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CHARACTERIZATION OF POLY(LACTIC ACID) COMPOSITE
REINFORCED WITH CELLULOSE AND KERATIN TREATED WITH 1-

BUTYL-3-METHYLIMIDAZOLIUM CHLORIDE

ABSTRACT

Biodegradable polymers such as poly(lactic acid) (PLA) were receiving much
attention in the recent years due to the plastic pollution that filled up the ocean, causing
harm to the marine biodiversity. Due to the relative high cost and poor mechanical
properties of biodegradable polymers, microcrystalline cellulose (MCC) and keratin
from chicken feather fibers (CFF) reinforcements were introduced in PLA to determine
the effect of these fillers to the thermal, mechanical and morphological properties to the
composites. Dissolution of fillers in ionic liquid (IL) of 1-butyl-3-methylimidazolium
chloride (BMIMCI) were implemented to investigate its enhancement of CFF and MCC
dispersion in PLA matrices. The PLA composites films were fabricated via measuring
mixer and compression molding at 180 °C with 1 wt% of fillers consist of 5
compositions of CFF to MCC, namely 100/0, 70/30, 50/50, 30/70 and 0/100
respectively. High intensity of the composite absorption peaks in Fourier transform
infrared spectra confirmed that the polymer blends were unaffected by the high
temperature processing and ionic liquid (IL). As CFF/MCC ratio increased in the
composites without IL, glass transition temperature, 7, decreased. The T, further
declined with BMIMCI added composites due to the chain flexibility increment and
shortening of polymer chain length. This was in contrast to the increase in Vickers
hardness and thermal stability as CFF composition increased in the presence of
BMIMCI. Incorporation of BMIMCI in the composites produced porous structure in the
PLA matrices as seen in scanning electron microscope (SEM) images which

corresponded to their relative reduction in 7, melting temperature (7m) and thermal

il



stability as compared to composites without IL. Apart from no phase separation
observed in SEM, BMIMCI were able to enhance the composite compatibility by
reducing double 7y to single 7, in 0/100 and 100/0 samples. Although PLA-
CFF70MCC30IL obtained the highest crystallinity, y, of 46 % in differential scanning
calorimetry (DSC), X-ray diffraction patterns showed that PLA-CFF7;,0MCCso was in
turn to achieve the highest crystallinity index (CI) of 41 %. Despite the effect of
BMIMCI to the composites were more significant than fillers compositions, 70/30 ratio

was the best in attaining optimum compatibility and polymer chain flexibility.

Keywords: protein, polysaccharide, ionic liquid, thermoplastic
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PENCIRIAN KOMPOSIT POLI ASID LAKTIK DIPERKUKUHKAN DENGAN
SELULOSA DAN KERATIN DIRAWAT DENGAN 1-BUTIL-3-

METILIMIDAZOLIUM KLORIDA

ABSTRAK

Polimer biodegradasi seperti poli asid laktik telah menerima banyak perhatian pada
tahun-tahun kebelakangan ini kerana pencemaran plastik yang memenuhi lautan,
menyebabkan bahaya kepada biodiversiti laut. Disebabkan oleh kos tinggi dan sifat
mekanikal yang rendah dalam polimer biodegradasi, selulosa kristal mikro dan keratin
dari serat bulu ayam diperkenalkan sebagai pengukuhan ke dalam poli asid laktik untuk
menentukan kesan pengisi-pengisi tersebut kepada sifat terma, mekanikal dan morfologi
kepada komposit. Pelarutan pengisi dalam cecair ionik 1-butil-3-metilimidazolium
klorida telah dilaksanakan untuk menyiasat peningkatan penyebaran serat bulu ayam
dan selulosa kristal mikro dalam matrik poli asid laktik. Filem komposit poli asid laktik
telah disediakan melalui pengadun pengukur dan pengacuan mampatan dengan suhu
180 °C dengan 1 % berat pengisi dalam 5 komposisi serat bulu ayam kepada selulosa
kristal mikro dan komposisi masing-masing adalah 100/0, 70/30, 50/50, 30/70 dan
0/100. Keamatan yang tinggi dari puncak penyerapan komposit di spektra spektroskopi
intramerah transformasi Fourier mengesahkan bahawa campuran polimer tidak
dipengaruhi oleh pemprosesan suhu tinggi dan cecair ionik. Oleh kerana nisbah serat
bulu ayam/ selulosa kristal mikro meningkat dalam komposit tanpa cecair ionik, suhu
peralihan kaca menurun. Suhu peralihan kaca merosot selanjutnya dengan tambahan
cecair ionic dalam komposit kerana peningkatan rantai fleksibiliti dan pemendekkan
panjang rantaian polimer. Hal ini bercanggah dengan kenaikan kekerasan Vickers dan
kestabilan terma apabila komposisi serat bulu ayam meningkat dengan kehadiran cecair

ionik. Penggabungan cecair ionik dalam komposit menghasilkan struktur berliang dalam



matrik poli asid laktik seperti yang dilihat dalam pengimbasan imej mikroskop elektron
yang sepadan dengan pengurangan suhu peralihan kaca, suhu lebur dan kestabilan haba
secara relatif berbanding dengan komposit tanpa cecair ionik. Selain daripada
pemisahan fasa yang diperhatikan di pengimbasan mikroskop elektron, cecair ionik
dapat meningkatkan keserasian komposit dengan mengurangkan suhu peralihan kaca
yang berganda kepada tunggal dalam sampel 0/100 dan 100/0. Walaupun PLA-
CFF70MCC30IL memperolehi sifat krystal yang tertinggi iaitu 46 % dalam kalorimetri
pengimbasan berbeza, corak difraksi sinaran-X menunjukkan bahawa PLA-
CFF70MCC3p selanjutnya mencapai 41 % indeks sifat krystal. Meskipun cecair ionik
memberi kesan yang lebih ketara kepada komposit daripada komposisi pengisi, 70/30
adalah nisbah yang terbaik dalam mencapai keserasian polimer dan fleksibiliti rantaian

polimer yang optimum.

Kata kunci: protein, polisakarida, cecair ioni, termoplastik

vi



ACKNOWLEDGEMENTS

I sincerely thank my main supervisor, Associate Prof. Ir. Dr. Ching Yern Chee for her
scientific mentorship with numerous fresh ideas and important comments during my
research. The research would not be successful without her supportive funding as well
as from the Head of University of Malaya Centre for Ionic Liquids, Prof. Dr. Mohd Ali
Bin Hashim for the supplement of different kinds of valuable ionic liquids. I was
fortunate to have my co-supervisor, Prof. Dr. Gan Seng Neon who had given vast and
valuable opportunities for me to learn new experiences in my research related
conference and student exchange. Especially, the inspiring research stories from his
lifelong experience as a professor.

Special thanks to my laboratory seniors who guided me through the beginning stage of
getting used to the laboratory and life in University of Malaya. They are Mok Chun Fah,
Yee Yin Yin, Sampath Udeni Gunathilake and Goh Kar Yin who patiently taught me
the laboratory instruments operation and providing technical feedback on my work. At
the end, I could not be more grateful to my parents for devoting a big portion of their
life to me and encouraging me to pursue higher degree education as well as the endless

mental support from my loved one.

vii



TABLE OF CONTENTS

AADSIIACE ...ttt ettt ettt s h et e h ettt e bt et bt et entesaeens il
ADSIIAK .ottt et s h e a e ettt sh ettt nh et e v
ACKNOWIEAZEMENLS ......eeiiiiiieeiiieiie ettt ettt et e teesbeesseeenbeensneenseens vii
Table Of CONENLS ..c..eeueiiiiiieieeteree ettt sttt st e b e viii
LISt OF FIZUIS ..ttt ettt ettt ettt et e st e e steeesbeensseensaenaneenseennns Xi
LSt OF TADIES. c..etieeeeiieeitet et sttt sttt et e xiii
List of Symbols and AbBDIeviations...........c.ceeveeiierierieeniieeieeee e esree e e e ere e eae e Xiv
CHAPTER 1: INTRODUCTION ....ccoviirrruresssencssnncssssrcssasssssssssssssssssssssssssssssssssssssssssss 1
1.1  Research Background ...........cccoeviiiiieiiiiiiiieiecieeeeee e e 1
1.2 Problem Statement. ........c.cceruieiiiiieniieieiieie ettt st 5
1.3 ReSEAICh ObDJECHIVES...cuuiiiiiiieeiieeeiie ettt ettt e e e e e et e e e naeesnseeenees 6
N TeTe) o T o) B 10 16 SR 7
1.5 Thesis OULINE.....cc.eoiiiiiiiiiiiieee ettt e e 8
CHAPTER 2: LITERATURE REVIEW......uiiiiiinnniiinnniicmmiiisssssiessssssssses 9
2.1 Poly(Iactic acid) (PLA) ...ccoiiieiieeee ettt 9
2.1.1  Chemical StrUCTUIE .....cocueeiiiieiieiie ettt 9

2.1.2  Properties and APPlICAtIONS........ceecuveeeiuieeriiieeeiieeeieeeetee e evee e e e 10

2.2 Polymer Reinforcement in PLA Composite Films........c.cccoceeviriiniiniiicniinennene 13
22,1 CelIUIOSE ....eoneeiiiiieieeeeeee e 13

2.2.2 KETALIN c.eeeiiiieciieieee ettt st et b et st 16
2.2.2.1 Keratin Protein from Feather............ccocooeviiiiiiiniiiniiiieeee, 17

2.2.3  Cellulose-Keratin COMPOSILES.......cccueerrierrieriieeiieiieeieeniieeieeseve e e 19

2.2.4  Other Types of Organic Fillers..........coceevieniiniiieiiieiieieceee e 22



23

2241 ChItIN .ot 23

2.2.4.2 SEATCH. ..eoiiiiiiiiiiete s 25
Green Chemistry for Polymer COmpoSite ..........ceccvierieeiiienieeiiienieeieeeee e 27
2.3.1  Type of Green ChemiStry .......ceeeueeeiieriieiiieiieeie et 27
2.3.2  Green Solvent — Ionic Liquids........cccoevieiiiieniieiieiieeieecieeeee e 28
2.3.3  Types and Properties of Tonic Liquids ........cccceevuierieeiiienieeiieniieiieeee, 29
2.3.4 The Use and Application of Ionic Liquids in Polymers.............cccceueenee. 31

2.3.5 The Role of 1-Butyl-3-methylimidazolium chloride (BMIMCI) in

BIOPOLYIMETS ...ttt ettt et eeaaens 33

2.4 Processing TECRNIQUES.......c..cccuieriieiiiieiieeii ettt ettt ae e seae e enee e 36
2.4.1 Dissolution of Polymers in BMIMCI ..........ccceeeiiiiiiiiiieniieiiecieeee, 36

2.4.2  Fabrication ROULES........cceevirienieiiiiesieeieeescee e 38
2.42.1 Solvent Casting ........ccceeeeuieeriieeeriiieeniieerieeeeieeenreeeeeeeaee e 38

2.4.2.2 Melt Compounding ..........cceecveeeevieenieeeriieeeiee e e eeee e 41

2.5 Summary of Literature REVIEW ........ccccvvviiiiiiiiiieiiieeeeeee e 44
CHAPTER 3: MATERIALS AND METHODS ......iinieneinnnicnenssnnsssessssssssasssssosses 47
3.1 INErOAUCTION. ..couuiiiitiiiie ettt st 47
3.2 MALETIALS ..o e st 47
R T8 B\ (5114 10T 0] 10 . 2R 47
3.3.1 Physical Treatment of Chicken Feather Fibers (CFF).........ccccoevveennnn. 47

3.3.2  Preparation of Composite FIlms.........ccccccvvieiiiiniiienieeeieecie e 48
3.3.2.1 Experimental SEtUp ......cccceevveeeiiiieiiieeiieeeiie e 48

3.3.2.2 Dissolution of Fillers in BMIMCI...........ccccevviiiiiiiiiiiieeiens 48

3.3.2.3 Film Fabrication .........ccccceeviiiiiinieiieeie e 49

3.4 Characterizations of PLA Composite Films...........ccccceeeiiiiiiiiiniiiecieeeiee e, 51
34.1  Torque RREOMELET .......ueieiiieeiiieeiieeeeee et e 51

X



3.4.2  Fourier Transform Infrared Spectroscopy (FTIR) Analysis..................... 52

3.4.3 Thermogravimetric Analysis (TGA) .....cccooevvieriieiieeieeeece e 52

3.4.4 Differential Scanning Calorimetry (DSC).......cccoevierieeiiiniiiiiieiieeieeee, 52

3.4.5 X-ray Diffraction Analysis (XRD).....ccccecuveviiiriiiiienieeiecieeieecee e 53

3.4.6  Surface MOTpholOogY .......cocvieruiieiiiiieeiieieeieesee ettt 53

3.4.7  Vickers Hardness TeSt.........coeeviriiriiniiniiiieieeieneeeee st 54
CHAPTER 4: RESULTS AND DISCUSSION ....ucovevnrensunsunsunsnissnssissessessssssssassssnces 55
4.1 Processing Behavior and Torque Evaluation............cccccoeveiieviiinieiiienieeiesieeee 55
4.2 FTIR Molecular ANALYSIS ......cccveriieiiieiieeiieniieeteesieeeieesieeereeseeessseessneeseessneenseens 64
4.3  Thermogravimetric ANALYSIS ......ccviervierieeiiierieeieesteeteeseeereeseeeseesseeeseessnesnseens 69
4.4 DSC Thermal PrOPerti€s........cccveriieriieiieeiiieniieieenteeteesreereesseessseessseeseesseesnseens 74
4.5 XRD Phase [dentifiCation ..........ccccerueeieriienierieneeieeieseee et 82
4.6 Scanning Electron MICTOSCOPY .....ccvuurerrurreriuieeniieeriieenieeesieeesreeenreeeiaeeennseesnneeas 87
4.7 Vickers Hardness Test .......cceeiiiiiiiiiiiiiiiieeieceete et 95
CHAPTER 5: CONCLUSIONS....cccvinicnninsensecssissesssessssssssssesssssssssssssssssssssssssssssssssssss 929
5.1 CONCIUSIONS .eniiiiiiiiieiiieitee ettt et st ettt e sb e st e e e 99
5.2 RecOMMENAALIONS. .....eiitiiiiiiiieitie ettt sttt ettt st e bttt esbeesaeeens 100
RETEIENCES ...ttt et e 101
List of Publications and Papers Presented ..........cccceoveveiiieniiiiniiecciiecee e 120



LIST OF FIGURES

Figure 1.1: Repeat unit structure of poly(lactic acid) ........cccceeevviiiivciiiniieeeie e, 2
Figure 2.1: Structural formula of PLA formation from the precursor lactic acid.............. 9
Figure 2.2: Chemical structures of PLA Stere0iSOMETrs ..........ccccvveervieeeieeeriieeeieeeeveenns 10

Figure 2.3: Cellulose structure with intermolecular and intramolecular hydrogen bonds
adapted from Wang et al. (2012) ...cccuieiiiiiiiiieeieeeee e 14

Figure 2.4: Schematic diagram of different components of keratin protein adapted from
Khosa and Ullah (2013) ...couiiiiieiiee ettt et 16

Figure 2.5: Disulphide bond in thiol groups of amino acid cysteine .............cccceevvvennenn. 17

Figure 2.6: Schematic dynamic of cellulose-keratin crosslinking process adapted from
Zhang €t al. (2017D) .ottt 21

Figure 2.7: Types of cationic groups commonly used in ionic liquids.........cccccecvevueenne. 30
Figure 2.8: Chemical structure of 1-butyl-3-methylimidazolium chloride (BMIMCI) ..33

Figure 2.9: Dissolution mechanism of cellulose in BMIMCI adapted from Feng and
CREN (2008)...cneeeieeeee ettt ettt sttt et et ettt et s bttt et eeae e ae et saeenaeennea 35

Figure 2.10: Preparation methods for composites: (a) melt compounding and (b) film
casting adapted from Li et al. (2010) .....ooieviiiiiiiiniiieiieeeeeeeee e 42

Figure 4.1: Cleaned chicken feathers via Soxhlet extraction (left) and crushed chicken
feather fibers in POWAET (T1IZNL) ....eeeuiiiiiiiiieie e 56

Figure 4.2: Dissolution of CFF in BMIMCI at 110 °C; before (left) and after (right)....57
Figure 4.3: Torque-time curves of PLA composite blends without BMIMCl................ 59
Figure 4.4: Torque-time curves of PLA composite blends with BMIMCl..................... 60
Figure 4.5: Comparison plastogram of PLA composites with and without BMIMCI.... 62
Figure 4.6: FTIR spectra of lactic acid characteristic peaks in PLA and its composites 64
Figure 4.7: FTIR spectra of CFF and MCC characteristic peaks in PLA composites.... 66
Figure 4.8: Moisture absorption peaks of PLA and its composites in FTIR spectra ......67

Figure 4.9: Infrared spectra of PLA characteristic peaks intensity...........cccceeeeveeeennennn. 68

X1



Figure 4.10: Thermal stability of PLA composite films and the raw materials in TGA.71
Figure 4.11: TGA thermogram of BMIMCI as comparison factor in PLA composites .73
Figure 4.12: Thermal degradation rate of PLA composites with and without BMIMCI 74
Figure 4.13: DSC thermal behavior of PLA and the composites.........c.ccceevveeeeieernnnennn. 75

Figure 4.14: Glass transition temperature thermogram of PLA and the composites in

DS ettt ettt et h et she e bt et 76
Figure 4.15: DSC curves of T and 7. for PLA and its composites .........ccccceveeriieennnenne 77
Figure 4.16: Correlation plot of 7. versus ycof PLA blends..........ccccocvvveiieriieniienieenn. 79

Figure 4.17: Melting temperature of PLA composites with and without BMIMCI ....... 81
Figure 4.18: X-ray diffraction pattern of PLA and the composites ..........cccceevueeviernnn. 84
Figure 4.19: Comparison XRD pattern of PLA and MCC reinforced PLA composites 85
Figure 4.20: Interaction scatterplot between CI and DTG of PLA and its composites ..87
Figure 4.21: SEM cross section images of PLA (a) and PLA-IL (b)......c.cccceeverienennee 88

Figure 4.22: SEM cross section images of PLA-CFFsoMCCso (a) and PLA-
CFF50MOCCS0IL (D) -ttt sttt ettt 90

Figure 4.23: SEM cross section images of PLA-CFF o0 (a) and PLA-CFFolL (b)...... 91
Figure 4.24: SEM cross section images of PLA-MCCioo (a) and PLA-MCCiolL (b)...92

