testing and charatation the specimengere
placed ina conditioning chamber with a temperataf@3 + 1 °C andahumidity of 50 + 5 %

for 48 hours. Specimens prepared for DMTA were conditioned at vdriouglities

Figure 3.3 Flexural / 1ZOD impact (left, rectangular), tensile (centre, dumbbell) and Gardner
impact (right, circular) specimens formechanical taracterizations

Flexural strength and modulus were obtainedaflaxural test (ASTM D790)A Q Series

MechanicaTest Machine (Test Resources Inc.) was used-fuoit bending system. Six
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replicate tests were conducted for each sample and their avathgtandard deviatiowas

reported. The values were calculated using the equatiolirseouin Chapter 2.

Tensle strength, modulysind elongation at breakere obtained via tensile tests (ASTM
D1708). The same testing machine as the flexural test was utilized. A dumbbell shaped bar
was placed between the upper and lower grips. The distance between the gripswas 2
mm after placing the bafhetensileforce was applied to pull the bar at a rate of 1.3
mm/min. Six replicate tests were carried out for each sample and their a\adgsdard
deviationwere reported. The reported values were calculated tlengguations outlined in

Chagper 2.

Theimpact strength was examined via 1IZOD impact test (ASTM D256). Test method A of
the standard was used. A depth of 2.5 mm notch was creased before the test was conducted.
The specimen was mounted vertically on a Morimpact Tester (Testing Mhine Inc.)
and hit by a 5 ftb swinging pendulum type hammer at 90°. The result was reported in joules
permetre Six replicate tests were done, and their averages with standard deviations were

reported.

Another type of impet analysis was done viae Gardner impact test (ASTM D5420) to
obtain the impact failure energy. An 8 |Ib weight was dropped through a guide tube and hit a
striker resting on top of a supported circular specimen. The procedure determined the energy
that @aused 50% of the specimensi¢eisto fail (mean failure energy). A failure was defined
as complete cracking through the specimen. The weight was dropped from a height and if the

samplefailed, the drop height was reduced liigif an inch. If the sample ditbt fail then the
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heigh was increased byalf an inch. Repeating this procedure more than 20 times, the

average failure height was calculated as the ASTM standard indicates.

Dynamic mechanical thermal analysis (DMTA) was performed on samples exposed to
different conditioningcycles. Thefirst and second samples were conditioned at 30 and 50%
relative humidity at 23 £ 1 °C for 24 hourEhe thirdsample wagxposed t®I| water (23 +
1 °C) for 24 hours. Dynamic mechanical thermal analyzer V (Rheometricticleand the
software TA Orchestrator (TA Instruments) were used for the analymsingle cantilever
clamp test method wasppliedon theinjectionmolded samples. The specimen size was 25.0
x 12.5 x 3.0 mi Thetemperature was raised from 35 to PC5with a rate of 3 °C/min.

The frequency was 1 Hz and the strain was 0.1%.

Figure 3.4 Single cantilever mounting in DMTA
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3.2.3Composite Preparativand Mechanical Characterization

The TPSPBAT copolymerCNC canposites were prepared to stutlg effect of CNC on
their mechanical properties. The CNC was vacuum dried at 40 °C for 24 hours. Powdered
and dried TPSPBAT copolymer resins with dried CNC mixtures were loaded inte a co
rotating conical twirscrew extrude(Figure3.5) (Haake MiniLab Micrecompounder,

Thermo Electron Corporation) barrel using a hopper.

Figure 3.5 Co-rotating conical twin-screw extruder configuration

The CNC concendition was varied from 0 to 6 wt.% The samples were extruded at 140 °C
with arotational speed of 75 rpm. Then the compounded material wesaél and hand
pelletized. The pellets were then injection molded in the same manner as the pure resins at
155 °Cand690 kPa 100 ps). Annealing at 120 °C was done in order to remove the thermal
history and conditioning (23 + 1 °C for 24 hours at 50% retaltivmidity) was done prior to
mechanical testing. The prepared specimens went through flexural and tetsiie tee

same manner as the aforementioned techniques.
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3.2.4Thermal Analysis and Stability

Thermal gravimetric analysis (TGA) was done before and pfteessing the material.
The heating progranmcreased the temperatdrem room temperature to 60C with a
10°C/min rate. Samples processed at different temperatures ranging from 150@ 185
were analyzed. The 2 and 5% weight loss temperatures were compared with resjgect to

processing temperatures.

3.2.5Melt Flow Analysis

In order to see the ease of flowd#ferent processing temperaturédsg mass flow index
(MFI) of the sample wadeterminedInitially, the indexer was preheated to the temperatures
of 140, 150, 160, 170 and 18G. A weight of 2.16 kgvas used following a standard
method, AS™ D1238. Degnding on the speed of the flow, the samples were collected
every 10 or 20 seconds. At every temperature, 5 samples were collected and their average

and standard deviatiomere calculated.

3.2.6Morphological Analysis
Scanned electromicroscopic (SEM) analysisas done on TREBAT copolymerCNC

composites for morphological comparison. Fractured surfaces of injection molded bar
specimens were vacuum dried at 50 °C for 24 hothie dy specimerwasgold coatedvith
a thickness of 10 nro avoid electrical chargg FEI Quanta Feg 250 ESEM (Thermo Fisher

Scientific) withanaccelerating voltage of 15 kV was used.
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3.3 Study onMaleation of Starch
3.3.1Methods for Starch Maleation

The synthesis of th€EPS copolymeby PSlwasdescribed in the previous chapter. The
first stagewas to react starch with maleic anhydride at moderately high temperature (90 °C)
for 10 minutesn a batchsystem The purpose of this section is to compare alternative
methods of starcinaleationand perform quantitative and qualitative evaluatidmee
different approaches were takersing a microwave reactor, a twsorew extruderand a

rotary evaporator.

Thefirstmethodwas to use microwavereactor An Anton Parr Multiwave 3000
microwave reactor was usethe schematic diagram of the proceshima inFigure3.6.
Dry starch andreshlyground maleic anhydride powder (4uvkight rati weremixed in
acetone. Without any heat applied, the mixture was continuously stirred until alcadone
completelyevgrorated This was doe to make sur obtaina uniform mixture ostarch and
maleic anhydrideandto enhance thimteracton between the twohemicals Four different
weights of mixture were prepared: 100, 150, 200, and 250 mg. They were put into separate
microwave reactotubes. Eaclsamplewas continuously stirred using magnetic stirfétsg
inside the tubes while thmicrowavereactor was runningA power of 750 W was applied for

15 minutes in the reactor.
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Microwave

100mg 150mg 200mg 250mg
Master Batch: 'l [l 750 W, 15 min
a;terhz ch: Stirring Master Batch:
arcn g —_— Starch 4g —_—
MA 1g Evaporate MA 1
Acetone 50mL Acetone g

Figure 3.6 Schematic diagram of starch esterification via microwave reactor

Thesecondapproach wadoneon a continuous system using a tsicrew extruderA 27
mm, 52 length per diameter (L/Datio, 13 elementsgo-rotating twinscrew extruder (MIC
27, LeistritzExtrusion USA) was uilized for the experimen{The rotation speed was 250
rpm, the output rate wa8 kg 20 poundsper hourand theextrudersetup with its

temperature profile is shown Figure3.7.

Water + Glycerol + Peroxide PBAT

Starch + MA r Vent _1, Vacuum
—|_, 1 2 3 4 5 6 7 8 9 10 11 12 |13/die
90 °C |105 °C|105 °C 105 °C|150 °C|150 °C| 150 °C|150 °C|150 °C|150 °C|150 °C|150 °C|150 °C
——

Figure 3.7 Twin screw extruder setup and temperature profile

Starch and maleic anhydride (MA) went into the feeding zone with a rati® 6f1
(weightratio). Water, glycergland peroxide were fed in zoneThe sample was collectet
the vent (zond) beforebeing exposetb a higher temperature (150 °G}arting from zone 5

andbeforethe addition of PBAT in zoné.

The third approach was done by usingpauumrotary evaporator. Heidolph Collegiate
Rotary Evaporator with HeiddfpEco Bath was used. The ratio between dry starch and
maleic anhydride was 4:1 (weight rati®he mixture was loaded into the rotating flask and

vacuum was applied.he water bath wasept at a moderate temperature, 60 °C for 8 hours.
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This was a dry prcesswhereno solvent wasised inthe initial mixture. Finally, the sample
was washed with acetone to remove any remaining free maleic anhydride that did not react

with stach.

3.3.2Maleated Starch Characterization

The first analysis was ahethermal degradeon behaviaor using the TGA technique
(TGA Q500, TA Instruments, DE, USAJhe heating program started from 30 to 600 °C at
10 °C/min rate.The change in weight (DTG) was obtaineith respect to temperaturéhe

results were compared with each other aittd regular corn starch.

Differential scanning calorimetry (DSC) was performedtudythe change ithe
gelatinization behaour of maleated starafpSC Q2000, TA Instruments, DE, USAJirst,
2 mg of starch samplegere suspended L ofdistilled water for 1 hour prior to the
experiment. The samples weransferredo the pansnd sealedThe program monitored the
heat flow with respect to temperatuheoughout the experimenthe leatingsequence
increased the tengpaturefrom 40 to 90 “Cwith a5 °C/min rate Again, regular corn starch
was run alongside the maleated starch for comparsoempty pan was used as a

referenceThe measurements were taken at least three times.

