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Abstract

Properties of plasticized thermoplastic corn and pulse starches and their blends
with poly (lactic acid) (PLA) were studied. Water and glycerol acted as plasticizer
components for a ratio of starch/glycerol/water (wt/wt) fixed at 50/36/14 based on
previous studies. PLA was used in blends to improve the properties of thermoplastic
starch (TPS). Maleic anhydride (MA) was used as a coupling agent to increase the
miscibility of PLA and TPS phases. Cloisite 30B, a type of organoclay, was added into
the material system to improve the properties of blends. In order to enhance the
hydrophobicity, alkyl ketene dimmer (AKD), used as a sizing agent, were introduced to

material system. Both internal and surface sizing methods were applied.

Measurements of rheological and mechanical properties were performed on a
Rosand capillary rheometer and Instron tensile testing machine. The thermal and
morphological properties of blends were characterized using differential scanning
calorimetry and scanning electron microscopy. The contact angles were measured using a
goniometer equipped with a video camera and a computer with drop shape analysis

software for calculating the contact angles.

The use of maleic anhydride as a coupling agent significantly improved the tensile
strength and modulus of blends and the blend morphologies were more homogeneous.

Improvements in tensile strength and modulus were achieved as Cloisite 30B nanoclay
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was used as a filler in TPS/PLAgMA blends. Some hydrophobicity was obtained for
blends with Cloisite 30B. Blends of TPS/PLAgMA/clay showed shear-thinning behaviors

at 150°C. .

iv



ACKNOWLEDGEMENTS

I would like to express my most sincere thanks to:

Dr. Andrew Hrymak, my supervisor, his guidance and encouragement provided

extremely helpful to this study.

Dr. Qing Liu, my co-supervisor, for his guidance and many helpful discussion and

advices in this research project.

Ms. Elizabeth Takacs, lab manager of MMRI, for her training in experimental equipments

and her assistance and discussion in experimental procedures.

Dr. Hyun-Jung Chung, postdoctoral fellow in Agriculture Agri-food Canada, for his

training on DSC and discussions on DSC thermograms.

Jinling Liu, for her helpful discussion on thermal properties of polymer.

My wife, Li Hua Wang, and my son, Luke Bai, for their supports and encouragements.

The partially financial support from Agriculture and Agri-Food Canada for this research

project is deeply appreciated



Table of Contents

PAGE
ADSIFACE «vvitiiiinirniiiieieriiiiintietiiiiiitiitatsetectesassecterenssesasssnsnssesnaseses iii
Acknowledgement .......ccoviiiiniiiiiiiiiiiiiiiiiiiainieisisiiiiintestsorenssacases eeavene \'
Table of Contents...... veerrrerees Geeerereseentesseetasestearsiensasesnsetsorassssntersearase vi
List Of Figures....occviiiiiiiiiiiiiiiiiiiniiiiiiiiiiissicrescscsnessarontcerssssscacsssonts ix
List 0f Tables...ccceiiuiiniiiiiiiiiiiiiiiiiiiiiiiiniiciiiiiiaiioeiretierssennscnssonssesens xiv
Nomenclature......ooviiiiiiiiiiiiiiiieiiieiiiieiiiiirctirierctiateesareasescensessosesnes Xvii
Chapter 1 Introduction........c.cciveiiieiiiriieruininiersisaciisirasicsrsnscnsoscssasnsasass 1
1.1 Background....oeeeeseiseiiiiierinieirenurrioriesceiersnicnrsarensonsasssssssases 1
1.2 Research ObJectiVes.cueeriuriecereriaieesessacessasiersnrsrenesascoscarsarsesnans 5
1.3 OULHNE. e eiueiiniieieniiiieiiiacsieciioncersasracessorssassssossnssrsssssransane 6
Chapter 2 Literature Review........ccocvuiiiiiiiiniiaieiiiiiiiiieiinicaicnsarsinassenes 7
2.1 Introduction to Biodegradable Polymers...ccceveeieiiniiiciiinrnicnccanecncns 7
2.1.1 Biodegradable Starch-Based Polymers....cceeeeuereiinveciinencnnnns 9
2.1.2 Biodegradable Polyesters...icvevaieiiercsnsiicrsrsserenencencsereenanns 11
2.2 Thermoplastic Starch/Poly (lactic acid) Blends.....ccoeveeiriirieneienrenee 17
2.2.1 Structure and properties of Thermoplastic Starch (TPS).............. 17
2.2.2 Structure and properties of TPS and PLA blends....cceevveiavennnnnn. 19
2.2.3 Improvements on Properties of Starch and PLA Blends............... 21
2.2.3.1 PlastiCIZer vuevereiererererearasnreesasnscssesossessssacossasnsasssssess 21
2.2.3.2 Coupling Agent..ceceiueriirirsrsisnesesersrccrsesrisineisssececssasnnns 22

vi



2.2.3.3 NanOoCOMPOSItE.eearerserasasasnrssercersossereosnassssassssasnsrsnsns 25

2.2.3.4 Surface Modification and Sizing AZents ......cccvavecneencannnne 27
Chapter 3 Experimental Procedures..covceiviiereriiieiererieieiaiiiiiierciiaiiiseciinennen 30
3.1 Experimental Materials...cvevveriieiiiurniiirniiiniiinieieecesasnsserseneees 30
3.2 Preparation of Experimental Samples..cveeeeeereeerereiesrcnreescrsnsiineneanes 31
3.2.1 Thermoplastic Starch....ceceisrceriecesneceriorrcrreriercsescesnenenns 31
3.2.2 Poly (lactic acid) grafted Maleic Anhydride (PLAgMA)............. 32
3.2.3 TPS and PLAEMA Blends...cciveeecieieiieiiiniiiesnrennrenrensenasasens 32
3.2.4 TPS and PLAgMA Blends with Nanoclay......ccccveeeriieieneeennnnns 32
3.2.5 Surface Sizing and Internal Sizing Procedures.....ccceveeininnnnene. 34
3.2.5.1 Surface SizZiNg...eceveererieereniareisnrsieriaserersacsncscssassrasenes 34
3.2.5.2 Internal SiZiNG.ucueveieirieiiineererecusiriecieiecciessrcscnsinnrarans 34

3.3 Characterization Measurements for TPS and PLAgMA Blends with

NaANOCIAY . ettuterretraranereiiieiniiriesiicarsesecstsscsrossssscsrssasssossoasasenssanns 35

3.3.1 Rheological Property...ccoeveieiiieierariesavasenieciasncnncncessnsarasnns 35

3.3.2 Differential Scanning Calorimetry..c.veeeeseererrereneresenasanenanns 36

3.3.3 Tensile Testing.cvecveiceceecssnserneonrcssssasssrsanscsnssasssnsssssassasons 36

3.3.4 Scanning Electron MiCIOSCOPE..vesereressaressnrsrsnserensessnsssesasase 37

3.3.5 Contact Angle Measurement...c.veeveeseeresecerrseieeseecsssesciscecenes 37

Chapter 4 Results and DiScCuSSIoN......c.ccoiviiiiiiieriiiiinieisciiiiiisisicssccssciesassncn 39

4.1 Structure and Properties of Thermoplastic Cornstarch and PLAgMA Blends

With NanoClay..eeeeeveeniieiiriiiiieiiiiiiieiiierieieseeniiienceaiaserssssssssersesrsncn 39

vii



4.1.1 Thermal Properties...ceeeeuiuieriiecereriireraresecrsenrerrossserenses 39

4.1.2 Rheological Properties..ccocviiucericerassiercrsrieceesecsesasscnsaons 51
4.1.3 Mechanical Properti€S.c.ceeereeiiriieseiereracerarasiraioesesssresasens 63
4.1.4 Morphological Properties.ccceeeeerecresncsseiecrsacsecesseenansncnsaes 73
4.1.5 Water Resistance....ccveeisinriereeiercersacasesssssorsessnssaracsennsns 76

4.2 Structure and Properties of Thermoplastic Pulse Starches and PLAgMA

blends with Nanoclay...c.ceveceerierinrieiiiiiininiincrerserareesercesssecascanes 81
4.2.1 Thermal Properties.cecveescurecrieneiarerarecsacersrersenasasasasecnneas 81
4.2.2 Rheological Properti€S..ceieeeereereressaisesscrasierearssesnesasncnnaes 88
4.2.3 Mechanical Properties..ceeceeieeieieciereeieriircceeciaececnrcrsncnens 91
4.2.4 Water ResiStance...covveierierircieiscirearisinersscnssorcssrsecsconsecnse 96
Chapter S ConcluSions.....cc.cevviiiniiiiieiiniiiiisniaiireserseceritcstsessrcssssecasen 100
5.1 COrn Starch..ceeeeeeeseieverseiiiecitiirieiareirencssssssesetesssnscnssacsecosasne 100
5.2 Pulse Starchu.cieeeieiieiriieeiieneieieiiniiiiniinisicsictecntseccnrrnesnsiasesanes 102
Chapter 6 Recommendations.......cccoveieriiiieiuirusiacsssssrreressssscarsasassasases 104
N 1] 071 10 T 106
A. DSC measurements on cornstarch, pulse starch and their blends............ 106

B. Rheological properties of thermoplastic starch and their blends with PLAgMA

and NANOCIAY . vevtrierierererrecriusiitsrsacnisesnrecsssassasersscassnsssssssssssnne 123

C. Contact angle measuremMentS...ooveesersreseessercossassarencsscesssessasasessane 128

D. Experiments on Brazilian cornstarches. ..ccueeresrerecnicstsecsorsecsesasessaes 138
References.....occvuiiniieriuiirinriiiicniiirarieiirieiticescrscncensoncssssssssconssrssssesasnns 139

viii



Figure

2.1

22

23

24

25

4.1

4.2

4.3

4.4

4.5

4.6

List of Figures

Page
Chemical structures of typical biodegradable polyesters.........c.u...... 13
SEM images of native starch and thermoplastic starch.......ccceeevvanens 19

Proposed chemical reactions among PLA, starch, MA, and L101......... 24
Scheme of different types of composite arising from the interaction of

layered silicates and pOlYMErS..c.ccvveeiiieincieiareriinnenrersncincosssrsaan 25
Reactions of Alkylketene dimmer (AKD) and alkenylsuccinicanhydride
(ASA) with hydroxyl groups and Water......ceeetisreriiiaserencisnercareronee 28
DSC thermograms of thermoplastic high amylose cornstarch and water

free thermoplastic high amylose cOrnStarch....cueeeeeeerreraereneennrennnns 42
DSC thermograms of thermoplastic high amylose cornstarch and
thermoplastic cornstarch /PLAgMA blend.....cccvceveinviiiiiiiinnininennnn 44
DSC thermograms of PLA grafted maleic anhydride...cccocvverineinnnnnns 45
DSC thermograms of thermoplastic high amylose cornstarch/PLAgMA/
Nanoclay blends...ccveveiiiiiiaiiieriininiiieireriiiieiiecercrsiesassrcessasesnens 47
DSC thermograms of two types of thermoplastic cornstarch/PLAgMA

blends and their blends with Cloisite 30B...ceeeerreerieererseneescracnennenn 50

Rheological properties of thermoplastic high amylose cornstarch/

ix



4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

PLAgMA (70/30) blends with water and water removal ....coveneeennne, 53
Rheological properties of water free HASTPS/PLA (70/30 wt/wt) blend

and HASTPS/ PLAgMA blend....cccovviniieiinrrririicisecnciniiicnsannens 54
Rheological properties of thermoplastic high amylose cornstarch/

PLAgMA blends with various contents of Cloisite 30B.....ccccvvievnniann. 57
Rheological properties of thermoplastic normal cornstarch/PLAgMA

blends with various contents of Cloisite 30B.....ccciieiierinrieecieninnnnnn 58
Comparison of rheological properties of TPS/PLAgMA/Cloisite 30B

blends prepared by different type of comstarch.......ccvevveviiiviininnnnnn. 60
Comparison of rheological properties of TPS/PLAgMA/Cloisite 30B

blends prepared by different type of comnstarch........cceieiieinieiicninnnn 61
Comparison of rheological properties of TPS/PLAgMA/Cloisite 30B

blends prepared under the different blending time....c.ecevveeariancrecanen 62
Comparison of mechanical properties of plasticized high amylose

cornstarch (HASTPS), HASTPS/PLA and HASTPS/PLAgMA........... 65
Mechanical properties of thermoplastic high amylose cornstarch

(HASTPS)/ PLAgMA blended with various nanoclay contents............ 67
Mechanical properties of thermoplastic normal cornstarch (NSTPS)/
PLAgMA blended with various nanoclay contents......eeeeeeereeccnrancen 71
Comparisons of SEM images of thermoplastic starch/PLA and MA
compatibilized thermoplastic starch/PLA blends.....c.ovveveinriniincncnnns 74

Comparisons of SEM images of thermoplastic high amylose corn



4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

starch/PLA/Cloisite 30B prepared under the different blending time..... 75
Contact angles of thermoplastic high amylose cornstarch

PLAGMA/ Clolgites 30B...ucsmssssmmmmnvsvensnssnsmmmmmmsssonsnsasasarsssn 77
Contact angles of thermoplastic normal cornstarch/PLAgMA/Cloisite

BOB csssssssisnseisisnsisunssins s niasssias RErme s s MR REs e A RT3 77
Effect of AKD surface sizing on contact angles of TPS/PLAgMA/

Cloisite J0B BISHEAS..ccvnssrosmasnsmonsunemmerinissssensonsn srersasmanens s 78
Possible reaction between AKD and starch....ccceeecceenciecienecncnanee 79
Effect of AKD internal sizing on contact angles of TPS/PLAgMA

BRI e b R R T A T T T TR S R T T AR 80
DSC thermograms of three types of thermoplastic pulse starch (TPPS)/
PLAGMA blenids . cavisnmissmmmsisssomsissssnsmmmemmnssassnssasesevansmimies 83
DSC thermograms of thermoplastic bean starch (TPBS)/PLAgMA

blend and TPBS/PLAgMA/Cloisite 30B blend.....ccceeeeiiinriacnrenennnn 84
DSC thermograms of thermoplastic lentil starch (TPLS)/PLAgMA

blend and TPBS/PLAgMA/Cloisite 30B blend.....cccceeerenrenrcencncan 85
DSC thermograms of thermoplastic pea starch (TPPeS)/PLAgMA blend

and TPPS/PLAgMA/Cloisite 30B blend .....cceuveeiereieinrinrcniiecnrnnnnne 86
DSC thermograms of three types of thermoplastic pulse starch (TPPS)/
PLAgMA/Cloisite 30B blentds. ..o sisnmivisssisssssssmmnsusassswnmonnssssas 87
Rheological properties of thermoplastic bean starch (TPBS)/ PLAgMA

(70/30) blends with 5% of Cloigite 30B.,...cscssumsmmamssssunnssmnsssanns 89

Xi



4.29

4.30

431

432

4.33

4.34

4.35

4.36

Al

A2

A3

A4

Rheological properties of thermoplastic lentil starch (TPBS)/PLAgMA
(70/30) blends with 5% of Cloisite 30B..ccccnssmsmvinncsossosssmnasuvoons 89
Rheological properties of thermoplastic pea starch (TPPeS)/PLAgMA
(70/30) blends with 5% of Cloisite 30B...c.ceeereiarrenieerercnriecnrennnn 90
Comparison of tensile strength of thermoplastic pulse starch and its
blends with PLAgMA and Cloisite 30B....uiiiiesssisessssonsosmnansaisasss 93
Comparison of modulus of thermoplastic pulse starch and its blends
with PLAgMA and Cloisite 30B...ccvsvsmnsssnransonsorsasmeneos pransesenvmren 94
Comparison of elongation at break of thermoplastic pulse starch and
its blends with PLAgMA and Cloisite 30B....ccccociiiiiniiniieiiiiinnnen 95
Comparison of contact angles of thermoplastic bean starch (BeTPS36)/
PLAgMA and BeTPS36/PLAgMA/Cloisite 30B...cccccutierernrneinennnne 97
Comparison of contact angles of thermoplastic lentil starch (LenTPS36)/
PLAgMA and LenTPS36/PLAgMA/Cloisite 30B....cccceveiurinecenacannes 98
Comparison of contact angles of thermoplastic pea starch (PeTPS36)/
PLAgMA and PeTPS36/PLAgMA/Cloisite 30B..cccvecrinrinierinrrianen 99
DSC thermogram of thermoplastic high amylose cornstarch............... 106
DSC thermogram of thermoplastic high amylose cornstarch after water
ERHROVEL o st s 1o Banppiiin 18 s SRR N AR IR S S a  s F s AR 107
DSC thermogram of PLA grafted by maleic anhydride (PLAgMA)...... 108
DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/

CloISIEB OB csvssmsnimmnnss sinsinsi s e as e e s Ca I e 109

xii



AS

A6

A7

A8

A9

Al0

All

Al2

Al3

Al4

AlS

Al6

Al7

DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B..iueuieeeiiireieieerareirureiiieiiirirateieiiisecesisreessseens veee 110
DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
01 (o) 1 K 11 2 T 111
DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B.ueieiirieiureiniiirasereneiereiareterieescsrrsrassesssassscenssssasns 112
DSC thermogram of thermoplastic normal cornstarch/PLAgMA......... 113

DSC thermogram of thermoplastic normal cornstarch/PLAgMA/Cloisite

DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/

Cloisite 30B..cuieeieiriireieinrntaieiiseiiiiiieeiiiesereiressatacesassesasanen 115
DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/

ClOiSite 30B.uuiuinininiruiniiieiinnieiiiitirireeiesisesesirersrscsesssssscesan 116
DSC thermogram of thermoplastic bean starch/PLAgMA.....cc.cceuvereen 117
DSC thermogram of thermoplastic bean starch/PLAgMA/ Cloisite 30B. 118
DSC thermogram of thermoplastic lentil starch/PLAgMA................. 119