Figure 4.25: SEM cross section images of PLA-CFF5o0MCCso (a), PLA-CFFiq (b), and
PLA-MCCio0 () With [oWer re€SOIUtIONS ... ..eevuiiiiieiiieiieiie ettt 94

Figure 4.26: Vickers hardness test values of PLA blends with and without BMIMCI...96

Xii



LIST OF TABLES

Table 2.1: Amylose and amylopectin composition in starch from different sources
adapted from Muller et al. (2017) ..couviieiieeeeeeeee e e 26

Table 3.1: Composition of PLA blend composite films .........c.cccoceevervienieneincniinenen. 51

Table 4.1: Thermal degradation temperatures and DTG data of PLA and its composites

......................................................................................................................................... 70
Table 4.2: DSC data of neat PLA and its composite films ...........ccceccveriierieniieninennnene. 82
Table 4.3: XRD crystallinity index (CI) of PLA and composite films.............ccc......... 86

xiii



ACp

AHr

3D

ATR

a.u.
BMIMCI
BMIMPFs
CFF

CI

CNC
D-lactide
DSC
DTG
DTS
ECso
FTIR
GT

HV

HPE

IL
L-lactide
MCC
PDLLA

PLA

LIST OF SYMBOLS AND ABBREVIATIONS

Heat capacity

Enthalpy of melting

3 dimensions

Attenuated total reflectance

Arbitrary unit
1-butyl-3-methylimidazolium chloride
1-butyl-3-methylimidazolium pentafluorophosphate
Chicken feather fiber

Crystallinity index

Crystalline nanocellulose
Dextro-lactide

Differential scanning calorimetry
Differential thermogravimetric
Diametral tensile strength

Half maximal effective concentration
Fourier transform infrared spectroscopy
Gauche-trans

Vickers hardness

Hyperbranched polyphosphate ester
Ionic liquid

Levo-lactide

Microcrystalline cellulose

Poly (D,L-lactic acid)

Poly(lactic acid)

Xiv



PLLA
POM
Rpm
SEM
SPLA
Tc
Tfinal
Ty
TGA

T
Tmax

Tonset
TT
VHN
w/v
Wt%
XRD

Ac

Poly(L-lactic acid)

Polarizing microscope
Revolution per minute
Scanning electron microscopy
Starch-poly(lactic acid)
Crystallization temperature
Final temperature

Glass transition temperature
Thermogravimetric analysis
Melting temperature

Maximum temperature

Onset temperature

Trans-trans

Vickers hardness number
Weight per volume
Weight percentage

X-ray diffraction

Crystallinity percentage

XV



CHAPTER 1: INTRODUCTION

1.1 Research Background

In the recent decades, plastics made from synthetic polymers have been widely used
in storage, packaging and various other applications. However, plastic pollution has
been a threat to global ecology due to plastic’s resilience against degradation and its
proliferation in industry (Webb et al., 2012). Polymer resins often require the
incorporation of additive chemicals to improve performance. The additives such as lead
and tributyl tin in polyvinyl chloride, PVC are potentially toxic to animals and humans
(Thompson et al., 2009). Disposal of these synthetic plastics into the ocean impacted
over 270 species of marine life, including turtles, fish, seabirds, and mammals due to the
ingestion or entanglement in plastic debris that impaired their movement, starvation, or
death (Sigler, 2014). On the other hand, degradable biopolymers such as poly(lactic
acid) have been produced on an industrial scale to replace conventional oil-based
plastics due to more environmentally aware consumers, increased price of crude oil and

global warming (Petersson & Oksman, 2006; Thompson et al., 2009).

Poly(lactic acid) (PLA) is one of the highly versatile and biodegradable aliphatic
polyesters (Figure 1.1) derived from 100 % renewable resources of corn and sugar beets
(Drumright et al., 2000). PLA has long been researched as an alternative to petroleum
based plastics that offers wide range of commercial and commodity applications due to
its environmental friendliness and transparency properties. Indeed, compostable
polymers provide added advantage of being disposable green products. However, pure
PLA product has poor mechanical properties and barrier performance as compared to
conventional thermoplastics (Duan et al., 2013). Besides, PLA has a very slow
crystallization rate whereby high level of crystallinity could be achieved with multiple

methods of processing such as plasticization, copolymerization, and melt blending



(Nagarajan et al., 2016) with different superior properties of polymers, additives or

fillers.

Figure 1.1: Repeat unit structure of poly(lactic acid)

In conjunction to the unsatisfactory characteristics of PLA, the composites with two
or more discrete components combination consisting of matrix and reinforcement were
produced (Kakar et al., 2015). There are various potential types and sources of
reinforcement that could be applied to the polymer matrix, including organic materials
from biomass feedstock. These organic wastes are regarded as better promising
materials to replace synthetic polymers with a low cost while maintaining its polymer
properties as well as to reduce global dependency on fossil fuel sources (Barone et al.,
2005; Tran et al.,, 2016). Protein and polysaccharide are most common fillers as
reinforcements in biopolymer due to their abundance and renewability such as keratin

and cellulose.

Keratin protein is found abundantly in hair, wool and feathers, consisting
approximately 90 % of protein fibers. Global meat manufacturers produce an estimated
15 million tons of chicken feather by-products annually and these feathers are disposed
inefficiently in landfill, burned or processed to make a low-grade animal feedstock
(Chinta et al., 2013) which cause environmental pollution. These chicken feather fiber
(CFF) waste which comprises almost entirely keratin could be a valuable research
material to be transformed into useful polymer composite filler. Keratin from CFF

possesses the properties of being lightweight with lowest density value as compared to



most natural and synthetic fibers, having high thermal insulation and thermal stability,

non-abrasive behavior and low energy dissipation (Subramani et al, 2014).

In the field of medical engineering, keratin is widely researched on wound care,
tissue reconstruction, cell seeding and diffusion as well as drug delivery as topical or
implantable biomaterial (Tran et al., 2016). For instance, feather keratin has been found
to possess molecular sized and shaped adsorption pockets which are biochemically
determined and have selective heavy metal ions affinity such as Cu®*, Fe*", Cr%" and
Hg?" to be useful in environmental applications of removing these harmful ions from
solution (Chinta et al., 2013; Schmidt & Jayasundera, 2004). Despite some of the pros,
pure keratin has a major drawback of having poor intrinsic mechanical characteristics
(Kakar et al., 2015). Alternatively, Tran and co-workers (2016) suggested that cellulose

could interact stronger with feather keratin, contributing to its mechanical strength.

Cellulose is the major constituent that builds up plants which could be obtained in
low cost (Hina et al., 2015). The ordered structure of this semi-crystalline polymer
consists of surface OH functional groups that could initiate the polymerization of lactic
acid (Gupta & Katiyar, 2017). Thus, cellulose may provide its fibrous, tough and water
insoluble characteristics to PLA (Niroomand et al., 2016) to enhance the thermal and
mechanical properties of the composites. However, hydrophilic surface property of
cellulose hampers its compatibility with hydrophobic of poly(lactic acid). Keratin
protein consists of both hydrophobic and hydrophilic surface chemistry with the
composition of 60 % and 40 % respectively makes it a promising biomaterial to be at

least partially compatible with all polymers (Barone & Schmidt, 2005).

From the amphiphilic properties of keratin, CFF is able to act as a “bridge” for the
blending and bonding in between the incompatible hydrophilic cellulose and

hydrophobic poly(lactic acid). Recent work reported that CFF basically do not require



chemical modification and could be used as a whole in composite processing without
separating the fiber from the quill to save time, energy and production costs (Carrillo et
al., 2013). For better particle distribution, cleaned CFF could be grinded before melt
blending with PLA. In spite of that, organic fillers such as microcrystalline cellulose
(MCC) and CFF are often in powder or solid form which have much higher melting

point than that PLA do not melt at melt blending temperature and cause less dispersible.

Different route for making biopolymer blends has been researched by dissolving the
polymer (Pinkert et al., 2009). The dissolution is to form interwoven network between
the MCC and CFF chains with PLA biopolymer strands. However, the basic building
amino acids in keratin chains are interacted by highly cross-linked network structure
with strong intramolecular and intermolecular bonds especially disulphide bonds (Na
Ayutthaya, et al., 2015). Tightly packed keratin microfibrils result in CFF having high
resistance to common proteolytic enzymes, biological degradation and insoluble in most
organic solvents as well as weak alkali and acids (Kammiovirta et al., 2016; Sinkiewicz
et al., 2017). Sinkiewicz and co-workers (2017) mentioned that extraction of keratin
from CFF required to break these strong bonds with reducing substances such as 2-

mercaptoethanol is harmful to the environment, high cost and not industrial viable.

To dissolve both MCC and CFF for PLA biopolymer blending, Tran and Mututuvari
(2015) found that ionic liquids (ILs) such as 1-butyl-3-methylimidazolium chloride
(BMIMCI) could dissolve various polymers including keratin, cellulose and many more
polysaccharides and proteins. As similar to the significance of biodegradable polymer,
ILs are green solvent which are non-volatile, non-flammable and thermally stable
organic molten salts (Huddleston et al., 2001). The literature from Pinkert et al., (2009)
revealed that BMIMCI was not acutely toxic (ECso = 13 M) in the application on all

higher organisms’ nervous system such as marine algae, luminescent bacteria and



leukemia cell lines. Martins and his co-workers (2014) discovered the inference to the
choice of ionic liquid used. Apart from the role of IL as a solvent, chloride ion of
BMIMCI could produce homogenous mixture as plasticizing agent in polymeric blend

of starch-poly-lactic acid (SPLA) besides producing a porous structure.

As far as different types of polymers being researched on ionic liquid dissolution,
various works have been reported on only dissolved keratin (wool, hair, chicken feather)
and cellulose in ionic liquid. These dissolved polymers have yet been used as a filler in
poly(lactic acid) as reinforcement. The significance of this study are the implication of
mixer and compression molding technique in IL dissolved fillers and transforming CFF
waste materials into potentially useful biopolymer products. In order to study the effect
of keratin (CFF) and cellulose (MCC) dissolved in BMIMCI as reinforcements in PLA,
the composite films were fabricated and characterized to study their thermal,

mechanical and morphological properties.

1.2 Problem Statement

The issues of plastic pollution have reached a crucial stage in harming the
biodiversity in ocean due to high usage and discard of single-use packaging made from
synthetic polymers. Although plastics recycling such as polyethylene terephthalate
(PET) polymer has been implemented, recycling some items made of composites are
still not possible (Thompson et al., 2009). Since then, degradable biopolymers have
received much attention as an alternative to conventional oil-based plastics. However,
production of biopolymers in industrial scale still remain challenging as they are more
expensive than conventional polymers (Thompson et al., 2009). Biodegradable polymer
such as poly(lactic acid) has glassy characteristics aside from being relatively high cost.
Reinforcements in PLA may enhance the properties of the composites apart from being

cost effective. In fact, CFF was revealed to be able to improve the mechanical and



thermal properties of PLA composites (Baba & Ozmen, 2015). The biodegradation rate
of cellulose (Myw 5,000-250,000), 25.00 + 0.6 % is higher than that PLA (M, 200,000),
0.97 £ 0.26 % as reported by Guo et al. (2012) and quoted by Webb et al. (2012) may
contribute to their thermal stability. However, substantial research is still necessary to
produce biodegradable polymers with comparable physical properties to conventional
plastics (Webb et al., 2012). Apart from the keratin-cellulose reinforced PLA blends
that were lack of extensive studies, deterioration of physical properties in composites
were often caused by the dispersion of fillers. Therefore, dissolution of fillers in ionic
liquid, BMIMCI were studied alongside with the use of mixer and compression
molding. Compatibility between the polymers is also one of the factors affecting the
performance of the composites. Characterization studies of the PLA composite films

were obtained in term of thermal, mechanical and morphological properties.

1.3 Research Objectives

The main objectives of the study are shown below:

1. To investigate the interaction and compatibility between the different
compositions of CFF and MCC with poly(lactic acid) in the composite films.

2. To examine the function and effect of 1-butyl-3-methylimidazolium chloride in
the dissolution of CFF and MCC to the properties of poly(lactic acid) composite
films.

3. To determine the effect of CFF/MCC composition and 1-butyl-3-
methylimidazolium chloride in the thermal, mechanical and morphological

properties of poly(lactic acid) composites.



14 Scope of Study

The overall scope of this research is to fabricate a thin film made of biopolymer
composites which mainly composed of at least 94 wt% poly(lactic acid), while the rest
of the components are comprised of fillers and ionic liquid. The fillers are of different
surface properties such as cellulose and keratin which are hydrophilic and amphiphilic,
respectively. Both are also different from the hydrophobic PLA. Therefore, interaction
and compatibility between these biopolymers will be further investigated via
observation during fabrication as well as characterization studies such as torque
rheometer, Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction

(XRD).

Reason for the incorporation of ionic liquid is none other than the role of solvent in
these biopolymers. Ionic liquid will be investigated based on its feasibility in dissolving
the fillers to disperse the particles in PLA matrix. As ionic liquid is often used as a
dissolving medium in solvent casting due to its high polarity, its possible application in
the industrial melt compounding and compression molding method are still uncertain
and rare to be found. Thus, the function and effect of ionic liquid to the entire polymer

matrices will be examined.

1-butyl-3-methylimidazolium chloride is the focused ionic liquid in this study due to
the lower viscosity and has less bulky side chains as compared to other ionic liquid. The
fabrication is unique from the aspect of merging the dissolved fillers in ionic liquid with
subsequent feeding into the measuring mixers and finished with a hot press. As some
biopolymers were reported to be heat sensitive, thermal, mechanical and morphological
properties will be studied by the characterization of differential scanning calorimeter
(DSC), thermogravimetric analysis (TGA), Vickers hardness test and scanning electron

microscope (SEM).



1.5 Thesis Outline

This thesis is organized in 5 chapters as follows:

Chapter 1 introduces briefly on the PLA background and the advantages of PLA
composites reinforced with cellulose and keratin. The research problem statement,

objectives and scope of study are also included.

Chapter 2 consists of comprehensive past literature on PLA, polymer reinforcement,
ionic liquid and processing techniques in term of properties, mechanism and related

applications.

Chapter 3 is the detailed materials used and methodology from the processing of raw
materials to the preparation and fabrication of PLA composites. Instruments used in the

characterization of composite films are also discussed.

Chapter 4 describes the results obtained from characterization studies. The results are
compared and contrast to answer the research objectives and problem statement.

Statistical values from past work are also discussed to evaluate and support the data.

Chapter 5 is the concluding statements of the findings from results and discussion in
chapter 4 and whether they achieve the research objectives and solve the problem
statement. Future recommendation is also mentioned for the improvement of this field

of study.



CHAPTER 2: LITERATURE REVIEW
2.1 Poly(lactic acid) (PLA)
2.1.1 Chemical Structure

Lactic acid is well-known to be outsourced from renewable organic materials. Ring
formation of lactic acid dimer produces the monomer lactides. Lactide has been an
important intermediate in the industrial production of copolymer poly(lactic acid), PLA.
The high molar mass PLA structure consisting of repeating ester group is synthesized
via step-growth polymerization or ring-opening polymerization (Inkinen et al., 2011).
The chemical structure transformation of lactic acid to its polymer with repeating unit is

as illustrated in Figure 2.1.
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Figure 2.1: Structural formula of PLA formation from the precursor lactic acid



Due to the chiral nature of lactic acid, lactides exist in three forms of stereoisomers
namely, L-lactide, D-lactide, and meso-lactide as depicted in Figure 2.2 (Drumright et
al., 2000). The stereochemical composition of these lactides affects the properties of the
resulting polymer such as enthalpy of melting and rate of crystallization and Garlotta
(2001) reported the difference in the melting point of the isomers with 52 °C for L-
lactide which is lower than both D- and meso-lactide of 97 °C. Duan et al. (2013)
specified that optically pure PLA will have higher crystallinity because of their greater
chain symmetry. On the other hand, the commercial PLA grade used in this research
comprises of poly(L-lactic acid) (PLLA) and poly(D,L-lactic acid) (PDLLA) which are

produced from L-lactides and D,L-lactides, respectively as described by Martin and

Averous (2001).
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Figure 2.2: Chemical structures of PLA stereoisomers

2.1.2  Properties and Applications

PLA is a glassy polymer with less than 10 % of elongation at break (Xiao et al.,
2012) and its thermal stability is similar as poly(vinyl chloride) but relatively lesser than
that polystyrene, polypropylene, polyethylene and poly(ethylene terephthalate) (Auras

et al., 2004). Considerable attempts have been done to improve the PLA properties to

10



compete with other biopolymers in term of low cost and flexibility such as modifying
PLA with biocompatible plasticizers (Martin & Averous, 2001). Plasticizers are
generally used to increase the ductility and flexibility of polymers in plastic
manufacturing industry such as soft film packaging and gaskets molding (Tee et al.,
2014). Hence, different types of plasticizers with the properties of low molecular
weight, high boiling point, low volatility as well as different polarity and functional
group have been explored to lower the glass transition temperature (7) of PLA (Xiao et

al., 2012).

Glass transition temperature is one of the most prominent parameters in determining
PLA chain mobility to predict the polymer behavior. Pillin et al. (2006) mentioned that
lactide monomer is a good candidate in plasticizing PLA but with a drawback of its
migration to films surface over time and causing film stiffening. The authors
successfully lowered the glass transition, melting and crystallization temperatures of
poly(lactic acid) by using poly(ethylene glycol) as plasticizer and the miscibility was

confirmed via the calculation of Flory-Huggins relation.

Crystallization temperature and crystallinity are correlated in affecting mechanical
properties and morphology of PLA. During isothermal crystallization of PLA by Day et
al. (2006), the rate was greatly enhanced by nano clay particles approximately 15 to 20
times faster than that for the neat PLA. Crystallization rate increment enables formation
of more uniform and perfect crystals, thus, increase in crystallinity. Polymer
crystallinity is one of the most important properties which is often emphasized in food
packaging (Setiawan, 2015). As PLA is a semi-crystalline polymer, level of crystalline
component in relationship to its amorphous component is crucial in influencing polymer
brittleness, stiffness or modulus, optical clarity, creep or cold flow, barrier resistance

and long term stability.
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As for the degradation properties, PLA is broken down by hydrolysis upon the
exposure to moisture for a period of few months. Auras and co-workers (2004)
explained that the degradation occurs in two stages; non-enzymatic chain scission of the
ester groups which reduces polymer molecular weight as well as microbial action that
lead to low molecular weight PLA diffuses out of the bulk polymer to produce carbon
dioxide, water and humus. Researchers have made use of these PLA properties in
biomedical field such as drug delivery system. The system works when the water
infiltrated into the device and initiates the degradation of the ester bonds of the
biodegradable polyesters after the polymeric drug release (Alsaheb et al., 2015). Due to
the high volatile combustible byproducts of PLA, Chen et al. (2012) successfully lessen
the gas released at thermal degradation of TGA-FTIR analysis from hyperbranched

polyphosphate ester (HPE) catalyzed PLA.