Fouriertransform infrareqFTIR) spectroscopy wassed to characterizbe chemical
composition of the sampléBTIR T Tensor 27, Bruker Co., MA, USAPotassiunbromide
(KBr) powder was dried prior to the preparation. The starch samples were ground with dry

KBr andpellets were preparetdhe spectra ereobtainedn thetrarsmission mode through
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thepellets.128 scans were done thre specificwavenumberange of interest (2000 to 1500

cmd). The resolution was dmt and the aperture setting was 1 mm.

The chemical composition gtarch prepared by three different methodsragdlar corn
starch was compad with the NMR analysis. Similar to the previous NMR procedure, 0.05 g
of LiBr was dissolved in 10 g of DMS@ first. 10 mg of each sample was dissolved in
separate LiBi DMSO-d® solution. The solution was heated forfafurs at 70C and was
transferredo NMR tubes BrukerSpectrospin 500 Ultrashie({@ruker Co., MA, USA)was
used for the analysis at a constant temperature of 340 K (&5.8%1 NMR scans were
done from 0 to 12 ppm and each sample went through 2586. #dhfour sampleseacted
with TFA-d! prior to the scans. The spectra were Fourier transformed and MestReNova
(Mestrelab ResearcB.L.,CA, USA) software was used for the analysis. Baseline and phase

corrections were done prior to peak assignments aactitative analysis.
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Chapter 4

Results andStbharsachu sssd o@spol ymer

The driving forcdor this research comes from custosyaquiring products witlalower
environmental impact or from legislation. This driving force leadseteeal research
problemsthatincludei) lack of understanding on the preparation of thermoplastic starch
copolymers, and ii) lack of understanding on the effeciamiocellulose to improvhe

properties othermoplastic starches.

The goal otthis chapters to evaluate the @mmoplastic starch copolymer prodddeom
PSlthrough collaboration with our research grotlipe detailed characterization of such
material is not reported elsewhere yet. Furthermore, this research will extend the
understanding of possibilities for stantiodification by evaluating the effect of
nanocellulose on the physical properties and teehanism otarch maleation. These are

two strategies that could be implemented in the manufacturing process conceived by PSI.

4.1 Chemical Composition of Starch Copgtmer: *H NMR analysis
High temperature (70 °CH NMR analysis waperformedo stuly the chemical

composition and the structure of the material. Peak assigramémuantitative analysis of

thedegree of branching were done.
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Figure4.1 shows théH NMR results of (a) regular starch, (b) regular starch with an
addition of TFAd!, and (c) TPSPBAT copolymer also with an addition of TFdk. All the
essential peaks were assignedhe protons in the structurBhe*H NMR spectrum of
regularcorn starctexhibits all the characteristic peaks. As it is well described by Tizzotti et
al., the peaks dhehydroxyl hydrogensverlap withthel a nadoméri@ protonés.11
and 4.75 ppm)62]. However, with the addition aismall amount of TFAJ!, the hydroxyl
protonsand TFA undergo rapid exchange, giving rise to only a single pedkigtier
chemical shif (> 6 ppm). Typically, the higher the amount of TEEAadded andthe higher
thechemicalshift is expected. Other protons present in the region of384 ppm were not

affected by the addition of TFAL
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Figure 4.1 'H NMR results of (a) regular starch, (b) regular starch with an addition of TFA-d*,
and (c) TPSPBAT copolymer with an addition of TFA-d*

Since starch is a polymeric moléewvith the presence of branching poirite degree of
branching (DB) can affect the physical and chemical properties of TPS. The DB can be

calculated for thetarch molecule using thel NMR spectrum an&quation 4.162):

$"p pmUE—— (4.1)

h h
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Here,lpisandlgisarethH NMR i ntegr al s of, 6 naredldlail n darat
linkagesrepresentedly the integral of the signal correspondingtethl and 16 proto
spectrarespectively. $i ¢ el,6Unkage is the branching point, DB is a ratio between the
a mo u n 11,6 lmkageland the total amount of linkages. The calculated values of the
regular corn starch used in this study is DB #@8ahdthe TP BAT copol ymer 6 s LC
3.1%.Nilssonet al. investigated the DB in different types of commercially available starches
via 'H NMR analysis. The DB generally lies between 1 and 5% depending on the source of
starch and genetic differences which alter the amylose/amylopectipg@titiowever, they
also provided a cautionary comment that lortgen studies might be necessary. This was
because starch from different ages have been reported to have different molecular structures
[64]. For exampletheripening of potato leaxto higher amylose content and elongation of

both amylose and amylopectin chains.

After analyzing the purstarch, the TP®BAT resin was investigated. TFa#t was also
added prior to the analysis. The result is showrigure4.1 (c). Peaks numbered 1 to 6 are
thesignature peaks dfie starch molecule whereas psakimbered 7 to 15 athesignature
peaks of PBATThe protons fronthe grafted ringopened maleic anhydride peate formed
at 6.22 ppmMaleic anhydride may work ascaupling agent between hydrophilic starch and

hydrophobic PBAT.

Additional tH-NMR analysis was done on samples collected througholatichprocess
at PSI 3 samples prior to the addition of PBAT and the final products were anaFigede(
4.2). The purpose of this analysis was to understand the change in chemical structures during

the process of manufacturing and the results shaweduction in DB from 3.8 to 3.1% he
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top spectrunga) was collected aftehe addition of peroide, waterand glycerol tahedry
starchmaleic anhydride mixtur&he spectrunfb) was collected after 10 minutestha

elapsed and (c) was collected priothie addition of PBATSpectrum(d) was collected from
the final productThe first three sampleshowed all the signature peaks of starch (5.11, 4.75,
3.34.7 ppm) and grafted maleic anhydride (6.2 ppm) as expected. The final product had
additional peakthat correspond to protonstime PBAT molecule Although the time elapsed

in the batch processgectra (a) through (c)here was naignificantdifference observedn
order tostudythe esterification reaction by maleic anhydrictelepth a further investigation

wasnecessary and executddhis study is presented in a later sdztion 4.8).

(a) ‘ | 'l

(b) | ) ‘y,

© _ ol

T . l » T I T - [ L} l T I L} l T I T I L} I
8 7 6 5 4 3 2 1 0

Figure 4.2 'H NMR results on samples collected throughout processing: (a) collected after
addition of peroxide, water and glycerol to starch; (b) collected after oxing 10 minutes; (c)
collected prior to addition of PBAT; (d) final product
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4.2 Thermal Analysis

Figure4.3 shows TGA resudifrom a 35 to 600 °C sweep under nitrogen gas environment.
The major vertical axid€ft, green) shows weigltercentagandthe minor vertical axis
(right) shows the derivate oftheweight changes in %/°C. The first major decrease in
weight started at around 220 °C and the decrease slowed down at ag@f@d The second
weight drop happens at around 350 °Gill4b0 °C. The first drop corresponds to the
degradation oAmylose and amylopect[B5] whereas the second droprrespondso the
weight decrease of polyes{&b5, 66]. TGA is an excellent tool to evaluate the stability of
starch and its blends becauseat®timplicity and effective information provided. Many
studies employed the technique to analyze starch in the past. Aggarwal et al. and Teramoto et
al. used the TGA method to investigate the thermal stability of the main starch components
and found that thre wasa difference in thermal resistance between amylose and amylopectin
in corn starclj67, 68]. Because of the diéfrence in thermal resistance, the TGA technique
could be employed to estimate the contents oflaseyand amylopectin in starch.
Furthermore, the TGA can be employed to investigate the thermal degradation and stability

of starch and starebased materialgnder different processing conditiof&9)].
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Figure 4.3 Thermal gravimetric analysis onTPS copolymerresin

In order to study the effect of processing temperafurther experiments were done using
TGA on the samples that went through eliéint processing Xegrusion and injection molding)
attemperatures ranging from 150 to 185 °C. 2 and 5% weight loss temperature have been
recorded after water evaporation. These temperatures were compared with the 2 and 5%
weight loss temperature tife pre-processed samp(€igure4.4). This was done to visualize
the amount of sample loss due to high temperature and shear during extrusion and injection
molding. The increase in weight loss temperature indicates the increase ie sagsspluring

the high temperature processing.
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Figure 4.4 TGA results of pre- and postprocessed samples

As expected, both 2 and 5% weight loss temperahaee increased as the processing
temperaturdasincreased. When comparitige 2% weight loss temperature, the pre
processed samplwas atl55.4 °C whereas the 185 frocessed sampleas at204.4 °C.
This isa31.5% increase. The same patt@rasobservedvith the5% weight loss
temperature as well.GA is one ofthe most commonly used technigue characterize the
thermal stability of material§.here have been a few studibat haveemphasizd the
importance ofhe thermal stability and degradation of stdfé72]. Consideringhat
common industriastarch materials gihrough a series of thermal treatments and processing
stagesit is a vital step to conduenin-depth analysis on tirethermal stability The result
indicateshattherewasa significant effect of processing temperature on the sample and it is

crucialto control thehermal stabilityduring extrusion and injection molding. However, it is
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also important to reach sufficiently high temperatio achieve good mixing and flow of the

molten polymer.