DSC thermogram of thermoplastic lentil starch/PLAgMA/ Cloisite

DSC thermogram of thermoplastic pea starch/PLAgMA.......cccecuennene. 121

DSC thermogram of thermoplastic pea starch/PLAgMA/ Cloisite 30B... 122

xiii



Table

1.1

1.2

2.1

22

23

24

3.1

32

33

4.1

4.2

4.3

4.4

List of Tables

Page
Physical and mechanical properties of poly (lactic acid) (PLA)........... 3
Costs of starch and PLA...cciciiriiiiieiiieiiiiiiiiiiiienieiiiirecesietineen 4
Classification of biodegradable polymer....c.ccveieieeiicreeniceceennninian 8
Comparisons of physical and mechanical properties of PLA and some
conventional POLYMETS.cceveieiiniiiirieririierarirsirsracesernacarcessnsacasnes 15
Barrier performances of Clear resins....cevvererecesrursisisnererssoasscenns 16
Mechanical properties of cornstarch and PLA blends.....c..ccevevneneennnns 20
Material properties of native starches used in the study....c.ccoceieeininnn 30
Compositions and blending conditions of thermoplastic starch/PLAgMA
o] 174 PPN 33
Experiments of AKD internal sizing on HAS/PLAgMA/nanoclay
(55 4 T 1N 35
DSC characteristics of thermoplastic cornstarch/PLAgMA/nanoclay
3 1<) 3T OOt 40
DSC characteristics of HAS-TPS/PLAgMA/nanoclay blends at the
different blending time....ceueeierieieenieiriiaieniiiiniisiiiaceiaiecasrcnnen 47
DSC characteristics and calculation results of crystallinity of HASTPS
/PLAgMA/nanoclay blends......ocveiieenriiecercnrecccesnrcersacsnsssscassen 48

DSC characteristics of thermoplastics cornstarch/PLAgMA/Clay......... 50

Xiv



4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

- 4.13

Cl

Power-law parameters for blends of thermoplastic high amylose corn

] 11 o P N 53
Power-law parameters for thermoplastic high amylose cornstarch/

PLAgMA /nanoclay blends......coceeureriurucnniincncenens Cererseesacuraenions 56
Power-law parameters for thermoplastic normal cornstarch/PLAgMA/
Nanoclay blends..coiveireiiiiieiiiieiiariiniiiinieieiercariteiacorsesessocanaes 56
Effect of nanoclay (Cloisite 30B) on mechanical properties of thermo-

plastic high amylose cornstarch/PLAgMA blends....cccveiiieieiieranannn 68
Effect of nanoclay (Cloisite 30B) on mechanical properties of thermo-

plastic high amylose cornstarch/PLAgMA blends....ccccevvvvnenreniernnen 69
Effect of blending time on mechanical properties of thermoplastic high
amylose cornstarch/PLAgMA/Cloisite 30B (70/30/2 wt/wt) blends...... 72
DSC characteristics of thermoplastic pulse starch/PLAgMA/nanoclay

o) 3 4T It 82
Power-law parameters for thermoplastic pulse starch/PLAgMA/Cloisite 30B
03155 1 Vo LN 90
Mechanical properties of thermoplastic pulse starch and its blends with
PLAgMA and Cloisite 30B..c.iuveiriiiininiiiiiiiiiciesniniiiiecncenenne 92
Rheological properties of thermoplastic starch and their blends with
PLAgMA and nanoclay...ccecececernrercecsiinsrcssecssarssssacessacsscnsssocns 123
Contact angle of thermoplastic high amylose cornstarch/PLAgMA

JCloiSite 30B DleNdS.eeereeereesesnensesesenececessesesnsasosssssasssassenansases 128

XV



C2  Contact angle of thermoplastic normal cornstarch/PLAgMA/Cloisite

30B blends..cceeiieciieriiicucriiriiiirneitiiiciiiiriieriertetieiriecrrnensnsaoan 129
C3 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/

Cloisite 30B blends surface treated by AKD...ccvueviiiinininiiernecennnns 130
C4  Contact angle of thermoplastic normal cornstarch/PLAgMA/Cloisite

30B blends surface treated by AKD...cvveininiiecriatiecinnnnnecescnacnnes 131
Cs5 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/

Cloisite 30B blends internal treated by AKD....ccvcvieininniiineieininnnnn 132
Cé6 Contact angle of thermoplastic normal cornstarch/PLAgMA blends

internal treated by AKD..cvuiiiieiiieiiieiiiiiiniiiniisniirincerieciiesierns 133
C7  Contact angle of thermoplastic normal cornstarch/PLAgMA blends

internal treated by different concentrations of AKD.....ccvieviernniaennn 134
C8 Comparison of contact angle of thermoplastic bean starch/

PLAGMA blends...cveeiierinriniiniierieieieniesiuciesintiiaicnsennsiencnnes 135
C9  Comparison of contact angle of thermoplastic lentil starch/

PLAGMA blendS..ceiuieieiriairincniiereiiicieieieriscecusiessecerssccnces 136
C10  Comparison of contact angle of thermoplastic pea starch/

PLAZMA blendS...vveevreerveseerseesseeereeessessressessssessssensesennnes 137

Xvi



Nomenclature

AAC aliphatic-aromatic copolyesters
AKD alkyl ketene dimmer

ASA alkenylsuccinic anhydride

ASTM American Society for Testing and Materials
ATC Acetyl triethy citrate

DIH diisocyanatohexane

DSC differential scanning calorimetry
HAS high amylose cornstarch

HIPS high-impact polystyrene

IPD isoporone diisocyanate

LDPE low-density polyethylene

MA maleic anhydride

MDI methylenediphenyl diisocyanate
MMT montmorillonites

Mw molecular weight

Na natural sodium

NH natural hectorite

NS normal cornstarch

PBAT poly (butylenes adipate terephthalate)
PBSA polybutylene succinate adipate

xvii



PCL
PE
PEA
PEG
PET
PHAs
PHB
PHBV
PHH
PHV
PLA

PLAgMA

PP
PPG
PS
PVC

SEM

AH

polycaprolactone
polyethylene

poly (ester amide)

poly (ethylene glycol)
polyethylene terephthalate
polyhydroxyalkanoates
Polyhydroxybutyrate

poly (hydroxybutyrate-co-valerate)
polyhydroxyhexanoate
polyhydroxyvalerate

poly (lactic acid)

poly (lactic acid) grafted maleic anhydride
power law index
polypropylene

poly (propylene glycol)
polystyrene

polyvinyl chloride

scanning electron microscope
shear rate, s

shear viscosity, Pa.s
consistency index, Pa.s"

enthalpy of fusion, J/g

Xviii



K
Te

TDI

T

TPS

WS

WVTR

crystallinity, %

crystallization temperature, °C
toluene diisocyanate

glass transition temperature, °C
melting temperature, °C
thermoplastic starch

waxy cornstarch

weight percentage, %

water vapor transmission rate, g/m*/day

Xix



CHAPTER 1

INTRODUCTION

1.1 Background

In recent years, the environmental problem of solid waste disposal has become an
important issue due to the huge amount of non-biodegradable waste stored in landfills.
Most of today’s synthetic polymers are produced from petrochemicals and are not
biodegradable. These persistent polymers are a significant source of environmental
pollution when they are dispersed in nature. Biopolymer materials derived from
renewable resources have been studied by many researchers because of the material
biodegradability. Nowadays, much interest has been focused on three major groups of
biodegradable plastics: polylactide (PLA), polyhydroxybutyrate (PHB) and starch-based

polymers.

Starch, a completely biodegradable polymer, is available in large quantities from
renewable plant sources such as the seeds of cereal grains (corn, wheat and rice), tubers
(potato), pulse (bean, pea and lentil) and the pith of tapioca palm (Swinkels, 1985).

However, in practice, the applications of thermoplastic starch as a possible alternative to



replace petroleum-based polymers are limited by its drawbacks of water sensitivity and

poor mechanical properties.

Native starches can be blended with some plasticizers to form thermoplastic
starches (TPS) under the influence of heat and shear in a batch mixer. The properties of
TPS have been widely studied (Stepto, 2003; Funke et al, 1998; Soest et al, 1996). In
order to improve the properties of TPS, some researchers attempted to blend TPS with
some high performance biodegradable polymers such as polycaprolactone (PCL)
(Averous et al, 2000), poly (lactic acid) (PLA) (Martin and Averous, 2001) and

polyamide (Averous et al, 2000).

Poly (lactic acid (PLA) is a linear and biodegradable aliphatic polyester derived
from renewable resources such as cornstarch and sugarcane. As a high performance
synthetic biopolymer, PLA has been attractive for disposable and biodegradable plastic
substitutes due to its better mechanical properties (Table 1.1). However, PLA is still more
expensive than the petroleum-based synthetic plastics and the degradation rate is still
slow as compared to the waste accumulation rate (Ray et al, 2003). To overcome these
drawbacks, PLA can be blended with starch to increase biodegradability and reduce costs
(the costs of starch and PLA were shown in Table 1.2). Nevertheless, some drawbacks of

TPS/PLA blends still limit their usage in many applications.

This research work is focused on the improvement of properties of starch/PLA
blends. In this thesis, two different source starches are applied. Various types of starches
with different amylose content are plasticized by water and glycerol. Maleic anhydride

(MA) is used as the coupling agent to increase the miscibility of PLA and starch. The



effects of nanoclay on the properties are investigated. The morphological properties,

rtheological properties, mechanical properties, water absorption and barrier properties of

mixture are evaluated.

Table 1.1 Physical and mechanical properties of poly (lactic acid) (PLA) (Martin and

Averous, 2001)

. Tensile . .
Elongation Biodegradation
. Tm Ty Modulus stress at . .. e
Density CCP (C)° (MPa) at(t:;:.;ak break mlnez'il/il)%atlon WVTR
(MPa)
PLA* 125 152 58 2,050 9 / 100 172

*PLA Dow-Cargill (Nature works)

*Tn: Melting temperature from DSC measurements

°T,: Glass transition from DSC measurements

At 60days in controlled composting according to ASTM 5336
*WVTR: Water Vapor Transmission Rate at 25°C, unit: g/m*/day



Table 1.2 Costs of starch and PLA (National Starch &Chemical, 2005)

Cost

Content (CA$/kg) Trademark Manufacturer
HAS 70wt% amylose 2.74 Hylon VII  National Starch &Chemical
NS  23wt% amylose 0.60 MELOJEL National Starch &Chemical
PLA \ 24.00 4042D Cargill Dow LLC

HAS: high amylose cornstarch
NS: normal corn starch



1.2 Research Objectives

The objective of this project was to develop a new type of biodegradable

packaging material using starch-based thermoplastics. The major works in this thesis

were the improvement and enhancement of properties of corn starch/PLA blends based

on the results of the previous work. The second objective is to investigate the properties

of three types of pulse starches blended with PLA to improve the properties of their

blends by using additives and optimizing the processing conditions. The overall work in

this thesis is addressed as the following:

Improve the miscibility of starch and PLA using interfacial modification methods

by means of grafting maleic anhydride (MA) onto PLA.

Enhance the mechanical properties of thermoplastic starch (TPS) and PLA grafted

MA (PLAgMA) blends by employing nanoclay into the material system.

Estimate the effects of nanoclay on the thermal, rheological, morphological and

mechanical properties.

Improve the hydrophobicity of TPS/PLAgMA blends using internal and surface

sizing methods

Investigate the properties of pulse (bean, pea and lentil) starches according to the

same methods as cornstarches.



1.3 Outline of Thesis
The following chapters outline the framework of research in this thesis.

Chapter 1 has presented the brief introduction to the background and importance of this
project; the objectives and the brief structure of this thesis. An introductory overview
with the relevant background information is described in Chapter 2. In this chapter,
previous work on starch-based polymers is summarized and some additives used to

improve the properties of starch/PLA are introduced.

The experimental procedure is presented in Chapter 3. Designs of experiments,
descriptions of apparatus, preparations of samples and conditions of processing are
depicted in this chapter. The results and discussions are shown in Chapter 4. The
experimental data are analyzed and the structures and properties of thermoplastic starch
and PLA blends with nanoclay are presented in this chapter. The conclusions are shown
in Chapter 5. Finally, some possible future work related to this project is presented in

Chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to Biodegradable Polymer

“Biodegradable”, as per the definition of American Society for Testing and
Materials (ASTM), is “capable of undergoing decomposition into carbon dioxide,
methane, water, inorganic compounds or biomass in which the predominant mechanism

is the enzymatic action of microorganisms” (ASTM D-5488-584d, ASTM Publications).

Biodegradable polymer is a polymer that can be decomposed to CO, H,0, CH,
and other low molecular-weight products under the influence of microorganisms in both
aerobic and anaerobic conditions (Ratner et al, 1996). All residuals after decomposition
should be nontoxic in environmental assessments and also should be incorporated into a

natural cycle (Williams, 1987).



Table 2.1 Classification of biodegradable polymer (Ikada and Tsuji, 2000)

Natural polymers Synthetic polymers
Sub-classification Examples Sub-classification Examples
1. Plant origin 1. Aliphatic polyesters

1.1 Polysaccharides  Cellulose, Starch, Alginate 1.1 Glycol and dicarbonic  Poly(ethylene succinate)
acid polycondensates  Poly(butylene terephthalate)

2. Animal origin 1.2 Polylactides Polyglycolide, Polylactides
2.1 Polysaccharides  Chitin (Chitosan), 1.3 Polylactones Poly(e-carpolactone)
Hyaluronate 1.4 Miscellaneous Poly(butylene terephthalate)
2.2 Proteins Collagen (Gelatin), Albumin 2. Polyols Poly(vinyl alcohol)
3. Microbe origin 3. Polycarbonates Poly(ester carbonate)
3.1 Polyesters Poly(e-hydroxyalkanoate)
3.2 Polysaccharides = Hyaluronate 4. Miscellaneous Polyanhydrides,
Poly(a-cyanoacrylate)s,
Polyphosphazenes,
Poly(orthoesters)




Biodegradable polymers are formed in nature during the growth cycles of all
organisms or are synthesized from monomers under the controlled conditions. Depending
on the sources of biodegradable polymers, polymers can be classified as natural or
synthetic polymers as illustrated in Table 2.1. Of them, starch is a type of naturally

synthetic polysaccharide.

2.1.1 Biodegradable Starch-based Polymers

Starch, a natural and biodegradable polymer, is composed primarily of amylose
(poly-a-1, 4-D-glucopyranoside) and amylopectin (poly-a-1, 4-D-glucopyranoside and
poly-a-1, 6-D-glucopyranoside). In addition to amylose and amylopectin, it also contains
some minor components such as proteins, lipids, inorganic substances and nonstarch
polysaccharides (Liu, 2005). However, the properties of starch are dominated by the

major components of amylose and amylopectin.

Starch was first introduced into the plastic industry as filler to be blended with
more expensive polymers for economic reasons due to its availability and low cost. In
some cases, starch could also strengthen the mechanical modulus of a composite. As is
well known, natural starch can be biodegraded in the water and soil. So more and more
researchers became interested in its biodegradability and its use as a substitute for
petroleum-based polymers. Starch has also been used more extensively to blend with
therfnoplastics, such as low-density polyethylene (LDPE) (Arvanitoyannis et al, 1998; St-

Pierre et al, 1997; Rodriguez-Gonzalez et al, 2003), polypropylene (Liu et al, 2003;



Bagheri, 1999) and polystyrene (De Graaf and Janssen, 2001). However, these blends
cannot be used as biodegradable plastics because of their nonbiodegradable synthetic-

polymer components.

During the past decade, considerable effort has gone into totally biodegradable
starch-based plastics. Dry starch in granule form exhibits poor flowability and
processibility, but plasticized starch, called “thermoplastic starch (TPS)”, has good
processibility, flexibility and stretchability similar to conventional polymer melts. Also
TPS can be processed through traditional polymer-processing methods such as extrusion,
injection and blow molding (Funke et al, 1998; Halley et al, 2001). Melted thermoplastic
materials are obtained under the combined conditions of shearing, temperature and
plasticization during extrusion and then the materials can be transformed by means of

thermoforming and injection molding (Averous and Fringant, 2001).

Unfortunately, plasticized starch is highly hydrophilic and readily disintegrates on
contact with water. The higher the starch content, the higher the hydrophilicity. To
overcome these drawbacks and maintain their biodegradability, one strategy is to blend
TPS with the other biodegradable polymers with higher property performance, as the
starch has free hydroxyl groups that readily undergo reactions such as acetylation,
esterification and etherification. The polymers used in the blend of TPS are usually
aliphatic polyesters such as polycaprolactone (PCL) (Averous et al, 2000), poly (lactic

acid) (PLA) (Martin and Averous, 2001), poly (hydroxybutyrate-co-valerate) (PHBV)
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(Kotnis et al, 1995), poly (ester amide) (PEA) (Martin et al, 2001 and Averous et al,
2000). In some cases, an aromatic polyester like poly (butylenes adipate terephthalate)
(PBAT) (Martin et al, 2001; Averous and Fringant, 2001) can also be used for property

improvement.

Applications of thermoplastic starch include film (such as shopping bags) over
wrap, and mulch film. Foam loose fill packaging and injection molded foam products,
such as take-away containers, are also applications. Foamed polystyrene has been

identified as a target product to be substituted by starch-based foam (Cinelli et al, 2006)

2.1.2 Biodegradable Polyesters

Polyesters play a predominant role as biodegradable plastics due to their
potentially hydrolysable ester bonds. The polyester family can be classified in two groups
based on their molecular structures: aliphatic (linear) polyesters like PLA and aromatic
(aromatic rings) polyester like polybutylene adipate/terephthalate (PBAT).

Another important classification of biodegradable polyester is based on the origin.
Naturally produced polyesters like PHA are actually synthesized by microbes, with the
polymer accumulating in the cells of microbes in the growing period. Synthetic
polyesters are polymerized from monomers under certain conditions similar to synthetic
aliphatic polyesters synthesised from diols and dicarboxylic acids via condensation

polymerisation. Both PCL and PBS are synthetic aliphatic polyesters.
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Polyester also can be divided into two types — renewable polyester and
nonrenewable polyester. In the biodegradable polyester family developed commercially,
some polyesters are renewable such as poly (lactic acid) (PLA), polyhydroxyalkanoates
(PHAs),  polyhydroxybutyrate = (PHB),  polyhydroxyvalerate = (PHV), and
polyhydroxyhexanoate (PHH); and some are nonrenewable like aliphatic-aromatic
copolyesters (AAC), polybutylene adipate/terephthalate (PBAT), polybutylene succinate
(PBS), polycaprolactone (PCL), polybutylene succinate adipate (PBSA) etc.