Apart from drug delivery, Manavitehrani et al. (2016) prospected that the
application of PLA in regenerative medicine and tissue engineering requires
modification to obtain more hydrophilic and cell-interactive polymers. Subsequently,
Gonzalez et al. (2016) concerned the drawback of PLA as biosensor substrate due to its
hydrophobicity. Therefore, the authors fabricated biotin surface functionalized
hydrophilic PLA nanofibers to interact and immobilize biological molecules as most
biological systems are in aqueous. The results from water stability test showed that the

PLA nanofibers were stable up to 24 hours.

Likewise, application of PLA in textile industry utilizes enzyme in order to promote
hydrophilicity of PLA fabric. Lee and Yeo (2016) hydrolyzed the ester bonds of
poly(lactic acid) with proteolytic enzyme, B. licheniformis alcalase and the results
concluded that the enzymatic hydrolysis increased the moisture regain of the PLA fabric

with 1.36 % as compared to untreated PLA fabric, 0.72 %. Enzymatic reaction requires
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additional step in considering parameters and factors such as effectiveness of enzymatic
reaction activator, pH, enzyme concentration as well as temperature that may lead to
degradation of the polymer. Hendrick and Frey (2014) suggested a simpler and quicker
feasible method to increase hydrophilicity by incorporating hydrophilic polymer in PLA

such as the abundantly available biopolymer cellulose.

2.2 Polymer Reinforcement in PLA Composite Films

2.2.1 Cellulose

Glucose, a hexose 6-carbon sugar is the monomer that forms cellulose with two
anhydroglucopyranose rings that linked via f-1,4-glycosidic linkage to form the dimer,
[-1,4-cellobiose (Shanks, 2014). Cellulose, a major structural material of plants, has a
planar structure with strong intermolecular and intramolecular hydrogen bonding
(Figure 2.3) that forms a high molar mass biopolymer (540 000 to 1 800 000 g/mol)
resulted from large number of hydroxyl groups (Hina et al., 2015). With a mean particle
size of less than 10 um, microcrystalline cellulose is a white, odorless, tasteless,
relatively free flowing crystalline powder which is insoluble in water, organic solvents,
dilute alkalis and acids (Tuason et al., 2014). Although cellulose is an OH rich polymer,
the strong hydrogen bonding and the length of its long chain structure are a relevant
factor in prohibiting its interaction with solvent molecules. Olsson (2014) suggested that

solvent with a high capacity for hydrogen bonding is necessary to break these bonds.
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Figure 2.3: Cellulose structure with intermolecular and intramolecular hydrogen
bonds adapted from Wang et al. (2012)

MCC has the advantageous ability to increase the crystallinity of PLA as reported in
the work of Murphy and Collins (2016) in which the PLA/cellulose composites were
being fabricated via fusion deposition modeling 3D printer. The increase in the
crystallinity is affected by the ability of nanocellulose to act as nucleating agent and
promote crystallization (Sullivan et al. 2015). The inference corresponded to the cryo-
fracture surface scanning electron microscope (SEM) images that appeared to have

more brittle fracture upon addition of crystalline nanocellulose.

The nucleating effect was seen in the addition of 5 wt% MCC in PLA matrix that did
not change the crystalline structure of PLA but increased the intensity of crystallinity at
9.38° and 28.30° in XRD (Li et al., 2016). MCC was able to improve the rigidity and
strength of poly(lactic acid) by restricting the movement of polymer chains. For
example, addition of 30 wt% of cellulose fiber increased the stiffness of PLA from 3.3
to 5.4 GPa (Huda et al., 2006). On the contrary, elongation at break decreased from 194

% to 70 % and below when the cellulose content increased (Liu et al., 2010).

Reinforcement of cellulose nanoparticles in PLA composites was reported to have
increased thermal stability as compared to neat PLA due to the fiber and matrix

interaction (Ketabchi et al., 2016). However, reducing particle size in nano or micron
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results in the likelihood of the particles to agglomerate upon drying which may be due
to the bonding between smaller size particles (Tuason et al., 2014). The effect of size
reduction was in agreement to Halasz and Csoka (2013) where the aggregation displays
poor compatibility with hydrophobic polymeric matrices. The authors also mentioned
that its strong sensitivity to water and moisture as well as the polar surface cause non-
uniform dispersion of cellulose in apolar polymers. SEM morphological studies of
Mathew et al. (2005) also reported MCC aggregation and the blending resulted many
holes in the PLA matrix, indicating that there is no adhesion or interaction between the

PLA and MCC.

Consequently, multiple steps of modification on the surface properties have been
done over the past decades while others reported swelling of MCC to allow PLA chain
penetration into the cellulose compact particles. For instance, swollen MCC reinforced
PLA composite achieved 12 % of elongation at break due to the better dispersion of
swollen MCC in chloroform during solvent casting (Petersson & Oksman, 2006).
However, this method only limited to small scale process mainly for laboratories. In
contrast, addition of plasticizer tributyl citrate in nanocellulose reinforced PLA
composites further improved the elongation at break to 205 % as compared to pure PLA

for the making of plastic packaging materials (El-Hadi, 2017) .

A recent study of Gu and Catchmark (2013) explored on the use of amphiphilic
whole milk casein as dispersant in cellulose nanowhisker reinforced PLA composites.
The observation from Calcofluor staining demonstrated a better dispersion of cellulose
in PLA matrix than that without the dispersant. Enhancement in mechanical properties
was also significant with 40 % higher Young’s modulus. Although it is almost

impossible to impose great compatibility with only MCC in PLA as suggested by
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Hendrick and Frey (2014), the idea of incorporating amphiphilic polymer such as CFF

may result in greater compatibility in between hydrophobic PLA and hydrophilic MCC.

2.2.2 Keratin

Keratin is one of the most abundant proteins found in the bodies of mammals, birds
and reptiles as hair, hooves, wools, nails, horns and feathers that provide strength to the
body (Sharma & Gupta, 2016). These microcrystalline keratins exist in two forms; fiber
and quill/rachis in which resulted in a-helix fibers and B-sheet films which were
confirmed with the evidence of infrared spectroscopy and X-ray crystallography

techniques (Schmidt & Jayasundera, 2004) as illustrated in Figure 2.4.

Figure 2.4: Schematic diagram of different components of keratin protein
adapted from Khosa and Ullah (2013)
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2.2.2.1 Keratin Protein from Feather

Feather keratin has 41 % o-helix, 38 % B-sheet and 21 % disordered protein
structures (Barone & Schmidt, 2005). While raw poultry feathers consist of about 91 %
keratin, 1.3 % fat, and 7.9 % water, protein in the keratin has both hydrophilic and
hydrophobic amino acids and 39 of the 95 amino acids are hydrophilic (Chinta et al.,
2013). Of all hydrophilic groups on peptide backbone namely serine, threonine and
aspartate that offer covalent bonding within the polymer, serine is the most abundant
amino acid whereby the hydroxyl group causes the moisture absorption from the air of
about averagely 7 % (Barone & Schmidt, 2005; Chinta et al., 2013). Apart from
covalent bond, cysteine (Figure 2.5) is a sulfur containing amino acid responsible for

the strong disulphide bond and cross-linking in the keratin structure.

Figure 2.5: Disulphide bond in thiol groups of amino acid cysteine
Several efforts of extracting keratin from CFF have been made by breaking the
strong covalent and disulfide bonds including the use of strong reducing agent sodium
metabisulphite via sulphitolysis method in which produced inconsistent molecular
weight of keratin depending on the amount of reducing agent used (Na Ayutthaya &

Wootthikanokkhan, 2013). The inconsistency may hinder the final product and
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properties of polymer blend. A simpler alkaline pre-treatment were performed with 5 %
w/v NaOH solution before blending and grounding. Although alkali treatment increases
the surface area of the fibres available for contact to the PLA matrix, the drawback of
the treatment is the enhancement of chicken feather roughness and removes hydrophilic

components located on the fibre surface (Aranberri et al., 2017).

Alkaline treatment is not a suitable method because CFF was initially being
reinforced for the amphiphilic properties to improve the compatibility of hydrophobic
PLA and hydrophilic MCC. In fact, the processing method of CFF was rarely reported
extensively in past literature. Barone et al. (2005) was so far the first to report detailed
processing method CFF without separating the quill by grinding on Retsch PM 400 ball
mill at 200 rpm for 30 min to obtain CFF powder with the size of less than 75 um. In
2013, Spiridon and co-workers practiced similar methodology as Barone et al. (2005)
with continuous grinding and sieving to obtain uniform length of fibers between 30 ym

to 70 um as confirmed by laser diffraction.

Over the years, scientists have explored the potential usage of chicken feather fiber
due to its fine size of 5 um thickness. Keratin was found to have nucleating effect as
similar to cellulose. Aranberri et al. (2017) discovered the DSC crystallinity of PLA
with 60 wt% of CFF increased from 30.5 % to 36.0 %. In addition, low crystallinity of
PLA/chitosan experienced crystallinity increment with only 2 wt% keratin
reinforcement (Tanase & Spiridon, 2014). Subsequently, biological assessment using
these biopolymer composites onto human osteosarcoma cell line showed good
viability/proliferation outcome which could be a potential substitute materials for bone

tissue engineering.

Apart from crystallinity enhancement, incorporation of keratin shifted the neat PLA

thermal degradation to higher temperature (Spiridon et al., 2013). The reason to that is
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due to the tendency of keratin to form char protective layer on material surface that
delay the heat transfer to the composite. As keratin was known for the “bridging effect”
between hydrophobic and hydrophilic polymers, the network formed has been observed
in SEM fracture surface images of CFF reinforced PLA composites (Lam et al., 2009).
The authors believed the bridging could prevent crack propagation and enable effective

stress transfer between the matrix and the fibers.

CFF reinforced PLA from the work of Cheng et al. (2009) showed enhancement
from 3.6 in PLA to 4.2 GPa stiffness with 5 % CFF as well as increase in thermal
stability. As stiffness increases with increasing CFF content, polymer loses elasticity at
the same time. No doubt that elongation at break decreased up to 12 % as compared to
neat PLA when 25 wt% of CFF was added, contributing more inflexibility (Canavate et
al., 2015). Lam et al. (2009) and Zhao et al. (2008) also reported similar reduction in
tensile strength as 2-10 wt% of CFF was added in PLA composites. Considering each
keratin and cellulose contributes tremendous properties enhancement to poly(lactic
acid) in the past literature, a few investigations were also reported in the merging of

only cellulose and keratin.

223  Cellulose-Keratin Composites

One of the first few literature on cellulose-keratin composites was reported in 2013.
Chinta et al. (2013) suggested a solution to excessive agricultural feather waste problem
by fabricating the composite filter paper with only 49 % wood pulp and 51 % feather
fiber that able to trap more spores, dust and dander which also used in air filter.
Incorporation of cellulose with high degree of polymerization in brittle keratin may
modify its properties for more applications in medical development. Liebeck et al.
(2017) believed the hybridization of these keratin and cellulose bio-wastes into reusable

composites could give idea to designing new hybrid biopolymers with combined
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properties of proteins and polysaccharides. For instance, the existence of polypeptides
among cellulose chains may provide sites enhancing a specific ‘breathing motion’, a

fluctuation in the three-dimensional structure like proteins do.

In fact, the complex polypeptide structure and properties are highly affected by the
source of keratin and polymer molecular bonding. Tran and Mututuvari (2016)
developed cellulose and/or chitosan reinforced wool keratin composites to study the
protein structure after fabrication. Based on the Partial Least Squares Regression
(PLSR) Analysis of the FTIR amide bands, the secondary structure of the keratin from
composites have relatively lower a-helix, higher B-turn and random form than keratin in
native wool. This is due to the incorporation of cellulose and/or chitosan that seem to
hinder the reformation of the a-helix. In results, mechanical strength and thermal
stability were enhanced where cellulose-keratin composites showed better tensile
strength and higher decomposition temperatures with increasing cellulose composition

as compared to chitosan-keratin composites.

Although keratin and cellulose may be good source of reinforcements in composites,
solubilizing these highly cross-linked polymers for better homogenous composite is a
challenging stage. Liebeck et al. (2017) introduced a method of dissolving goose
feathers using superheated deionized water as solvent to produce aqueous keratin
hydrolysate solutions. This method requires tuning of temperature and heat treatment
duration to obtain optimum yield of keratin before undergoes homogenization with
methyl cellulose in an ethanol-water solution. The oligopeptides in the composite films
acted as plasticizer with improved elongation at break but decreased Young’s modulus

and offset yield strength with increasing hydrolysate fraction.

On the other hand, chemically cross-linked cellulose-keratin using glutaraldehyde

was reported on wool and cellulose pulp. CHO group of glutaraldehyde is able to react
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with the a-amino groups of amino acids, the N-terminal amino groups of some peptides
and the sulfhydryl group of cysteine (Ma et al., 2016) as well as the hydroxyl of
cellulose (Zhang et al., 2017b) as illustrated in Figure 2.6 below. Ma et al. (2016)
reported cellulose-keratin composite with 54 % increment in elongation at break as
compared to pure cellulose film. Glutaraldehyde was able to improve the thermal
stability of cellulose-keratin which corresponded to the work of Zhang et al. (2017b)
where the crystallinity of the cross-linked cellulose and human hair keratin film

increased. However, hair keratin increases the thermal degradation rate.
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Figure 2.6: Schematic dynamic of cellulose-keratin crosslinking process adapted
from Zhang et al. (2017b)

The increasing thermal degradation rate properties allow modified waste protein such
as cattle hair keratin incorporated as coating in cellulosic—elastomeric material
containing cotton and carboxylated styrene—butadiene latex to increase the susceptibility
of the coated fabric to undergo bio-decomposition (Tshela Ntumba & Prochon, 2016).
Apart from resulting in better tensile strength and increased glass transition temperature,
this material could potentially be applied as a fertilizer in agriculture. Rosewald et al.
(2014) reported similar enhancement in tensile strength at least 4 times when cellulose

fraction was increased from 25 % to 75 % in cellulose-keratin composites.

Aside from mechanical properties, cellulose-keratin composites were reported to

have numerous investigations in microbiological and medical applications. For instance,
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cytometry through immunophenotyped macrophages results confirm that presence of
keratin and/or chitosan in cellulose composites effectively serve as an anti-inflammatory
agents. Meanwhile, cellulose/keratin-catechin composite hydrogel exhibited good
adhesiveness and hemadsorption, providing a rapid blood coagulation (Sun et al., 2018).
This is because keratin could accelerate thrombin activation and promote the platelet
aggregation, whereas catechin is a natural polyphenols derived from green tea known

for its anti-oxidative, anticancer and anti-inflammatory properties.

Tran and colleagues (2016) reported the test of antibacterial properties in cellulose-
keratin composites which was found to be majorly affected by the type of keratin. In the
earlier work of Tran and Mututuvari (2015), the cellulose-keratin composite was tested
on drug delivery and the kinetic of drug release could be controlled by adjusting the
concentration of keratin. From the results of past literature, CFF could be a
compatibiliser in polymer matrices based on its properties enhancement in both
cellulose and PLA composites. However, possible agglomeration of cellulose may lead
to deterioration of mechanical properties (Ketabchi et al., 2016). Facile dissolving
medium for cellulose and keratin could be implemented to provide better filler

dispersion.

2.24  Other Types of Organic Fillers

Organic fillers may come from many sources and they are often referred as natural
fibers. Apart from cellulose and keratin, agricultural waste has been used to replace
expensive polymers for composite fabrication. However, not all natural fibers portray
similar or better properties as compared to synthetic or inorganic fillers in order to be
implemented in various applications. For instance, there are hemp hurds, alfalfa and
grape stem (Battegazzore et al., 2018). These cheaper alternatives were incorporated at

about 10-50 wt% in PLA by melt blending. Results showed that the composites had
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increased in rigidity but decreased in tensile strength and elongation at break. Thus,

these fillers are not as suitable for the glassy PLA in the composites fabrication.

In contrast, a lignocellulosic filler, paddy straw was reported to have improvement in
modulus of elasticity in PLA composites as the wt% of filler increased (Yaacab et al.,
2016). The drawbacks of the composites are poor tensile strength and elongation at
break. All in all, natural fibers have the advantage of simple production method by
direct melt processing without preliminary chemical treatment such as the use of ground
chestnut shell by Barczewski et al. (2017). The chestnut shell was grounded as powder
without hydrolytic degradation of the polyester matrix. In comparison to neat polymer,
natural filler in composites has the tendency to increase water absorption, hence

influences their biodegradation process.

2.2.4.1 Chitin

In the recent years, one of the most widely investigated organic fillers in biopolymer
was chitin. In contrast to agricultural waste materials, chitin is found abundantly in
many crustacean sources such as crabs, shrimp shells and lobsters (Mohd Asri et al.,
2014). Apart from that, the p-(1—4)-N-acetyl-D-glucosamine that made up this
crystalline high molecular weight linear polysaccharide is also found in cell walls of
fungi, yeast and green algae (Nasrin et al., 2017; Salaberria et al., 2017). These sources
such as lobsters and squid pens in the a-crystalline and p-chitin, respectively, are
naturally synthesized over one billion tons per annum (Mohd Asri et al., 2014; Broers et

al., 2018).

The reason for its high demand is the biodegradable, non-toxic and hydrophobic
properties provided that chitin is the second most abundant natural polymers after

cellulose (Mohd Asri et al., 2014; Broers et al., 2018). Chitin has been reported to have
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the ability to heal wounds with the inert property in the gastrointestinal tract of
mammals (Nasrin et al., 2017). In the laminated chitin-PLA composites by Broers et al.
(2018), the composites showed optimum thermal stability with low water absorption
capacity and antimicrobial activity which is suitable for bone implantation. As the
concentration of chitin increased, the tensile strength, UV-blocking and heat tolerance

improved with constant processing temperature of extruder and hot press.