The thermal decomposition and stability of starch depend aontpositionsuch asts
amylose and amylopectin contents. Its molecular weight also alters the property. Processing
conditions such asigh temperature and shear stress affect thermal stability as well. Liu et al.
have investigated the thermal decomposition of starch exten§d@lyAccording to their
report,there are three stagestbéthermal decomposition mechanism. The first stage is
physical dehydratiowhen aderbed water evaporateBhe second stage is chemical
dehydration and thermal decomposition. Thermal reactions start at around 300°C with
thermalcondensation betwedhe hydroxyl groups of starch chains. This reaction forms
ether segments and yields wataslecules with other small molecular species. This second
stage of the mechanism was clearly observed in this thesis asigaled.3, peak at
~300 °C). The last stage is carbonization reactions at temperatures abd@ B@bough
the main chemical dehydration and thermal decomposition take plaiggheat temperatuse
(=300 °C), exposure to high shear along with relatively higher processing temperature may

have caused the degradatiomagarlier stage.

4.3 Mass Flow Index Analysis

In order to further investigate the effect of processing temperature, the melt flow index
(MFI) was also measured at different temperauFgpically, plasticssuitable for injection
moldinghaveMFI values ranging fom 3 to 10 grams/1Min using a2.16 kg weight.An
MFI value lowerthan this rangenaynot be suitable for injectiomolding applications

Figure4.5 summarizes the MRlalues obtainedt different temperatures. The MFI values
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measurect 140, 150 and 160 °C aréd4, 6.84 ad 9.68 grams/1tnins, respectively. These
three values are ithhe suitableMFI range for injection molding. At 170 °C and above, the

MFI has increased significantly and all readings were above the target range (>10@rams/
min). The experimerdbove 170 °C even exhibited some evidence of oxidation of the sample

(burning), such asaramelizationdarkeningof colour) andunpleasanburning odour.
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Figure 4.5 MFI of thermoplastic starch copolymerat different temperatures

Both TGA and MFI experiments demonstrated the effetheyprocessing temperature.
Although the residence time in the procesgggipmen{extruder and injection molder) is
also important, in order to minimize the sample losstanding while maintaining.good
flow of the molten polymer, it is necessary to cohthe processing temperature. The

temperature above 17C showed clear evidence acdramelization anburningwith
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significantlosseqFigure4.6). Therefore, it was concluded that the processing temperature

must not exceed 17AT.

Figure 4.6 Flexural bars injection molded at (a) 150 °C, (b) 155 °C, (C) 165 °C, and (d) 175 °C
4.4 Effects of Processingr'emperature on Mechanical Properties

As the previous subection has demonstrated, the temperature window for processing TPS
is rather narrow. It rezls an optimum combination of thermal input and high shear to fully
plasticize. However, this point is egsfiurpassed by slight variations, which leads to
degradation and caramelization of the mateRajre4.6). In order to understand the effect
of processing temperature on the TPBAT copolymer, mechanical analysis including
flexural, tensile and impact tests weerformed The processing temperatures were varied
once agairirom 150 to 175 °C. The result under 150 °C is not reported here since the
temperature was too lote evaluate sufficient poiger flowto extrude and injectio mold

the test specimens.
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Figure4.7 showstheflexural test results. Both flexural strength and modulus are reported
here. It was founthatboth flexural strength and flexural modulus decreased as the
processing temperature neasedA noticeabledrop was recorded when the processing
temperature reached 175 “Thermograms of PBAT found ihe literature show the stability
of PBAT chains well above 300 97 3]. Thereforethe burning, oxidatiorand shortening of

starch chains are responsible tloe significant decrease properties
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Figure 4.7 Flexural strength and modulus with respect to processing temperature
Tensile properties were measured with respetttéprocessing temperature as wéhe
tensile strength, Young moliis, and percentage elongation a¢dk results are summarized
in Figure 4.8. Both tensile strength and percentage elongation at bexakased

significantly as the processing temperature increased from 150 to 175 °C. Althougé You
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Modulus had a slight increase from 150 to 155 °C, it reachmdteau in the higher

temperature range. This overall decrease in tensile property is associatexideitioio and
shortening of polymer chains the higher processing temperature rangksoAthe increase

in thermal stress may have caused the decrease in properties. A recent study by Lekube et al.
demonstratethetensile behaviour of a TPBBAT blend (® wt.% TPS)74]. Specimens

were prepared via extrusion and blown filnogesses and the processing temperatures were
varied. Tensile properties and tear resise were measured at three different extruder
temperature profiles. Through the first decrease in temperafut€)( tensile strength and
modulus increased, wheregasar resistance showed no changes. However, a further reduction
(-10 °C) caused a draopf tensile strength. At the temperature lower than the critical point,
higher shear and friction in the material have caused poor physical properties. This study

exhibits a good example of the narrow temperature window for processing TPS materials.
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Figure 4.8 Tensile strength, Young's modulusand % elongation at break with respect to
processing temperature

Finally, two types of impact tes¢sults were monitoreoh the samples processed at
different temperares. Gardner impact test gave combined information of crack initiation
and propagation while notched IZOD impact test gave crack propagation infornkégiore
4.9 shows the results of these tests. Both impact properties dsthoatany significant

changes while varying the processing temperature.

59



m  Gardner Impact Energy ® |ZOD Impact Strength

35 T T T T T T -
L 96
3.0- 90
= N
= i + i L84 O
> i 5]
> 2.5 e
) 78 3
c 1 o
L 72 2
B 2.0- Q
S -66 2
£ g
E 15_ _60 (%
e -54 ~
[11] ] —
S 10 (48 3
05 i

T I T T T T
145 150 155 160 165 170 175 180
Processing Temperature (°C)

Figure 4.9 Gardner impact energy and IZOD impact strength with respect to processing
temperature

4.5 Dynamic Mechanical Thermal Analysis

DMTA often provides critical information on the e@elastic performanced polymersof
various temperatureé. single cantilever bending DMTA test was done to study the
behaviour under periodical stress throughout the temperature range of ikigresi4.10
showsthestoragemdul us (E®6), and the ratio between EO
as tan(ld0). TPS copolymers conditioned at 30 a
and dashed lirgrespectively. The shedotted line represents the sample merged in water
for 24 hours. The three samples conditioned differently shemded f i ni t e reducti on
values as the temperature increased. It was fthatdpecimes exposed to water had
significantly lonerE 6 v ailougleost thé test. Being hydrophilic, TPS is spsbée to
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moisture attack during storage and service. The increase in moisture content déoeeases

glass transition temperatuf®y) of TPS and subsequently affects its mechanical properties

[75]. All three samples analyzed in this work did not show clgaitfiough the first two
conditionedat30and® r el ati ve humidity exhbhsathGanded r att
65 °C, respedvely (Figure 4.10). The submerged TPS copolymer did not show any peak in
themeasured range. PBAT is known to degradeniaqueous environmenoter time

depending on the average chain length of the aiormlaicks[76]. A prolonged exposure of

moisture would definitely decrease the property of the-PB&T resin.

A study by Mitrus provided an idepth analysisf thechange in § of thermoplastic
starch[77]. Potato based thermoplastic starch was produced by using glycerol and-a single
screw extruder. Theglwas measured while conditions were varied. It was found the changes
in the Ty of thermoplastic starch were only minimadlffected by the moisture content. It was
also shown that repeated extrusion up to three times did not affegtslgmificantly either.
However, withavaried amount of plasticizer (glycerol) ime extrusion process, theyas
significantly affectedWhen the glycerol content increased from 15 to 30%, the glass
transition temperature decreased more than 100 °C, from 132 to 18 °C. Another sidely by
Graaf et al. have also showmatthedifference in T of thermoplastic starch causes the
changes in mémnical propertiefr8]. The Ty measured by DMTA was compared witte
tensile properties. Loweringghas causedadecrease in modulus, tensile strengtid
elongation. These studies found in the literature have indith& T, of thermoplastic starch
is affected significantly by marenvironmental conditions and it is directly related to the

physical properties. The result of mechanical analysis and DMTA experiment in this thesis
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have also shown the sensitivity of TRShe change in environmental and processing

conditions.
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4.6 Effect of CNC Filler on Mechanical Properties

A new sebf mechanical tests was conductedTPSPBAT copolymerCNC composites
while varying the CNC concentrati from 0 © 6 % Flexural strength and modglwith
respect to CNC concentratiane shown irFigure4.11. Overall, both properties increased as

the CNC concentration increased. Flexural strength was improved%y rdaching 11
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MPa,and tle modulus was improved by 34, reaching 292MMPaasthe CNC content was

increased from O to 6 %.
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Figure 4.11 Flexural strength and modulus with respect to CNC concentration