Averous (2004) classified biodegradable polyesters in two groups: agro-resources
based polyester and petroleum-based polyester. PLA and PHAs are examples of two
agro-resources based polyesters; PCL and PEA belong to the group of petroleum-based

polyesters. The chemical structures of typical polyesters are shown in Figure 2.1.
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Fig 2.1 Chemical structures of typical biodegradable polyesters (Averous, 2004)
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Poly (lactic acid) (PLA)

Poly (lactic acid) (PLA) is a linear aliphatic polyester, produced two ways:
catalytic ring opening of the lactide group and poly-condensation of naturally produced
lactic acid. PLA is a high performance biodegradable polyester. Wang et al (2001)
reported that PLA is a crystallized polymer with crystallization temperature (T.) of 100°C
and a glass transition temperature (T,) of 62°C. The DSC testing results indicate that the
melting temperature is located at 175°C. PLA becomes unstable and decomposes when
the processing temperature exceeds 220°C. The thermal properties of PLA (Cargill LLC)
were investigated by Martin and Averous (2001). The glass transition temperature was
reported to be 58 "C and the melting temperature was 152°C. No crystallinity transition is
observed. The glass transition temperature (Tg) highly depends on the ratio of two
isomers (L-lactic acid and p-lactic acid). PLA derived from _-lactic acid has a high
melting point and high crystallinity. PLA is almost a fully amorphous polymer when the
L-lactic acid content is lower than 80% (Sinclair, 1996).

PLA exhibits higher tensile strength (68.4 MPa) and modulus (2050 MPa) below
T, but the elongation is no more than 9.4%. However, plasticized PLA shows good
flexibility. The elongation of PLA plasticized by polyethylene glycol (M, = 400) can

reach 160% (Martin and Averous, 2001).

Application developments for PLA have generated increasing attention in the past

few years. For conventional plastic packaging, flexible film and rigid containers are the
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largest market for plastic resin consumption. PLA is becoming a growing alternative as a
food packaging material in film and container. Auras et al (2003, 2005) studied the
physical, mechanical, barrier and compatibility properties of PLA and its blends with
40% recycled content from industrial trimming process (for the purpose of lowering the
cost) and pointed out that PLA and its blends exhibited the similar performance to
polystyrene (PS) and polyethylene terephthalate (PET) for making container for fresh
food packaging. As an alternative to HIPS, PVC and cellulosics, PLA is being used in
some high-clarity packaging applications such as candy wrap, optically enhanced films,

and shrink labels (Mehta et al, 2005)

Table 2.2 Comparisons of physical and mechanical properties of PLA and some
conventional polymers*

Elongation Tensile

De/réfnltgy Ta CC) Tg (CC) Ng)/?;:)ls at break  strength Applications
& %)  (MPa)
Food contact
PLA* 1.25 152° 58° 2,050 9 53 container: tray and
planter boxes
LDPE 0.92 110 -100 393 400 11.7 Films

Packaging, durable

PP 0905 160 -5 1500 140 349 goods, auto parts,
automotive parts

Packaging, foam

PS  1.05 \ 105 3000 6.9 43.9 sheet, molded parts

*PLA Dow-Cargill (Nature works)

*Tm: Melting temperature from DSC measurements

“Tq: Glass transition from DSC measurements

*: Reference: Martin and Averous, 2001 and Matweb online
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Table 2.3 Barrier performances of clear resins (Mehta et al 2005)

Permeation °

Polymer WVTR? Oxygen co3
PLA 21 40 183
HIPS® 10 300-400 NA
Nylon 6 23 3 NA

PET 1 3-6 15-25
PP 0.7 150 NA

PVC 2 5-20 20-50

? g-mil/100 in. 2-day
® cc-mil/100in. 2-day-atm
¢ High-impact polystyrene

Polyhydroxyalkanoates (PHAs)

PHAs, aliphatic polyesters, were the first biodegradable polyesters to be used in
plastics. PHAs can be produced naturally via microbial process on sugar-based media.

PHB and PHV are members of the PHA family of polymers.

Aliphatic polymers such as PHAs, and more specially homopolymers and
copolymers have been proven to be readily biodegradable (Sudesh et al, 2000). The
applications of PHAs are blow and injection-molded bottles and plastic films. However,

unlike petroleum-based polymers, the high production cost of PHAs limit their usage.

Polycaprolactone (PCL)
Polycaprolactone (PCL) can be made by the ring-opening polymerization of

caprolactone (Albertsson and Varma, 2002). PCL is semicrystalline polyester with a
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degree of crystallinity of 50%, a low melting point between 58 to 60°C, and a low density
of 1.145 g/em® (Ajili and Ebrahimi, 2007). Injection-molded samples show a modulus of
400 MPa and yield stress of 15 MPa (Bastioli et al, 1995). PCL is easy to process by
injection molding, film blowing and extrusion.

The applications of PCL are suited for the use of food-contact form trays, loose
fill and film bag. But the high cost still limits the wide use for the biodegradation
polymer applications for a long time. Cost barriers have been overcome by blending the

PCL with the cheaper materials such as cornstarch (Averous et al, 2000).

2.2 Thermoplastic Starch/Poly (lactic acid) Blends

2.2.1 Structure and Properties of Thermoplastic Starch

Native starch can be processed into a thermoplastic material in the presence of
some plasticizers under the influence of heat and shear. During the process of
plasticization, the granules are swelled and disrupted (as illustrated in figure 2.2).
Extensive heating in excess water causes swelling and then rupture of starch granules,

loss of crystallinity and release of soluble molecules from the granules.

When starch granules are in the presence of water and higher temperatures,
gelatinization will take place. Yu et al (2006) proposed two steps in the process of starch

gelatinization: firstly, starch swells and amylose and amylopectin leaches from starch
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granules; secondly, partially hydrated starch crystallites tend to melt at a higher
temperature. Their testing results also indicated that shear viscosity is increased in the

gelatinization process.

Mechanical properties have been studied by many researchers (Martin and
Averous, 2001; Huang, 2005). The mechanical properties of TPS have strong
relationships to the starch content and the type and level of plasticizer. The tensile
strength and the modulus decrease and elongation increases with starch content
decreasing (Martin and Averous, 2001). Huang (2005) reported that the content of
amylose in the starch also affects the mechanical properties of TPS. The tensile strength
and modulus of TPS with higher amylose content are higher than that of TPS with lower
amylose content. But the elongation at the break increases with amylose content
decreasing. The effects of plasticizer on the mechanical properties will be discussed in

chapter 2.2.3.1.
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Figure 2.2 SEM images: (a) native starch; (b) thermoplastic starch (Yu et al, 1996)

2.2.2 Structures and Properties of Thermoplastic Starch and PLA Blends

TPS has some drawbacks, such as water sensitivity and poor mechanical
properties, to limit its industrial applications. One of the solutions to overcome these
disadvantages is to blend TPS with some hydrophobic polymers with high performance.

PLA is one candidate for these biodegradable polymers

Ke and Sun (2000) studied the thermal transition behaviors of PLA and
starch/PLA blends by differential scanning calorimetry (DSC). The results indicated that
the thermal behaviors of starch/PLA blends are the similar to that of pure PLA. Huang
(2005) investigated the thermal properties of three types of thermoplastic cornstarch/PLA

blends in presence of plasticizers of water/glycerol, and the results indicated that the
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blends contained high amylose cornstarch, normal cornstarch or waxy cornstarch have
very similar thermal transition behaviors. All results demonstrated that the thermal
transitions of starch/PLA or TPS/PLA blends are mainly from the PLA, not the starch. In
some cases, the type and level of plasticizer could also change the thermal transition

temperature. (Martin and Averous, 2001).

For blends of PLA/starch, the starch content has a dramatic effect on the
mechanical properties (Table 2.4). Tensile strength and elongation of the blends decrease
as the concentration of starch increases. However, for blends of PLA and starch
gelatinized with water/glycerol, the mechanical properties are enhanced and toughness is
improved comparing to the blends of PLA/pure starch, since the gelatinization of starch

improves the interfacial adhesion between starch and PLA (Park and Im, 2000).

Table 2.4 Mechanical properties of cornstarch and PLA blends (Ke and Sun, 2000)

Tensile Strength

Blend of Starch/PLA (MPa) Modulus (GPa) Elongation (%)
0/100 61.0 1.20 6.33
20/80 424 1.61 2.90
50/50 324 1.63 2.15
70/30 18.9 1.83 1.10
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2.2.3 Improvements on Properties of Starch and PLA Blends

Compared to TPS, the mechanical properties and hydrophobicity of TPS/PLA
blends are significantly improved; however, the drawbacks of TPS/PLA blends are still
obvious especially as the starch content increases beyond 60%. The flexibility,
processibility, hydrophobicity, water sensitivity and barrier properties of the blends need

to be enhanced further so as to be a suitable packaging material.

2.2.3.1 Plasticizer

Plasticizer, one of the most important classes of plastic additives, can give plastics
flexibility, processibility, stretchability and durability because it can reduce the
intermolecular force and increase the intermolecular mobility. A good plasticizer should
be chemically compatible with the polymer to yield a stable and homogeneous mixture. It
also should be nontoxic for the food contact packaging materials. Blends of starch/PLA
are usually brittle, having an elongation range of 2 —5% (Ke and Sun, 2001). A plasticizer
should be used to improve the elongation and reduce the glass transition temperature of

amorphous domains and the melting point of crystalline phase (Loudin et al, 1997).

Acetyl triethy citrate (ATC) is a small citrate ester and commonly used as
plasticizer for many polymers. Labrecque et al (1997) reported citrate esters were readily
miscible with PLA and effectively improved the elongation. Zhang and Sun (2004) used
ATC as plasticizer, which markedly improved the elongation of starch/PLA blends when

loading level of ATC was above 8%. But ATC weakens the mechanical behaviors of the
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blends. Yu et al (1998) reported that the glycerin is a fine plasticizer for starch. Ke and
Sun (2001) used glycerol and sorbitol as plasticizers in the starch/PLA material system
and reported that glycerol does not improve the elongation of the blend until the
concentration exceeds 25% and sorbitol has no effect on flexibility of the blend. Poly
(ethylene glycol) (PEG) and poly (propylene glycol) (PPG) are polyethers with low
molecular weight and are used widely as plasticizers. PEG has not only a good
miscibility with PLA but also it can enhance the flexibility of PLA (Sheth et al, 1997).
But PEG and PPG slightly improve the flexibility of the starch/PLA blend than ATC (Ke

and Sun, 2001).

Wool and Sun (2005) deem that water and glycerol are the most commonly used
plasticizers and water is probably the most important component to change ‘;he properties
of TPS. Ke and Sun (2001) reported blends containing glycerol have a uniform and
smooth morphology and glycerol has a better plasticization effect for starch than other
plasticizers. Many researchers have used water and glycerol as plasticizers for starch

(Huang, 2005; Sarazin et al, 2005; Averous and Fringant, 2001; Yu et al, 1996)

2.2.3.2 Coupling agents

Blends with immiscible polymers show poor properties due to the low capability
of interdiffusion among molecules. Interfacial adhesion plays a vital role in mechanical
properties of polymer blends. Normally, blends with high interfacial adhesion are

expected to be obtained since higher interfacial adhesion can produce higher mechanical
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properties (Wool and Sun, 2005). A common way to improve the compatibility and
interfacial adhesion between two immiscible polymers is to apply reactive coupling
agents into the material system. Coupling agents containing reactive functional groups

should be able to react with each polymer in the blends.

Starch and PLA are thermodynamically immiscible due to the higher interfacial
tension at the interphase between PLA and starch (Wang et al, 2001). Starch is polyol
containing many hydroxyl groups, but PLA is a polyester containing both hydroxyl and
carboxylic acid end groups. Potential coupling agents should be chemicals with
functional groups, such as -NCO, -COOH and —NH,, which are able to react with both

starch and PLA.

Methylenediphenyl diisocyanate (MDI) can improve dramatically the tensile
strength from 36.0 MPa to 66.7 MPa as the level of MDI increases from 0 to 5% (Wang
et al, 2001). In addition, toluene diisocyanate (TDI), isoporone diisocyanate (IPD),
diethylene triamine and 1,6- diisocyanatohexane (DIH) can also enhance the interfacial
adhesion and mechanical properties of starch and PLA blend (Jun, 2000). Considering
toxicity, these chemicals are not suitable to be additives for food contact packaging

materials.

Maleic anhydride (MA) is considered as an effective coupling agent for starch and
PLA. The functional group of anhydride can highly react with hydroxyls from starch to
form ester linkages in presence of an initiator of Luperox 101 (Vaidya and Bhattarchaya,

1994). Schematically, the reaction is shown in the figure 2.3. Zhang and Sun (2004)
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reported that a PLA/starch (55/45) composite with 1.0% MA and 10 wt % L101 (MA

basis) had a tensile strength of 52.4 MPa and 4.1% elongation, close to neat PLA.

Hs L101 H
o = O —— Lc—0—w
H ﬁ 185°C g
I{O
PLA ,%&o.'_-&:) MA
mowc«—-—g—»~o—~w
e}
H 0
R
o
starch l
CH;
M*-—-H O ( —r
R H Final product
OH
0
OH
CH

Figure 2.3 Proposed chemical reactions among PLA, starch, MA, and initiator L101

(Zhang and Sun, 2004)
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2.2.3.3 Nanocomposite

Polymer/layered silicate nanocomposites have attracted great interest in recent
years because these nanocomposites often exhibit remarkable improvements in the
material properties, such as modulus, tensile strength and barrier properties, compared
with virgin polymer. Normally, three types of nanocomposites could be achieved
thermodynamically by melt compounding (shown as figure 2.4) and an exfoliate structure
is expected (Alexandre and Dubois, 2000). Exfoliation occurs when the layered clays are

substantially expanded and no longer parallel (figure 2.4 c)

Exfoliated
(nanocomposite) (nanccomposite)

Figure 2.4 Scheme of different types of composite arising from the interaction of layered
silicates and polymers: (a) phase separated microcomposite; (b) intercalated
nanocomposite and (c) exfoliated nanocomposite. (Alexandre and Dubois, 2000)
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Intercalated and exfoliated composites are considered as nanocomposites and the barrier
properties of blends are improved when the ultimate structures of nanocomposites are
achieved (McGlashan and Halley, 2003; Velzen, 2005).

Thermoplastic starch (TPS) reinforced by clay has been investigated by some
researchers. The clays used in these research works are natural and modified clays.
Natural sodium montmorillonite (Na-MMT), a kind of hydrophilic clay, readily forms a
nanocomposite with TPS (Chen and Evans, 2005). The tensile strength of TPS increased
from 2.6 to 3.32 MPa with the presence of 5-wt% Na-MMT (Park et al, 2003). However,
unlike Na-MMT, kaolinite is a kind of non-swelling clay and should form a separated
phase with starch in the hybrid. The modulus of TPS-Kaolinite composites is lower than
that of TPS-Na-MMT composite (Chen and Evans, 2005). Natural hectorite, also a
swelling clay, is partially exfoliated with TPS. The modulus of TPS/NH blend is higher
than that of TPS/Kaolinite, but lower than that of TPS/Na-MMT. The treated hectorite,
obtained via modifying natural hectorite with 2 methyl, 2 hydrogenated tallow quaternary
ammonium chloride, is organophilic ammonium-treated clay and the clay particles cannot
disperse well in the TPS. So the TPS -treated hectorite blend exhibits low tensile
properties and barrier properties (Chen and Evans, 2005).

In order to improve the mechanical and barrier properties of TPS/PLA blends,
nanoclay is added as one of the components. Cloisite 30B, a product of Southern Clay
Co. (USA), is a type of treated-MMT with ammonium cations of methyl tallow bis (2-

hydroxyethyl). Pluta et al (2006) pointed out that the blend of PLA/Cloisite 30B can form
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the structure of nanocomposite. The effects of Cloisite 30B on the properties of TPS/PLA

will be investigated in this thesis.

2.2.3.4 Surface Modification and Sizing Agents

The hydrophobicity of TPS/PLA blend is improved significantly compared with
TPS due to the hydrophobic PLA. But blends still exhibit the higher level of water
absorption (Ke et al, 2003) because of the dominant effect of hydrophilic starch. The key
of hydrophobicity enhancement for TPS/PLA blend is achieving more hydrophobicity for

starch.

Starch exhibits hydrophilicity because of numerous of polar hydroxyl groups on
the molecular chain. Decreasing the amount of hydroxyl groups or changing the structure
of hydroxyl group are considered as potential methods to hydrophobize starch. The
reaction of silicones with starch, which leads to starch-O-silicone linkages, has been
reported (Ueda et al, 1987). Functional silicones bearing pendant amino groups have also
been used to hydrophobize starch (Smith, 1985). Brook et al (1997) investigated silicone-

modified starch and indicated that it shows very good hydrophobicity.

In the paper industry, sizing agents are usually added to the paper stock to achieve
a degree of hydrophobicity (Ravnjak et al, 2007). The key factor for developing sizing
properties in paper is the reaction between sizing agent and hydroxyl groups in the
cellulose. Alkylketene dimer (AKD) and alkenylsuccinic anhydride (ASA) are widely

used as sizing agents in paper industry (Zimmerman and Hercules, 1995). Schematically,
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reactions AKD and ASA with hydroxyl groups on cellulosic fibre are illustrated in figure
2.5.
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Figure 2.5 Reactions of (a) Alkylketene dimer (AKD) and (b) alkenylsuccinican hydride
(ASA) with hydroxyl groups and water (Zhang et al, 2007)
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Like cellulose, the molecular structure of starch also contains numerous hydroxyl
groups. The potential reactions could be similar to the cellulose. In this thesis, the effects

of AKD on the hydrophobicity are investigated.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 Experimental Materials

Five types of starches were used in this research work. All starches are food grade
and contain approximately 11% moisture. The summary of their some characteristics,

provided by the manufactures is presented in the Table 3.1.