On the other hand, a derivative of chitin, chitosan can be formed by acid treatment
via partial deacetylation, unveiling the amino moieties (Broers et al., 2018). Chitosan
also has barrier properties improvement in polymer matrix which is useful for retaining
food shelf life in the food packaging (Broers et al., 2018). Generally, extraction of chitin
from prawn shell required treatment with sodium hydroxide, sodium chlorite and glacial
acetic acid to complete the deproteinisation and bleaching steps (Nasrin et al., 2017).
However, these treatments discard large amount of chemical waste as compared to
keratin extraction or processing of keratin fiber. As a result, their industrial applications

are not widely commercialized.

Subsequently, Mohd Asri et al. (2014) utilized lactic acid fermentation as
environmental friendly and cheaper production cost approach to purify chitin from
crustacean waste in order to produce fermented chitin nanowhiskers. The results of the
chitin-PLA composites showed improvement of Young’s modulus and tensile strength
with increasing chitin composition at 2 phr. As the chitin reached 4 phr, elongation at
break decreased sharply and instant agglomeration occurred. Likewise, Hishammuddin
and Zakaria (2016) also reported similar results in tensile strength and elongation at
break but an increasing elastic modulus with respect to increasing chitin concentration.
Poor filler dispersion was also observed from the surface morphology study via atomic

force microscopy, indicating poor polymers interfacial compatibility.
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Aggregation occurred due to strong hydrogen bonds formed upon drying of chitin
powder. To enable uniform dispersion, Li et al. (2017) fabricated chitin-PLA
composites with premixing of chitin water slurry with PLA followed by freeze-drying
before the polymer blends were extruded. Improvement in mechanical properties of
tensile, flexural and impact strength as well as viscosity and shear stress were obtained
from poplar chitin reinforced composite. Another solution to incompatibility includes
surface functionalization by acylation. Salaberria et al. (2017) introduced hydrophobic
functional group in chitin with acetic anhydride and dodecanoyl chloride acid under
heterogeneous conditions. Hydrophobicity was enhanced together with the improved

antifungal activity for active food packaging application.

Although many approach has been done to solve the compatibility of PLA with
chitin including the addition of glycerol triacetate plasticizer up to 20 wt% (Herrera et
al., 2016), incorporation of too many additives may cause the composites to be non-
environmental friendly. This is due to the use of toxic chemicals and putting extra cost

in obtaining the product with low impurities such as the extraction of chitin.

2.2.4.2 Starch

Alongside with cellulose and chitin, starch is also one of the biopolymers that is
found abundantly. Native starch could be easily retrieved and commercially available
from wheat, corn and potato as compared to chitin extraction. In fact, starch falls under
the same polysaccharide classification linked by glycosidic bonds as similar to chitin,
except that it is found in plant instead (Muller et al., 2017). Starch comprises of 2
distinct polymers, the relatively linear amylose and branched amylopectin (Ke et al.,
2003). Different composition of these types of starch would affect the properties of
polymer blends. The examples of starch from different sources with amylose and

amylopectin content are summarized in Table 2.1.
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Table 2.1:

Amylose and amylopectin composition in starch from different sources
adapted from Muller et al. (2017)

Type of starch Amylose (%) Amylopectin (%)
Wheat 30 70

Corn 28 72

Potato 20 80

Rice 20-30 80-70
Cassava 16 84

Starch is highly hydrophilic in nature that exhibits high water solubility with poor
water vapour barrier capacity (Muller et al., 2017). Therefore, starch and PLA often
encounter phase separation due to their surface properties which are thermodynamically
immiscible. In addition, starch/PLA blends are intrinsically brittle and eventually results
in poor mechanical properties (Koh et al., 2018). Koh et al. (2018) suggested
toughening strategies that have been actively conducted by researchers over the years
including additive plasticization, mixture softening, elastomer toughening and

interphase compatibilisation.

One of the most common enhancement methods used in starch/PLA blends is
the addition of plasticizer. Glycerol was incorporated in PLA composites up to 17 wt%
and developed poor elongation at break and tensile strength other than exhibiting higher
biodegradation kinetic as compared to cellulose/PLA blends (Masmoudi et al., 2016).
On the other hand, Shirai et al. (2016) successfully improved the elongation at break,
tensile strength and Young’'s modulus by using diisodecyl adipate, an adipate ester as
plasticizer. The authors explained that it was due the high molecular weight of

diisodecyl adipate that contributed to the properties enhancement. Similar increase in
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tensile and impact strength were also obtained from the epoxy palm oil plasticized

starch-PLA composites (Ali et al., 2016).

Nonetheless, water sensitivity of starch in the composites has been as issue of
over swelling due to the absorption of water. Ke et al. (2003) discovered that increasing
amylose content up to 70 % had reduce the swelling of corn starch as compared to
blends with waxy corn starch. The PLA matrix phase became continuous as amylose
ratio increased. In conjunction with the addition of maleic anhydride compatibiliser,
Zhang and Sun (2004) incorporated an initiator, 2,5-bis(fert-butylperoxy)-2,5
dimethylhexane to induce the maleic acid interaction with PLA free radicals. As a
result, starch/PLA blend with 55/45 ratio recorded the highest tensile strength and
elongation of 52.4 MPa and 4.1 %, respectively. However, as more steps are introduced
to strengthen the properties of composites, the more chemicals are used and the more

complex the methodologies become.

2.3 Green Chemistry for Polymer Composite

23.1 Type of Green Chemistry

The pioneer of green chemistry, Anastas and Warner (1998) defined green chemistry
as the design of chemical products and processes that lessen or remove the use or
generation of hazardous substances. In other words, it is also known as sustainable
chemistry. To make a greener chemical, process, or product, 12 principles of green

chemistry were created by Anastas and Warner (1998):

1. Waste prevention
2. Atom economy or efficiency
3. Less hazardous chemical syntheses

4. Safer products by design
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5. Safer solvents and auxiliaries

6. Energy efficiency by design

7. Use of renewable feedstock

8. Derivatives reduction

9. Catalysis

10. Design for degradation

11. Real time analysis for pollution prevention

12. Inherently safer chemistry

Sustainable chemistry is the practice of sustainability in the concept of production
and use of chemicals and chemical products as well as the application of chemistry and
chemical products to enable sustainable development (Welton, 2015). Related examples
include biodegradable plastics from natural polymers and modern paints with reduced
toxic chemicals (Helmenstine, 2017). To fulfill the green chemistry criteria, solvent
classes have been suggested. They include water, supercritical fluids, gas expanded
liquids, ionic liquids, liquid polymers and solvents derived from biomass (Welton,
2015). This is because solvents are important factor in green industrial process and
would be required to replace the conventional solvents that result in the emission of

volatile organic compounds (Plechkova & Seddon, 2007).

2.3.2  Green Solvent — Ionic Liquids

In applied chemistry, room-temperature ionic liquids (ILs) have received much
attention as novel and green technology (Nishikawa et al., 2007) due to significant
environmental benefits. Ionic liquids are poorly coordinated cations and anions molten
salts that melt below the boiling point of water, 100 °C (Shamsuri & Daik, 2015). Ionic
liquids portray many interesting properties such as low vapor pressure that makes them

non-volatile (Zhang et al., 2005), besides being very stable, polar, non-flammable, high
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thermal stability of more than 250 °C, soluble in organic solvents and water (Shamsuri
& Daik, 2015). Most importantly, IL is able to dissolve and solvate many organic and

inorganic materials such as polymers.

2.3.3  Types and Properties of Ionic Liquids

Ionic liquids has been a popular choice in the dissolution properties of various
polymers. Apart from ionic and covalent interactions between the ions, there are also
relatively weaker interactions such as hydrogen bonding and m-stacking, which are not
commonly found in organic solvents (Handy, 2011). The diversity in the availability of
cationic and anionic enables IL to be implemented in dissolution and various
applications. The chemical structures of typical cation found in ILs are illustrated in

Figure 2.7.
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Figure 2.7: Types of cationic groups commonly used in ionic liquids
Adequate selection of cation and anion constituents would result in different physical
and chemical properties in ILs. Anions also play an important role in affecting the
viscosity and melting point of the salts. For instance, strong basicity anions such as
formate, acetate, or phosphate are more suitable for cellulose dissolution under mild
condition provided with preferred cation candidates such as imidazolium, pyridinium
and pyrrolidinium (Gupta & Jiang, 2015). Anions could range from simple halides,
small inorganic ions to large and bulky ones. Meanwhile, some anions are not suitable
in the application with carbohydrate and carbohydrate-related polymer. For example,
tetrafluoroborate, BF4~ hexafluorophosphate, PFs~ would undergo rapid hydrolysis with
free hydroxylic cations and cause difficulties for their use with either aqueous solvents

(Handy, 2011).
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234 The Use and Application of Ionic Liquids in Polymers

Among the ILs, not all types are studied extensively or widely available for
applications. For instance, alkylpyridinium ILs have high melting points which are not
favorable as solvent (Farran et al., 2015). Instead of acting as a solvent, it is the only
heterocyclic aromatic cation which has great potential is aiding organic synthesis
(Handy, 2011). Subsequently, Peng et al. (2013) reported the effectiveness of sulfonic
acid-functionalized imidazolium and pyridinium based ILs in copolymerization of L-
lactic acid and e-caprolactones. The average molecular weights of copolymers of both
1-(butyl-4’-sulfonic acid)-3-methylimidazolium hydrosulfate and 1-(butyl-4’-sulfonic

acid)pyridinium hydrosulfate with similar anion were 35.6 and 35.9 kDa, respectively.

Pyridinium and pyrrolidinium ILs have good biodegradable property which is
possible for biopolymer utilization (Handy, 2011). Therefore, acidic ILs range from
pyrrolidinium bisulfate, pyrrolidinium chloride to morpholinium bisulfate were studied
for catalytic activity in ring-opening polymerization of e-caprolactones in toluene with
an initiator of benzyl alcohol (Mecerreyes, 2015). Intramolecular interaction between
the ILs and polymer resulted in decrease in inherent viscosity. Pyrrolidimium and
piperidinium salts were able to achieve high extraction efficiency in aqueous two-phase
systems as additives. Aqueous two-phase systems composed of polyethylene glycol and
ILs are an alternative technique for the extraction, separation and/or purification of
diverse biomolecules (Almeida et al., 2014). Although 1-butyl-1-methylpyrrolidinium
chloride did not show the best phase separation among ILs, the performance was still
better as compared to 1-butyl-1-methylpiperidinium chloride IL due to the low affinity

to water.

Another type of IL is the thiazolium group where thiazoles are commonly known for

the nutrition of thiamine (Vitamin B1) in the form of substituted thiazolium salt (Handy,
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2011). From the literature of Grygiel et al. (2014), 4-methylthiazolium salts were
polymerized via free radical polymerization and anion exchange reactions. The
poly(ionic liquid) was able to achieve anion-dependent tunable solubility in water and
organic solvents. On the other hand, phosphonium salts are also implemented in
polymer inclusion membranes as ion carrier. The membranes were made up of cellulose
triacetate based membranes and ILs to facilitate transport of valuable and toxic metal
ions such as cadmium (II) and copper (II) ions from aqueous chloride solutions
(Pospiech, 2015). Results from the use of trihexyl(tetradecyl)phosphonium chloride and
trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate showed fast and

efficient extraction of cadmium (II) at over 99 %.

Pyrazolium and imidazolium cation groups’ structures are almost similar but
with the difference on the position of nitrogen. However, both types of ILs portrayed
quite a different properties as investigated by Chiappe et al. (2013). Results from
Chiappe et al. (2013) showed that 1,2-dialkylpyrazolium-based ILs had higher
solvatochromic effect as compared to 1,3-dialkylimidazolium salts which was probably
due to the greater hydrogen bond donor ability from closely positioned nitrogen atoms.
However, the hydrogen bond donor ability is strongly affected by the length of alkyl
chains. Apart from this superiority, olyferrocenylsilane polymer which is composed of
ferrocene molecules bridged by silicon atoms is insoluble in imidazolium-based ILs.
Matsuura and Furuta (2015) discovered that secondary amine in pyrazolium acted as an

oxidant for ferrocene, allowing olyferrocenylsilane to be dissolved.

As a comparison with various types of cations in ILs, imidazolium salts were the
most established and extensively researched in every aspects such as toxicity and its
impacts in applications. One of its profound studies is the use of 1-ethyl-3-

methylimidazolium acetate and 1-ethyl-3-methyl imidazolium diethyl phosphate as an
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extracting agent of agarose from microalgae (Rhodophyta) originated from western
coastal regions of India (Trivedi & Kumar, 2015). The dissolution under heating and
microwave irradiation resulted in high extraction of good quality agarose up to 39 % as

compared to conventional method.

23.5 The Role of 1-Butyl-3-methylimidazolium chloride (BMIMCI) in

Biopolymers

Of all ionic liquids, 1-butyl-3-methylimidazolium chloride (BMIMCI) (Figure 2.8)
that exist in solid state at ambient temperature has considerably low melting point of 41
°C (Huddleston et al., 2001) with reducing viscosity as temperature increases.
According to El-Hadi (2002), BMIMCI is considered a perfect plasticizer because of the
mobile and small size of the molecules with low glass transition temperature. Thus, 20
wt% of ionic liquid loading resulted in lowering of glass transition temperature in PLA
by 28 °C (Peng et al., 2017). Meanwhile, viscosity of IL is inversely proportional to
shear rate. As smaller cation in BMIMCI showed higher extractive ability than the other
ionic liquids due to lower intermolecular van der Waals interactions, BMIMCI is

naturally less viscous than other IL (Dharaskar et al., 2013¢c; Wasewar, 2013).
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Figure 2.8: Chemical structure of 1-butyl-3-methylimidazolium chloride
(BMIMCI)

Despite of the BMIMCI small size and low melting point, most imidazolium salts

have high thermal stability. Thermogravimetric analysis of Dharaskar et al. (2013b)
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described the thermal decomposition stages of BMIMCI which begun at 270 °C and
stayed constant at 370.6 °C with more than 10 % of residue. The thermal behavior
studies of BMIMCI by Nishikawa et al. (2007) using super sensitive and high-resolution
DSC showed that BMIMCI had long-ranged pre-melting phenomenon and a complex
freezing behavior. This phenomenon was caused by the gauche-trans (GT) and trans-
trans (TT) conformational change of the butyl group linking with the phase transitions.
Another study of BMIMCI on long-term isothermal TGA exhibited long-term thermal
stability up to 160 °C as the decomposition temperature fell in the range of 150-200 °C

(Kamavaram & Reddy, 2008).

There are several reasons for the choice of BMIMCI selection as Holm and Lassi
(2011) mentioned that dissolution and functional modification strength largely depends
on their polar characteristics to form hydrogen bonds with the polymers. The polarity of
IL is caused by the electronegativity and small size of anions while chloride is one of
the most electronegative ions. Interaction strength between IL and cellulose was also
being reported by Elhi et al. (2016) where IL chloride anion showed the strongest. The
dissolution mechanism behind the strong interaction between cellulose and ionic liquid
was explained by Feng and Chen (2008) which involves the formation of electron

donor-electron acceptor complexes.

Figure 2.9 illustrates the oxygen atom of cellulose as electron pair donor whereas the
hydrogen atom acts as electron acceptor. Dissociation of ionic liquid into [BMIM]" and
[CI] ions results in their penetration between cellulose chains (Han et al., 2013). Free
chloride anion and [BMIM]" cation attack the hydroxyl proton and oxygen atom
respectively to cause the hydrogen bonds opening between the cellulose molecular
chains. Thus, dissolution occurs due to the swelling of cellulose. The ease of the

hydrogen bonds formed between hydrogen atoms of hydroxyls and the aromatic protons
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in the imidazolium cation was due to the relatively small anions which was less steric

hindrance (Zhang et al., 2017a).
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Figure 2.9: Dissolution mechanism of cellulose in BMIMCI adapted from Feng and
Chen (2008)

Apart from the efficiency of BMIMCI dissolution mechanism, the compatibility of
ionic liquids with polymers is crucial in order to avoid phase separation. The miscibility
could be further enhanced with the addition of materials with amphiphilic character
(Shamsuri & Daik, 2015). Herein, source of protein keratin from CFF is best suited for
the mentioned criteria as Wang et al. (2014) explained that the imidazole ring in
BMIMCI can dissolve keratin by weakening the intermolecular hydrogen bonding
within the protein structure. C1” anion also reacts with the strong S-S bonds as well as

weaken the hydroxyl bonds, intramolecular and intermolecular hydrogen bonds.

Good compatibility between IL and polymers allow the amount of polymer dissolved
in IL to be maximized, besides showing significant improvement in the polymer blend
mechanical and chemical properties. For example, keratin-cellulose blend films of
Hameed and Guo (2010) exhibited an increase in thermal stability as well as tensile
strength and elongation at break as the cellulose content increases which was due to the

disruption of polymer hydrogen bonding by BMIMCI.

BMIMCI is able to alter the morphology of polymers apart from chemical bonding

disruption. In the work of Yin et al. (2016), the authors enhanced the porosity PLA
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scaffolds with ionic liquid for the medical application of bone repair. The PLA porosity
was found to have increased by 60 % for the flow of nutrients and metabolic waste as
well as cell adhesion in order to promote cell proliferation and growth. Porosity of
polymer was determined by gravimetric method while Li et al. (2004) reported other

alternative method by using pycnometer.

In consequence to the porosity effect, ionic liquid is widely investigated in glassy
poly(lactic acid) in order to enhance its flexibility. According to (Park, 2008), reduction
in the size of ionic liquid molecular structure creates more free space and volume for
polymer to reduce its molecules entanglement. For instance, thermogravimetric results
by Zhang et al. (2008) reported that the thermal stability of PLLA was better with 1-
butyl-3-methylimidazolium pentafluorofosphate (BMIMPF¢) than the conventional
plasticizer, poly(ethylene glycol). The improvement of polymer chain mobility was also
confirmed via polarizing microscope (POM) and transition temperature reduction to as

low as 40 °C with the increasing content of BMIMPF¢ from 2 wt% to 10 wt%.

24 Processing Techniques

2.4.1 Dissolution of Polymers in BMIMCI

Cellulose derivatives have been a common topic of research to enable the dissolution
of high degree polymerized cellulose in most organic solvents via chemical
modification of the OH functional group (Olsson, 2014). From the extraction of
cellulose out of natural resources to its application in environmental friendliness
context, the use of organic solvent is certainly not ecologically safe and often
encounters toxicity issues. The dissolution of fillers in IL has the purpose of promoting
dispersion in producing homogenous composites besides eliminating the use of

conventional organic solvent in polymer blending.
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Generally, the dissolution of polymers in BMIMCI requires comparative studies of
the methods, different sources of keratin and cellulose as well as the parameters to fully
optimize the amount and effectiveness of IL dissolution. From the studies of Swatloski
et al. (2002), pulp cellulose dissolution BMIMCI showed second highest solubility up to
10 wt% upon heated at 100 °C while microwave heating dissolved up to 25 wt% while
producing clear viscous solution. Although microwave heating is often reported to
achieve the highest solubility, conventional heating method is still more commonly

practiced with appreciable solubility as compared to room temperature dissolution.