Figure4.12 displaysthetensile properties of the composites, includingtensilestrength,
Youngmodulus, and elongation at breakh respect to CNC concentratiddnlike the
flexural propertiesonly tensile strength was improved by 7% wiiile Youngmoddus did
not change significantly and elongation at break sligttigreased abe CNC concentration
was increased. Although this may be an evidence of weak adhesion between CNC and the
mat r i x 0 ssignifitantampfoeemeants in other mechanical prope arendirect
indications of uniform dispersions andagbinterfacial adhesiong particular, he nanoscale

dimensionthehigh aspect raticandthe orientation of CNC are importanharacteristicto
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enhance polymer propertigdowever, poor origation of crystals cannot directly be
translated to poor mbanical propertiesAccording to literaturealower degree of CNC
orientation may induckigh toughness of composites while tensile propertiesdaasease
at the same timgr9]. Therefore, variations of CNC orientation may change the path of

energy dissipation and increase toughness.
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Figure 4.12 Tensile strength, Young's modulusand % elongation at break with respect to
CNC concentration

Table 4.1 Mechanical properties of starch copolymer resilCNC composites

CNC Flexural Flexural Tensile Young's Elongation
Strength Modulus Strength Modulus at Break
(%) (MPa) (MPa) (MPa) (MPa) (%)
0 9.0+ 03 219+ 12 8.0+ 02 111+ 7 30+4
2 91+03 239+ 10 8.0+ 03 105+ 9 26+ 4
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4 98+ 0.2 262+ 8 8.3+ 02 106+ 7 25+3

6 11.1+ 03 292+ 13 85+ 0.1 109+5 25+ 2

The reinforcing effect ofhe CNC on poymer matrix could be attributed the presence of
hydroxyl groups on both starch and CNC. Strong hydrogen bonds could be tbatwmuld
enhance the reinforcement. Also, this strong interfacial adhesion between the two materials

could have worked as #&rass transfer agent or a bindigg].

Literatureon CNCindicates thaits strengths and stiffness equal 7.6 GPa and 160 GPa
respectivel)y{81]. With suchamagnitude of strength and stiffness, a minimal addition of
CNC to the polymer matrix greatly enhances the mechapiopkrties. Uniform dipersion
of CNC, the orientation with respect to the direction of stress applied, and good interfacial
adhesion between the filler and the matrix are all essential factors to maximize mechanical

properties.

Table4.1 summarizes alhe mechanical test results of starch copolymer 1€slc

composites.

4.7 Morphological Analysis

An attempt was made prepare samples foransmission electron microscopy (TEM)
observationn order to visualiz&€ NC inthe matrix. Unfortunately due tothe softness of the
material,theuse ofneither glass nor diamorkahife in a microtomeprovided desirable
smoothnesandthicknessat roomor cryogenic temperaturénstead scanning electron

microscopy (SEM) analysis was performed on the material with va@ldg contents. This
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analysis was done tosualize micrometer sizENC aggregatesf any,in thematrix. Even at
very high magnification, identifyingndividual CNC fiber in the polymer matrix is
challenging from SEM images. However, when present, aggemavisible even at low

magnification and they are easy to idenfBy].

The four SEM images iRigure4.13 show fractured surfaces thfe 0, 2, 4 and 6 % CNC
composites. Even with the high&NC content (6 %), there was no visible aggregates found
in the image. Althougfexural properties have improvedlith increasingCNC

concentrationthe SEM imagedid not exhibitany significandifference
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Fure 413 Sies of fractud surface of (a) 0 %, ) , c 4 %, and ) 6 % CNC
4.8 Study onMaleation of Starch

4.8.1Thermal Degradation Behaviour of Maleated and Unmodified Starches
TGA analysis was performed to stuiliye thermal dgradation behaviawf maleated

starch and the results were compared with the unmodified starch. The TGA curves are shown

in Figure4.14.
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Figure 4.14 TGA on maleated (microwave, vacuunrotary evaporator, and extrusion) and
unmodified (raw) starch

It is clearly seen that modified starches have greater heat lostheatthe unmodified
(raw) starch. The esterificatiatestroyed the starch crystallidemansand therefore, the
density degrebasdecrased. Thided totheconclusion that modified (esterified) starch
would decompose more easily than native raw starattoater temperature. The DTG curve
shown inFigure4.15 confirms the weight los&hich starts alalower tempeature than
unmodified starch. The peak temperature of maleated starch was 303.0 °C and that of native
starch was 312.7 °C. Thuld beevidence that starch was successfully esterified by maleic
anhydrideZuo et al. have demonstrdteiaDSC andX-ray dffraction (XRD) that

esterification of starch induced weakening intensity of diffraction peaka sigdificant
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decrease in the degree of crystallifityd]. This suggests that the reactibas destroyed the

crystalline structure of starch to some extent.
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Figure 4.15DTG curves of unmodified (raw) starch and modified (microwavemethod) starch

4.8.2Gelatinization Properties of Maleated and UnmaatifStarches

Gelatinization properties of starches were compared®@and the curves are shown in

Figure4.16. Both onset and peak temperatures were determined and the heats of

gelatinization were calculated based on the re§tétble4.2). This analysis is a good

measure to determine changes in the crystalline structure of stardksaftedification
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Figure 4.16 DSC curves of unmodified (raw) and malated (microwave, vacuunrotary
evaporator, and extrusion) starches

Table 4.2 Thermal properties of unmodified raw starch and maleated starches

Sample Onset (°C) Peak (°C) Heat of Gelatinization (J/g)
Raw Stach 642+ 0.1 688+ 03 11.7+ 0.4
Microwave N/A N/A N/A

Vacuum 628+1.0 69.8+ 1.1 9.0+ 05

Extrusion 679+ 03 72.7+ 0.2 83+06

With theexception othe starches modified by the microwave method, the carsepeak
temperatures were nogsiificantly altered by the esterificatio®n the other hand, the heat

of gelatinization showed significant reduction when modivigtth the vacuumrotary
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evaporatopor the extruderThis could be another evidence that the crystatioreainsof
starchwere altered aftethe esterification The intermolecular bonding of starch molecules
was weakened byé modifications and it was clearly shown when comparing the heat of
gelatinization. Since the unmodified raw starch had stronger intermolecular bonttsethan
modified starchest requireda higher amount of energy to break the bonds. The micrewav
modified starch did not show a clear peak of gelatinizatibich would suggesthatvery

little energy was required for this specific sample. This DSC ragrdes withthe

conclusion made after the TGA analysigladrmal degradation.

In order to further investigate tlesterified starchFTIR analysisvasperformedand the
spectra are shown Figure4.17. Both nativeand modified (mirowave method) starches

were studied.
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Figure 4.17 FTIR spectra of raw (native) starch and modified (microwave method) starchvith
8 cn1! resolution

An FTIR spectrunof starch typically shows bands at 298000 cmt' for C-H stretching,
110061150 cmt for C-O, G-C, and GO-H stretching, and 116900 cni! for C-O-H bending.
The native starch contains all of the above characteristic geakdifficult to assign the
bands irthespectra unambiguously as thends overlap. Even with high resolution, it is not
possibleto individually assign each barjé3]. However, there are bands distinguishable

between the two speatr

Thespectrum oMmodified starch shoulshow the absgtion of the carbonylat 1720 cmt
(red circles irFigure4.18). Although the modified starch spectrumHigure4.17 does not

show a clear peak a?20 cmt, a distinguishable shoulder is present. Because the samples
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were treated by acetone, any unreacted maleic anhydride had been removed. This confirms

thepresence ofarbonylsfrom maleated starch.

CH,OH

OH

Figure 4.18 Esterification of starch by maleic anhydride

A higher resolutior{1 cn?!) FTIR spectaof thetargeted regiobetweer2000and1500
cmlis presentedn Figure4.19. Here, thecarbonylabsorptiorshoulderis clearly preent in
the modi fi ed alf720cne.The $TIR gxperiment demonstrated that there
was a successful esterification reaction of stagcimaleic anhydride. Parts tfe hydroxyl

groups inthe starch molecules we replaced by ester bonds.
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Figure 4.19FTIR spectra of raw (native) starch and modified (microwave method) starch with
high resolution (1 cn1?) from 2000 to 1500 crrt

As it was mentioned earlier, the bands presetiiefr TIR spectraaredifficult to assign
becauseheyoverlap. Fothe quantitative study, tvasnecessary taseanother analytical
technique to compare one sample to anofifeNMR wasperformedon the native starch

and the three modified starché&sgure4.20).
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Figure 4.20H NMR Spectra of unmodified (raw) and maleated (microwave, vacuumotary
evaporator, and extrusion) starches

The peak assignment was already done on the starch molecule iavioeip section. It
was only necessary to identify new pegkserated by the chemical modificatidime peak
from the hydroxyl groups had been shifted to higher ppm by adding-@Fso that they

would not interfere witlthe others. This would leave ontize two protons fronthering-
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opened maleic anhydride. Thigyl double bonds shown in the chemical structure on top

of Figure4.20.

The anomeric protofrtom starch at 5.11 ppms present as expectedther protons in
starch fran the C2 to C6carbonsare also present in the region of 3289 ppm. The large
peak at 2.49 ppm repressttie solvent, DMSO. The newly emerged peak at 6.23ippm
from thevinyl doublebond ofmaleic anhydde. These resultaresupported by severdIMR

studieq 15, 29, 62].