Table 3.1 Material properties of native starches used in the study

Starch Manufacturer Source| Trade Name %I:;th;fte
HAS® National Starch &Chemical Company [Corn [HYLON VII 70%
Normal Starch|National Starch &Chemical Company |[Corn  [MELOJEL 23%
Pea Starch / Pea / 39%
Bean Starch / Mung / 40%
Lentil Starch / Lentil / 38%

*HAS: High Amylose Starch

Poly (lactic acid) pellets (4042D) were purchased from Cargill Dow LLC

(Minnetonka, MN). Glycerol with boiling point of 182°C and 99+% purity were provided
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by Sigma-Aldrich Canada LTD. Maleic anhydride (99% purity) was also obtained from
Sigma-Aldrich. Nanoclay, Cloisite 30B, was purchased from Southern Clay Products Inc.
(USA). Luperox 101 (2, 5- bis (tert-butylperoxy)-2, 5-dimethyl-hexane) was supplied by

Sigma-Aldrich Canada LTD.

3.2 Preparation of Experimental Samples

3.2.1 Thermoplastic Starch (TPS)

All types of starch were dried in a vacuum oven at 80°C for 24 hours prior to
processing. Dried starches were premixed with glycerol and water in a standard kitchen-
use blender at room temperature. The basic formula of starch/glycerol/water was set at
50/36/14 (wt/wt/wt) to provide reasonably good morphological and mechanical
properties (Huneault and Li, 2006). The mixture of starch, glycerol and water was kept at
room temperature for 5 minutes before being loaded into a Haake Rheomix 3000 Batch
Mixer with roller rotors for blending. The blending conditions were 120°C at 45 rpm for
4 minutes (Huang, 2005). The mixture was cooled to room temperature and then ground
into powder using a granulator. In order to prevent thermal degradation of PLA, the water
must be removed from the blends prior to blending with PLAgMA. The water removal
was performed in a vacuum oven at 60°C for 24 hours. The samples were sealed in the

plastic bags after water removal
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3.2.2 Poly (lactic acid) Grafted Maleic Anhydride (PLAgMA)

Maleic Anhydride (MA) chips were ground into powder and then premixed with
PLA and Luperox 101 (L101) in an aluminum tray by hand in order to be uniformly
wetted by L101 liquid. The blending ratio of PLA/MA/L101 was 100/2/0.25 (wt/wt/wt)
(Huneault and Li, 2006). The mixture was loaded into Haake Rheomix 3000 Batch Mixer
for blending under the conditions of 180°C, 45 rpm and 4 minutes. The mixture was
cooled into room temperature and then ground into powder. The powder was stored in a

sealed plastic bag.

3.2.3 TPS and PLAgMA Blends

Water free TPS and PLAgMA were premixed in a tray by hand and then loaded
into Haake Rheomix 3000 Batch Mixer for blending. The conditions were 150°C at 45
rpm for 6 minutes. The mixture was cooled into room temperature and then ground into

powder. The powder was sealed in a plastic bag with zipper.

3.2.4 TPS and PLAgMA Blends with Nanoclay

Cloisite 30B was dried at 100°C in a vacuum oven for 8 hours prior to processing.
All components (TPS, PLAgMA and Cloisite 30B powders) were premixed in a tray
according to various ratios (shown in Table 3.2). These composites were prepared in
Haake Rheomix 3000 Batch Mixer under 150°C at 45 rpm for 6 minutes. For some
special formulae (shown in Table 3.2) the blending times were 4 minutes. The mixtures

were ground into powders and sealed in plastic bags after cooling to room temperature.
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Table 3.2 Compositions and blending conditions of thermoplastic starch/PLAgMA blends

No Starch type TPS/PLAgMA  Clay content, Haake Mixer . :
ratio, wt/wt wt% Temperature, C Time, min

1 H.A.S 100/0 0 120 4
2 H.A.S 70/30 0 150 6
3 H.A.S 70/30 1 150 6
4 H.A.S 70/30 2 150 4
5 H.A.S 70/30 2 150 6
6 H.A.S 70/30 3 150 6
7 H.A.S 70/30 5 150 6
8 H.A.S 70/30 8 150 6
9 N. S. 100/0 0 120 4
10 N. S. 70/30 0 150 6
11 N. S. 70/30 2 150 6
12 N. S. 70/30 3 150 6
13 N. S. 70/30 S 150 6
14 Pea 100/0 0 120 4
15 Pea 70/30 0 150 6
16 Pea 70/30 2 150 6
17 Pea 70/30 3 150 6
18 Pea 70/30 5 150 6
19 Lentil 100/0 0 120 4
20 Lentil 70/30 0 150 6
21 Lentil 70/30 2 150 6
22 Lentil 70/30 3 150 6
23 Lentil 70/30 5 150 6
24 Bean 100/0 0 120 4
25 Bean 70/30 0 150 6
26 Bean 70/30 S 150 6

Note: ratio of starch/glycerol/water: 50/36/14 (wt/wt); roller speed of Haake mixer: 45

RPM
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3.2.5 Surface Sizing and Internal Sizing Procedures

3.2.5.1 Surface Sizing

A mixture of 0.1 g AKD and 125 ml heptane was put into a glass jar sealed with a
lip for stirring with a glass rod by hand and then agitated on a magnetic plate stirrer with
a stir bar for 3 hours (Shen et al, 2000). Selected samples prepared using lab-scaled hot
press machine at 150°C were dipped in the AKD-Heptane solution for 10 seconds.
Heptane in the sized samples was allowed to evaporate in a fume cupboard for 20 min
prior to drying them in an oven under the temperature of 105°C for 1 hour. Dried samples

were stored and sealed in the plastic bags for 24 hours prior to contact angle testing.

3.2.5.2 Internal Sizing

Sizing agent AKD and water were premixed in a cup and then blended with dried
starch and glycerol in the blender. The blend ratios were shown in the Table 3.3. The
mixture was kept for 5 min at room temperature and then loaded in to the Haake
Rheomix 3000 batch mixer for blending. The conditions were 120°C at 45 rpm for 4
minutes. The mixture was cooled naturally into the room temperature and then ground
into powder. The water in the powders was removed in a vacuum oven at 60°C for 24

hours. The water free TPS were blended with PLAgMA and nanoclay for 6 min at 150°C

and 45 RPM in Haake mixer. The naturally cooled mixture were ground into powder

again and then sealed in a plastic bag. This procedure was so-called internal sizing.
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Table 3.3 Experiments of AKD internal sizing on HAS/PLAgMA/nanoclay (5% clay
content) blends
Experimental Starch/AKD Starch/plasticizer Glycerol/water TPS/PLAgMA

No- " Code wt/wt wt/wt wi/wt wt/wt
1 TP-HAS-AKD1 100/0.05 50/50 36/14 70/30
2 TP-HAS-AKD2 100/0.075 50/50 36/14 70/30
3 TP-HAS-AKD3 100/0.1 50/50 36/14 70/30

Blending conditions on Haake Mixer:
TPS: 120°C/4min/45RPM;
TPS/PLAgMA/Clay: 150°C/6min/45RPM

3.3 Characterization Measurements for TPS and PLAgMA Blends with

Nanoclay

3.3.1 Rheological Property

Shear viscosity at various shear rates for each sample shown in table 3.2 was
measured at 150°C using Rosand Precision Advanced Capillary Rheometer (Bohlin
Instruments, UK). Two dies were used in the twin bores- long die and zero-length die.
The L/D of the long die is 16/1. Both Bagley correction and Rabinowitsch correction
were applied (Vlachopoulos, 2003). The extruded fibers were considered as post-

extrusion molded samples and cut into 100 mm in length for tensile property testing.
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3.3.2 Differential Scanning Calorimetry

Differential scanning calorimetry experiments were performed using a 2920
Modulated DSC equipped with a refrigerated cooling system (RCS) (TA Instruments,
USA). Samples used for DSC measurements were sealed in aluminum hermetic pans and
the weight for each sample was around 10mg. The hermetically sealed aluminum pan was
put into the cell together with a reference hermetic pan and cooled to 5°C. After being
equilibrated at 5°C, the sample was heated from 5°C to 180°C at a thermal scan rate of
10°C/min, and then cooled to -30°C at the same rate of 10°C/min and equilibrated at -
30°C. This process was so-called the first thermal scan. After equilibration at -30°C, the
sample was heated again from -30°C to 200°C at the rate of 10°C/min. The curve of
second thermal scan was monitored. A nitrogen flow (150ml/min) was applied
throughout the thermal scan and helium gas was used during cooling.

The software of a TA Universal Analysis 2000 unit was used to analyze the
second thermal scan curves. Melting temperature Ty, and crystallization temperature T,
were read from the peak values of respective endotherms and exotherms. When multiple

endothermic peaks occurred, the peak temperature of the main endotherm was considered

as Th.
3.3.3 Tensile Testing

The fibers extruded through the Rosand Capillary Rheometer during Rheological

testing were cut to 100 mm in length. All prepared fibers were preconditioned at 25°C
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with a relative humidity of 50% for 48 hrs to relax internal stresses prior to mechanical
testing (Zhang and Sun, 2004).

The tensile tests were performed on an Instron tensile testing machine (Series IX
Automated Material Testing System) according to ASTM D882-02 at room temperature
with a crosshead rate of 5 mm/min and a 50 mm gauge length. Five specimens were

replicated to test each sample.
3.3.4 Scanning Electron Microscope

The morphological characterization of the selected samples was assessed using
Philips Scanning Electron Microscope (Philips Scientific and Industrial Equipment, The
Netherlands) with an accelerating voltage of 20V. In order to observe the morphology of
samples prepared with different blending times on the Haake Rheomixer test specimens
were selected from the samples with the different blending time. In addition, the samples
with various nanoclay contents were chosen for observation. All specimens were sputter-

coated with gold prior to observation.
3.3.5 Contact Angle Measurement

The selected samples were prepared using a lab-scale hot press machine. The
particles of TPS/PLAgMA/nanoclay blends were loaded in a circular mold with diameter
of 25 mm and thickness of 2 mm at 170°C and held for 5 minutes and then cooled to
around 60°C before removal from the mold. The prepared samples were sealed in the

plastic bags for 24 hrs before contact angle testing.
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The volume of the water droplet can be obtained precisely by means of a syringe
fitted with a needle used to form the drop. The contact angle formed between the water
droplet placed on the surface of material and the kinetics of spreading is related to the
hydrophobicity of materials. The initial angle for hydrophobic material is larger than that
for hydrophilic material. Contact angles were measured using a goniometer equipped
with a Sanyo camera and a computer with drop shape analysis software (FTA200,
Version 2.0) designed for calculating the value of contact angles from the shape of

attached water droplet.
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Chapter 4

Results and Discussion

4.1 Structure and Properties of Thermoplastic Cornstarch and PLAgMA Blends

with Nanoclay
4.1.1 Thermal Properties

In the study of polymers and their applications, it is important to understand the
concepts of the glass transition temperature (Tg) and melting temperature (Tp,). Ty is the
temperature at which the amorphous phase of the polymer is converted between rubbery
and glassy states. T, constitutes the most important mechanical property for all polymers.
Tm is the temperature at which the state changes from solid to melt. For a semi-crystalline
material, the crystalline phase will disappear when Ty, is reached by heating. The melting

temperature, Ty, is an important factor for determination of polymer blending conditions.

Thermoplastic high amylose cornstarch and normal cornstarch were blended with
PLA grafted maleic anhydride (PLAgMA) at various nanoclay (Cloisite 30B)
compositions and the thermal behavior of these blends were evaluated using DSC. The
effects of thermal history of samples were eliminated by the first thermal scan. The

thermal properties determined from the second thermal scan are summarized in Table 4.1.
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Table 4.1 DSC characteristics of thermoplastic cornstarch/PLAgMA/nanoclay blends

Ratio of Clay o Melting
Slfarcgl Blends Blends content (:%) (:ré) (;ryts;ltzllhza;l/on (Té“) enthalpy
HAS HAS-TPS/PLAgMA 100/0 0% \ \ \ \ \

HAS-TPS/PLAgMA  70/30 0% 58.7 113.7 10.57 1517 11.18
HAS-TPS/PLAgMA  70/30 1% 58.9 108.7 10.04 1523 11.16

HAS-TPS/PLAgMA  70/30 2% 589 110.7 10.41 1524 1054

HAS-TPS/PLAgMA  70/30 3% 57.8 107.1 10.31 150.6  9.57
HAS-TPS/PLAgMA  70/30 5% 58.6 1114 9.99 152.1  8.69
HAS-TPS/PLAgMA  0/100 0% 57.6 1304 8.68 1519 776
HAS-TPS/PLA 70/30 0% 59.6 1202 8.63 1484 8.48

NS  NS-TPS/PLAgMA  70/30 0% 59.7 115.0 11.10 1535 931

NS-TPS/PLAgMA  70/30 5% 58.4 1143 9.08 1528 8.92

All DSC data were read from the second thermal scan in DSC thermograms. T, T, and
Tm are glass transition temperature, crystallization temperature and melting temperature,
respectively.

40



High amylose cornstarch was blended with water and glycerol (water/glycerol =
14/36 wt/wt) at 120°C to form thermoplastic starch (HAS-TPS) in the Haake Rheomixer
3000. The thermal behavior evaluated by DSC indicated that no thermal transition was
detected in the second thermal scan. The mixture of HAS-TPS after water removal was
analyzed by DSC and no transition was observed (as shown in Figure 4.1). These results
indicated that the water concentration of 14% had little or no effect on the thermal
behaviors of HAS-TPS. Averous and Boquillon (2004) noted that the heat capacity

change of plasticized starch during glass transition is too low to be determined by DSC.

The DSC thermogram of PLAgMA showed a glass transition temperature of
57.6°C, a crystallization temperature of 130.4°C and a melting temperature of 151.9°C.
Huang (2005) reported that the pure PLA showed a glass transition at 58.4°C, a
crystallization exotherm at 125.3°C and a melting endotherm at 153.3°C. Compared to
PLA, the PLA grafted maleic anhydride (PLAgMA) had a lower T, and Tp,, and higher
T.. Because PLA underwent the graft reaction with maleic anhydride, the proportion of
short chains decreased and the crystallization temperature shifted to a high value and the

molecular mobility was restricted by PLAgMA, thereby decreasing crystallinity.
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Figure 4.1 DSC thermograms of thermoplastic high amylose cornstarch and water free
thermoplastic high amylose cornstarch (water removal prior to testing) in a second
thermal scan. Starch/water/glycerol ratio (wt/wt): 50/14/36
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The DSC thermogram of HAS-TPS in the second thermal scans showed no T, T,
or Ty peaks but that of the HAS-TPS/PLAgMA blends presented peak values of T, T
and Ty, (shown in Figure 4.2). Compared to the DSC thermogram of PLAgMA, HAS-
TPS/PLAgMA blends exhibit a similar thermal transition behavior (see Figures 4.2 and
4.3), indicating that the thermal transition results of HAS-TPS/PLAgMA are mainly from
PLAgMA, not from starch. These results are consistent with Wool and Sun (2005).
However, there are double melting peaks in the DSC thermograms of TPS/ PLAgMA
blends but only one melting peak appeared in that of pure PLAgMA. Similar to the
melting peaks reported in plasticized starch/PLA blends by Wang et al (2003), these
double melting peaks are caused by the plasticizer effect as well as a nucleation effect
(Jang et al, 2007). The component of starch in blends acts as a nucleating agent to
improve the kinetics of PLA crystallization, but does not affect the crystallization

behavior of PLA (Ke and Sun, 2003c¢).
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Figure 4.2 DSC thermograms of thermoplastic high amylose cornstarch and
thermoplastic cornstarch /PLAgMA blend in a second thermal scan. Starch/water/
glycerol ratio (wt/wt): 50/14/36; TPS36/PLAgMA ratio (wt/wt): 70/30
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Figure 4.3 DSC thermograms of PLA grafted maleic anhydride in a second thermal scan.
PLA/MA /L101 ratio (wt/wt): 100/2/0.25
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The effects of blending time (in a Haake Rheomix 3000) on the thermal properties
of thermoplastic high amylose cornstarch (HAS-TPS)/PLAgMA/nanoclay blends were
studied. The DSC thermograms are shown in Figure 4.4 and the thermal characteristics
are presented in Table 4.2. Compared with these parameters, the differences are very
slight, indicating that the blending times of 4, 6 and 8 minutes (at 150°C) have no

significant effect on the thermal properties of the blends.

The thermal properties of thermoplastic high amylose cornstarch/PLAgMA blends
at various nanoclay (Cloisite 30B) compositions were evaluated by DSC. As per the
previous discussion, the DSC information of TPS/PLAgMA mainly comes from
PLAgMA. Therefore, the crystallinity of the blends can then be calculated using the

following equation (Fischer et al, 1972):

z. = iﬁg’ x100% Eq. (4-1)

m

Where, AH , : the enthalpy of fusion of PLA component in the blend, J/g

AH? : the enthalpy of fusion of PLA crystal of infinite size, 93.7)/g (Fisher

et al, 1972)

X.: the crystallinity of blends, %
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Figure 4.4 DSC thermograms of thermoplastic high amylose cornstarch/PLAgMA/
nanoclay blends in a second thermal scan. HAS-TPS/PLAgMA/Cloisite 30B ratio
(wt/wt): 70/30/2; blending time on Haake Rheomix 3000: 4min, 6min and 8min,
respectively

Table 4.2 DSC characteristics of HAS-TPS/PLAgMA/nanoclay blends at the different
blending time

Blonds Ratios Bl;ﬁ;“g T, T. Crystallization Tp xf}iggg
wt/wt (min) C C enthalpy J/g °C Ve

HASTPS/PLAgMA/30B-4 70/30/2 4 60.4 1123 9.49 153.3 9.05
HASTPS/PLAgMA/30B-6 70/30/2 6 58.9 110.7 10.14 152.4 10.54

HASTPS/PLAgMA/30B-8 70/30/2 8 60.3 111.7 10.5 153.6 10.7
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Table 4.3 DSC characteristics and calculation results of crystallinity of HAS-TPS/
PLAgMA/nanoclay blends

Ratioof 30B

T
Blends blend content .2 . .
wit/wt wt% ¢ ¢ Vg ¢ Vg %

Tc AH Tm AH Z 4

[ m

HASTPS/PLAgMA 70/30 0 58.7 113.7 10.57 151.7 11.18 1193
HASTPS/PLAgMA 70/30 1 58.9 108.7 10.04 1523 9.66 10.31
HASTPS/PLAgMA 70/30 2 589 110.7 10.41 152.4 1054 11.25
HASTPS/PLAgMA 70/30 3 57.8 107.1 1031 150.6 9.57 10.21

HASTPS/PLAgMA 70/30 5 586 1114 999 152.1 8.69 9.27

Comparing the crystallinity in Table 4.3, the addition of clays did not have a
significant effect on y,. It is difficult to strictly discuss the influence of clays on the
crystallization behavior from the DSC results. For the plasticized starch/PLAgMA/clay
blends, the glycerol plasticizer in TPS will migrate into the PLAgMA matrix and promote
the crystallization of PLAgMA. Further studies indicated that clay can accelerate the
crystallization by acting as a nucleating agent, but it cannot significantly affect the final

attained crystallinity (Shibata et al, 2006).