Meanwhile, high efficiency of imidazolium-based BMIMCI in deep desulphurization
of liquid fuels proved that BMIMCI is an ideal solvent in dissolving sulphur containing
keratin polymer (Dharaskar et al., 2013a). Idris et al. (2013) also discovered that
temperature has a strong effect on the solubility of keratin from turkey feather. It was
observed that 130 °C was the optimum temperature in maintaining high solubility up to
50 wt% while minimizing the potential of any protein degradation or decomposition of
the ionic liquid whereas Avicel 398 cellulose attained 20 wt% solubility in BMIMCI

heated to 100 °C (Pinkert et al., 2009).

Another study involving 8 wt% of human hair keratin in BMIMCI was conducted
with the similar condition as keratin, 130 °C for 10 minutes (Wang et al., 2014). The
observation from polarizing microscope showed that the human hair samples were
completely dissolved due to swelling from amorphous to crystalline to obtain clear and
viscous mixture. This morphological study with respect to the condition of the
dissolution is important to identify the optimum parameters for the filler dissolution
without affecting the integrity of the polymers. At lower temperature, homogenous
cellulose solution with optical microscopy investigation was obtained with only 75

minutes of dissolution (Peng et al., 2011).
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BMIMCI is hygroscopic in nature and absorbs moisture instantly under room
condition despite the ability to dissolve most polymers. Consequently, several works
have also been reported on the use of inert atmosphere to conduct the composite
synthesis. For instance, Tran and Mututuvari (2015) dissolved the cellulose-chitosan-
keratin composites in nitrogen atmosphere. The dissolution of keratin was first
dissolved at 120 °C and reduced to 90 °C for cellulose and chitosan. The temperature
difference for both difference types of polymer is necessary due to the stronger disulfide
and hydrogen bonds in the keratin protein structure aside from the prevention of

excessive heating that induces cellulose pyrolysis (Swatloski et al., 2002).

The effect of moisture to the dissolution process is equally significant as reported in
the work of Olsson (2014) who explained that more water will cause the decrease in the
solubility of the polymers. This is because the dilution of water that decreases the
overall viscosity of IL may increase the mobility of dissolved fillers and lead to
aggregation. However, high processing temperature may also eliminate the side effect
of water content to the dissolved fillers by having more permanent bonding between the

BMIMCI and polymers.

2.4.2 Fabrication Routes

2.4.2.1 Solvent Casting

Solvent casting is also known for solution intercalation or solvent blending with the
advantage of polymers able to be dissolved and dispersed in the same solvent (Gao,
2012). As PLA is soluble in chloroform, most PLA composites utilize chloroform in
solvent casting up to 1 hour sealed stirring to prevent the evaporation of the volatile
solvent (Jiang et al., 2014). Apart from that, other solvents were also practiced in the
dissolution of PLA such as methylene chloride and 50:50 of methylene chloride and

acetonitrile (Byun et al., 2012). This method is a conventional way and important for
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fabrication of polymers with low or no polarity that favors the preparation of thin
membranes. Polymer and organic fillers could avoid thermal degradation due to the

absence of elevated temperatures (Marras et al., 2010).

Solution casting remains as a popular choice in laboratory processing method for
decades due to the best dispersion of cellulose nanofibers in PLA (Thakur & Thakur,
2017), besides enhanced the properties of composite films. Studies from Fortunati et al.
(2012) showed that PLA composites processed by solvent casting had improved
elongation at break which was probably due to the residual solvent that acted as
plasticizer. The solvent casted PLA composites also had high ductile behavior at low

nanocellulose content which is a desired property for flexible packaging applications.

Apart from that, Rhim et al. (2006) also reported similar results as Fortunati et al.
(2012) in PLA films. From the TGA data, more than 10 % of chloroform that was
retained in the films. Hence, the ductility of the sample film increased dramatically as
compared to thermally dry compressed films, but with the deterioration of tensile
strength and thermal stability. DSC analysis of Marras et al. (2010) recorded lower
crystallization temperature of solution casted poly(L-lactic acid) nanocomposites as
compared to melt compounding method. Therefore, film fabrication method is

important in determining the desired properties of the composites.

In some nanocomposite thin films, the film casting method utilizes spin coating of
the nanoparticle-polymer solution (Li et al., 2010). During the coating process, the
solvent which acts as a dispersant evaporates in the ambient temperature or by
subsequent oven treatment to result in the formation of homogenous films. Solvent is
one of the main factor that affect the crystallization properties of composites. For
instance, solvent casted PLA dissolved in equal ratio of methylene chloride and

acetonitrile showed highest thermal expansion stability and crystallinity as compared to

39



other tested solvents, but with the sacrifice of oxygen permeability properties (Byun et

al., 2012).

However, not all polymer/filler system possess favorable thermodynamics for
composite formation (Gao, 2012). The challenging parts in solving the unfavorable
thermodynamics are breaking the agglomerates of primary nanoparticles and conserving
the dispersed/intercalated/exfoliated structure after processing. Gao (2012) proposed an
interfacial compatibilisers which is solvent miscible such as maleic anhydride grafted
polymers could limit the loss of microstructure. Meanwhile, surface modification was
introduced to improve the polymer matrix compatibility between cellulose and PLA as
well as the fiber dispersion in the matrix to prevent the irreversible agglomeration of

cellulose/PLA upon drying (Thakur & Thakur, 2017).

In contrast, when more fillers were incorporated in the composites such as keratin
polymer with strong disulphide groups, solubilisation of polymers in the solvent
becomes a limitation. For example, composites of PLA with poly(ethylene glycol)
resulted in amorphous blend with different miscibility as confirmed via XRD and SEM
characterizations (Jiang et al., 2014). In comparison with melt-compounded samples,
the results showed better compatibility. On top of that, use of organic solvents in
solvent casting is environmentally unfriendly and economically unadvisable from the
industrial point of view (Marras et al., 2010). Laboratory analysis of Young (2008)
reported high toxicity of chloroform aside from having severe inflammation with acute

exposure.

Fabrication via solvent casting is limited to the surface area of glass plates other than
having the disadvantage of time consuming. This is because the conventional drying in

solvent casting through the evaporation of solvent requires at least 24 hours (Fortunati
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et al., 2012). This method is considered inefficient from the factor of time with respect

to the yield of product.

Ultimately, the product of solvent casting is not uniform or known to be not
reproducible in a consistent parameter despite this method results in a thinner films of at
least 200 um (Fortunati et al., 2012) as compared to compression molding. Jiang et al.
(2014) reported that the solvent casted PLA film appeared to have inconsistent white
and semi-transparent patches, which indicated that the film is not well mixed. Since the
conventional solvent casting method portrayed disadvantages in composite fabrication,
alternative routes may have to be considered from the aspect of simplified procedure

and future economic purpose.

2.4.2.2 Melt Compounding

Melt compounding is normally referred to the process of melting the polymer pellets
at their melting temperature to obtain homogenous blending. It includes the employment
of injection molding, twin-screw extruder or measuring mixers together with the film
fabrication via hot press/compression molding. As compared to the conventional
laboratory solvent casting method, melt compounding provides bigger scale of
production in polymer manufacturing industries. The differences of these two

preparation methods are as illustrated in Figure 2.10 below.

41



Figure 2.10: Preparation methods for composites: (a) melt compounding and (b)
film casting adapted from Li et al. (2010)

According to Yin et al. (2016), a combination of polymer with innoxious materials in
melt processing and compression molding are a set straightforward, convenient and
efficient way to devise its application in tissue engineering scaffolds apart from
pursuing solvent-free route. To further avoid the effect of moisture, some PLA resins
were dried under vacuum overnight prior to melt compounding (Hassan et al., 2013;

Nanthananon et al., 2015).

The use of these melt processing equipment require attention in considering the
parameters such as rotor speed, duration and temperature that may affect the properties
of the final product. According to the work of Auras et al. (2004), increase in
temperature lowers the shear viscosity for both amorphous and semi-crystalline PLA
although it was reported that semi-crystalline PLA has higher shear viscosity than
amorphous PLA. For instance, Cafiavate et al. (2015) reported optimum parameters for

CFF reinforced PLA composite to be 170—180 °C for 5 min with the mixing speed of 50
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rpm. The processing specification provided promising mechanical test results including

Young’s modulus, tensile strength and elongation.

Sufficient processing duration is also important in the study of the composites
homogeneity. For instance, increase in the rotation speed up to 100 rpm that elevates the
mechanical energy of the melt blending could enhance the exfoliation and dispersion of
filler particles in melted matric of PLA (Darie et al., 2014). Tawakkal et al. (2010)
further explained that good distribution of polymer within its matrix is indicated by the
stabilization zone monitored via mixing torque curve. The torque rheometer curves
generated from the Brabender Plastograph mixer during melt processing could provide
useful information such as the final stock temperature, torque shear rate and time
needed for homogenous blend of the polymers in minimizing sample degradation and

mechanical wear (Tee et al., 2014).

Apart from melt mixing, compression molding/hot press has similar effect to the film
fabricated. Garkhail et al. (1999) reported that compression molding produces
composites with better mechanical properties as compared to injection molded
composites such as increase in impact resistance, fiber length and toughness. However,
Sullivan et al. (2015) found that the later method of melt spinning has more
advantageous than that compression molding in their crystalline nanocellulose-
poly(lactic acid) (CNC/PLA) composites. The authors explained that melt spinning

minimized the size of CNC agglomerates.

Subsequently, cooling process is necessary for every high temperature molded
composites. Sullivan et al. (2015) practiced ambient air cooling to below polymer glass
transition temperature in order to minimize plastic deformation and thermal residual
stresses. Lower cooling rate was presumed to increase portion of the melt

crystallization, hence, degree of crystallinity also increases (B&halek et al., 2013). This
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is because increasing cooling rate resulted in insufficient time for defective crystal of
melted polymer to undergo perfection during heating (Setiawan, 2015). On the other
hand, Herrera et al. (2015) investigated on the effect of slow and fast cooling to the
composites by cooling in air (20 min) and inside the metal plates (5 min), respectively.
It was found that fast cooled films showed the highest elongation at break of 300 % with

the most transparent appearance.

As the main drawback of PLA is its stiffness and lack of elasticity, addition of
plasticizers in PLA is regularly conducted and BMIMCI has the potential of acting as
plasticizing agent in PLA. In melt processing, melt viscosity plays an important role in
affecting the final polymer blend produced. Auras et al. (2004) added that the amount of
plasticizer directly influences the PLA processing stock temperature and shear rate. The
plasticizing effect in the work of Pillin et al. (2006) only resulted enhancement in PLA
mechanical properties from 10 % up to 30 % w/w whereas any higher plasticizer

content showed poor tensile properties.

Cellulose nanofibers which was reported by Jawaid and Swain (2018) to have high
surface area has the tendency to aggregate when dried. The authors recommended
mixing the blends in a suitable medium prior to further processing such as extruder or
melt compounding. In this case, ionic liquid which has high polarity and low melting
point could be a suitable medium for this PLA composite fabrication route. Hence,
results comparison from plenty of previous works showed that melt compounding

method is more favorably considered as compared to solvent casting.

2.5 Summary of Literature Review

Poly(lactic acid) is well known for its renewability and biodegradability for

packaging applications to replace the synthetic polymers. However, its glassy and low
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ductility properties hinders such applications. Hence, PLA composites are produced
with incorporation of plasticizers, functional groups and organic fillers to enhance its
chemical and mechanical properties. Reinforcement of organic materials seems a

promising method to improve the PLA properties while reducing cost.

Organic fillers are available from agricultural waste or plant source such as cellulose,
keratin, starch and chitin which are long chains of polysaccharides or proteins. Among
these biopolymers, cellulose has a remarkable high crystallinity properties that may
contribute to the thermal stability of the PLA composites. Since the hydrophilic
cellulose may have immiscible effect towards hydrophobic PLA. Introducing keratin, an
amphiphilic protein would act as a bridge in between cellulose and the PLA matrices. In
comparison with the sources of organic fillers, implementing cellulose and keratin fibers
are the most environmental friendly with least chemical usage in extraction and with

simple preparation.

While examining between solvent casting and melt compounding method, dispersion
has always been an issue in polymer composites especially the agglomeration of
cellulose. Ionic liquid has superior green solvent properties in term of stability and
polymer dissolution ability than that organic solvent. There are different types of ionic
liquids ranging from imidazolium, pyridinium, piperidinium, pyrazolium, thiazolium,
pyrrolidium, ammonium, sulfinium to phophonium based ILs. From the aspect of
toxicity, applications in biopolymer and thermal stability, imidazolium salts were more
extensively studied for their properties, especially BMIMCI where the mechanism of

dissolution was also widely investigated.

In most solvent casting, organic solvents are utilized in film fabrication to allow the
evaporation of solution. Since ionic liquid is responsible for the dissolution of polymers,

melt compounding would be a better option as its large scale of production would
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commercialize industrial application. This overall method provides a set of

straightforward and convenient way of fabrication PLA composites.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Introduction

This chapter describes the materials and comprehensive methodology of physical
treatment of CFF and preparation of composite films. All experimental setup and
equipment for characterization were conducted in laboratory condition under room

temperature.

3.2 Materials

Poly(lactic acid) (2003D Ingeo ™, melt flow index (MFI) 6 g/10 min at 210 °C/ 2.16
kg, relative viscosity 4.0, peak melting temperature 145-160 °C, glass transition
temperature 55-60 °C) was purchased from NatureWorks LLC, USA. The chicken
feathers were collected from local wet market. 1-Butyl-3-methyl-imidazolium chloride
(BMIMCI, purity >99.0 % (HPLC), melting point 67-71 °C, molecular weight 174.67
g/mol), n-Hexane (ACS, Reag. Ph Eur) and dichloromethane (ACS, ISO, Reag. Ph Eur)
were purchased from Merck KGaA, Darmstadt, Germany. Microcrystalline cellulose
(MCC) powder, 20 um (Cotton linters, particle size distribution: d50 18-22 um, pH 5.5-
7.0) was obtained from Sigma-Aldrich Co., MO, USA. All of the chemical reagents

were used without further purification.

33 Methodology

3.3.1 Physical Treatment of Chicken Feather Fibers (CFF)

The chicken feathers were washed with clean water for several times and dried
completely in oven to ensure no contamination of water during extraction. Chicken
feathers were inserted into extraction thimble approximately 70 % full to prevent

overflowing of feathers in the Soxhlet extractor. A 500 mL mixture of 1:1 ratio of
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dichloromethane and hexane were prepared for Soxhlet extraction at the temperature of
approximately 80-100 °C for 7-9 hours to remove the fatty acids and dirt from the
feathers. The clear and colorless organic solvents mixture turned yellow and slightly
cloudy after 7-9 hours, indicating the presence of fats and dirt from feathers. The
feathers were rinsed with hexane and dried in oven before being stored in sealed plastic
bags. The chicken feathers were cut into smaller sizes before further crushed into
powder with centrifugal ball mill (S 100, Retsch GmbH) for about 2 hours at 400 rpm
speed to obtain non-uniform particle size of brown CFF powder. The chicken feather
fibers powder with the size of below 250 um was collected with vibratory sieve shaker
(AS 200, Retsch GmbH). The CFF powder was kept in 45 % humidity drying cabinet

for further use.

3.3.2  Preparation of Composite Films

3.3.2.1 Experimental Setup

The Plastograph EC Plus with measuring mixer W 50 EHT (Model 835205.002,
Brabender GmbH & Co KG, Duisburg, Germany) for melt-blending was preheated at
180 °C for approximately 15 minutes until the stock temperature stabilized and reached
close to 180°C. The heating parameter was set to 60 rpm speed, 50 Nm of measuring
range with 3 zones of mixers. Likewise, the hot press machine (GT-7014-A30C,
GoTech, Taiwan) was preheated at 180 °C on both sides of heating plate until the

temperature stabilized.

3.3.2.2 Dissolution of Fillers in BMIMCI

The dissolved fillers in BMIMCI was first prepared by melting BMIMCI (2.0 g, 5
wt% of total polymer weight) at 100 °C to remove water vapour. 20 wt% of fillers (total

weight of 0.4 g depending on the CFF and MCC composition) were prepared.
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Subsequently, the temperature was raised to 110 °C and slowly dissolved CFF a little at
a time and then reduced to 90 °C for MCC. The mixture was stirred with magnetic
stirrer until the mixture thickened to form a gel-like solution. The mixture was
continuously stirred with hand stirring to ensure all fillers were completely dissolved.
The mixture was let to cool down at room temperature for approximately 2-3 hours to

form a gel or paste before melt-blending.

3.3.2.3 Film Fabrication

The preparation of the films were divided into 3 parts; neat PLA, PLA composites,
and composites with added BMIMCI. The composition of composite films is as

summarized in Table 3.1.

The neat poly(lactic acid) was prepared as a constant variable by melt-blending. PLA
pellets (40 g) were first loaded in the measuring mixer at 180 °C for 8 minutes as
accordance to the blending torque upon reaching constant value with the rotor speed of
60 rpm until the transparent PLA was well blended. Subsequently, blended PLA was
preheated at 180 °C in between the heating plates for 10 minutes in the hot press
machine. Upon compression at 180 °C, the bubbles trapped in the film was released by
repeatedly compressed and released for 6 times. The PLA was compressed at 180 °C for
5 minutes under the pressure of 30 tons per square inch (tsi) followed by 3 minutes
rapid cooling to room temperature to form neat PLA film with 1 mm thickness (180 mm

x 180 mm dimension).

The fabrication steps for PLA composites without BMIMCI with the CFF/MCC
ratios of 100/0, 70/30, 50/50, 30/70 and 0/100 were almost similar to the neat PLA. 99
wt% of PLA pellets (39.6 g) were loaded in the measuring mixer at 180 °C until the

pellets were fully melted followed by the addition of 1 wt% of fillers (0.4 g) a little at a
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time. The composites were melt-blended for 8 minutes at 60 rpm until the blending
torque reached a constant value. Then, the composite blend was preheated in between
the heating plates for 10 minutes in the hot press machine. Upon compression, the
bubbles trapped in the film was released by repeatedly compressed and released for 6
times. The composite was compressed at 180 °C for 3 minutes under the pressure of 30
tsi followed by 3 minutes rapid cooling to room temperature to form 1 mm thickness

film.