The C1 prota was used asrefererceto calculate the ratio with the new peak at 6.23
ppm Thisyieldedthedegree of substitution (DS) of such modified starches. The DS can be

obtained byEquation4.2

$3 (4.2)

ls.23is the’H NMR integral ofthe signalfrom the twovinyl protonsof maleicanhydride
grafted to starcHgi6andlgisarethelH NMR i nt egr al s of6andnt ernal b
| i n ela tinkages, resgtively. Since there are two protons from eaahyl group of open
maleic anhydride, the p3values are dividetly 2. ThecalculatedDS values othe modified

starches are shown Trable4.3.

Table 4.3 Degree of substitutions ofmaleated starches

Sample Starch : MA lo16+l01,4 l6.23 DS / Maleation
Raw Starch - 1 - -
Microwave 4:1 1 0.37 0.19

Vacuum 4:1 1 0.40 0.20
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Extrusion 100:1 1 0.09 0.05

As the NMR spectrhaverevealedthe two methods, microwave and vacuatary
evaporatorshowabout four timegreater degree of substitutions than the extrusion methods.
However, considering the extrusion method sigaificantlyless amount of maleic
anhydride(0.01 wt% of starchqnd short reaction time compared to the other, tive

extrusionmethodwas highly efficient to sudtitute starch
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Chapter 5
Materials an8t MethHddd eNano

This chapter describes the materials and methods of compounding stargartaie
powderwith green linear lowdensity polyethylene tachievewell-dispersed nansize filler
compositesAdditives such as compatibilizers and plasticizers weresidered while
different processing conditions were tested. Various analytical techniques weo®h

characterize the newly developed materials.

5.1 Materials
Linear lowdensity polyethylend LDPE) SLL318(MFR = 2.7 g/10min) from Braskem

(Brazil) was used aa base polymerThis polymer is a new grade offered by Braskem being
made by renewable cah. Ethanol extracted from sugar cane was the source of ethylene,
and the ethylenwas polymerized to produgmlyethylene Information on this LLDPE

material was covered in detail in the literature review section (Chapter 2).

Different grades of staratenoparticles (SNP)(Ecosphes®) wereproducedrom
EcoSynthetix Burlington, ON,Canada)EachSNP was prepared througkactive extrusion
procesesby the manufacturehrough collaboration with our research gr@¢gmgure5.1).
Theprocess uses a twstrew extruder witlstarch, wger and various amounts of glycerol

(0, 9, 17, and 24 wt.%br plasticizatiorandglyoxal for crosdinking. Although thesize of
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eat SNP ranges between 10 to 50 nnfipiins micro-sized aggregates air, but forms a

latexin water.
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Figure 5.1 Production apparatus of starch nanoparticle (SNP, Ecospherg) [84]

Two types of plasticizers, glyadr(SigmaAldrich, Canada) and {3orbitol (Sigma
Aldrich, Canada) were useldicocené, polyethylene grafted maleic anhydridg21 fine
grade(Clariant, Caada) was used as a compatibilizer. Lithium bromide (LiBr), deuterated
acetongacetoned®), deuteratd trifluoroacetic acid (TFAI') and toluenavere purchased

from SigmaAldrich (Canadajor nuclear magnetic analysis
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5.2 Sample Preparationsand Characterizations
5.2.1Chemical Composition AnalysiBree Glycerol

A schematic diagram dhe samplepreparatiorfor NMR analysiss shown inFigure5.2.
The SNP samplesent through a seriax steps taquantifythe amount ofree glycerolusing
NMR. 0.05g of LiBr was dissolved in 10 of acetonal® and 10mg of SNPwas mixed with
the LiBri acebned® solution. The mixture was constantly shakewal ultrasonicatedor 24
hours. An adequate amount of toluene was added iaseanal standarébr quantitative
analysis After another ultrasonication, the liquid phase dfa sample asthentransfered
into NMR tubeghatwereintroduced into &8rukerSpectrospin 500 Ultrashie(@00 MHz)
for spectrometeanalysis and the proton NMRH NMR) scans wereun. A constant
temperature of 298 K was maintaingtile scanningNMR spectra with semical shiftfrom
-1 to 10 ppmwith 32 scans. Spectra ébur differentSNPsand glycerolwerecollected and

theirremainingfree glycerol contents werealculated
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Figure 5.2 Schematic diagram of NMR sample preparabn
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Table 5.1 List of samples for'H-NMR analysis

Tube # Sample Solvent
1 11.5uL Toluene 1mL Acetoned®
2 4mg Glycerol 1mL Acetoned®
3 11.5uL Toluene + 4mg Glycerol 1mL Acetoned®
4 SNP #1(0% glycerol)+ 11.5uL Toluene 1mL Acetoned®
5 SNP #2(10% glycerol) + 11.5uL Toluene 1mL Acetoned®
6 SNP #3(17% glycerol) + 11.5uL Toluene 1mL Acetoned®
7 SNP #4(24% glycerol) + 11.5uL Toluene 1mL Acetoned®
8 11.5uL Toluene + 4mg Glycerol + TFA 1mL Acetoned®
9 SNP #1(0% glycerol) + 11.5uL Toluene + TFA 1mL Acetoned®
10 SNP #2(10% glycerol) + 11.5uL Toluene + TFA  1mL Acetoned®
11 SNP #3(17% glycerol) + 11.5uL Toluene + TFA  1mL Acetoned®
12 SNP #4(24% glycerol) + 11.5uL Toluene + TFA  1mL Acetoned®

5.2.2Experimental Design

A systemati@approach waappliedfor the experimerst Table5.2 presentsa list of
samples witltheamount ofeachcomponentaddedandthe processing conditiornf®r
extrusion A 2* factorial design wasnplementedThe concentration @dNPand PEg-MA
remainecconstaniat 20% and 2%, respectivelhroughout thexperimentsTwo
plasticizersvere added to the mixtureglycerol and sorbitol, and each of them had two
levels of concenttaons (3 and 7%). The processing temperature (150 and 170 *Gyreewl
rpm (75 and 150pm) had two levels eacfhese four factors werefullychosen based

onprevious research workeported irkhand s  t[8be s i s
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5.2.3Sample Processing

The sample preparation started with extrusidre SNPs were dried at 40 °C for 12 hours
prior to compoundingzach premixed mixture Table5.2) was loaded into a emtating
conical twinscrew extruder (Haake MiniLab Mictmompounder, Thermo Electron
Corporation) barrel using hopper. The processing conditions (temperature and spessi
were varied accordinglfextrudates were pelletizedriedand injection molded (Injection
Molding Apparatus, Rajran). Simple rectangular bspecimensvere prepared. The
injection moldingtemperature (barrel) was varied from 150 to 175 °C. The mold temperature
was set at 40 °CA pressuref 690 kPa 100 ps) with 15 seconds of injection hold periods
was appliedThe injection molded specimens went through a brief annealing precat

120°C to erase theéhermal history.
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Table 5.2 List of sampleswith percentageof addedcomponentsand processing conditiongor the experiment

Sample PE Dry SNP Moisture Glycerol Sorbitol  PE-g-MA Plasticizing Ratio  Temp. RPM
Code (%) (%) (%) (%) (%) (%) (%) (°C)
EGO09 70.55 20 0.45 7 0 2 35 150 75
EG10 70.42 20 0.58 7 0 2 35 150 150
EG11 70.55 20 0.45 7 0 2 35 170 75
EG12 70.55 20 0.45 7 0 2 35 170 150
EG13 74.48 20 0.52 3 0 2 15 150 75
EG14 74.48 20 0.52 3 0 2 15 150 150
EG15 74.42 20 0.58 3 0 2 15 170 75
EG16 74.42 20 0.58 3 0 2 15 170 150
ES06 70.48 20 0.52 0 7 2 35 150 75
ESO7 70.48 20 0.52 0 7 2 35 150 150
ES08 70.48 20 0.52 0 7 2 35 170 75
ES09 70.42 20 0.58 0 7 2 35 170 150
ES10 74.42 20 0.58 0 3 2 15 150 75
ES11 74.42 20 0.58 0 3 2 15 150 150
ES12 74.42 20 0.58 0 3 2 15 170 75
ES13 74.42 20 0.58 0 3 2 15 170 150
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5.3 Morphological analysis and mage Processing Method

In order todeterminemorphological characteristics including distributiorsp#rsion and
particle size of fillers, scanning electron microscopy (SEMindividual samples was

performed

The injection molded bars were ceracturedin liquid nitrogen ad underwengextracton
(Figure5.3) in water at 50 € for 4 hours.The samplesubmerged in water wasntinuously
stirred using magnetic stirrers so ttia starch particles could migraséevayfrom the
surface. This process ensured the coninatsteimagesbetween the surfaces of polyethylene
and voidghat SNPs lef{Figure5.4 (a)). Although the equipment was capable of
environmental scanning microscopy, the sample surfaces were sputter coated with 10 nm of
gold for better resolutioand contrast~El Quanta Fe@50 ESEM (Thermo Fisher
Scientfic) with anaccelerating voltage of 15 kV was usEdr each sample at ledsto

specimensvere examined

o igure 5.3 Extraction of SNP from suace
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Figure 5.4 SEM image and image processing technique using Image J

Using an image processing and analysis software (Image J, National Institute of Health),
all the SEM images were pragsed Figure5.4 illustrates an example of an SEM image
before (a) and after (b) the processing. After this transformatsfinished, the software
foundvoids in the image and automaticatigiculatedheir area. Assumingall voids are
sphers, the softwarealculatedhe equivalentdiameter of each voidased orithearea
Depending on the compositions, 100 to 300 voids were used to calthdaverages.