For a starch content less than 40 wt%, the crystallinity of PLA in PLA/starch
blend is increased compared to that of pure PLA but the crystallinity of PLA decreased
with increasing starch content (Ke and Sun, 2003c). However, as the starch content

increases and exceeds 40%, the mobility of the PLA molecule may be restricted by starch
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and the crystal growth rate is decreased. That may be attributed to the contents of amylose
and amylopectin. The higher content of branch amylopectin may exhibit more restriction
to the mobility of PLA molecule due to the entanglement of amylopectin with PLA
molecule. DSC thermograms for blends with different amylose compositions are shown

in Figure 4.5 and the DSC characteristics are shown in Table 4.4.

The difference between normal cornstarch (NS) and high amylose cornstarch
(HAS) is the content of amylose in the starch. The amylose content of NS used in this
research is 23 wt% and that of HAS is 70 wt%. In comparing the blends of HAS-

TPS/PLAgMA with NS-TPS/ PLAgMA, one observes that the AH,, of blend with HAS

is higher than that of one with NS. This may be due to the amylopectin restriction of PLA
molecule mobility, which may be more than that due to amylose. For blends containing
nanoclay (Cloisite 30B), the influence of each component is much more complicated..
Clay acts as a nucleating agent to increase the crystallinity of PLA; however, the higher
content of amylopectin limits the mobility of PLA. The crystallinity of PLA was balanced

by the effects of both opposite factors.
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Table 4.4 DSC characteristics of thermoplastics cornstarch/PLAgMA/Clay

Amylose Ratio of Clay T AH, AH,,,'
Blends contentin blend content % .5 Yo o U
0 0 C C g °C g
starch (wt%) wt/wt  wt%
HASTPS/PLAgMA 70 70/30 0 58.66 113.7 10.60 151.7 11.2
NSTPS/PLAgMA 23 70/30 0 59.73 115.0 11.10 153.5 9.31
HASTPS/PLAgMA/clay 70 70/30 5 58.63 1114 9.99 152.1 8.69
NSTPS/PLAgMA/clay 23 70/30 5 5839 1143 9.08 152.8 8.93
4
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Figure 4.5 DSC thermograms of two types of thermoplastic cornstarch/PLAgMA blends
and their blends with Cloisite 30B in a second thermal scan. Both thermoplastic
cornstarch/PLAgMA ratio (wt/wt): 70/30; TPS/PLAgMA/Cloisite 30B ratio (wt/wt):

70/30/2
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4.1.2 Rheological Properties

Rheological properties of thermoplastic starches and PLAgMA blends with
nanoclay were studied on a Rosand Precision Advanced Capillary Rheometer. The effects
of additives such as water, maleic anhydride and nanoclay on the rheological properties of

thermal plastic cornstarch were investigated.

These thermoplastic starch blends exhibit a shear-thinning behavior. The
relationship between shear rate and shear viscosity may be fitted by the power law at the

temperature of 150° C. The power-law equation can be expressed as:
n=my"" Eq. (4-2)

Where, 7: shear viscosity, Pa.s
m : consistency index, Pa.s"
7 : shear rate, s

n : power law index

The model parameters for high amylose cornstarch blends are shown in Table 4.5-4.7.
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The gelatinization of starch depends on the content of water as one plasticizer
component blended with starch in the Haake Rheomixer 3000 at a temperature of 120° C.
The effect of water removal on the rheological properties of TPS is shown in Figure 4.6
and the power-law parameters are presented in Table 4.5. The results indicated that the
blend containing water (HASTPS-PLAgMA_70-30-water) exhibited lower shear
viscosity at the same shear rate than the blend without water (HASTPS-PLAgMA 70—
30-nowater) did. The water, together with glycerol, acts as a plasticizer in blends and the
concentration of plasticizers is decreased after water removal. Thus, the shear viscosity
increases as plasticizer decreases. That is why the blend of HASTPS-PLAgMA_ 70-30
without water exhibits the higher shear viscosity at the same shear rate than that of

HASTPS-PLAgMA_ 70-30 with water does.

Maleic anhydride acts as a compatibilizer in the starch/PLA blends to increase the
compatibility of starch and PLA. The chemical reactions among starch, PLA and initiator
Luperox 101 are illustrated in Figure 2.3. In the case of plasticized cornstarch and PLA
blend, the effects of MA on the rheological properties were investigated (as shown in
Figure 4.7 and Table 4.5). The shear viscosity of HASTPS/PLAgMA is significantly

lower than that of HASTPS/PLA, which is consistent with Huneault and Li (2007).
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Table 4.5 Power-law parameters for blends of thermoplastic high amylose cornstarch

Blends Consistency lilndex, Power law index, R?
m, Pa.s n
HASTPS-PLAgMA_70-30-water 2562.7 0.2507 0.9878
HASTPS-PLAgMA_70-30-nowater 3336.1 0.2927 0.9938
HASTPS-PLA_70-30-nowater 5347.7 0.5006 0.9895

Temperature: 150° C
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Figure 4.6 Rheological properties of thermoplastic high amylose cornstarch/PLAgMA
(70/30) blends with water and water removal (starch/glycerol/water ratio: 50/36/14 wt/wt)
(Temperature: 150° C)
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Figure 4.7 Rheological properties of water free HASTPS/PLA (70/30 wt/wt) blend and
HASTPS/ PLAgMA blend (70/30 wt/wt). Ratio of PLA/MA/L101 (wt/wt): 100/2/0.25)

(Temperature: 150° C)
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Normally, the peroxide initiated graft-reaction increases the viscosity of polymers, for
example, polyethylene grafted by MA (PEgMA). But the reactions of MA and L101 with
plasticized starch/PLA are not simple as described in Figure 2.3. MA is highly reactive
with hydroxyl in the presence of initiator (L.101). The hydroxyl groups in glycerol could
potentially react with MA. The residual water in the TPS phase may cause the opening of
MA ring-cycle and thus reduce the reactivity of MA. Therefore, Huneault and Li (2007)
proposed that the possible reasons for the viscosity decrease in the presence of MA and
L101 were that the PLA chains first were broken by initiator and then free monomer can
be grafted onto the reacted chain ends, as in the case of the polypropylene grafting

reaction with MA (PPgMA), but this needs more evidence to be confirmed.

The effects of nanoclay on the rheological behaviors of thermoplastic cornstarch/
PLAgMA blends were studied on the dual capillary bore rheometer. The shear viscosity
versus shear rate behaviour of the blends with two types of cornstarch is shown in Figure
4.8 and Figure 4.9. The power-law parameters, obtained by regression of the experimental
data, are listed in Table 4.6 for blends of thermoplastic high amylose cornstarch/
PLAgMA/nanoclay and in Table 4.7 for blends of thermoplastic normal

cornstarch/PLAgMA/ nanoclay.
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Table 4.6 Power-law parameters for thermoplastic high amylose cornstarch/PLAgMA/
nanoclay blends

Content of Consistency Power law

Blends Cloisite 30B  index, m, index, R?
(%) Pa.s" n
HASTPS-PLAgMA_70-30 0 9261 0.3199  0.9990
HASTPS-PLAgMA-30B_70-30-1 1 10507 0.3443 0.9980
HASTPS-PLAgMA-30B_70-30-2 2 16277 0.3202  0.9976
HASTPS-PLAgMA-30B_70-30-3 3 18433 0.3313 0.9997
HASTPS-PLAgMA-30B_70-30-5 5 19668 0.3509  0.9989
HASTPS-PLAgMA-30B_70-30-8 8 21425 03967  0.9974

Temperature: 150°C

Table 4.7 Power-law parameters for thermoplastic normal cornstarch/PLAgMA/nanoclay
blends

Content of Consistency Power law

Blends Cloisite 30B  index, m, . R?
%) Pas" index, n
NSTPS-PLAgMA_70-30 0 1001.2 0.4886 09717
NSTPS-PLAgMA-30B_70-30-2 2 3255.6 03979  0.9883
NSTPS-PLAgMA-30B_70-30-3 3 3384.6 0.4158  0.9902
NSTPS-PLAgMA-30B_70-30-5 5 5021.9 03823 09952

Temperature: 150°C
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Figure 4.8 Rheological properties of thermoplastic high amylose cornstarch/PLAgMA
blends with various contents of Cloisite 30B. (Contents of Cloisite 30B are 0%, 1%, 2%,

3%, 5% and 8%, respectively; Temperature of measurement: 150° C)
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Figure 4.9 Rheological properties of thermoplastic normal cornstarch/PLAgMA blends
with various contents of Cloisite 30B. (Contents of Cloisite 30B are 0%, 2%, 3% and 5%,
respectively; Temperature of measurement: 150° C)
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The addition of a small amount of nanoclay (Cloisite 30B) causes an increase in
shear viscosity of both HASTPS/PLAgMA and NSTPS/PLAgMA. The shear viscosities

of blends increase as the amount of nanoclay (Cloisite 30B) increases. For the
HASTPS/PLAgMA, the shear viscosity can be expressed as 7 =9261y %" Similarly,

the shear viscosity of NSTPS/PLAgMA blend can be described as 77 =1001.2y 7",
When these blends contain 5% nanoclay (Cloisite 30B), the shear viscosities can be
described as 7 =19668y ***' and 5 =5021.95 %" respectively, indicating that the

content of nanoclay markedly increased the shear viscosities. Compared to the
NSTPS/PLAgMA/Cloisite 30B blends, HASTPS/PLAgMA/ Cloisite 30B exhibits high
shear viscosities (shown in Figure 4.10 and Figure 4.11). The difference may be attributed
to the different amylose content and structure in starches. The linear amylose molecules

have more hydrogen bonds, which increases the material viscosity (Huang, 2005).
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Figure 4.10 Comparison of rheological properties of TPS/PLAgMA/Cloisite 30B blends
prepared by different type of cornstarch (Cloisite 30B content: 5%)

60



10000

¢ HASTPS-PLAgMA-30B_70-30-2
= NSTPS-PLAgMA-30B_70-30-2
1000 +
—~ n
]
<
&
:gw u
w
g 100
1721
S
T
g
=
7))
10 +
1 1 1
10 100 1000 10000

Shear rate (/s)

Figure 4.11 Comparison of rheological properties of TPS/PLAgMA/Cloisite 30B blends
prepared by different type of cornstarch (Cloisite 30B content: 2%)
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Figure 4.12 Comparison of rheological properties of TPS/PLAgMA/Cloisite 30B blends
prepared under the different blending time on Haake batch rheomixer. Cloisite 30B
content: 2%; Conditions on Haake: 150° C, 45SRPM

A slight difference in rheological properties was found for the blends prepared
under different blending times on Haake rheomixer as shown in Figure 4.12. The shear
viscosities of HASPLAgMA-30B_4min and HASPLAgMA-30B_6min can be expressed
as 7 =12013y 7% and 7 =16277y ™, respectively. The shear viscosity of the blend
with 6 minutes of blending time was higher than that of blend with 4 minutes of blending
time. This difference may be attributed to the morphological properties of the blend. The
morphology of the 6-minute blend was more homogeneous than that of 4-minute blend.

The morphological properties will be discussed in the section 4.1.4,
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4.1.3 Mechanical Properties

Starch and PLA are immiscible, so maleic anhydride was used as a coupling agent
to improve interfacial adhesion. The tensile stress-strain behaviors of HASTPS/PLA
blended with MA were studied and the comparisons to the tensile properties of HASTPS
and HASTPS/PLA are shown in Figure 4.13. The tensile strength and modulus of
HASTPS/PLA were 3.287 MPa and 156.7 MPa respectively. After adding the MA
coupling agent, the tensile strength and modulus were increased significantly: tensile
strength increased to 7.165MPa and the modulus increased to 440.3 MPa. But the
elongation of HASTPS/PLA was higher than that of HASTPS/PLAgMA. The water
plasticizer was removed from HASTPS/PLAgMA. That is the possible reason why

HASTPS/PLA exhibits the higher elongation at the break than HASTPS/PLAgMA does.

Nanoclay (Cloisite 30B) was applied in the system to improve the mechanical
properties. Mechanical properties of thermoplastic cornstarch/PLAgMA blended with
various contents of Cloisite 30B were investigated. Blending ratios are shown in Table
3.2. Table 4.8 and Figure 4.14 illustrated the results of tensile testing, indicating all the
samples filled with clay showed an improvement of their tensile strengths and moduli
with respect to the unfilled samples. Tensile strength increased from 7.165 MPa to 8.139
MPa and modulus increased from 440.3 MPa to 606.2 MPa as the clay concentration

increased from 0% to 5%. Tensile strength of blend with 5% clay approach to the tensile
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Figure 4.13 Comparison of mechanical properties of plasticized high amylose cornstarch
(HASTPS), HASTPS/PLA and HASTPS/PLAgMA; (a) tensile strength, (b) modulus, and
(c) elongation at break. (Blending ratios: HAS/glycerol/water: 50/36/14 wt/wt,
HASTPS/PLA: 70/30 wt/wt and HASTPS/PLAgMA: 70/30 wt/wt)
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Figure 4.14 Mechanical properties of thermoplastic high amylose cornstarch (HASTPS)/
PLAgMA blended with various nanoclay contents; (a) tensile strength, (b) modulus, and
(c) elongation at break. (Blending ratios: HAS/glycerol/water: 50/36/14 wt/wt,
HASTPS/PLAgMA: 70/30 wt/wt and Cloisite 30B ratios are 0%, 1%, 2%, 3%, 5% and
8%, wt%, respectively.)
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Table 4.8 Effect of nanoclay (Cloisite 30B) on mechanical properties of thermoplastic
high amylose cornstarch/PLAgMA blends

No| Starch Blonds Ratio Ofcgnl?e);lt Mechanical Properties .
Type Blends o Tensile Modulus |Elongation
wtYe strength MPa MPa at break %
1 H.A.S [HAS-TPS36 100/0 0 10.768+0.095| 16.9+£39 |12.31£2.25
2 HA.S [HAS-TPS36/PLA 70/30 0 13.287+0.528 | 156.8+19.5 |10.10+0.41
3 HA.S [HAS-TPS36/PLAgMA] 70/30 0 7.165+0.674| 440.3+81.3 | 4.15+£0.30
4 H.A.S HAS-TPS36/PLAgMA| 70/30 1 ]7.366+0.158 | 457.6+29.5 | 3.73+0.40
5 H.A.S |HAS-TPS36/PLAgMA| 70/30 2 |7.506£0.740 | 497.2+84.4 | 2.85+0.76
6 HA.S [HAS-TPS36/PLAgMA{ 70/30 3 7.729+1.083 | 555.0+£94.0 } 2.57+0.49
7 HA.S |HAS-TPS36/PLAgMA! 70/30 5 18.139+0.668 | 606.2+49.0 | 2.51+£0.70
8 H.A.S [HAS-TPS36/PLAgMA| 70/30 8 |8.286+0.795|660.2+146.6 | 1.87+0.05

strength of low-density polyethylene (LDPE) but the modulus exceeds LDPE (tensile

strength of 11.7 MPa and modulus of 393 MPa for LDPE); nevertheless, tensile strength

and modulus are much smaller than polystyrene (tensile strength of 43.9 MPa and

modulus of 3000 MPa for PS). However, elongation at break decreased to 1.87% from

10.10% as the concentration of clay increased from 0% to 8%. Similarly, plasticized

normal cornstarch/PLAgMA blends filled with Cloisite 30B also exhibited an

improvement in tensile strength and modulus. Elongation at break shows a decrease as the

concentration of Cloisite 30B increases as well as HASTPS/PLAgMA/ Cloisite 30B

blends (as shown in Table 4.9 and Figure 4.15)
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Cloisite 30B is a type of organoclay with a good dispersion in the PLA matrix and
it can form a nanocomposite system with PLA (Pluta, 2006). However, the dispersion of
Cloisite 30B in a starch matrix is not as good as in PLA. Park et al (2002) thought that
Cloisite 30B is hydrophobic and does not match with the polarity of TPS, indicating the
lack of compatibility between TPS and Cloisite 30B. Interestingly, PLAgMA might act as
a compatibilizer to enhance the dispersion of Cloisite 30B into TPS matrix. This is a
possible reason why the tensile strength and modulus of the samples filled with Cloisite
30B improved compared to the unfilled sample. The reduction of elongation may be due
to the interaction between clay and polymer matrices, which may lead to reduced

polymeric chain mobility making the material more rigid (Modesti, 2005).

Table 4.9 Effect of nanoclay (Cloisite 30B) on mechanical properties of thermoplastic
high amylose cornstarch/PLAgMA blends

Starch Ratio of] Clay Mechanical Properties

No Type Blends Blends content

o Tensile Modulus |Elongation
wt% strength MPa MPa at break %

1 N.S. NS-TPS36/PLAgMA | 70/30 0 [0.726+0.141| 11.2+6.7 |18.09+5.05

2 N. S. NS-TPS36/PLAgMA | 70/30 2 12.609+0.107 | 109.5£15.0 |10.67+1.50

3 N.S. NS-TPS36/PLAgMA | 70/30 3 1291440460 107.5+18.5 | 5.76+0.13

4 N. S. NS-TPS36/PLAgMA | 70/30 5 14.766+£0.276 | 133.0+£14.2 | 3.96+0.57
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Figure 4.15 Mechanical properties of thermoplastic normal cornstarch (NSTPS)/
PLAgMA blended with various nanoclay contents; (a) tensile strength, (b) modulus, and
(c) elongation at break. (Blending ratios: HAS/glycerol/water: 50/36/14 wt/wt,
HASTPS/PLAgMA: 70/30 wt/wt and Cloisite 30B ratios are 0%, 2%, 3%, and 5%, wt%,
respectively.)
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The effects of blending time on mechanical properties of blends were evaluated
and the testing results are shown in Table 4.10. A longer blending time can provide clay a
better dispersion and a greater interaction in material system, but it can cause thermal
degradation as blending time is longer than 6 min (Huang, 2005). The greater interaction
leads to improvement both in tensile strength and modulus but it could also be responsible

for the lower elongation at break (Modesti et al, 2005).