PLA composites with BMIMCI and CFF/MCC compositions of 100/0, 70/30, 50/50,
30/70 and 0/100 respectively, required the dissolution of fillers prior to melt-blending.
As soon as the translucent gel-like mixture of dissolved fillers in BMIMCI was formed,
it was premixed with PLA pellets (39.6 g) before loading onto the 180 °C measuring
mixer for 6-8 minutes. Meanwhile, PLA-IL required only premixing with 2.0 g of
BMIMCI before melt-mixing. Subsequently, the mixture of dissolved fillers in BMIMCI
was melt-blending with PLA for 5-7 minutes at 60 rpm depending on blending torque
upon reaching constant value. The composite blend was preheated in between the
heating plates for 4 minutes in the hot press machine. Upon compression, the bubbles
trapped in the film was released by repeatedly compressed and released for 6 times. The
composite was compressed at 180 °C for 2 minutes under the pressure of 30 tsi followed
by 3 minutes rapid cooling to room temperature to form 1 mm thickness film. All
samples were stored individually in 45 % humidity drying cabinet for at least 1 to 2

weeks before characterization studies to observe the stability of the composite films.
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Table 3.1: Composition of PLA blend composite films

Sample CFF/MCC Composition (wt%)
ratio PLA Filler(s) BMIMCI

PLA - 100 - -
PLA-CFFi00 100/0 99 1 -
PLA-CFF7;,0MCCso 70/30 99 1 -
PLA-CFF5o0MCCso 50/50 99 1 -
PLA-CFF3;0MCCro 30/70 99 1 -
PLA-MCCioo 0/100 99 1 -
PLA-IL - 95 - 5
PLA-CFFip0IL 100/0 94 1 5
PLA-CFF70MCCsoIL 70/30 94 1 5
PLA-CFFs5oMCCsolL 50/50 94 1 5
PLA-CFF30MCCrolL 30/70 94 1 5
PLA-MCCio0lL 0/100 94 1 5

3.4 Characterizations of PLA Composite Films

34.1 Torque Rheometer

The change in torque (Nm) as a function of time (s) of CFF-MCC reinforced PLA
blends with different compositions were analyzed in a Brabender torque rheometer with
roller blades (Mixer W 50 EHT, Plastograph® drive, WinMix software, Version
4.2.16). The torque curve generated by the plastograph illustrated the fusion behavior of
PLA composites such as viscosity, fusion time, gelation speed and mechanical energy

input.
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34.2  Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The chemical structures of the raw materials, CFF, MCC, BMIMCI as well as PLA
composite films were determined via FTIR Spectrum 400 (Perkin Elmer, USA) using
diamond attenuated total reflectance (ATR) surface characterization technique on the
composite films. The transmission spectra were obtained in a scan range of 4000-450

cm’!, scan rate of 32 units scan and a 4 cm™' resolution.

343 Thermogravimetric Analysis (TGA)

The thermal stability of the raw materials, CFF, MCC, and sample films were
examined using TA Instruments Q500 (Switzerland) from room temperature to 500 °C
at the rate of 5 °C/min under nitrogen atmosphere with the standard operating sample
film mass of 5-10 mg. The results were plotted as percentage of sample weight loss
against temperature to identify the onset and peak of sample degradation temperature as

well as the percentage of residue up to 500 °C.

3.4.4 Differential Scanning Calorimetry (DSC)

DSC experiments were carried out using Mettler Toledo DSC 1 (Switzerland)
instrument. The measurements were performed on the neat PLA and PLA composites
films with the sample weight of 5-10 mg each under nitrogen gas atmosphere at the rate
of 10 °C/min from -60 °C to 220°C. The data collected was plotted as heat flow against

temperature. The crystallinity of the samples (y ) were calculated by the following

equation:

AH;

- X100 ©
L~ AHOW o
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where AHy is the apparent specific melt enthalpy of the sample, AH? is the melt
enthalpy of PLA (93 Jg'!) and W is the weight fraction of PLA over the total sample

weight (Martins et al., 2014; Yeh et al., 2008).

34.5 X-ray Diffraction Analysis (XRD)

Rigaku (Japan) X-ray diffractometer (operated at 40 kV and 40 mA) was performed
on the film surface of PLA composite with and without BMIMCI at a wavelength of
1.54 A with Cu Ko radiation. The intensity was collected over a 20 range of 5° to 90°, at
a scan rate of 0.026°s. XRD non-destructively records the diffracted X-rays pattern
made by the PLA composite film crystals (Dutrow & Clark, 2019). The degree of

crystallinity was calculated using the equation below:

1= Ac/ (A + Ad)

where Ac and A, are the crystalline and amorphous areas on the X-ray diffractogram

respectively (Yee et al., 2016).

3.4.6  Surface Morphology

Scanning electron microscope (SEM) (Phenom ProX, Netherlands) was used to study
the morphology of the film cross section at an activation voltage of 5 kV at room
temperature. The composite films of PLA, PLA-IL, composites with CFF/MCC ratio of
0/100, 50/50 and 100/0 for both with and without IL were fixed by a mutual conductive
square metal plate on aluminum stubs and coated with thin layers of gold using sputter
coater to avoid charging effect. The cross section images were captured at lower and
higher resolution with the magnification of 430x (200 um) and 1100x (50 wm)

respectively.
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3.4.7 Vickers Hardness Test

The hardness testing was conducted on all PLA composites using Vickers hardness
tester (Mitutoyo Corp., Kawasaki, Japan) with the diamond pyramid indenter of 136°
top angle (Djellali et al., 2013). Indentation load of 2 kgf was applied for a holding time
of 10 s. The width of the sample film indentation observed from optical microscope
with 10x magnification was measured and calculated from the hardness, HV equation

below:

P
HV =1.8544 e

where P is the indentation load (kgf) and d is the arithmetic mean of the pyramidal

diagonal lengths (D1+D2)/2 (mm?) (Orozco et al., 2009; Torres, 2010).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Processing Behavior and Torque Evaluation

The film fabrication of glassy poly(lactic acid) involved both protein and
polysaccharide reinforcements, chicken feather fibers and microcrystalline cellulose
respectively. Among the raw materials used, chicken feather was collected from wet
market and underwent colour sorting with naked eye and obtained only one batch
processing to prevent the possible difference in their chemical properties. Some chicken
feathers obtained had variation in colour such as light brown, dark brown, red, grey,
black, or a mixture of a few colours mentioned. The colour of the chicken feathers were
sorted by the similar tone of the brown colour and the feathers with a mixture of more
than one colour were eliminated. Apart from the consideration of its shelf life, the
chemical structures may also affect its overall properties to the composite films.
Grinding of chicken feather was rather uncommon as compared to keratin extraction.
Chicken feathers are separated by 2 distinct types of protein with different properties, a-
helix and B-sheet. As the feather fibers are mainly a-helix while the inner quill is f-
sheet structure, the ordered structure of [-sheet inner quill possesses stronger
mechanical properties. To be consistent with the state appearance of readily MCC for
the ease of composite fabrication, the CF grinding via centrifugal ball mill was
repeatedly crushed and sieved to obtain optimum size distribution of particles as

illustrated in Figure 4.1.
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Figure 4.1: Cleaned chicken feathers via Soxhlet extraction (left) and crushed
chicken feather fibers in powder (right)

From the past literature, biopolymers reinforcement such as keratin and cellulose
were often incorporated at least 10 wt% up to 60 wt% for PLA properties enhancement
and cost reduction (Huda et al.,, 2006; Lam et al., 2009; Aranberri et al., 2017).
However, Cheng et al. (2009) reported increasing keratin concentration worsened the
mechanical properties significantly such as tensile strength and elongation. Despite 2
wt% and 5 wt% CFF loading slightly improved the mechanical properties, CFF was
indeed brittle. Besides, PLA composites of Aranberri et al. (2017) with 60 wt% CFF
degraded at lower temperature than that 50 wt % CFF. Therefore, fabrication of CFF-
MCC reinforced PLA in this work maintained as low as 1 wt% to observe the impact of

fillers to the PLA matrices and properties.

Reinforcement of powdered CFF alongside with MCC resulted PLA composites to
be slight brown in colour with reduced transparency as compared to neat PLA. In
contrast, PLA composites with fillers dissolved in ionic liquid had darker brown
appearance with higher transparency. This is because the powders remained in solid in
high temperature processing with poly(lactic acid) while BMIMCI completely dissolved

the fillers into highly viscous liquid as shown in Figure 4.2 before being more
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homogeneously blended with PLA. The observation concurred with Zhang et al.
(2017a) who mentioned that strong interface interactions of hydrogen bonding between
the hydroxyl groups of fillers would create better fillers dispersion. Hence, reduction in
CFF particle size and the use of BMIMCI were able to enhance the fillers dispersion in

PLA.

Figure 4.2: Dissolution of CFF in BMIMCI at 110 °C; before (left) and after (right)

The use of BMIMCI was considerably step sensitive as several work were reported to
dissolve the fillers separately before blending (Kammiovirta et al., 2016). However, it
was found that one pot dissolution was more efficient than mixing them separately as
similar to the method used by Kuzmina et al. (2012) in dissolving chitosan and
cellulose. Another significant result observed was the dissolved fillers which was less
viscous in higher temperature needed to be cooled down to viscous paste for slow
crystallization. Turner et al. (2004) practiced similar additional step to cellulose
dissolution to cool the polymer matrix to room temperature. The consequence of
skipping this step and direct melt blending with PLA will create phase separation with

non-uniform dispersion of fillers.
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Filler dispersion and homogenous blending were also aided by the Brabender
measuring mixer which uses heat to dry melt and blend the polymer without using
organic solvent to dissolve it. This method is well known for being quick, easy and
environmental friendly. However, the mixing mode of blending duration, rotor speed
and temperature are crucial in obtaining effective composite preparation. From the
observation, increasing melt blending time darkened the composites. Duration of
blending was differed based on stabilized torque and viscosity of the polymers to
prevent further decomposition of dissolved fillers under high temperature. Although
increasing the rotating speed could be a way to achieve shorter blending time, only 60
rpm was implemented as accordance to similar previous work (Lim et al., 2015).
According to Figovsky and Beilin (2014), polymer shear stresses elevate with
increasing blade speed and this condition will fail to provide sufficient time for the
polymer relaxation to develop. Hence, affecting its flow properties where the
composites are pulled away from mixer walls and prevent agitation. When 80 rpm was

applied, segregation occurred.

Torque does not only represent the viscosity of the polymer blends as a function of
time but also explains the condition of the composites via 3 torque stages. As
represented in Figure 4.3, the first stage was the beginning of PLA or its composites
melting affected by heat transfer processes until upon the maximum torque (Garcia et
al., 2017). An abrupt decrease of torque values in second stage was the fillers diffusion
that hinder the free rotation of twin rotating blades. The final stage showed the constant
value of torque recovered to the steady-state where the polymers are completed mixed
homogenously. The torque curve is also a measure of fusion time, gelation speed, and

the mechanical energy input of the composites.
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Figure 4.3: Torque-time curves of PLA composite blends without BMIMCI

Maximum torque value is considerably significant in comparing composite viscosity
and resistance to rheometer blades (Garcia et al., 2016). For instance, PLA composite
without BMIMCI with CFF to MCC of 50/50 showed highest maximum torque, 51 Nm
comparatively more than neat PLA, 46 Nm. Nevertheless, maximum torque of PLA-
MCCioolIL (Figure 4.4) was the highest of 13 Nm among composites with BMIMCI
while the rest remained about the same as PLA-IL, 10 Nm. Tawakkal et al. (2010)
explained that higher maximum torque indicates higher mechanical shear forces are
applied to flow the cold resins. On the other hand, Yeh et al. (2008) suggested that
maximum torque is proportional to melt viscosity which successively implies stronger
PLA and fillers interaction with increasing maximum torque. The reason for PLA-
CFFi00 and PLA-MCCioo (Figure 4.3) remained the lowest may be due to the lack of
interaction between PLA with CFF and MCC individually. The results indicated

stronger interaction between PLA with both CFF and MCC.
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Figure 4.4: Torque-time curves of PLA composite blends with BMIMCI

The lack of interaction between PLA with CFF and MCC individually may also be
the cause of the only 2 maximum torques in PLA-CFFi90o and PLA-MCC o as compared
to the rest of the composites. The incompatibility may have resulted the detection of
separate maximum viscosity of both CFF or MCC and PLA. In addition to the intensity
of maximum torque, the plastogram in Figure 4.4 showed larger gap of time from 1 to
more than 3 minutes for the composites with BMIMCI to reach maximum torque as
compared to composites without BMIMCI. PLA-CFF;o0MCCyIL was recorded at 3.7
min with the longest time followed by PLA-MCColL. The delay of time may be close
related to the most composition of MCC dissolved in BMIMCI that affected its melt
viscosity and shear rates. MCC and BMIMCI may also have higher heat capacity that

slow down the heat transfer process during the mixing (Garcia et al., 2017).
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Since viscosity is closely related to the height of maximum torque, viscosity of the
composites is proportional to their molecular weight. Similarly, Galimova et al. (2015)
reported increasing maximum torque indicated higher degree of vulcanization in natural
rubber. In other words, PLA-CFFs0MCCso (Figure 4.3) showed highest cross-linking
density between the fillers and PLA matrices among the PLA composites without
BMIMCI. The cross-linked network resulted in the maximum torque 5 Nm higher that
other compositions composites and neat PLA. The composites of 70/30 and 30/70 ratio
of CFF to MCC remained similar molecular weight as neat PLA. The torque-time curve
also implied that individual reinforcement of CFF and MCC had poor cross-linking with

PLA matrices as seen in PLA-CFF 190 and PLA-MCCp.

In general, presence of BMIMCI decreased the viscosity of PLA composites with
less than 14 Nm. The occurrence was due to the ionic liquid that deformed the polymer
chains causing their frictional resistance to subside or diminish (Rapa et al., 2015; Rapa
et al., 2017). Thus, increasing the polymer chain mobility. Likewise, Gao et al. (2015)
explained that as viscosity and molecular weight of polymer decreased, molecular
entanglement reduced, causing the ease of the molecular chain motion. As the torque of
PLA composites with BMIMCI decreased to critically low values in the second stage,
beginning of polymer thermal degradation was observed due to the darkening colour
with increasing time. As a result, the melt blending time was adjusted based on their

optimum viscosity or torque value of about 2 Nm.

As a comparison of selected PLA composites with the presence of BMIMCI variable
in Figure 4.5, both sets of PLA composites showed similar trend of decreasing torque
and increasing time to reach maximum torque with the addition of ionic liquid. This
may be due to BMIMCI that promoted the thermal degradation of composites and

decreased the melt viscosity. In contrast, BMIMCI enhanced the compatibility of
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previously mentioned PLA-CFF190 and PLA-MCCioo with 2 maximum torques to single
value in PLA-CFFiolIL and PLA-MCCiolL. The ionic liquid also stabilized and
lowered the mechanical shear forces of PLA composites with BMIMCI with less intense
maximum torque fluctuation such in non BMIMCI added composites. In brief,
considerably lower melt viscosity demonstrates better processibility during mixing and
shear rate conditions (Menon, 1999). The viscosity of composites without BMIMCI of
CFF to MCC arranged in a group of ascending order as; 100/0, 0/100 < 70/30, 30/70,
neat PLA < 50/50 while PLA composites with BMIMCI remained almost constant

except for relatively higher viscosity of PLA-MCCjgolL.
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Figure 4.5: Comparison plastogram of PLA composites with and without BMIMCI
For the final step of sample film fabrication, the optimization of compression
molding also play an important role in preheating, compressing and cooling in order to

obtain good finishing. Sample being hot pressed without sufficient time of preheating
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will cause trapped bubbles and cracks. As similar to Herrera et al. (2015), the
composites were cooled in the metal plates to allow crystallization. The compression
molding has the advantage of producing smooth surface film on both sides with similar
surface morphology in which was further studied via SEM in Section 4.6. Addition of
BMIMCI reduced the viscosity and softening point of the PLA blends. Therefore, the
compression time of PLA composites with BMIMCI were reduced and optimized to

avoid the overheating and leaking of PLA blends from the metal mold.

The film compression molding fabrication via 3 minutes quick cooling from 180 °C
to room temperature may been one of the factors that worsen the composite films
crystallinity as discussed in XRD data (Section 4.5). Setiawan (2015) revealed that
increasing hot press cooling rate reduced polymer crystallinity, increasing their
amorphous. Un-annealed PLA of Tabi et al. (2010) was amorphous and subsequent
annealing at 80 °C showed intense crystalline peak at 16.3° in XRD pattern. Fast
cooling of compression molding could be a disadvantage to the biopolymer fabrication

that require high crystallinity.

Stability of polymer films is important in accessing their composite shelf-life and
possible applications. Incorporation of BMIMCI significantly influenced the bonding
between the polymer matrices that resulted in film swelling upon storage for a period of
time. According to Nijenhuis et al. (1996), swelling of polymer blends are due to the
increased hydrophilicity. In the case of ionic liquid added PLA composites, hygroscopic
nature of BMIMCI may have contributed to the absorption of moisture. On the other
hand, PLA composite films without BMIMCI remained stable with no swelling

observed.
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4.2 FTIR Molecular Analysis

Infrared spectra of ATR technique was used to study the effect of fillers and ionic

liquid to the chemical properties of PLA composites via comparison with the raw

materials. The absorption peaks of lactic acid were distinctive in the spectra of PLA

composites illustrated in Figure 4.6, especially the carbonyl and methyl functional

groups. The C=0 of ester group of PLA was observed as an intense peak in 1747 cm’!

(Yeh et al., 2008; Tawakkal et al., 2010). The absorption bands of 1181 cm™, 1127 cm™!,

1081 cm™! and 1044 cm™ were attributed to the CHj rocking as reported by Martins et

al. (2014). Regardless the presence of BMIMCI, the intensity of these characteristic

bands were unaffected.
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Figure 4.6: FTIR spectra of lactic acid characteristic peaks in PLA and its
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Aside from PLA characteristic peaks, the composites reinforcement of keratin from
CFF should also have a stretching vibration of C=0O bond of the Amide I in between
1700-1600 cm™ (Gallagher, 1997; Wu et al., 2015; Wang et al., 2017) and MCC with a
-C-O- stretching of the carboxyl group within the range of Amide I at 1646 c¢cm’!
reported by Zhang et al. (2013). However, these absorption bands found in individual
MCC and CFF at 1642 cm™ and 1627 cm™ respectively in Figure 4.7 are rather weak
relatively to that neat poly(lactic acid). In agreement to Na Ayutthaya et al. (2015),
fillers with less than 10 % are hardly detectable from the ATR surface characterization.
In fact, most of the prominent peaks of CFF and MCC overlapped with PLA broad and
intense peaks among the region of 1500 cm™ to 1000 cm™ and Doncea et al. (2010)
defined this characteristic region of cellulose in between 1400-1000 cm™' as “fingerprint

region”.