Number averagealf), area weighted averag), and volume weighted averag&)X

diametersvere calculated using Equat®5.1, 5.2 and 5.3.

Q B Q Te¢ (5.1)
Q B Q33— (5.2)
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Q B QO3— (5.3)

where:

di = i diameter
n = total number ofdiametes couried
A = areacalculated by using"idiameter

Vi = volumecalculated by usingdidiameter

The average diameters and size distributions were comiueaedlyzethe effects of
glycerol/sorbitol contents, R§&MA contents, and processing conditions on SiNér

particle sizes and dispersion
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Chapter 6

Resul ts andStDa rsachu sksigd | olhesm o

Dispersing hydrophilic starch ehydrophobic polymer matrix such pslyethylenecan
be very challenging. Theteavebeen a few studian theliteraturewherea compatibilizer
such as PH-MA and poly(ethyleneo-vinyl alcohol)playedacrucial role in starciplastic
composite$86-88]. Yatigala et al. have shown thasj2 b 3 % of maleic anhydride
reduced the melt flow index (MFI) by 10 to 16 %. This implied that the crosslinking of the
polymer occurred resulting in improved mechanical properiesther studypresented an
attemptto disperse starch mhigh-densitypolyethylene (HDPEjnatrix. They have
successfully reduced tistarch droplesize near 1 um by usiriggh concentration (up to 20
wt.%) of compatibilizerWhen consideringcaling up tanass productiorthis isunfavaable
because of economic reasolt would be [eneficial to minimize the usef additives while

delivering the same or even better processglahd properties of the material.

In this thesis, the focus w&scontroland minimiz the starcHiller size inalinearlow
density polyethylend_ LDPE) matrix. This is a crucial factor when considering the
composite material for film applicationBecauseypical mulch film thickness ranges up to
60 um film processability becomes an issue if the filler particle size is not small enough

which prevents blown film extrusionor sheet casting.
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The rate of degradation is another issue. If the processimdpwionly allowsproducing
thick films due tothe particle size within the compositeshias adetrimentainfluence
againstheenvironment[89]. It is certain that the smaller starch patrticle size within the
polyethylene matriave darger surface area to volume ratio, and proWidger
accestility to microorganismg89]. Therefore, with the same amount of starch used, the
smaller filler particle size gives a bet@rvironmental advantagéheseissuesare discussed

in this chapter.

This chapter reports the results obtained through the steps described in the previous
chapter. The goal of this work was to produce a uniform 1s&zed dispersion of stah
nangarticlesin alinearlow densitypolyethylenematrix by minimum use of additives and

by comparing various processing conditions

Thegoals ofthisresearch were i) tdetermine thdéree glycerol contents the SNPsnd
i) to study the effect of additives and processing conditions efiltér particle sizen the

matrix.

6.1 Analysis of glycerol contents irstarch nano-particles

There wee four stach nangarticles (SNPsthat went througheactive extrusiomvith
variousamounts of glycerol. Finding out the remaininge glycerol contentsn the sample
was necessagnd proton nuclear magnetiesonancanalysis tH NMR) was performedAs
outlined in the previous chapter, the sample preparamsuredhatonly the substances
soluble in acetoneereseen in the NMR spectra. Removing thereh (and modified starch)

from the sample was a crificprocess because theyerlappedvith theregion wherdhe
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glycerolpeaksappeain the spectraandthis makes it difficult to perform quantitative
analysis.The known amount of toluene in the mis¢ was also necessary to calculate the
amount of remaining free glycerdihe additionof deuterated trifluoroacetic acid (TF&

was also necessary fibre quantitative analysiszigure6.1 shows &H NMR spectrum of
glycerol with toluene a an internal marker. Although this would give adequate information
to identify the chemical compositions, witie addition of TFAd (Figure6.2), peaks from

the hydroxyl protonsdisappeagd from the region of intere¢B.5 to 3.8 ppm)This made it
convenient for the peak assignment and quantitative andiygise6.3 shows the spectrum
aftertheaddition of TFAd. Here, it is clearer to identify the peaks from glycerol and

guantitatively calalate the exact amount glycerol in the sample.
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Figure 6.1 'H NMR spectrum of glycerol in acetone with toluene as internal marker
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Figure 6.3'H NMR spectrum of tri -deuteratedglycerol in acetone with toluene asn internal

marker and addition of TFA-d

The spectare shown irFigure6.4. The stackedpectra at the bottom show the region

wheretheglycerol peaks are present. TH& NMR spectra oSNP with no glycerol

treatmentarenot showrbecause of the absence of glyceBadme of he spectra were

amplifiedin orderto easilyidentify the peaksWith the glycerolas a reference, it was easy to
recognize that there was free glycgrotsent in two samples. The SNP with 17 % glycerol
added in the extrusion process showedry minimal amount of free glyceralhereashe

24 % one certainly contained more. The one with 9 % glycerol did noteVvidence of free
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Figure 6.4 'H spectra of SNPsxtruded with various amount of glycerolby manufacturer

In order to peform an accurate quantitative analysis, peak assignwesdone first
(Figure6.4 andFigure6.5). The quintet with 1:4:6:4:1 ratio at 4.15, 4.14, 4.13, 4.12 and 4.11

ppmbelongto theC3 proton(middle)in thetri-deuteratedjlycerol structure. The two triplets
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with 1:2:1 ratio from 4.00 to 3.97 ppm and 3.73 to 3.71, and the septet with 1:6:15:20:15:6:1
at 3.59 to 3.5¢pmbelong to the protons atfaed to the two terminal carbons in thie
deuteratedylycerol structure. The peaks present.@b to 7.10 ppm belortg the five
aromaticprotonsof toluene. The sharp peak at 2.3 ppm belongs to thephoeens from the

methyl group attached to the aromatic ring. The solvent peak (acetone) is also pr2€e&nt a

ppm.
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Figure 6.5 'H NMR spectrum of tri -deuterated glycerol in acetone: peak assignment and
integral ratio

Using the toluene as tleferencethe amount of trdeuterated glycerol in each sample
wascalculatedThe 9% sample did not shoanyevidence of free glycerol. This suggests
that al the glycerolhas been crodmked with glyoxal during the SNP productiofrhe SNP
extruded with 17 % glycerol showed :0.0036 ratio between a (from toluened &+ f
(from tri-deuterated glycerol)ith a further calculatiorgpproximately 36 mg of free

glycerolwas presenin every 10 g of this SNP. Following the same procedure, the SNP
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extruded with 24 % glycerol contained approximately 190 mg of free gljicegwery 10 g

of SNP.Although these SNRsontainedree glycerol, it is difficult to concludinese

amouns are significantonsideringhatthe plasticizing ratio of the later experiments go up
to 35 % (plasticizer to SNP ratidjhe next step was tmmpound these SNRvith LLDPE

andperforma comparison study analyze the effect afifferent amourg of glycerol

6.2 Effect of glycerol contens on filler particle size and distribution in LLDPE matrix

The four SNPs prepared by the manufacturerewompounded withO to 10 wt.% extra
glycerol,2 wt.%PE-g-MA (compatibilizer), and LLDPE (Matrix)Each sample was
analyzed under the SEM and their average padialeetersizes were compare@able6.1
shows the results of tf&NPfill er particle size analysi$.h e t wo di gits after fC
amount of original glycerol content addedthg manufacturer, and the last two digits after

iXo refer to t he awhieecaoampourmihgimgWatertoe.r ol added

Table 6.1 Average filler particle size

Sample Glycerol _ Extra Glyc;erol Avg. Size
Code (SNP production) (compounded with LLDPE) (um)
(%) (%)
G00X00 0 7.95
G00X01 1 4.72
G00X03 0 3 1.50
GO00Xo7 7 0.77
G00X10 10 0.92
G09X00 0 5.47
G09X01 1 5.09
G09X03 ° 3 1.37
G09X07 7 1.00
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G17X00 0 6.18

G17X01 1 4.01
17

G17X03 3 0.83

G17X07 7 0.97

G24X00 0 6.10

G24X01 1 4.71
24

G24X03 3 0.84

G24X07 7 33.26

With exceptioms of the SNB extruded with 0 wt.% during &@SNP productiofG00), the
addition of 10 wt.% extra glycerol in the composites was too randmotsuitable for the
extrusion(too much glycerol migratintp the surface of extrudatéilso, the SNALLDPE
composite with 24 wt.% original glycerol contemth 7 wt.% extra glycerol (G24X07)
showed extensive amounts of glycerol migrating to the surfagecinpounding.

Furthermore, when analyzed under the SEM, this sample showed significantly larger particle
size (33.26um) compared to others. Therefoitejas concluded that this was not suitable for

processing either.