Table 4.10 Effect of blending time on mechanical properties of thermoplastic high
amylose cornstarch/PLAgMA/Cloisite 30B (70/30/2 wt/wt) blends

Ratio of|] Clay | Blending Mechanical Properties
No Blends B“l:/nds cont;nt tm.le Tensile Modulus | Elongation
wt | wtte min strength MPa| MPa | at break %
HASTPS-
1 PLAgMA 70/30 2 4 6.772+0.409 | 434.3+£52.9| 3.06+0.64
HASTPS-
2 PLAgMA 70/30 2 6 7.506+0.740 {497.2+84.4 | 2.85+0.76
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4.1.4 Morpholegical Properties

Mechanical properties of polymer blends are highly related to their morphology.
Morphologies of selected samples were observed on a Philips scanning electron

microscope (SEM) and the images are shown in Figure 4.16 and Figure 4.17.

For MA compatibilized thermoplastic high amylose cornstarch/PLA blends (in
Figure 4.16 (a) and (b)), SEM micrographs show a very good compatible morphology
without cavities and edges resulting from poor interfacial adhesion. Images of
thermoplastic normal cornstarch indicate the same behavior (in Figure 4.16 (c) and (d)).
This result implied that the reaction between hydroxyl groups on the starch molecule and
anhydride groups on MA increased the adhesion between starch and PLA phase. This
result also explained why the blends compatibilized by MA show higher tensile strength

and modulus than the blends unfilled by MA do (see section 4.1.3).

The effect of blending time on the morphological properties was evaluated. Figure
4.17 showed the images of SEM of blends prepared under blending times of 4 minutes
and 6 minutes. Diameters of the granules of starch in 4-minutes blends were
approximately 10-12 z m but that of 6-minute blends showed 5-8 4 m diameters, which
is much smaller than 4-minute blends did. The better mechanical properties were
exhibited in blend with 6-minutes blending time also because of its smooth and uniform

morphology.
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@

Figure 4.16 Comparisons of SEM images of thermoplastic starch/PLA and MA
compatibilized thermoplastic starch/PLA blends: (a) HAS-TPS/PLA, (b) HAS-TPS/
PLAgMA, (c) NS-TPS/PLA, and (d) NS-TPS/PLAgMA. TPS/PLA blend ratio (wt/wt):
70/30, MA and L101 content (wt%): 2% and 0.25% PLA basis, respectively.
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(a) (b)

Figure 4.17 Comparisons of SEM images of thermoplastic high amylose
cornstarch/PLA/Cloisite 30B prepared under the different blending time on Haake
rheomixer: (a) 4min, and (b) 6min. HAS-TPS/PLAgMA/Cloisite 30 ratio: 70/30/2 wt/wt.
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4.1.5 Water Resistance

The contact angle formed between a water droplet placed at the surface of a
material and the kinetics of spreading are related to the hydrophobicity of material. For
TPS, the water droplet is very rapidly absorbed because the hydroxyl group in starch can
form a hydrogen bond with water (Averous et al, 2000). The contact angles of
HASTPS/PLAgMA/clay and NSTPS/PLAgMA/clay blends were measured and
illustrated in Figure 4.18 and Figure 4.19, respectively. For blends of HASTPS/PLAgMA

/clay, the initial angles are 50.7°, 59.5° and 66.2° as the contents of clay are filled at 2%,

3% and 5%, respectively but the drop rates for three formulations stay at the same level
(shown in Figure 4.18). For blends NSTPS/PLAgMA/clay, the initial angles are 62.0°
and 70.3° as the contents of clay are 3% and 5% (shown in Figure 4.19). A slight
increase was achieved as clay increased for both types of cornstarch. In all cases, the

water droplet was penetrated into the samples and it was believed to be absorbed by the

component of starch.

In order to increase the hydrophobicity, AKD, a type of sizing agent, was
introduced into the material system. Normally, AKD acted as a sizing agent was widely
used in sizing treatment of paper products to improve the hydrophobicity of the paper. In
this work, two treatment methods were applied: surface sizing and internal sizing. The
test results of surface sizing are shown in Figure 4.20. Compared to untreated samples,
treated samples exhibited an improvement in hydrophobicity for both types of starch. For

the blends that included HAS, the evolution of contact angle with time is slower
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Figure 4.18 Contact angles of thermoplastic high amylose cornstarch/PLAgMA/Cloisite
30B. Ratio of TPS/PLAgMA: 70/30, wt/wt. Concentration of Cloisite 30B: 2%, 3%, and
5% (wt%) respectively.
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Figure 4.19 Contact angles of thermoplastic normal cornstarch/PLAgMA/Cloisite 30B.
Ratio of TPS/PLAgMA: 70/30, wt/wt. Concentration of Cloisite 30B: 3% and 5% (wt%).
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Figure 4.20 Effect of AKD surface sizing on contact angles of TPS/PLAgMA/Cloisite
30B blends, (a) high amylose cornstarch, (b) normal cornstarch. Ratio of TPS/PLAgMA:
70/30, wt/wt. Concentration of Cloisite 30B: 5%, wt%.
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and more constant (illustrated in Figure 4.20a). For the blends involved NS, the sample
treated by AKD showed higher initial angle than the one untreated did. The initial angles

were increased from 69.5 to 76.7 after surface treatment by AKD.

Similar to the reaction between AKD and cellulose in the paper sizing process,
AKD also easily reacts with hydroxyl functional groups on starch molecular chains.
Figure 4.21 shows the possible reaction of AKD with starch, but this reaction needs more

work to prove.

Qﬂ,(}

RACHAGCHR, | 1 Coiions] —» R,-cuc—cﬂcwfggm_.
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Figure 4.21 Possible reaction between AKD and starch

The internal sizing treatment was performed but no significant improvement on

hydrophobicity was found as shown in Figure 4.22.
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Figure 4.22 Effect of AKD internal sizing on contact angles of TPS/PLAgMA blends, (a)
high amylose cornstarch, (b) normal cornstarch. Ratio of TPS/PLAgMA: 70/30, wt/wt.
Concentration of AKD: 0.1% starch basis, wt%.
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4.2 Structure and Properties of Thermoplastic Pulse Starches and PLAgMA Blends

with Nanoclay

In this research work, three types of pulse starches were studied: mung bean,
lentil and pea. Pulse starches were plasticized in the presence of water and glycerol to
form thermoplastic pulse starches. Similar to the studies with cornstarch, rheological,
thermal and mechanical properties and hydrophobicity of blends filled with pulse

starches were investigated.

4.2.1 Thermal Properties

The thermal properties of thermoplastic pulse starch/PLAgMA were evaluated
using DSC. The DSC thermograms of blends in a second thermal scan are recorded and

the data read from DSC thermograms were listed in Table 4.11.

The glass transition temperatures (Tg), crystallization temperatures (T.) and
melting temperature (Tr,) for blends (70/30 wt/wt) of thermoplastic bean starch/PLAgMA,
lentil starch/ PLAgMA and pea starch/PLAgMA were studied. The results indicated that
three types of plasticized pulse starches blended with PLAgMA exhibited a very similar
thermal behavior. Compared to the thermal transition temperature and DSC thermogram
of PLAgMA (Figure 4.3), the similar thermal behavior (as shown in Figure 4.23)
indicated the same results from the investigations of cornstarch were achieved: the

thermal behaviors are mainly dominated by the component of PLAgMA.
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However, the melting enthalpy and crystallization enthalpy of bean starch showed
much lower values than other two pulse starches, which may be attributed to the

molecular structure and granular size of bean starch.

Table 4.11 DSC characteristics of thermoplastic pulse starch/PLAgMA/nanoclay blends

Ratio of Clay Melting

Starch T T. Crystallization T
Blends Blends content .5 . . enthalpy
Type wiiwt v (O (O enthalpy, g (C) [

Bean Be-TPS/PLAgMA  70/30 0% 59.7 116.0 5.945 153.1 5.546
Be-TPS/PLAgMA  70/30 5% 60.5 116.8 5.744 154.0 7.630
Lentil Len-TPS/PLAgMA 70/30 0% 59.5 1156 10.02 153.5 9.280
Len-TPS/PLAgMA 70/30 5% 59.6 115.7 9.83 153.9 8.715
Pea Pe-TPS/PLAgMA  70/30 0% 602 115.7 9.269 153.7 8.326
Pe-TPS/PLAgMA  70/30 5% 59.2 109.9 10.86 153.7 10.080

All DSC data were read from the second thermal scan in DSC thermograms. Tg, T, and
Twm are glass transition temperature, crystallization temperature and melting temperature,
respectively.
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Figure 4.23 DSC thermograms of three types of thermoplastic pulse starch (TPPS)/
PLAgMA blends in a second thermal scan. Starch/water/glycerol ratio (wt/wt): 50/14/36;
TPPS/PLAgMA ratio (wt/wt): 70/30.
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Figure 4.24 DSC thermograms of thermoplastic bean starch (TPBS)/PLAgMA blend and
TPBS/PLAgMA/Cloisite 30B blend in a second thermal scan. Bean starch/water/glycerol
ratio (wt/wt): 50/14/36; TPBS/PLAgMA ratio (wt/wt): 70/30 and Cloisite 30B content:
5%, wt%.

84



0.2
LenTPS36-PLAgMA_70-30

——~——  LenTPS36-PLAgMA-Clay_70-30-5

0.0

Heat Flow (W/g)

0.6 . . , :
20 70 120 170

B tp Temperature (°C) Universal V4.1D TA Instruments

Figure 4.25 DSC thermograms of thermoplastic lentil starch (TPLS)/PLAgMA blend and
TPBS/PLAgMA/Cloisite 30B blend in a second thermal scan. Lentil starch/water/
glycerol ratio (wt/wt): 50/14/36; TPLS/PLAgMA ratio (wt/wt): 70/30 and Cloisite 30B
content: 5%, wt%.
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Figure 4.26 DSC thermograms of thermoplastic pea starch (TPPeS)/PLAgMA blend and
TPPS/PLAgMA/Cloisite 30B blend in a second thermal scan. Pea starch/water/ glycerol
ratio (wt/wt): 50/14/36; TPPeS/PLAgMA ratio (wt/wt): 70/30 and Cloisite 30B content:
5%, wt%.
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Figure 4.27 DSC thermograms of three types of thermoplastic pulse starch (TPPS)/
PLAgMA/Cloisite 30B blends in a second thermal scan. Starch/water/glycerol ratio
(wt/wt): 50/14/36; TPPS/PLAgMA ratio (wt/wt): 70/30; Cloisite 30B concentration: 5%
wt%
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Nanoclay (Cloisite 30B) was also used to improve the properties of blends. The
effects of nanoclay on thermal properties of thermoplastic pulse starch/ PLAgMA blends
were also analyzed on DSC. DSC thermograms in the second thermal scan were shown
from Figure 4.24 to Figure 4.26. Figure 4.27 showed comparison of thermal behaviors of
three types of thermoplastic pulse starch blends filled with 5% of Cloisite 30B. The
effects of nanoclay (Cloisite 30B) on thermal properties are very slight except pea starch.
Crystallization temperature of pea decreased from 115.7°C to 109.9°C in presence of
Cloisite 30B. The difference may be attributed to some physical properties of pea starch

such as granular size, molecular structures and molecular weight distribution.

4.2.2 Rheological Properties

The effects of nanoclay on the rheological behaviors of thermoplastic pulse
starch/ PLAgMA were investigated at 150° C. As illustrated by Figures 28-30, the
thermoplastic pulse starch materials exhibited shear-thinning behaviors, which can be
expressed by power-law equation as shown in Eq. 4-2. The power-law parameters
calculated from power-law equation were shown in Table 4.12. Consistency values of
TPPS/PLAgMA blends are 1915 Pa.s", 7917 Pa.s" and 12219 Pa.s" for bean, lentil and
pea starch, respectively. The values are increased to 10127 Pa.s", 11614 Pa.s" and 18522

Pa.s" in the presence of 5% Cloisite 30B.
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Figure 4.28 Rheological properties of thermoplastic bean starch (TPBS)/PLAgMA(70/30)
blends with 5% of Cloisite 30B (starch/glycerol/water ratio: 50/36/14 wt/wt)

(Temperature on Rosand: 150° C)

10000
¢ LenTPS36-PLAgMA_70-30
. m LenTPS36-PLAgMA-Clay 70-30-2
i LenTPS36-PLAgMA-Clay 70-30-3
& 1000 x LenTPS36-PLAgMA-Clay 70-30-5
& ,
‘D . NN
>
g 100
=
7]
10 . ;

10 100 1000 10000
Shear Rate (/s)

Figure 4.29 Rheological properties of thermoplastic lentil starch (TPLS)/PLAgMA
(70/30) blends with 5% of Cloisite 30B (starch/glycerol/water ratio: 50/36/14 wt/wt)

(Temperature on Rosand: 150° C)
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Figure 4.30 Rheological properties of thermoplastic pea starch (TPPeS)/PLAgMA (70/30)
blends with 5% of Cloisite 30B (starch/glycerol/water ratio: 50/36/14 wt/wt)

(Temperature on Rosand: 150° C)

Table 4.12 Power-law parameters for thermoplastic pulse starch/PLAgMA/Cloisite 30B
blends

Content of Consistency Power law

S;;g:: Blends Cloisite  index, m, index, R?
30B (%) Pas" n
Bean BeTPS-PLAgMA_70-30 0 1915 0.4017  0.9893
BeTPS-PLAgMA-30B 70-30-5 5 10127 0.3194  0.9999
Lentil LenTPS-PLAgMA-30B_70-30 0 7917 0.3135  0.9526
LenTPS-PLAgMA-30B_70-30-2 2 8568 0.3472  0.9808
LenTPS-PLAgMA-30B_70-30-3 3 11133 0.3316  0.9997
LenTPS-PLAgMA-30B 70-30-5 5 11614 0.3340  0.9999
Pea PeaTPS-PLAgMA_70-30 0 12219 0.3245  0.9998
PeaTPS-PLAgMA-30B_70-30-2 2 17041 0.2967  0.9999
PeaTPS-PLAgMA-30B_70-30-3 3 16731 0.3026  0.9998
PeaTPS-PLAgMA-30B 70-30-5 5 18522 0.2958  0.9999

Temperature: 150°C
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All the blends filled with Cloisite 30B showed an increase of their shear
viscosities in comparison to the unfilled blends. This result may be attributed to the high

dispersion of Cloisite 30B in the polymeric matrix but it needs to be proofed.

4.2.3 Mechanical Properties

Mechanical properties of thermoplastic pulse starches (TPPS) and TPPS/
PLAgMA blended with Cloisite 30B were studied on an Instron tensile testing machine.
Figures 4.31, 4.32 and 4.33 show tensile strength, tensile modulus and elongation at
breaks respectively. For bean and lentil starch, tensile strength and modulus were
significantly improved in the presence of PLAgMA with respect to the blends of pulse
starches plasticized by glycerol/water (36/14 wt/wt). But the improvement of tensile
strength for bean starch was slight. Table 4.13 presented the mechanical properties of
pulse starches quantitively. Tensile strengths of plasticized pea and lentil were increased
from 1.717 MPa and 1.264 MPa to 4.371 MPa and 3.084 MPa as blending with
PLAgMA (ratio of TPS/PLAgMA: 70/30 wt/wt). Moduli were increased to 159.9 MPa
and 156.9 MPa from 8.059 MPa and 3.766 MPa. However, the improvement for bean
starch was not as large as those two starches: modulus increased from 4.793 MPa to
86.07 MPa and tensile strength increased from 1.085 MPa to 1.295 MPa. The possible
reason may be related to the bean molecular structure such as length of branch chains,

molecular weight and distribution and reaction between bean starch and PLA in presence
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of Luperox 101. Little information is available concerning effects of bean molecular

structure on mechanical properties.

Table 4.13 Mechanical properties of thermoplastic pulse starch and its blends with

PLAgMA and Cloisite 30B
1 Mechanical Properties
Starch Ratio off Clay
No Type Blends l?if/r:}ts c“’;‘;jnt Tensile | Modulus |Elongation at
® |strength MPa| MPa break %
1 Pea [PeTPS36 100/0 0 1.717+£0.297 | 8.059+2.6 | 79.73%£7.23
2 Pea |PeTPS36/PLAgMA | 70/30 0 4371+0.298 |159.9+12.9| 8.13+£2.46
3 Pea [PeTPS36/PLAgMA | 70/30 2 5.2454+0.418 {264.3£70.8| 4.75+1.18
4 Pea [PeTPS36/PLAgMA | 70/30 3 5.288+0.8221259.9+29.8] 4.27+1.34
5 Pea [PeTPS36/PLAgMA | 70/30 5 6.215+0.297 |329.2+46.8| 3.87+0.34
6 | Lentil LenTPS36 100/0 0 1.264+0.084 | 3.766+0.6 | 94.32+7.07
7 | Lentil |LenTPS36/PLAgMA | 70/30 0 3.084+0.417 [156.9+£39.8| 5.91+1.46
8 | Lentil [LenTPS36/PLAgMA | 70/30 2 3.554+0.169 | 162.0£7.7 | 7.47+1.99
9 | Lentil [LenTPS36/PLAgMA | 70/30 3 3.854+0.410 [155.0£24.3] 8.30+0.55
10 | Lentil {LenTPS36/PLAgMA | 70/30 5 4.719+0.235 {222.7+32.8| 9.55+1.88
11 | Bean |BeTPS36 100/0 0 1.085+0.097 | 4.793+0.5 | 85.57+10.68
12 | Bean |BeTPS36/PLAgMA | 70/30 0 1.295+0.171 | 86.1£72.9 | 9.93+2.38
13 | Bean |BeTPS36/PLAgMA | 70/30 5 3.704+0.219 {192.4+£52.1] 6.79+1.53
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Figure 4.31 Comparison of tensile strength of thermoplastic pulse starch and its blends
with PLAgMA and Cloisite 30B. Ratio of starch/glycerol/water: 50/36/14 wt/wt (TPS36:
thermoplastic starch with 36%wt glycerol)
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Figure 4.32 Comparison of modulus of thermoplastic pulse starch and its blends with
PLAgMA and Cloisite 30B. Ratio of starch/glycerol/water: 50/36/14 wt/wt (TPS36:
thermoplastic starch with 36%wt glycerol)
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Figure 4.33 Comparison of elongation at break of thermoplastic pulse starch and its
blends with PLAgMA and Cloisite 30B. Ratio of starch/glycerol/water: 50/36/14 wt/wt
(TPS36: thermoplastic starch with 36%wt glycerol)

For all blends filled with Cloisite 30B, tensile strength and modulus increased as
content of clay increased. This result is consisted with the behaviors of cornstarch when
filling with clay. But lentil starch presented an opposite behavior on elongation at break:
elongation at break was increased from 5.91% to 9.55% as content of Cloisite 30B
increased from 0% to 5%. A further investigation is needed to understand why the

difference exists between starches.
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4.2.4 Water Resistance

Contact angles of a water droplet on the sample surface were measured for

different type of pulse starches and are presented in Figures 4.34 - 4.36.