Nevertheless, an additional peak (1676 cm™) was found on PLA composites which
was close to the C=C stretching of BMIMCI, 1674 cm™! (Dharaskar et al., 2013a). The
weak vibration which was not visible in neat PLA spectrum was present in the
represented composites of PLA-CFFiolL and the intensity increased steadily in PLA-
MCCioIL and PLA-IL. This suggests that the signal may be attributed to the interaction
of BMIMCI with MCC (1642 cm') that resulted in the slight shift to a higher
wavenumber. The effect of CFF at 1627 cm™ to the weak absorption was less

significant as seen in PLA-CFFolL.
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Figure 4.7: FTIR spectra of CFF and MCC characteristic peaks in PLA
composites

Poly(lactic acid) is known to be hydrophobic in nature with no broad OH peak above
3200 cm! as shown in Figure 4.8. Although both MCC and CFF consist of hydrophilic
surface properties due to the OH group in cellulose structure and side chains of amino
acids, PLA composites without ionic liquid with the ratio of 30/70, 50/50 and 70/30
showed no sign of moisture absorption band. High temperature melt blending and hot
press may have been the reason for the escape of moisture trapped on the surface of

fillers and altered the surface properties of these components.

However, the wide OH absorption band intensified with increasing CFF composition
in the PLA composites with BMIMCI. The interaction of hygroscopic BMIMCI with
CFF that absorbed moisture into the composite films could be the possible reason to this
observation. This is as similar to the increase in water absorption with higher CFF

content in PLA composites by Cafavate et al. (2015). While Dharaskar et al. (2013a)
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claimed that the broad peak in the range 3330-3450 cm™! was due to quaternary amine
salt formation with chlorine in BMIMCI, the argument was not confirmed due to the
overlapping of these two broad absorption bands. Singh and Kumar (2011) also
mentioned that the presence of moisture content in the composites indicates the
weakening of the hydrogen bonds between BMIMCI and CFF that created free hydroxyl

group to interact with water
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Figure 4.8: Moisture absorption peaks of PLA and its composites in FTIR spectra
Spiridon et al. (2013) mentioned that the absorption bands at 867 cm™ and 754 cm’!
were attributed to the amorphous and crystalline phases of PLA, respectively. The
intensity of these peaks were weak and broad in neat PLA (Figure 4.9). As CFF and
MCC were incorporated in the composites, the intensity of crystalline phase decreased
while the intensity of amorphous phase at 867 cm™ was kept constant. The degree of

crystalline phase increased with increasing MCC ratio, indicating MCC is a promising
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nucleating agent. In comparison with similar fillers composition in composites with
BMIMCI, the crystalline intensity was higher than that neat PLA and the composites
without IL. Apart from the absorption bands of composites were narrower, PLA-
CFF70MCC30IL had the highest crystalline intensity. Although the difference in the
crystalline phase intensity was small, the results were comparable with the DSC

thermogram in Section 4.4.
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Figure 4.9: Infrared spectra of PLA characteristic peaks intensity
Other than the intensity of characteristic peak that was mentioned earlier, the PLA
composites spectra were almost similar to that neat PLA with no missing of prominent
peak which clearly defined that the dissolved fillers in PLA were unsusceptible to
chemical degradation. Besides, no new absorption peak was found in the composites
spectra as compared to the raw materials because there was no chemical reaction
between ionic liquid with cellulose and keratin during dissolution. BMIMCI was proven

to be a good solvent in disaggregating and disentangling the polymer chains under
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heating and shearing, thus enhancing the chain mobility and polymer processibility (Wu
et al., 2015). This suggests that fabrication of CFF and MCC dissolved in BMIMCI as
reinforcements in poly(lactic acid) are feasible using high temperature melt processing

and compression molding.

4.3 Thermogravimetric Analysis

The thermal properties of PLA and its composites were evaluated from thermal
stability and thermal degradation of thermogravimetric analysis (TGA). The
thermogram showed that neat PLA and the composites experienced single stage of
degradation up to 400 °C with single polymer differential thermogravimetric (DTG)
value as listed in Table 4.1. Generally, neat PLA has a constant range of thermal
degradation in which it begins to degrade at 300 °C and the thermal decomposition

completes at 400 °C (Auras et al., 2004). The thermal decomposition temperature range
of the composites were based on the onset temperature of poly(lactic acid), Tonset= 323

°C which was also recorded to be having the highest thermal stability of all.

Neat PLA experienced maximum mass loss at 354 °C and reinforcement of keratin
and cellulose accelerated the Tmax by at least 6 °C. In the process of thermal
decomposition, PLA experienced loss of ester group via inter- or intra-molecular
transesterification to form oligomers or cyclic oligomers (Li et al., 2009; Teoh et al.,
2016). PLA decomposition yielded significant amount of volatilized products such as
aldehyde containing compounds, carbon monoxide, aliphatic esters and carbon dioxide
(Chen et al., 2012). The volatile products were verified by Chen et al. (2012) via
integrated TGA-FTIR analysis where fragments of major carbonyl containing

compounds group exhibited at 1764 cm™! were detected at around the Timax.
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Table 4.1: Thermal degradation temperatures and DTG data of PLA and its

composites
Sample Tonset (°C) | Ttinal (°C) | Tmax/ DTG (°C) | Residue (%)
PLA 323 375 354 1.28
PLA-CFF100 326 356 348 3.03
PLA-CFF7:0MCCso 313 362 342 2.96
PLA-CFFso0MCCso 309 363 345 2.45
PLA-CFF30MCCro 315 353 345 2.82
PLA-MCCioo 315 368 343 1.83
PLA-IL 202 270 252 5.08
PLA-CFFo0IL 224 282 259 2.51
PLA-CFF7,0MCC30IL 209 273 258 1.55
PLA-CFFsoMCCsolL 209 263 255 0.90
PLA-CFF30MCCroIL 211 262 251 1.72
PLA-MCCio0lL 220 286 265 3.51

According to Chen et al. (2012), the intensity temperature of aldehyde containing
compounds from aliphatic esters reached maximum at 371 °C, close to the end of
thermal decomposition. Certainly, the intensity of C=0 at 1747 cm™' from the FTIR
spectra in Figure 4.6 remained high even after the reduction of wt% in PLA after
reinforcements and BMIMCI addition. Therefore, the thermal degradation of PLA
ended at 375 °C, leaving less than 2 % residues. PLA composites without IL left behind
relatively more residue than neat PLA upon complete thermal decomposition as CFF
composition increases. Aranberri et al. (2017) claimed that the inorganic residue of CFF

reinforced PLA composites remained above 400 °C belonged to CFF.
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Although the thermal stability of PLA composites without BMIMCI represented by

PLA-CFF5o0MCCso (Figure 4.10) remained higher than the raw CFF and MCC with the
respective Tonset Of 262 °C and 308 °C, the composites decomposed at lower

temperature but close to neat PLA. As a comparison with the similar ratio of 50/50,
PLA composites with the presence of BMIMCI were listed the least thermally stable.
The decline of the composite stability was caused by the reinforcements where Pang et
al. (2013) also reported cellulose having only moderate thermal stability and rapid
chemical decomposition of 315-400 °C. The onset temperature of CFF was lower than
MCC, yet remained a weight of 21.80 % at 500°C while most samples residues were 5
% or less. It was suspected that the crushed quill and fiber have different thermal
properties and the remaining weight residue may have much higher thermal

decomposition above 500 °C.
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Figure 4.10: Thermal stability of PLA composite films and the raw materials in
TGA
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Raw CFF and MCC underwent two-stage decomposition due to the presence of
moisture. Water has a boiling point of 100 °C and the curve of 10.10 % weight loss was
observed in CFF, almost 5 times more than the moisture content of MCC 1.95 %. High
moisture content in CFF was due to the evaporation of absorbed water from the
hydrophilic groups of the keratin (Aranberri et al., 2017). However, no sign of weight
loss was observed in PLA composites without BMIMCI around 100 °C corresponded to
the moisture FTIR spectra in Figure 4.8. Likewise, composites with ionic liquid had
similar results which may be due to the water weight loss that was too minimal to be
seen in TGA thermogram. Due to the high temperature processing, permanent
intermolecular bonding between polymers was expected to be formed upon cooling to
room temperature which then hampered the nature ability of the hydrophilic surface of

the fillers to absorb moisture.

A trend resembled to the torque results was observed in the thermal stability of
composites with BMIMCI where ionic liquid did not only lower the viscosity, but also
the thermal stability of composites. The thermogram of Figure 4.11 which illustrated
only the thermal decomposition range of the composites showed that BMIMCI lowered
the degradation temperature of the PLA composites by 100 °C as compared to those
without ionic liquid. The occurance was a result of ionic liquid ability to reduce

molecular weight of polymer on solution processing with heat (Ren et al., 2017).

Similar ratio of composites with the variable of ionic liquid were not comparable as
there was no definite orientation found in their thermal stability. As CFF composition
increased in PLA composites with the absence of BMIMCI, the thermal stability
decreased. In contrary, BMIMCI added composites encountered descend of thermal
stability with increasing MCC composition. In other words, BMIMCI had more thermal

degradation effect on MCC as compared to CFF which resulted PLA-CFF3;0MCC7IL
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with the lowest onset temperature of 209 °C. Despite the influence of ionic liquid on
CFF-MCC reinforced composites, the thermal stability of PLA-MCCiolL remained the
highest among the different compositions. It could be deduced that the influence of
BMIMCI did not only affect the fillers individually but as a composition. Nonetheless,

the difference of thermal stability between the ratios was almost negligible.
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Figure 4.11: TGA thermogram of BMIMCI as comparison factor in PLA
composites

In contrast, a distinct difference of degradation temperature range was found in
BMIMCI added and non-added PLA composites. As two sets of similar compositions
thermograms was compared in Figure 4.12, composites with IL experienced reduction
in the rate of thermal degradation. This may be due to the higher thermal stability of
BMIMCI. In the TGA analysis of Dharaskar et al. (2013a), BMIMCI began to
decompose at 240 °C and the reaction completed at around 317°C with a weight loss of
81 % with no further decomposition. The data indicates high residual content of

BMIMCI of about 19 %. Although BMIMCI has lower Topset, its bulky molecular
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structure is relatively more stable with increasing temperature. Although PLA produces
carbonyl compounds and aliphatic hydrocarbons in the process of decarboxylation of
the main chain upon high temperature (Chen et al., 2012), BMIMCI was able to broaden

the thermal decomposition temperature range of PLA composites.
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Figure 4.12: Thermal degradation rate of PLA composites with and without
BMIMCI1

4.4 DSC Thermal Properties

While TGA examines the change of mass in a sample, the DSC measures on the heat
change where both also specialize on the thermal behavior of PLA and its composites.
In general, poly(lactic acid) underwent a change of heat which began from 60 °C of
glass transition temperature (7g) to crystallization (7¢) and melting (7m) temperatures
that ended at 154 °C as represented in Figure 4.13. From the selected thermogram in

Figure 4.13, addition of BMIMCI as well as reinforcement of CFF and MCC shifted all
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Ty, Tc and Tm to lower temperature. Apart from that, the broad 7. and 7m peaks of PLA

intensified and sharpened gradually as compared to its composites.
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Figure 4.13: DSC thermal behavior of PLA and the composites

In contrast, the T shifted to higher temperature when 1 wt% of individual CFF and
MCC was added to the PLA blend as PLA-CFFi90 and PLA-MCCioo (Figure 4.14). As
the ratio of CFF to MCC increased, the glass transition temperature decreased. This is
because greater composition of MCC/CFF in the PLA composites promoted the film
stiffness. The 7y of the composites was further reduced with the incorporation of
BMIMCI. Wu et al. (2015) justified that the occurrence was caused by strong
intermolecular hydrogen bond interaction between MCC and CFF with BMIMCI that
impaired their crystalline regions. Thus, enhancing the polymer chain flexibility where

Gajria et al. (1996) suggested it as plasticizing effect of ionic liquid.

75



PLA :
PLA-MCC, !
I

PLA-CFF

PLA-CFF, MCC,,
m

PLA-CFF, MCC,,

PLA-MCC, L

PLA-CFF, L

Heat flow (mW)

- 0 00O

[ PLACFRMCC,IL

T PLA-CFF, MCC L
Exo

T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T T "1
-50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90

Temperature (°C)
Figure 4.14: Glass transition temperature thermogram of PLA and the composites
in DSC

The addition of BMIMCI also impacted the miscibility of PLA-MCCjoo and PLA-
CFFiqo films. According to Yeh et al. (2008), single 7 affirmed the compatibility of the
polymer blends such as neat PLA and the rest of the composites except PLA-MCCioo
and PLA-CFFigo. Similar results of 2 maximum torque were also observed in the
plastogram in Figure 4.3. Subsequent dissolution of fillers in BMIMCI enhanced the
miscibility between hydrophilic and hydrophobic fillers with PLA in the composites
with single 7 in PLA-MCCioolL and PLA-CFF1o0lL. As these observations were only
seen in the use of CFF and MCC individually in PLA blends, separate use of these

fillers would cause phase separation (Jouannin et al., 2014).

In conjunction to the compatibility of BMIMCI with poly(lactic acid), the sample

DSC measurement was done from freezing -60 °C onwards to clarify the presence of
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BMIMCI glass transition temperature (-50 °C, 220-225 K) (Yamamuro et al., 2006;
Sippel et al., 2016). The absence of the peak indicated that BMIMCI is an efficient
plasticizer for PLA (Park, 2008). Although CFF and MCC reinforcement reduced the
crystallization temperature of PLA composites as compared to neat PLA, BMIMCI
further decreased the 7. more significantly as shown in the represented 70/30
composition sample in Figure 4.15. As a result, decrease in 7¢ raised the degree of
crystallinity of PLA composites in agreement to Hassan et al. (2013) who mentioned

that crystallinity of blends increased due to the slow movement of PLA chain when Tg

decreased.
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Figure 4.15: DSC curves of Tg and T, for PLA and its composites

The area under the exothermic 7. peak is the cold crystallization or crystallinity, y_ of

the samples. Despite neat PLA obtained the highest T, its crystallinity was the lowest

with only 17 %. In fact, neat PLA fabricated via mixer and compression molding by
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Tanase and Spiridon (2014) also reported with only 20 % crystallinity. These
crystallinity and crystallization temperature of composites were opposed to the highest

thermal stability of neat PLA in TGA.

Reduction of 7¢ in the composites were correlated to the increment of y_ as illustrated
in the scatterplot in Figure 4.16 except for PLA-IL and PLA-CFFio0. The crystallinity of
these 2 samples were low regardless of their crystallization temperature. BMIMCI
decreased the 7¢ of the PLA composites by at least 10 °C as compared to the composites
with the same compositions without ionic liquid. Concisely, CFF and MCC
reinforcements promoted the degree of crystallinity of the polymer blends. Inclusion of
BMIMCI contributed much higher y_to the composites especially the 70/30 composition
with the lowest 7.. The highest crystallinity recorded in PLA-CFF70MCCsoIL

corresponded to the intensity of absorption bands comparison from FTIR spectra

(Figure 4.9).
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Figure 4.16: Correlation plot of T¢ versus y_ of PLA blends

Poly(lactic acid) begins melting at the temperature of about 140 °C and Tang et al.
(2012) stated that the polymer exhibits slow melt-crystallization behavior. Based on the
Tm in Figure 4.17, PLA-CFFi90 and PLA-MCCioo exhibited weak and broad double
melting curve at 149°C and 153°C. According to Tang et al. (2012) as mentioned in the
work of Nanthananon et al. (2015), the double 7m was due to the melt-recrystallization
mechanism of poly(lactic acid) where different crystals are formed during cold
crystallization stage and recrystallization stage. The mechanism models explain that the
small and imperfect crystals are undergoing successive change into more stable crystal.
As melting and recrystallization are competing during the heating process,
recrystallization is suppressed by higher heating rates, forming 2 different intensities of

melting temperature peaks.
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Inclusion of BMIMCI in the composites induced the double 7w peaks to be more
intense and distinctive. Duan et al. (2013) defined the weaker lower temperature melting
peak of PLA composites is the disordered crystalline form whereas the higher intense
T'm corresponds to its ordered crystalline form. Precisely, the less thermally stable S
crystal referred to the peaks of 139-141 °C and 149-153 °C were of more stable o crystal
(Tabi et al., 2010; Suwannakas et al., 2016). The penetration of ionic liquid could have
intensified the degree of disorder upon heating and blending (Gajria et al., 1996; Li et
al., 2014). Apart from that possibility, quick cooling may had also resulted in two
crystal phases. As supported from (Tabi et al., 2010), PLA composites transformed from

double to single melting peaks after prolonged annealing.