Without any extra glycerol added @@X00, G0O9X00. G17X00 and G24X00), all four
SNRLLDPE composites appeared to have relatively larger diag@tdrto 7.6um) after
compounding with LLDPEFigure6.6). There was not enough lubricating effect in these
cases and most of the aggregates did not achievesmandt is interesting to see that the
average size got significantly reduced once the extra glycerol was adithedigh the size
still remained in thenicrometer range, even the additimiras low as 1 %lycerolmade a
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significant difference. The GO0 and G09 compositions showed the smallest average diameter
when 7 % extra glycerol was added whereas the G17 afh@@2positions exhibited the

smallest agrage diameter when only 3 % extra glycerol was used.

A general trend was observed that as the extra glycerol concentration increased, the filler
particle size decreasdéigure6.7 shows SEMmages of the composites with 3 % extra
glycerol added while compounding (GO0X03, G09X03, G17 408 G24X03). These
images clearly show another trend that the particle size dedraasiee amount of glycerol
addedduringthe SNP production increased.tB@&17X03 and G24X03 showed nano dize

uniform distributions with average diametefdess than 1 um.
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0% Glycerol in SNP prodruction 9% Glycerol in SNP prodqction
Davg = 7590 nm Dayg = 5470 nm
Free Glycerol = 0% Free Glycerol = 0%

17% Glycerol in SNP production 24 % Glycerol in SNP production
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Figure 6.6 SEM images of SNFLLDPE composites with various original glycerol concentration
added in SNP
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0% Glycerol added by manufacturer 9% Glycerol added by manufacturer
3% Extra Glycerol during extrusion 3% Extra Glycerol during extrusion

)

17% Glycerol added by manufacturer 24 % Glycerol added by manufacturer
3% Extra Glycerol during extrusion ) 3% Extra Glycerol during extrusion

Figure 6.7 SEM images of SNFLLDPE composites with various original glycerol concentration
added in SNP with 3 % extra glycerol

Figure6.8 illustrates the particle size distribois of SNPLLDPE composites with no
extra glycerol added (GO0OX00 to G24X00). The frequendh@bfolume fraction of each bin
is also shown in orange. The volume fraction distribution is a good representation of how
muchspace is occupied lifiese large agegates in the composite. The horizontal axis
representshediameter in um and the vertical axis represents the frequency. (a) GO0X00 had
the largest number average diametirr7.95um) and the largest volume weighted average
(dv = 50.84um). Although(b) G09X00, (c) G17X00 and (d) G24X00 yield@&dvalues close

to that of (a) GOOXO00, they values deviate from that of GOOX00. Although a significant
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amount was brokeimto smaller pieces during extrusion, there still were SNP aggregates
large in size preent within the matrix. It is quite clear that without any addition of glycerol
during the process, most SNP aggregates tend tothenmcrometer range. This result also

agrees with the SEM observations shown earlier.

Similarly, Figure6.9 illustrates the patrticle size distributions of SNEDPE composites
with 3% glycerol added during extrusion (GO0X03 to G24X03). The frequerttye of
volume fraction okach bin is shown in orange as well. By the addition of as small as 3%
extraglycerol, the SNP aggregate size was reduced significantly. In all four composites,
more than 90 % adggregatewere less than 1000 nm. Furthermore, the two compositions,
(c) G17X03 and (d) G24X03 exhibit uniform distributionswidhd s | ower Theh an

volume fraction distributions of (c) and (d) are bsflaped with peaks at 1.2 and (i bins.
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A recent study from our resedr group conducted an analysigshe SNP manufactured by
Ecosyntheti{85]. The goal of this study was to lige the SNP as a compatibilizer to
achieve a uniform distribution of cellulosic pulp in thermoplastic such as polypropylene and
polyethylene. A basic morphological analysiasaconducted on the SNP material. This was
done by analyzing SEM images of theFSpowder and by calculating aggregate diameters
based on the area of each particle shown in the image. The aggregates had an average size of
10 um. The size distribution showehere were aggregates even larger thanrd@vith
irregular and nothomogeneoumorphology. It was evident that the material stays in
micrometer size aggregates in the powder form. It was clear that the large aggregates were
needed to be brokento smaler aggregates in order to achieveano size distribution. The
study also demonstrated the resoftextrusion and injection molding. The ckmactured
surfaces were analyzed under the SEM. Although it was not able to achieve a ftdtakno
size inaverage, the shear, high tempergtaral more importantly, the use of glycerol

significantly reduced the size of aggregates.

It was important to netthe role of glycerol in this thesis as well. The addition of glycerol
was a significant factor to contritfie SNP aggregate particle sizew#ts crucial to carefully
plan the amount of glycerol in both the SNP production stage and the compounding with
LLDPE. An adequate amount of glycerol worked well as lubricant and plasticizer in
extrusion processeand yelded uniform distribution of narsized particles. Because the
SNP with 17 wt.% glycerol added by the manufacturer showed the most consistent results,

the next sets of experiments were performed by using only this type.
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6.3 Effect of processing conditions orstarch particle size and distribution

In this subsection, the experimental desidgrable5.2) outlined in the previous chapter
was executed. The average particle diameter size with plasticizing ratocaedsing
conditions (tenperature and screspeedl are shown iTable6.2Error! Reference source
not found.. Three types of averages were calculatlkaés a simple arithmetic number
averageda is a weighted avege based on theea, andly is another weighted average
based on the volum&he number average diameter is an indication of the size of the
smallest droplets in a polydisperse system and the weighted average diamebenrg are
sensitiveto the contribution othe largestroplets in the system. Therefore, the large values

of da and dv indicatethe co-existence of very small aggregates with very large ones.

An estimateof themean diameter for spherical or ssjpherical particles is not a simple
process. In this thesis, pgrent particle sizes were obtained bame@D sections frorthe
SEM images. Although there are a few methods found in the literéitesewere not
implemented due to their complexifyor example, Cuzzi et al. have shown an algorithm
usingacomputatiomal binning system [86]. Each bin is congal of a set of diameter bins
with boundary conditions. However, in order to obtain unbiased resattk sample requires
more than 100 measurements. They made an assumption that all the particles ase sphere
Thecomplexity of the method did not allow atementary implementation of the dataset and

it was not adopted in this thesis.
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Table 6.2 Average filler particle size

Average Diameter

Sample G'&Sm' S%Zi)to' Pla;gfilgmg T(‘ircn)p' RPM 4 " "

) (um)  (um)  (um)
EGO09 7 0 35 150 75 2.60 3.74 5.98
EG10 7 0 35 150 150 1.44 2.39 4.65
EG11 7 0 35 170 75 1.00 1.73 3.54
EG12 7 0 35 170 150 0.85 1.16 1.81
EG13 3 0 15 150 75 3.15 5.56 12.27
EG14 3 0 15 150 150 1.98 4.10 8.45
EG15 3 0 15 170 75 0.80 1.24 2.25
EG16 3 0 15 170 150 0.72 1.08 1.76
ESO06 0 7 35 150 75 0.46 0.93 1.87
ESO7 0 7 35 150 150 0.54 1.04 1.89
ESO8 0 7 35 170 75 0.58 0.79 2.58
ESO09 0 7 35 170 150 0.43 0.64 1.29
ES10 0 3 15 150 75 0.70 1.04 2.02
ES11 0 3 15 150 150 0.66 1.00 1.52
ES12 0 3 15 170 75 0.48 0.63 0.85
ES13 0 3 15 170 150 0.61 0.87 1.29
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The smallestl, (430 nm) was achieved by using sorbitol (7 wt.%& pkasticizerwith the
extrusion temperature of 170 °C, atte screw speed 450 rpm (ES09)Based on the
results, the samples that used glycerol as plasticieeermore sensitive to the change in
processing conditions than the ones that used sorbitol. All samples that used sorbitol
achieved nangize average diameter (430 to 700 nm), whereastbrde samples (EG12,
EG15 and EG16) that used glycerol achievedamaize average diameter (850, 800 and 720
nm). da, on the other hand, exhibited nasiae only inthe ES group. This was due to the
higher polydispersity in the EG than the ES groupgeaggregates were present in the
compositions where the higheét values were observedy values exhibited similar patterns
with a range from 12.2jdm to 850 nm. The differences are more apparent when comparing

thedvb s t hat none ®hhdndndsize dvdBage diametar.me n

The resultsdy) from Table6.2Error! Reference source not found.werevisualizedand
shown inFigure6.10Error! Reference source not found. Both EG and ES were plotted
with respect to three factofgrocessing temperature, extrusion speed, and plasticizing ratio).
The results have shovencouple of general trends. With few exceptions, the higher extrusion
temperature (170 °C) and the higlesttruder spee@l50 rpm) displayed smaller average
SNP filler sizes. The processing temperature, among all the factors, was the most effective
way toreduce the SNP filler particle sizetimee LLDPE matrix.In thecase of using sorbitol,
whenthe particle size reachedtertainnanascalelevel (500 ~ 900 nm)hange inextruder
speed did nanhducesignificantimprovementFigure6.11Error! Reference source not
found. displays some adhe SEM images of the composite with various processing

conditions.
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Extrusion Conditions: 150°C and 75 rpm

Figure 6.11 SEM images of SNFLLDPE composites with various processing conditions

Along with water, polyols such as glycerol and sorbitoladten used as plasticizer when
processing starch materials. However, thestenads can act as another role within the
extruder barrel. By adding these polyols, the molten mixture can achieve lower viscosity
because they can act as lubricants. Glycerol the viscous liquid phasgéroom
temperature witla melting point of 17.8C. On the other hand, having three extra carbons,

sorbitol hasamelting point of 95 °C and is soligt room temperature. In order to achieve a
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good mixing and dispersion of maparticles inside a twiacrew extruder, an adequate shear
is necessary. Beuaae glycerol in liquid form should lower the viscosity more than sorbitol,

the composites with glycerol may not have enough shear stress to achieve good dispersions.