For thermoplastic pulse starch/PLAgMA, initial angles were 54.61°, 52.44° and
52.27° for bean, lentil and pea starch, respectively. When the blends filled with 5%
Cloisite 30B, the initial angles were increased to 60.45°, 61.87° and 75.04° respectively.

The hydrophobicity was improved when blends filled in 5% of Cloisite 30B. Similar to
cornstarch, water droplet penetrated into the sample and combined with the component of
starch. But when the blends filled with clay, the silicate layers can act as barriers to
prevent water from entering. That may be the reason why hydrophobicity of blends was

enhanced in presence of Cloisite 30B.
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Figure 4.34 Comparison of contact angles of thermoplastic bean starch (BeTPS36)/
PLAgMA and BeTPS36/PLAgMA/Cloisite 30B. Ratio of BeTPS36/PLAgMA: 70/30,
wt/wt. Concentration of Cloisite 30B: 5% (wt%).
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Figure 4.35 Comparison of contact angles of thermoplastic lentil starch (LenTPS36)/
PLAgMA and LenTPS36/PLAgMA/Cloisite 30B. Ratio of LenTPS36/PLAgMA: 70/30,
wt/wt. Concentration of Cloisite 30B: 5% (wt%).
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Figure 4.36 Comparison of contact angles of thermoplastic pea starch (PeTPS36)/
PLAgMA and PeTPS36/PLAgMA/Cloisite 30B. Ratio of PeTPS36/PLAgMA: 70/30,

wt/wt. Concentration of Cloisite 30B: 5% (wt%).
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Chapter 5

Conclusions

Three types of pulse starches and two types of cornstarches were used in this
research. Starch was blended with water and glycerol to form thermoplastic starch (TPS).
Poly (lactic acid) (PLA) was used to improve the properties of TPS. Maleic anhydride
(MA) acted as a coupling agent to increase the miscibility of the PLA phase with the TPS
phase. Cloisite 30B, a type of organoclay, was filled into material system to improve the
properties of blends. The thermal, rheological, mechanical and morphological properties
of blends were investigated. In order to enhance the hydrophobicity, alkyl ketene dimer

(AKD) was used as a sizing agent. Two types of sizing methods were applied.
5.1 Corn Starch

DSC investigation showed that the action of water removal from TPS had little or
no effect on the thermal behavior of the TPS and PLA blends. PLA grafted by maleic
anhydride showed a lower glass transition temperature (T,) and melting temperature (Tr)

and a higher crystallization temperature (T.) in comparison with PLA did. Blending time
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had very slight effect on thermal properties. Cloisite 30B had no significant effect on

thermal behaviors of TPS/PLA blends at concentrations less than 5 wt%.

The presence of MA caused TPS/PLA to exhibit a lower shear viscosity than the
blends with pure PLA. Thermoplastic cornstarch/PLAgMA/Cloisite 30B blends presented
shear-thinning behaviors at 150° C when concentration of clay was less than 5 wt%. No
significant effect on rheological properties was detected when the blending time was
extended from 4 min to 6 min but the thermal degradation was occurred as blending time
extended longer than 6 min (according to the previous research). For thermoplastic
cornstarch/PLAgMA/Cloisite 30B blends, high amylose cornstarch demonstrated a higher

shear viscosity than normal cornstarch in the same blending ratio.

Coupling agent MA significantly improved the tensile strength and modulus of
blends. When blends of TPS/PLAgMA filled with Cloisite 30B (ub to 5 wt%), the tensile
strength and modulus were remarkably improved so as to approach to the level of LDPE,
but the elongation at break is decreased. The blends with 6-min blending time exhibited
higher tensile strength and modulus and lower elongation at break than the blends with 4-

min blending time.

An improvement in morphology was obtained for TPS blended with PLAgMA
compared to TPS blended with pure PLA. Blends of TPS/PLAgMA exhibit more
homogeneous morphologies and smaller TPS particle size than blends of TPS/PLA.
Therefore, we surmise that MA improved the interfacial adhesion between TPS and PLA

phase. The smaller TPS particle size was found in the longer blending time (6min).
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Starch is a hydrophilic material and water droplet on the surface of TPS is readily
absorbed but the water droplet contact angle for TPS/PLAgMA was significantly
improved compared to TPS alone due to the hydrophobicity of PLAgMA component. The
existence of clay in blends improved the hydrophobicity of blends because the layer of
silicate acts as a barrier to prevent water from going through the surface. In surface sizing,
the samples treated by AKD showed higher hydrophobicity than the untreated samples.
However, internal sizing blended into the material showed very little improvement in

hydrophobicity.

5.2 Pulse Starch

Thermoplastic pulse starch/PLAgMA blends exhibited similar thermal behavior as
thermoplastic cornstarch/PLAgMA blends; the thermal behaviors were mainly dominated
by the PLAgMA component. For pulse based starches, blends of bean starch showed
lower melting enthalpy and crystallization enthalpy than pea and lentil starch. Cloisite
30B had no significant effect on thermal behavior of thermoplastic pulse starch/PLAgMA

blends.

At 150°C, all thermoplastic pulse starch/PLAgMA blends showed shear-thinning

behaviors, which can be expressed by power law equation. Shear viscosity increased as

blends had higher percentages of filler with Cloisite 30B.

Tensile strength and modulus improved remarkably for blends of pea and lentil

starch when MA acted as coupling agent was used in blends, but the improvement for
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blends of bean starch was slight. The addition of Cloisite 30B improved the tensile

strength and modulus, but elongation at break decreased.

The initial contact angle of a water droplet in the surface of thermoplastic pulse

starch/ PLAgMA sample was less than 55°, but it increased up to 75° as nanoclay

(Cloisite 30B) was added to the blends up to 5% by weight.
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Chapter 6

Recommendations

The ultimate goal of this research should is to make thermoplastic starch basis
materials available for producing the packaging applications such as film. Based on the
fact that some mechanical properties of TPS/PLAgMA/clay blend approach the properties
of LDPE, future research work should thoroughly evaluate some properties and enhance

the properties, which is weak for making such as film and tray,
(1) Ductility improvement

Although the tensile strength and modulus were improved to reach the level of LDPE,
the elongation at break was still too low (2-4%). Ductility improvement, which is

important for the thin packaging applications, such film, should be studied.

(2) Barrier properties evaluation
Nanoclays in the material system proved to enhance the mechanical properties of
blends. Meanwhile, theoretically, the addition of nanoclay should benefit for
improving barrier properties if structures of nanocomposites were formed. So the

barrier property evaluation for blends should be performed.
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(3) Pulse starch research
Further studies should be done on the relation between molecular structure of pulse

based starches and final properties.

(4) Hydrophobicity improvement
Hydrophobicity was improved as AKD was introduced to material system. The

mechanism of reaction should be studied.

(5) Biodegradability research
The biodegradability of materials should be studied. The effects of nanoclay on

biodegradability should be evaluated.
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Appendix A

DSC measurements on cornstarch, pulse starch and
their blends

Heat flow (mW)
"

_3.5 ! { 1 L
0 50 100 150 200 250

Temperature (°C)

Figure Al DSC thermogram of thermoplastic high amylose cornstarch in a second
thermal scan. Blending ratio: HAS/glycerol/water = 50/36/14 wt/wt.
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Figure A2 DSC thermogram of thermoplastic high amylose cornstarch after water
removal in a second thermal scan. Blending ratio: HAS/glycerol/water = 50/36/14 wt/wt.
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Sample; PLAgMA File: C:\TA\Data\DSC\Yuging\PLAgMA-a

Size: 9.3470 mg DSC Operator: Yuqing
Method: TPS/PLA2 Run Date: 28-Feb-2007 15:23
Instrument: 2920 MDSC V2.6A
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Exo Up Temperature ("C) Universal V4.1D TA Instruments

Figure A3 DSC thermogram of PLA grafted by maleic anhydride (PLAgMA) in a
second thermal scan. Blending ratio: PLA/MA/L101 = 100/2/0.25 wt/wt.
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Sample: TPS-PLAgMA-Clay_1Re File: C:..\DSC\Yuqing\TPS-PLAgMA-Clay _1Re.001

Size: 9.5720 mg DSC Operator: Yu Qing
Method: TPS/PLAZ Run Date: 02-Mar-2007 15:54
Instrument; 2920 MDSC V2.6A
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Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A4 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/1 wt/wt.
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Sample: TPS36-PLAgMA-Clay_2 File: C:\TA\Data\DSC\Yuqing\TPS-PLAgMA-Clay_2z

Size: 9.2830 mg DSC Operator: Hyun
Method: TPS/PLA2 Run Date: 02-Mar-2007 10:41
Instrument: 2920 MDSC V2.6A
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Figure AS DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/2 wt/wt.

110



Sample: TPS-PLAgMA-Clay-3 File: C:\TA\Data\DSC\Yuqing\TPS-PLAgMA-Clay_3z

Size: 9.7490 mg DSC Operator: Yuging
Method: TPS/PLA2 Run Date: 28-Fgh-2007 12:41
Instrument: 2920 MDSC V2.6A
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Figure A6 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/3 wt/wt.
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Sample: TPS-PLAgMA-Clay-5 Fite: C...\DSC\Yuqing\TPS-PLAgMA-Clay_5.001

Size: 9.8250 mg DSC Operator: Yuqing
Method: TPS/PLA2 Run Date: 28-Feb-2007 14:04
Instrument; 2820 MDSC V2.6A
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Figure A7 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/5 wt/wt.
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Sample: NSTPS36-PLAgMA_70-30 File: C:..\Yuqing\NS\NSTP836-PLAgMA_70-30a

Size: 94840 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 11:056
Instrument: 2920 MDSC V2.6A
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o 031
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Exo Up Temperature (°C) Universal V4.1D TA Instruments

Figure A8 DSC thermogram of thermoplastic normal cornstarch/PLAgMA in a second
thermal scan. Blending ratio: NSTPS/PLAgMA = 70/30 wt/wt.
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Sample: NSTPS36-PLAgMA-Clay_70-30-5 File: C:..\NS\NSTPS36-PLAgMA-Clay_70-30-5a

Size: 9.8560 mg DsC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 09:47
Instrument: 2920 MDSC V2.6A
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Figure A9 DSC thermogram of thermoplastic normal cornstarch/PLAgMA/ Cloisite 30B
in a second thermal scan. Blending ratio: NSTPS/PLAgMA/Cloisite30B = 70/30/5 wt/wt.
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Sampie: TPS36-PLAgMA-Clay_70-30-2_4min File: C:..\TPS36-PLAgMA-Clay_70-30-2_4min.001

Size: 9.3840 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 18-May-2007 12:28
Instrument: 2820 MDSC V2.6A
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Figure A10 DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/2 wt/wt. Blending time on Haake: 4 min
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Sample: TPS36-PLAgMA-Clay_70-30-2_8min File: C:...\TP836-PLAgMA-Clay_70-30-2_8min

Size: 9.4790 mg DSC Operator; Yu Qing
Method: TPS/PLA2 Run Date: 18-May-2007 11:10
Instrument: 2920 MDSC V2.6A
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Figure A1l DSC thermogram of thermoplastic high amylose cornstarch/PLAgMA/
Cloisite 30B in a second thermal scan. Blending ratio: HASTPS/PLAgMA/Cloisite30B =
70/30/2 wt/wt. Blending time on Haake: 8 min
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Sample: BeTPS36-PLAgMA_70-30 File: C:..\Bean\BeTPS36-PLAgMA_70-30.001

Size: 9.4700 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 12:22
Instrument: 2920 MDSC V2.6A
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Figure A12 DSC thermogram of thermoplastic bean starch/PLAgMA in a second

thermal scan. Blending ratio: BeTPS/PLAgMA = 70/30 wt/wt.
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Sample: BeTPS36-PLAgMA-Ciay_70-30-5 File: C....\Bean\BeTP836-PLAgMA-Clay_70-30-5a

Size: 9.2080 mg DSC Operator; Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 13:38
Instrument: 2820 MDSC V2.6A
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Figure A13 DSC thermogram of thermoplastic bean starch/PLAgMA/ Cloisite 30B in a
second thermal scan. Blending ratio: BeTPS/PLAgMA/Cloisite30B = 70/30/5 wt/wt.
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Sample: LenTPS36-PLAgMA_70-30 File: C...\Lenti\LenTPS36-PLAGMA _70-30.001

Size: 9.6660 mg DSC Operator: Yu Qing
Method: TRS/PLA2 Run Date: 04-Apr-2007 14:58
Instrument; 2920 MDSC V2 6A
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Figure Al14 DSC thermogram of thermoplastic lentil starch/PLAgMA in a second
thermal scan. Blending ratio: LenTPS/PLAgMA = 70/30 wt/wt.
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Sample: LenTPS36-PLAGMA-Clay_70-30-5

File: C:..\LenTPS36-PLAgMA-Clay_70-30-5.001

Size: 9.4930 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 16:16
Instrument: 2920 MDSC v2.6A
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0.0+
3
3
3
o -0.24 N
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g
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59.58°C())
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Figure A15 DSC thermogram of thermoplastic lentil starch/PLAgMA/ Cloisite 30B in a
second thermal scan. Blending ratio: LenTPS/PLAgMA/Cloisite 30B = 70/30/5 wt/wt.
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Sample: PeaTPS36-PLAgMA_70-30 File: C:...\Yuqing\Pea\PeaTPS36-PLAgMA_70-30a

Size: 9.3780 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 18:49
Instrument: 2920 MDSC V2.6A
0.2
0.0
o
s
& 02 115.66°C
w
i 1 57.66°C
T ] 60.16°Clh 142.41°C
61.93°C 8.326J/g
106.09°C
9.2964/g
0.4
]
1 153.71°C
-0.6 T i T T ' v T 1 — " " T ) R
20 70 120 170
Exo Up Temperature (°C) Universal V4.1D TA instruments

Figure A16 DSC thermogram of thermoplastic pea starch/PLAgMA in a second thermal
scan. Blending ratio: PeTPS/PLAgMA = 70/30 wt/wt.
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Sample: PeaTPS36-PLAgGMA-Clay_70-30-5 File: C:...\Pea\PeaTPS36-PLAgMA-Clay_70-30-5a

Size: 9.5020 mg DSC Operator: Yu Qing
Method: TPS/PLA2 Run Date: 04-Apr-2007 17:33
Instrument; 2920 MDSC V2.6A
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f) 02 109.89°C
i
©
2
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Figure A17 DSC thermogram of thermoplastic pea starch/PLAgMA/ Cloisite 30B in a
second thermal scan. Blending ratio: PeTPS/PLAgMA/Cloisite 30B = 70/30/5 wt/wt.
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Appendix B

Rheological properties of thermoplastic starch and their
blends with PLAgMA and nanoclay™”

Samples Shear rate | Shear viscosity
Starch Blend Ratio of blends |Clay content /s Pa.s
type nes wi/wt %
20 127234
44,01 699.87
96.86 398.11
HAS | HASTPS/PLAgMA 70/30 0 213.18 229.09
469.18 141.25
1032.37 85.11
2272.34 48.98
20 1445.44
45.18 851.14
102.04 501.19
230.40 288.40
HAS | HASTPS/PLAgMA 70/30 1 52038 199.53
1148.15 104.71
2654.01 60.26
5998.76 33.11
20 1994.73
45.18 1185.93
102.04 721.00
230.86 431.82
HAS | HASTPS/PLAgMA 70/30 2 52131 259.40
1176.67 123.59
2657.74 76.46
5998.76 42.00
20 2511.89
45.18 1412.54
102.04 812.83
230.40 489.78
HAS | HASTPS/PLAgMA 70/30 3 500,34 302.00
1288.25 154.88
2591.64 95.50
5998.76 53,70
20 2691.53
43.25 1698.24
102.04 977.24
217.77 616.60
HAS | HASTPS/PLAgMA 70/30 5 520,38 371.54
1309.18 181.97
2656.81 114.82
6002.48 67.61
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Samples

Shear rate | Shear viscosity

Starch Blends Ratio of blends |Clay content /s Pa.s

type wt/wt %
20 3235.94
44.01 2238.72
103.04 1412.54
213.18 870.96
HAS | HASTPS/PLAgMA 70/30 8 534.56 489.78
1032.37 309.03
2654.61 181.97
4998.97

20 1584.89
44.01 901.85
96.86 553.57
HASTPS/PLAgMA 213.18 361.84
HAS | ™4 min-Haake 70/30 2 469.18 201.68
1033.31 117.49
2272.34 66.07
5002.69 38.02
20 316.69
44.01 164.22
96.86 83.08
HASTPS/PLAgMA 212.71 37.83
HAS | ™ Gith water 70730 0 470.11 2021
1033.31 13.20
2272.34 8.13
4998.97 542
20 1073.24
44.01 751.64
96.86 599.18
HASTPS/PLA 213.18 396.16
HAS water removal 70/30 0 469.18 271.28
1032.37 181.42
2272.34 111.20
4998.97 65.51
20 233.72
44.01 164.45
96.86 90.49
213.18 50.35
NS NSTPS/PLAgMA 70/30 0 468.25 38.06
1033.31 33.30
2272.34 20.96
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Samples