Further decline of melting temperature in the BMIMCI added composites affirmed
the decrease in their TGA thermal decomposition temperatures. Melting point of
BMIMCI obtained from DSC in the work of Dharaskar et al. (2013a) recorded relatively
low melting point of the ionic liquid, 65 °C could also contribute to the reduction in the
T'm of composites. Conversion of broad single 7 in PLA-CFFs0MCCso to intense sharp
double 7m in PLA-CFFsoMCCsoIL showed that IL that was only accounted for 5 wt% in
the PLA composites was able to alter the polymer crystal forms. Despite BMIMCI had
broadened the range of PLA composites melting temperatures to 139-154 °C,
decomposition of the polymer blends occurred well above the 7w at 202-323 °C. The
results indicate that the processing temperature were suitable and did not degrade the

polymers.
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Figure 4.17: Melting temperature of PLA composites with and without BMIMCI
The three phases of transition behavior in DSC thermogram of PLA and the
composites are interrelated. For instance, the only double 7 in PLA-CFFi00 and PLA-
MCCigo corresponded to their double 7y which was caused by the lack of interaction
between individual fillers and PLA. Increase in the intensity of 7¢ in 100/0 and 0/100
compositions (Figure 4.14) lead to the increase of heat capacity (ACp) (El-Hadi, 2002) .
Hence, degree of crystallinity decreased. This occurrence was observed in the y_ of

PLA-CFFi00IlL and PLA-MCCilL which were significantly lower than other PLA

composites with BMIMCI as calculated in Table 4.2.
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Table 4.2: DSC data of neat PLA and its composite films

Sample Glass transition Melting Cold crystallization
temperature (°C) | temperature (°C)
Tol Te Tmi Tmz | T (°C) | AHr(Jg™) | % (%)
PLA 60.58 154.48 119.61 16.49 17.73

PLA-CFF100 62.53* | 65.20 | 149.54%| 153.00 | 110.26 | 21.20 23.03

PLA- 58.70 151.17 114.38 24.70 26.83
CFF7:0MCCisg

PLA- 59.77 151.99 113.81 24.67 26.79
CFF50MCCsg

PLA- 61.94 150.60 116.17 23.61 25.64
CFF30MCCro

PLA-MCCioo 63.00 | 65.34?% | 149.502 | 153.30 | 112.32 26.63 28.92
PLA-IL 55.09 139.20 | 149.342 | 98.77 22.32 25.26
PLA-CFFglL 53.72 139.00 | 149.392 | 101.90 31.94 36.43
PLA- 50.38 143.17 | 153.582 | 100.37 40.31 46.11
CFF7:0MCC30IlL

PLA- 51.08 139.00 | 149.762 | 102.01 35.90 41.07
CFFs50MCCsoIL

PLA- 51.41 140.17 | 151.192 | 100.72 37.40 42.78
CFF;0MCCyoIL

PLA- 54.39 141.00 | 150.842 | 101.69 30.41 34.68
MCCigolL

2 Tmin value.

4.5 XRD Phase Identification

Other than DSC, XRD was also performed to obtain the crystallinity index (CI) of
neat PLA and the composites. Based on the XRD pattern in Figure 4.18, neat PLA was
unusually found to have amorphous scattering at 20 = 15° The results were in

opposition to the cold crystallization, y_, in DSC. The differences in crystallinity were

predictable as surface analysis of X-ray diffraction was not comparable with the process
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of heat change in DSC. Besides, commercial solvent casted neat PLA from the work of
Yee et al. (2016) was semi crystalline with a sharp diffraction peak at 26 = 16°.
Similarly, Lu et al. (2016) also claimed that the two PLA diffraction peak (31, 14) were

referred to 260 = 16.4° and 22.6° respectively.

A few evidences reported otherwise in which crystalline phase of commercial neat
PLA transformed into amorphous after thermal treatment (Calleja & Fakirov, 2000;
Kaczmarek et al., 2013). Lu et al. (2016) further explained that the high temperature of
processing method may have led to the different degrees of molecule deformation. Not
to mention that cellulose fibers that underwent electrospinning process were almost
entirely amorphous (Isik et al, 2014). This is because PLA chains did not have sufficient
time to reorganize into crystalline lamella due to the rapid cooling of the fibers during
spinning or compression molding (Collins et al. 1973; Demirel et al., 2011; Halasz &

Csoka, 2013, Sullivan et al., 2015).
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Figure 4.18: X-ray diffraction pattern of PLA and the composites

The XRD crystallinity index revealed contradicting trend from DSC thermogram.
Although PLA-CFF70MCCsIL (Figure 4.18) was the optimum composition in
obtaining highest y_ (46 %), PLA-CFF70MCCso was in turn to achieve the highest CI of
41 %. Yet, CI value of PLA-CFF70MCC30IL was the least (17 %). As a comparison of
similar compositions with the presence factor of BMIMCI, the CI of most compositions
were reduced by the ionic liquid except poly(lactic acid) and MCC reinforced PLA.
Figure 4.19 shows that neat PLA underwent an increment from 26 % to 30 % in PLA-

IL. Likewise, 21 % of PLA-MCCio had a slight rise to 23 % in PLA-MCCiolL.
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Figure 4.19: Comparison XRD pattern of PLA and MCC reinforced PLA
composites

As the CI of composites decreased, the broad peaks at around 32° increased in
intensity. Similar neat PLA that was melt blended and hot pressed by Spiridon et al.
(2013) confirmed its amorphous structure. Although Liu et al. (2010) claimed that 20
=18.6° represented the amorphous part of cellulose, the PLA diffraction peak was too
broad to distinguish the cellulose peak due to overlapping. Despite low crystallinity
index of PLA composites as compared to the past literature, the CI as calculated and

listed in Table 4.3 increased when keratin and cellulose were reinforced.
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Table 4.3: XRD crystallinity index (CI) of PLA and composite films

Sample CI (%)
PLA 26.82
PLA-CFFioo 29.14
PLA-CFF70MCCso 41.04
PLA-CFF30MCCro 36.91
PLA-MCCioo 21.94
PLA-IL 30.62
PLA-CFF100lL 28.95
PLA-CFF70MCCsolL 17.46
PLA-CFF30MCCrolL 21.07
PLA-MCCio0lL 23.17

Correlation analysis between CI and DTG values in Figure 4.14 illustrates the
thermal stability (DTG value) of the composites without IL somewhat declined with
increasing crystallinity excluding neat PLA. Regardless of the CFF/MCC composition
relationship to the CI and thermal stability, the results were corresponded to the

speculation of increasing . in DSC. However, inclusion of BMIMCI fluctuated the

thermal stability of the composites as the CI increased. Concisely, the effect of ionic
liquid to the reduction of CI was not as significant as the thermal properties from TGA

and DSC measurements.
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Figure 4.20: Interaction scatterplot between CI and DTG of PLA and its
composites

4.6 Scanning Electron Microscopy

Cross section visual analysis of the neat PLA and the composites with and without
the addition of BMIMCI portrayed distinct morphological changes. The cross section
image of neat PLA (Figure 4.21a) consisted clusters of non-uniform lumps with a
smooth surface. When BMIMCI was incorporated, the irregular shapes disappeared,
remaining uniform porous structure in PLA-IL (Figure 4.21b) of 3.17 um mean size.
The porous structure in poly(lactic acid) was similar to the work of Martins et al. (2014)
due to the plasticizing effect of ionic liquid. This may be the explanation to the decrease

in glass transition temperature as chain flexibility was enhanced.
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Figure 4.21: SEM cross section images of PLA (a) and PLA-IL (b)
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As the pores became more abundant in the composite matrices, melting temperature
and thermal stability declined. DTG of PLA-CFFs5o0MCCsoIL (255 °C) was lower than
that PLA-CFFo0IlL and PLA-MCCiolL with the thermal decomposition temperature of
259 °C and 265 °C respectively. The comparison justified the porous structure in PLA-
CFF5oMCCsolL as shown in Figure 4.22b appeared to be more compact and visible. The
porosity was likely due to the greater interaction of the 50/50 composition fillers with
ionic liquid. Meanwhile, the pores seen in PLA-CFF Il were more apparent and larger
in size than that PLA-MCCilL as exhibited in Figures 4.23 & 4.24. Kock (2006) and
Tran et al. (2016) claimed that it was due to the porous keratin that contributed to the

increased porosity.

Although the fillers absorption bands were barely detected in FTIR spectra, MCC
particles were visible in PLA-MCCioo (Figure 4.24a) with the average particle size of
4.48 pm. Irregular shape of CFF was also observed in PLA-CFFs0MCCso with a
diameter of 21.7 um, 4.8 times larger than MCC. Successive dissolution of CFF and
MCC in BMIMCI produced almost similar of fracture surfaces among PLA composites
which were smooth, clear and consistently compacted with pores. The filler particles
were no longer visible in which Mathew et al. (2005) mentioned that the great difficulty
to identify the fillers from the PLA matrix was due to good adhesion between matrix

and filler that resulted the fillers to be coated with the PLA polymer.
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Figure 4.22: SEM cross section images of PLA-CFFs0MCCso (a) and PLA-
CFFsoMCCsoIL (b)
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Figure 4.23: SEM cross section images of PLA-CFF100 (a) and PLA-CFF100IL (b)
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Figure 4.24: SEM cross section images of PLA-MCCioo (a) and PLA-MCCiooIL (b)

Despite BMIMCI enhanced the fillers dispersion due to large particle sizes as seen in
PLA-CFF5oMCCs, several voids were observed in PLA-CFFsoMCCsoIL fractured cross
section films. Similar observation was found in PLA-CFFiplL, but not in PLA-

MCCipolL.Compression molding could be the reason for voids formation during the
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high load compression. For instance, injection molding resulted in voids as fibers were
trapped by the PLA matrix (Lam et al., 2009). Similarly, there were voids in the PLA
polymer matrix around the fibers produced via twin-screw extruder by Huda et al.
(2013). On the other hand, Aranberri et al. (2017) claimed that the presence of more
voids in CFF reinforced composites was due to the hollow structure of the CFF which
were preserved after the compression molding. Cheung and Lau (2007) added that
moisture absorption and air permeation during fabrication process may have induced

microvoids.

Although voids were barely observed in PLA composites without BMIMCI due to
the surface roughness, SEM cross section images at lower resolution in Figure 4.25
described the effect of fillers to the PLA matrices. Apart from CFF particles seen in
Figure 4.22a, more CFF particles were also available at lower resolution in Figure 4.25a
of PLA-CFFsoMCCso. In comparison between PLA-CFFio0 and PLA-MCCjgo at 200
um, MCC was more dispersible than that CFF which may be due to the larger particle
size of CFF. Besides, MCC reinforcement also caused the surface of PLA composite to
appear rough. Several work reported agglomeration of nano-sized cellulose but the SEM

images proved otherwise.
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Figure 4.25: SEM cross section images of PLA-CFFsoMCCso (a), PLA-CFF100 (b), and PLA-MCCioo (¢) with lower resolutions
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Incorporation of BMIMCI did not only showed no phase separation in the 1 mm film
thickness cross section images, but it was also an excellent solvent to dissolve CFF and
MCC. Double 7y in the thermogram of PLA-MCCio corresponded to the MCC
particles observed in the SEM image. Disintegration of MCC by the ionic liquid in
PLA-MCCioolL resulted single 7y where the particles also disappeared in the cross
section image. Unlike the rough surface of dissolved polymer in ionic liquid from Elhi
et al. (2016), results from SEM analysis deduced that BMIMCI was compatible with

the polymers besides able to create a well dispersed homogenous film surface.

The gold coated cross section of the PLA composite films were only able to be
observed via lower voltage magnification at 5 kV. High activation voltage of 10 kV or
above resulted in excessive charging due to its non-conductivity of biopolymers. Since
the composite films encountered swelling after some time and moisture content was
detected in FTIR spectra, the films were considered relatively less stable for SEM

analysis.

4.7 Vickers Hardness Test

Hardness mechanical test was conducted on the neat PLA and composite films using
Vickers pyramidal diamond indenter. Torres (2010) defined this mechanical property as
the ability for a material to resist plastic deformation with the advantages of the
hardness calculations that are independent of the size of the indentation tip. The
measurement was calculated by the total cross-section area of scratch groove made by
the indenter where it was evaluated by the deeper the groove, the softer the material
(Orozco et al., 2009). Deeper grooves obtained in BMIMCI added sample films resulted
in lower Vickers hardness (HV) by at least 5 MPa as compared to PLA composites

without IL as depicted in Figure 4.26. The deterioration in the mechanical properties
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was as similar to the thermal stability, crystallinity index, torque viscosity,

crystallization and glass transition temperatures.

24
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22 [ Jwith IL

21
20
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Microhardness (MPa)

neat PLA 0/100 30/70 50/50 70/30 100/0
PLA with CFF/MCC composition (%)

Figure 4.26: Vickers hardness test values of PLA blends with and without
BMIMCI

Meanwhile, Medeiros et al. (2007) outlined that Vickers hardness number (VHN) is
correlated with diametral tensile strength (DTS) as both are affected by surface wear
resistance properties and the ability to maintain stability form. In fact, literature on HV
testing on PLA composites was hardly found as compared to the widely adapted tensile
testing. Although biomaterials and hard thin films of less than 100 nm thick such as
PLA composite films are suitable for the shallow tetragonal pyramid Vickers
indentation (Torres, 2010), sample films with BMIMCI were more likely to crack upon

indentation due to the brittleness especially those with the HV=10-12 MPa.
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The low HV may be due to the porous structure of the composite films created by
BMIMCI as seen in SEM cross section images. Higher HV in PLA-MCCig than PLA-
CFFi00 was also due to the smaller MCC particle size than that CFF observed in SEM
images, in agreement with Garcia-Contreras et al. (2015) where reducing size of fillers
increases the microhardness. Similar HV trend was not only seen in composites without
IL including PLA-CFF30MCC7 where MCC composition was more than CFF, but also
in PLA-MCCioIL and PLA-CFFiolL comparison. As HV and tensile strength were
interconnected, reduction in tensile strength reported by Aranberri et al. (2017) was due
to increasing CFF composition in PLA composites, indicating that the strength of CFF

was insufficient.

In the presence of BMIMCI, PLA composites hardness raised steadily with
increasing CFF composition from 30 to 70. It was presumed to be the greater
dissolution efficiency of CFF in BMIMCI than MCC that created an interaction between
the keratin matrices and the ionic liquid. The IL also reduced the VHN of neat PLA in
PLA-IL by half and Djellali et al. (2013) claimed that decrease in Vickers hardness
indicates better compatibility. No doubt that incorporation of BMIMCI transformed the
double 7y in CFF and MCC reinforced composites to single 7g. The glass transition
temperature depends on the cohesive energy and packing density of the polymer (EI-
Hadi, 2002). Single Tz, XRD pattern and SEM images suggest the presence of a single

homogeneous amorphous phase.

The Tg of poly(lactic acid) is commonly known to be about 50 °C where the
molecular chain in the amorphous phase of polymer begins to move over this
temperature (Watanabe et al., 2004). As the BMIMCI added composite chain mobility
increased with decreasing 7T, Vickers hardness values reduced. However, Calleja and

Fakirov (2000) mentioned that shortening in polymer chain length could also be the
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reason of declining 7 caused by the effect of BMIMCI. Apart from glass transition
temperature, HV is also proportional to the crystallinity of composites (Djellali et al.,
2013). This is because degrees of crystallinity and orientation affect the mechanical
properties of the polymer which in turn, dependent on processing temperature and

composite shear deformation respectively (Watanabe et al., 2004).

Presence of microvoids predominantly affect the mechanical surface hardness
properties of composites. This is because void formation reduces polymers adhesion and
causes debonding (Silverajah et al., 2012). The low microhardness, 12 MPa of PLA-
CFFio0lL corresponded to its abundant empty voids observed in SEM images as
compared to PLA-MCCjoolL which remained 14.2 MPa. The Vickers hardness results
showed that incorporation of both fillers with larger CFF composition would enhance

the composite films surface hardness.

As stated by Calleja and Fakirov (2000), high temperature compression molding
depreciates the composites HV value. In the extrusion process of Baba and Ozmen
(2015), implementation of higher temperature (205 °C) reported only 20 MPa of VHN
in PLA. On the other hand, 180 °C of melt blending and compression molding in neat
PLA from Figure 4.26 resulted 21.1 MPa. Likewise, PLA film fabricated by Odahara et
al. (2009) obtained only HV=15-17 MPa for the temperature and pressure of 190 °C and
30-50 MPa respectively. Concisely, CFF and MCC reinforced PLA composites in
BMIMCI are most likely to be heat sensitive to cause the reduction in Vickers hardness

and other mentioned characterizations.
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CHAPTER 5: CONCLUSIONS

5.1 Conclusions

Fabrication of PLA composite films with CFF and MCC in BMIMCI were successful
via high temperature measuring mixer and compression molding. Intense CHj3 rocking
and C=0 group of lactic acid were observed in FTIR spectra regardless of the
incorporation of IL. However, addition of BMIMCI decreased the thermal stability with
single stage of degradation by 100 °C as compared to PLA composites without IL. The
escalation of thermal degradation corresponded to its decrease in their melting
temperature. In comparison with fillers compositions, the glass transition temperature
dropped as CFF/MCC ratio increased, excluding only PLA-CFFio0 and PLA-MCCioo
which shifted to higher temperature. The T further reduced with BMIMCI inclusion in
the composites as similar to the decrease in Vickers hardness. Apart from the increase in
polymer chain mobility, reduction in thermal stability and 7, were related to the
shortening of chain length on solution processing with heat. Morphological study via
SEM revealed the transformation from rough with visible filler particles in composites
cross section images to smooth and porous structure upon the addition of BMIMCI in
the polymer blends without phase separation. This was due to good adhesion between
PLA matrix and fillers that resulted the fillers to be coated with the PLA polymer. As
the pores became more abundant in the composite matrices, 7g, 7m and thermal stability
decreased as seen in CFFsoMCCsolL. Conversion of two maximum torques to single
value in PLA-CFFIL and PLA-MCCiIL corresponded to their double Ty to single T
in DSC due to the compatiblity enhancement by BMIMCI. Doubtlessly, the decrease in
HV was also an indication of better miscibility. Although fillers with less than 10 %
were hardly detectable from the ATR surface characterization, increasing CFF

composition raised the films hardness and thermal stability in the presence of BMIMCI.
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In contrast, absence of BMIMCI in the composites had opposite effect. This was
presumed to be the greater dissolution efficiency of CFF in BMIMCI than MCC that
created an interaction between the keratin matrices and the ionic liquid. An interesting

contradiction in crystallinity was found where the highest y_ value (46 %) of PLA-

CFF70MCC30IL was the lowest in XRD, CI=17 %. PLA-CFF;0MCC3p was recorded

with the highest CI of 41 %. Increase in x_, of PLA-CFF70MCCsoIL was also a result

from the reduction in 7¢. To conclude the comparison between the fillers composition
with the presence of BMIMCI, PLA-CFF70MCCs3IL was the best ratio in obtaining

moderate thermal stability, fairly low HV and single T, comparatively higher x_ and

porous structure with optimum compatibility and polymer chain flexibility.

5.2 Recommendations

The current fundamental studies of incorporating dissolved polymer in poly(lactic
acid) matrix is rarely reported in the past literature especially with the use of ionic
liquid, BMIMCI as the green solvent. Since the aim of this investigation is towards the
scope of biodegradability and environmental friendliness, future medical and biological
application studies are possible such as medical drug delivery in tissue engineering
especially when BMIMCI is able to create porous structure in PLA composites.
However, extensive toxicity studies of the composite films formed should be done as
interaction between ionic liquid and the polymers may alter the functional group and
surface properties of the composites. Besides, other types of ionic liquid or source of
keratin waste could also be used to test on the compatibility and comparison in term of
enhancement in surface morphology, mechanical and thermal properties. To further
confirm the studies on their morphological and thermal properties, integrated
instruments could be applied such as TGA-IR, and DSC-XRD to obtain 3-dimensional

graphs to clarify its qualitative analysis with respect to temperature.
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