6.4 Effect of campatibilizer on starch particle size and distribution

The effect of compatikiier namely polyethylene graft maleic anhydride {8BVIA), was
studied by varying the amount from 0 to 4Bigure6.12Error! Reference source not
found. displays SEM images of SNELDPE composites with vasus amourg of PEg-MA.
The materials were compoundedh either glycerol or sorbitol. In both cases, a clear trend
was observed. As the amount of-BA increased, the average filler size decreased. The
smallest average size (310 nm) was achieved iog 4s% PEg-MA and sorbitol as
lubricant/plasticizerThis behaviour (reduction in average size) was attributed by other
authors as a demonstration of typical emulsification effect e in starchPE blends
[90]. The starcHPE blend showed a high interfacial tension and thg{RA reduced the
interfacial tension between the phases. Thus, it led to a reduction in the phase size until
interfacial saturon of copolymer was reached. The compatibilizatiamREg-MA in the
case of starcl?E blend is believed to be through the formation of an ester bond between

maleic anhydride in the R§&MA with the hydroxyl groups of the starch ph§9é].
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4 % PE-g-MA

Figure 6.12 SEM images ofSNP-LLDPE composites with 0, 2, and 4 % PE-MA
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A study reported by Taghizadeh et al. in 2013 prep@R&SIPE composites by using
different types oplasticizers (glycerol, sorbitol, diglycer@nd polyglycerol]92]. TPS
formulations were blended with HDPE at a concentration of 20 TPS/80 HDPE wt.% and
interfacial modifiers contenia the extrusion process. Only a single processing condition,
one emperature (160 °C) and one screw speed (100 rpm)ad@gsedhroughout the
process. All of the compositions had 36 wt.% plasticizing ratios. Among several plasticizers,
glycerol (20%) yieldedthe smallest starch sizetime PE matrix. However, in ordeo reach
nanoescale uniform distributiorarelatively large amount of RgMA (9 to 20 %) was
necessary. Thiestudy reported an averafgh) of 800 nm as the best result. This been
the smdkst average size reportedtheliterature that incorporat starch in PE matriso
far. In this thesisthe authomwas able to reduce the stafdler size by more than hatff the

smallestsize reported in the literature.

The workreported irthis thesis hademonstrated the ability to engineer 8P aggredga
sizein the LLDPE matrixwith aminimum use othe compatibilizerREg-MA). This was
possible byconsideringvarious processing conditions and plasticizing ratiagure
6.13Error! Reference source not found(@a) compares the particle size distributions between
one of the first trials (red bars) and the one that achieved the smallest SNP filler size within
the LLDPE matrix (blue bars)Similarly, Figure6.13(b) compareshe frequacy of volume
fraction of the two sampéeThe author believes that this achievement cpubdide

economic and environmenta¢nefits and thusreate new opportunities
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Chapter 7

ConclsasnidonrRecommendati on

7.1 Contributions and Summary

The objectives of this study were to investigate starch in two aspects: developing and
processing environmentally friendly materials gsstarch ag§ copolymer andi) nancfiller.
The newly developed thermoplastic starch copolymer Bsiolymer Specialties
Internationais in theresearch and development stage iamibt commercialized yeThis
thesisrepresents the first study ofighmaterial Another Canadian company, Ecosynthetix,
has commercialized starch naparticles for other applications (paper coating) but it has not
been used as filler in polyetleyle yet. This is also the firsivestigatiorwhereSNPsare

used to producacomposite material.

This workaddressed thiack of understanding aihe preparation of thermoplastic starch
copolymerto obtaincompetitive properties. A systematical approach was employed to
reducethe starch filler particle size withia greenpolyethylene matrixand nanesized
diameter with uniform distribution waslaeved. The valuablaccomplishmenn this work
would extend the range of properties of starch materials while maintaining environmental
benefits and competitive physical propertiesdpplications such as packaging and

agricultureuses
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Chapter 2 revieed background information along with relevant literat{itee key role of
this chapter was to help readers to understand basic cemdegmewable materialstarch,

thermoplastic stah, chemical modificationandapplications of thesmaterials

Chapter 3 descrilothe materials anthe methodologyn processing and characterization
of starch copolymer resin detail. Italso demonstrated the methods on esterification of

starch andts characterization techniques.

Chapter 4 presentdberesults and discussiott demonstratethe physical and chemical
properties of starch copolymer resin. A comparison study on different starch esterification

methodswvas presenteds well.

Chapter Soutlinedmaterials and methoder the study of starch as nafitber in thegreen
LLDPE matrix Preparation steps and characterization techniques were covered in this

chapter.

Chapter &onsisted ofesults and discussiam the study of LLDPEtarch nangarticle
composites. Thelfer particle size and distributiomereextensively studiedsing electron

microscopy

7.2 Main Conclusions

The first part otheresearch focused on characterizangew thermoplastic stargiPS)
copolymer resinThe chemicatompositionof the materialvasdeterminedsia proton NMR
Information such as degreé branching was calculated based on the NMR spéiie.
thermalgravimetric analysis revealed the thermahaviourof the materlsbefore and after

processingThe effects of processing temperature on the materakalsoinvestigated
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Mechanicalnalysisncluding flexural, tensile and impatestshelped to define better

processing conditions. Viscoelastic properties weresdlsdied forthe samples exposed to

moisture and water. The resimerecompounded with crystalline nanocelluld§&NC) via

extrusion and injection moldingnd thei mechanical properties were compared. Overall, the
compositesd properties improved asementhe CNC

effect.

After basic characterizationsfarther investigation was executed to sty
esterification of starch by ateic anhydrideThis was an important step to understand the
maleation process during the preparation of the mat&hal maleatiao processvas done
through three different systems: a reactive microwave reactor, a vacuum rotary evaporator,
and a twinscrew extruder. In order to gaavidencefor maleation, a series of anadgwvere
conducted. Thermal degradation behaviour was mautand compared with native starch
and the resudtshowedhatthe modified starches exhibited greater heat loss thta the
native one. The results frothe gelatinization experiment indicated evidencehaf
weakening of intermolecular forces aftee timodification. FTIR and NMR analysis
confirmed themaleated starch structure, and degrees of substitutions wearatsddased

on quantitative analysisf the spectroscopic data

The second section of thisork demonstratethe application of starch asnacfiller. Four
starch nanparticle (SNP) samples were analygdNMR to quantify the free glycerol
content. These SNPs were compounded with green lineatldosity polyethylene (LLDPE)
and additives by using a twstrew extruder. Althougblycerol tak a crucial role on

reducing the particle size within the matrilRere was a critical point where the uniform
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dispersion failed dut excessive glycerol content. A systematical approach was taken to
study the effecof processing conditions and typepddisticizer/lubricant on the filler particle
size. Furthermorehe effect of compatibilizer was investigated angignificant reduction in
filler particle sizewas observewith a small increase @iompatibilizer concentratioifhese
experiments achieveah average SRisize as small as 310 nm within the LLDPE matrix.
Finally, the autbr believeghis research coulde scal@l up to the next levelith economic

and environmentally friendlgspects.

7.3 Recommendations

Based on the studies conducted in thisihea fewecommendations for future

investigations can be drawn.

Despite the results obtained via successful processing and characterization techniques, it
would be beneficial tstudya longterm ageing effect on propertidhe thermal properties,
structure, hydophilicity and mechanicalharacteristicsvill change as starch agand
degrads overtime. Since plausible applications utilizing starch materials will require certain
lifetimes, monitoringlong-term ageingdegradation anstability should povide valuable
information Ageing of starckbased materials cdrave different causeBrolonged
exposures to ultraviolet, high temperature, difiierent types of chemicals should be
considered. An acceleratecathering test can be advantageous wheigmieg the

materials.

One of the target applications of the materials studied in this work was packaging films.

Scaling up is an essential step to reach the product develofaméimh applications Studies
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and dforts towards designing stardlased plagt materials should continue to pilot trials in
order to meet manufacturing requirens@onsidering there have been numerous research
reported, there angery fewstudiesfound in the literature on pilot scad@alysisand trials on
starchbased plastimaterial93-95]. This will definitely bring the research one step closer

to manufacturing valuable final products.
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Appendix

TGAthermogram®n TPS copolymer resin
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Figure 0.1 TGA: weight loss and DTG on TPS copolymer resin prior to processing
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Figure 0.2 TGA: weight loss and DTG on TPS copolymer resin processed at 150 °C
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Figure 0.3 TGA: weight loss and DTG on TPS copolymer resin processed at 155 °C
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Figure 0.4 TGA: weight loss and DTG on TPS copolymer resin processed at 165 °C

Figure 0.5 TGA: weight loss and DTG on TPS copolymer rgin processed at 175 °C
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