— - e Shear rate | Shear viscosity

tarc atio of blends |Clay content /s Pa.s
o Blends et Y

20 669.54

44.01 315.07

96.86 175.12

212.71 129.44

NS | NSTPS/PLAgMA 70/30 2 469.18 69.78

1032.37 49.46

2272.34 32.76

5000.83 21.20

20, 712.24

44.01 323.23

96.86 206.39

213.18 160.36

NS NSTPS/PLAgMA 70/30 3 469.18 85.28

1033.31 59.37

2270.48 37.80

5000.83 24.43

20 680.93

44.01 522.92

96.86 317.55

213.18 194.47

NS | NSTPS/PLAgMA 70/30 5 470.11 120.69

1032.37 64.32

2271.41 40.25

4998.97 26.08

20 379.83

44.01 176.21

96.86 115.61

212,71 77.34

Bean | BeTPS/PLAgMA 70/30 0 470.11 43.73

1032.37 31.68

2272.34 20.14

20 1328.21

44,01 778.67

96.86 442.60

213.64 259.07

Bean | BeTPS/PLAgMA 70/30 5 469.18 156.29

1032.37 88.63

2272.34 53.32

5000.83 30.74

125



Samples

Shear rate | Shear viscosity
Starch Ratio of blends {Clay content /s Pa.s
type Blends wt/wt %
20 1388.08
44.01 428.49
96.86 320.59
. 213.18 201.56
Lentil| LenTPS/PLAgMA 70/30 0 46918 102.37
1032.37 81.19
20 1482.58
44.01 630.96
96.86 374.16
_ 213.18 247.79
Lentil| LenTPS/PLAgMA 70/30 2 469 18 165.60
1032.37 97.74
20 1522.18
44.01 886.12
96.86 521.72
. 212.71 302.70
Lentil{ LenTPS/PLAgMA 70/30 3 470 11 178.34
1032.37 111.19
2272.34 64.96
5000.83 36.78
20 1567.31
44.01 939.33
96.86 553.27
. 213.18 325.25
Lentil | LenTPS/PLAgMA 70/30 5 468.25 192.43
1032.37 114.91
2272.34 69.32
5000.83 38.98
20 1623.63
44,01 937.21
96.86 547.77
212.71 334.73
Pea | PeTPS/PLAgMA 70/30 0 469 18 190.81
1031.44 113.07
2272.34 67.45
4998.97 37.90
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Samples

Shear rate

Shear viscosity

Starch Ratio of blends |[Clay content /s Pa.s

type Blends wt/wt Y %

20 2073.07

44.01 1194.57

96.86 675.93

213.18 389.40

Pea | PeTPS/PLAgMA 70/30 2 47011 22591

1032.37 131.50

2272.34 75.30

5000.83 41.80

20 2052.53

44.01 1180.23

96.86 693.30

213.18 399.70

Pea | PeTPS/PLAgMA 70/30 3 469.18 233.63

1031.44 133.49

2271.41 77.59

4998.97 42.67

20 2249.16

44.01 1270.97

96.86 731.92

213.18 427.96

Pea | PeTPS/PLAgMA 70/30 > 469.18 248.52

1032.37 142.58

2272.34 80.22

4997.10 44.95

% measurement condition: 150°C
®. Bagley correction and Rabinowitsch correction were applied in calculation of shear rate
and shear viscosity
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Appendix C

Contact angle measurements

Table C1 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/Cloisite 30B
blends

HASTPS/PLAgMA/Clay ~ HASTPS/PLAgMA/Clay ~ HASTPS/PLAgMA/Clay

=70/30/2, wt/wt =70/30/3, wt/wt =70/30/5, wt/wt
Graph Y _Axis Graph Y_Axis Graph Y_Axis

Secs Angle Secs Angle Secs Angle
0 50.83 0 59.46 0 66.19
0.033 50.74 0.033 59.47 0 66.19
20 48.59 20 56.66 20 65.09
40 47.16 40 54.92 40 64.22
60 45.52 60 53.32 60 62.81
80 44.43 80 52.21 80 61.72
100 43.19 100 51.27 100 60.84
120 41.95 120 50.03 120 60.09
140 40.54 140 49.01 140 59.22
160 39.49 160 47.9 160 58.38
180 38.46 180 47.06 180 57.56
200 37.63 200 45.97 200 56.73
220 36.58 220 44.92 220 55.88
240 35.38 240 43.94 240 55.05
260 34.52 260 42.63 260 5422
280 33.49 280 41.84 280 53.35
300 3223 300 40.54 300 52.48
320 31.17 320 39.16 320 51.55
340 30.08 340 38.1 340 50.77
360 29.25 360 36.89 360 49.70
380 28.22 380 35.84 380 48.71
400 27.12 400 34.44 400 47.75
420 25.78 420 33.23 420 46.88
440 24.63 440 31.55 440 45.96
460 23.49 460 30.54 460 44.96
480 22.77 480 29.11 480 44.13
500 21.28 500 26.97 500 43.14
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Table C2 Contact angle of thermoplastic normal cornstarch/PLAgMA/Cloisite 30B
blends

NSTPS36/PLAgMA/Clay NSTPS36/PLAgMA/Clay
70/30/3, wtiwt 70/30/5, wt/wt
Graph Y_Axis Graph Y_Axis
Secs Angle Secs Angle
0 61.83 0 69.75
0.033 61.81 0.033 70.97
0.067 61.89 0.067 70.33
0.1 61.98 0.1 70.32
20 61.25 20 69.16
40 59.95 40 68.39
60 59.14 60 66.71
80 58.23 80 66.78
100 57.75 100 65.19
120 57.47 120 64.66
140 56.71 140 64.06
160 56.41 160 63.48
180 55.99 180 62.82
200 54.81 200 61.78
220 54.36 220 62.43
240 53.99 240 60.49
260 53.51 260 61.00
280 53.16 280 60.33
300 52.33 300 59.63
320 52.39 320 59.16
340 51.91 340 58.90
360 51.82 360 59.07
380 51.51 380 58.42
400 51.01 400 - 57.86
420 50.72 420 58.70
440 50.56 440 57.65
460 50.16 460 57.21
480 49.94 480 57.30
500 49.67 500 57.24
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Table C3 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/Cloisite
30B blends surface treated by AKD (Ratio: HASTPS/PLAgMA/Clay=70/30/5 wt/wt)

Untreated Treated

Graph Y Axis Graph Y Axis
Secs Angle Secs Angle
0 66.19 0 62.46
0.033 66.19 0.033 60.80
20 65.09 20 60.86
40 64.22 40 59.38
60 62.81 60 59.77
80 61.72 80 59.13
100 60.84 100 59.01
120 60.09 120 58.23
140 59.22 140 58.23
160 58.38 160 57.00
180 57.56 180 56.93
200 56.73 200 56.87
220 55.88 220 56.49
240 55.05 240 56.27
260 54.22 260 56.07
280 53.35 280 56.22
300 52.48 300 55.43
320 51.55 320 55.85
340 50.77 340 54.74
360 49.70 360 54.75
380 48.71 380 54.94
400 47.75 400 54.54
420 46.88 420 54.42
440 45.96 440 53.60
460 44.96 460 53.71
480 44.13 480 53.38
500 43.14 500 53.37
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Table C4 Contact angle of thermoplastic normal cornstarch/PLAgMA/Cloisite 30B
blends surface treated by AKD (Ratio: NSTPS/PLAgMA/Clay=70/30/5 wt/wt)

Untreated Treated
Graph Y _Axis Graph Y_Axis
Secs Angle Secs Angle
0 70.60 0 76.73
0.033 69.80 0.033 76.76
0.067 69.70 0.067 76.74
0 69.51 0 76.74
20 69.40 20 76.15
40 68.29 40 75.52
60 67.31 60 75.18
80 67.32 80 74.84
100 66.31 100 74.55
120 66.15 120 74.3
140 65.28 140 73.74
160 65.55 160 73.46
180 64.52 180 73.15
200 64.62 ' 200 72.83
220 63.82 220 72.34
240 64.08 240 72.24
260 63.42 260 71.94
280 62.85 280 71.66
300 62 300 71.33
320 61.9 320 70.98
340 61.46 340 70.74
360 61.61 360 70.29
380 61.29 380 70.19
400 60.68 400 69.69
420 60.64 420 69.43
440 60.08 440 69.19
460 59.53 460 68.89
480 59.78 480 68.62

500 58.89 500 68.18
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Table CS5 Contact angle of thermoplastic high amylose cornstarch/PLAgMA/Cloisite
30B blends internal treated by AKD (Ratio: HASTPS/PLAgMA/Clay=70/30/5 wt/wt)

Untreated Treated
Graph Y Axis Graph Y Axis
Secs Angle Secs Angle
0 66.19 0 69.98
0.033 66.19 0.033 69.1
20 65.09 20 68.22
40 64.22 40 67.52
60 62.81 60 67.04
80 61.72 80 66.26
100 60.84 100 65.46
120 60.09 120 65
140 59.22 140 64.72
160 58.38 160 64.4
180 57.56 180 64.15
200 56.73 200 63.61
220 55.88 220 63.34
240 55.05 240 63.09
260 5422 260 62.86
280 53.35 280 62.57
300 52.48 300 62.32
320 51.55 320 62.05
340 50.77 340 61.82
360 49.7 360 61.52
380 48.71 380 6135
400 47.75 400 60.29
420 46.88 420 60.19
440 45.96 440 59.94
460 44.96 460 59.28
480 44.13 480 58.76
500 43.14 500 58.62
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Table C6 Contact angle of thermoplastic normal cornstarch/PLAgMA blends internal
treated by AKD (Ratio: NSTPS/PLAgMA =70/30 wt/wt)

Untreated Treated

Graph Y_Axis Graph Y Axis
Secs Angle Secs Angle
0 65.53 0 7147
0.0334 64.73 0.0334 69.44
0.067 65.00 0.067 69.48
0.1 64.85 0.1 69.47
20 63.02 20 66.78
40 60.96 40 65.00
60 59.80 69 61.74
80 58.40 98 59.59
100 57.07 100 59.60
120 56.50 120 58.40
140 55.40 140 57.66
160 54.50 160 57.08
180 54.60 180 56.30
200 53.70 200 55.14
220 52.70 220 54.57
240 52.00 240 53.96
260 51.30 266 53.20
280 50.80 280 53.00
300 51.10 300 53.20
320 50.80 320 52.93
340 50.60 340 52.70
360 50.60 360 52.46
380 50.60 380 52.17
400 50.60 400 51.78
420 50.46 420 51.46
440 50.44 440 50.99
460 49.90 460 50.86
480 49.67 480 50.46
500 49.42 500 50.19
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Table C7 Contact angle of thermoplastic normal cornstarch/PLAgMA blends internal
treated by different concentrations of AKD (Ratio: NSTPS/PLAgMA =70/30 wt/wt)

AKD-0%"* AKD-0.05%" AKD-0.075%° AKD-0.1%"*
Graph Y_Axis Graph Y_Axis Graph Y_Axis Graph Y_Axis
Secs Angle Secs Angle Secs Angle Secs Angle

0 65.53 0 70.12 0 72.8 0 71.47
0.0334 64.73 0.0333 70.11  0.0333 73.81 0.0334 69.44
0.0667 65 0.0667 70.09  0.0666 73.88 0.0667 69.48

0.1 64.85 0 70.1 0.1 73.75 0.1 69.47

20 63.02 20 67.76 20 71.25 20 66.78

40 60.96 40 66.23 40 68.42 40 65

60 59.8 60 64.59 60 66.84 69 61.74

80 58.4 80 63.29 80 65.73 98 59.59
100 57.07 100 62.7 100 65.44 100 59.6
120 56.5 120 62.48 120 64.9 120 58.4
140 55.4 140 60.83 140 63.73 140 57.66
160 54.5 160 60.43 160 63.42 160 57.08
180 54.6 180 60.24 180 63.37 180 56.3
200 53.7 200 59.85 200 . 6297 200 55.14
220 52.7 220 58.9 220 62.92 220 54.57
240 52 240 58.22 240 62.5 240 53.96
260 513 260 57.91 260 61.93 266 53.2
280 50.8 280 57.57 280 61.89 280 53
300 51.1 300 56.8 300 61.91 300 532
320 50.8 320 56.5 320 61.35 320 52.93
340 50.6 340 56.3 340 61.32 340 52.7
360 50.6 360 55.6 360 60.53 360 52.46
380 50.6 380 54.7 380 60.64 380 52.17
400 50.6 400 54.01 400 60.35 400 51.78
420 50.46 420 53.78 420 60.55 420 51.46
440 50.44 440 53.2 440 59.59 440 50.99
460 49.9 460 52.98 460 59.18 460 50.86
480 49.67 480 52.85 480 584 480 50.46
500 49.42 500 52.56 500 58.21 500 50.19

%0 & 4, denote the AKD concentration are 0%, 0.75%, 0.5% and 0.1%wt (dry starch
weight basis, respectively.
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Table C8 Comparison of contact angle of thermoplastic bean starch/PLAgMA blends

BeTPS36/PLAgMA/Cloiste 30B BeTPS36/PLAgMA
70/30/5, wtiwt 70/30, wt/wt
Graph Y_Axis Graph Y_Axis
Secs Angle Secs Angle

0 58.95 0 53.61
0.0334 59.81 0.0333 54.64
0.0667 60.5 0.0667 54.49

0.1 60.45 0.1 54.61
10 58.78 10 52.54
20 58.48 20 51.88
30 58.01 30 51.32
40 57.81 40 50.66

50 57.32 50 50.43

60 56.72 60 49.53

70 56.4 70 49.36

80 56.41 80 48.88

85 56.2 85 49.41

90 56.1 90 49.05
95 56.14 95 48.56
100 56.13 100 49.12
110 55.84 110 48.11
120 55.28 120 47.67
130 55.44 130 47.41
140 54.96 140 47.65
150 54.98 150 46.8
160 54.47 160 46.98
170 54.39 170 46.77
180 54.18 180 46.08
190 53.56 190 45.51
200 53.97 200 45.8
210 53.94 210 45.14
220 53.61 220 43.85
230 53.5 230 43.65
240 53.08 240 44.5
250 52.98
260 52.7
270 52.5
280 52.16
290 52.5
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Table C9 Comparison of contact angle of thermoplastic lentil starch/PLAgMA blends

LenTPS36/PLAgMA LenTPS36/PLAgMA/Clay
70/30, wt/wt 70/30/5, wt/wt
Graph Y _Axis Graph Y Axis
Secs Angle Secs Angle
0 53.74 0 62.69
0.0333 52.23 0.0334 62.01
0.0667 53.44 0.0667 61.75
0.1 48.96 0.1 61.87
10 46.86 10 55.35
20 44.5 20 52.35
30 41.5 30 50.82
40 40 40 48.5
50 39.01 50 47.29
60 379 60 46.2
70 37.2 70 46.21
80 37.22 80 45.71
85 36.8 85 45.38
90 36.16 90 45.14
95 36 95 44.67
100 355 100 44.5
110 34.7 110 4424
120 33.6 120 43.95
130 32.91 130 43.73
140 32.46 140 43.47
150 32.6 150 43.15
160 32.25 160 43.12
170 32 170 42.9
180 31.1 180 42.64
190 30.39 190 42.5
200 30.21 200 41.98
210 29.58 210 41.76
220 289 220 41.2
230 289 230 41.64
240 29.1 240 41.3
250 28.9 250 41.6
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Table C10 Comparison of contact angle of thermoplastic pea starch/PLAgMA blends

PeTPS36/PLAgMA PeaTPS36/PLAgMA/Clay
70/30, wt/wt 70/30/5, wt/wt
Graph Y Axis Graph Y Axis
Secs Angle Secs Angle
0 51.81 0 76.92
0.0334 51.89 0.0334 74.76
0.0667 54.11 0.0667 74.57
0.1 52.27 0.1 75.04
10 43.58 10 66.12
20 39.52 20 63.04
32 37.16 30 60.81
40 36.35 40 58.81
50 34.21 50 58.05
60 32.75 60 56.7
70 31.6 70 56.7
80 30.54 80 56.86
85 29.8 85 56.48
90 29.1 90 56.32
95 27.8 95 56.1
100 27.39 100 55.22
110 26.7 110 55.67
120 25.68 120 55.68
130 25.35 130 55.48
140 25.11 140 55.08
150 24.87 150 53.9
160 24.62 160 54.05
170 24.38 170 54.57
180 24.14 180 53.42
190 23.9 190 53.81
200 23.66 200 53.9
210 23.41 210 53.96
220 23.17 220 52.9
230 22.93 230 52.11
240 22.69 240 52.29
250 2245 250 52.22
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Appendix D

Experiments on Brazilian cornstarches

Cornstarches were purchased from Corn Products Brasil Ingredientes Industriais Ltda

(Brazil). Blend ratios and experimental conditions were shown in Table D-1. Water and

glycerol acted as plasticizers and ratio of water/glycerol was fixed at 15/35 (wt/wt) for

each run. According to ASTM D882-02, the crosshead speed was set at 5 mm/min when

testing mechanical properties on Instron tensile testing machine. Properties were shown

in Table D-2.

Table D1 Blend ratios and experimental conditions

. . . Mold
No| HAS | Ns | ws | Amidex | High | Amidex o \ip1; cficisor] Temp™
4001 Amylose 3001 o
(O
1{ 0 0 |0367| 0.183 0 0 02| 025 160
21 0 0 |0267] 0.133 0 0 04| 02 170
30 0 0 | 04 0 0 0 04| 02 170

* Amidex 4001 contained 0-3wt% amylose and 97-100wt.% amylopectin with an average

molecular weight (Mw) of 486,000 g/mol and a density of 0.5-0.7 g/cm3.

** Mold Temp is the temperature on Rosand Capillary Rheometer

Table D2 Mechanical properties of blends

No Tensile Strength | Modulus Elongation at Break
’ (MPa) (MPa) (%)
1 9.79+3.76 1033.0+293.3 1.527+0.301
2 16.22+£2.13 1102.0+318.3 2.203+0.292
3 17.54+1.70 1013.0+£199.0 2.539+0.645
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