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Poly(lactic acid) (PLA) biocomposites aimed for food packaging applications
were developed from the present research. Seventeen PLA blends were
studied and one optimum ternary biocomposite was finalized to conclude
the work. Kenaf-derived cellulose (C), 3-aminopropyltriethoxysilane (APS),
epoxidized soybean oil (ESO), and epoxidized palm oil (EPO) were the core
materials tested for reinforcement.

It is typical that natural fibers-filled plastic composites to report poor
interfacial adhesion due to their distinct difference in polarity. To improve
the interfacial adhesion, kenaf-derived cellulose was treated with silane
coupling agent, APS prior to filling into PLA. Moreover, they were subjected
to thermal treatment for permanent cross-linking upon acknowledging that
desorption of chemicals is highly undesirable in food-related packaging.
Also distinct to typical practices, C was thermally grafted with various silane
concentrations (5, 8, and 11 wt%) and these silane-grafted cellulose (SGC)
were termed as SGC5, SGC8, and SGC11. From investigation via Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
morphology analysis, size distribution, and density measurement, it was
conclusive that (i) cellulose was derived from kenaf, and (ii) silane was
effectively grafted onto the cellulose.



30 wt% of C, SGC5, SGC8, and SGC11 were respectively melt-
compounded into PLA and hot-pressed into 0.3-mm sheets with the aim to
develope biocomposite with optimum properties. With highest reinforcement
in tensile strength, water resistance, dimensional stability, crystallinity, and
oxygen barrier, PLA/SGC8 was concluded as the biocomposite for
development towards packaging applications. Nonetheless, all
biocomposites did not improve PLA’s brittle nature. Concurrently, they
reduced the toughness. With sustainability in mind, EPO and
commercialized ESO were plasticizers considered to reinforce these
properties. Out of the analyses subjected, it is noteworthy that EPO can
transition PLA to become ductile and tougher at lower concentration than
ESO which denoted its competency as alternative bioplasticizer.

Comprehending EPO’s potential as reactive plasticizer, the research
continued with EPO addition at various loadings (3, 5, and 10 wt%) into
PLA/SGC8 composite. Peak shifts were observed in the FTIR spectra of
PLA/SGC8/EPO blends which was absent in PLA/C/EPO. It was proposed
that EPO could reactively interact with PLA and SGC which therefore
functioned as a compatible layer between the interfaces. The proposed
mechanism was validated from morphology analysis plus improvement in
water resistance, mechanical, and thermal properties of PLA/SGC8/EPO
blends. Of all ternary blends, PLA/SGC8/EPO5 reported optimum
reinforcement in EAB and toughness. The oxygen and water vapour barrier
of this optimized blend suggested potential as packaging material for salad
mixes.

Conceding that the developed biocomposite can be impractical if it cannot
be fabricated into functional product, PLA/SGC8/EPO5 together with
PLA/EPO10, PLA/C/EPQOS, and PLA (as reference) sheets were selectively
subjected to thermoformability and overall migration test. While
PLA/C/EPOS failed both tests, PLA/SGC8/EPO5 was thermoformable and
constituent migration was within the stipulated overall migration limit. These
practical tests reasserted the competency of the presently developed
biocomposite to be fabricated towards food packaging applications.
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Biokomposit poli(asid laktik) (PLA) untuk aplikasi pembungkusan
makanan telah dibangunkan dalam penyelidikan ini. Daripada tujuh belas
campuran PLA yang dikaji, satu biokomposit dengan sifat-sifat optimum
telah dimuktamadkan. Selulosa terbitan kenaf  (C), ‘3-
aminopropyltriethoxysilane’ (APS), minyak kacang soya yang diepoksikan
(ESO), dan minyak kelapa sawit yang diepoksikan (EPO) adalah bahan
utama yang dipilih untuk pengukuhan biokomposit.

Sering kali, komposit plastik yang diisi dengan fiber semulajadi
mempunyai lekatan antara muka yang lemah atas perbezaan ionik yang
ketara. Untuk mengatasi masalah tersebut, selulosa terbitan kenaf dirawat
dengan silana APS sebelum diisi ke dalam PLA. Selain itu, mereka turut
diberi rawatan terma supaya silana-amino digrafkan secara kekal ke atas
C. Hal demikian kerana lesapan kimia adalah amat tidak diingini dalam
aplikasi pembungkusan makanan. Juga berbeza dengan amalan tipikal, C
digrafkan secara terma dengan silana-amino pada pelbagai kepekatan (5,
8, dan 11%) dan mereka dinamakan sebagai SGC5, SGC8, dan SGC11.
Daripada kajian Spektroskopi Inframerah Fourier (FTIR), analisis
Termogravimetri (TGA), analisis morfologi, taburan saiz, dan pengukuran
ketumpatan, adalah disahkan bahawa (i) selulosa berjaya diterbitkan
daripada kenaf, dan (ii) silana digrafkan ke atas selulosa dengan
berkesan.



30% C, SGC5, SGC8, dan SGC11 dicampur ke dalam PLA dan ditekan
secara terma untuk penghasilan kepingan komposit dengan ketebalan
0.3-mm. la bertujuan untuk membangunkan biokomposit dengan ciri-ciri
optimum. Dengan peningkatan optimum dalam kekuatan tegangan,
rintangan air, kestabilan dimensi, penghabluran, dan rintangan oksigen,
PLA/SGCS8 disimpulkan sebagai biokomposit untuk pembangunan ke arah
aplikasi pembungkusan. Walau bagaimanapun, semua biokomposit tidak
meningkatkan keboleh muluran PLA. Malah, kekuatan impaknya merosot.
Disebabkan kemapanan sumbernya, EPO dan ESO yang telah
dikomersialkan dipertimbangkan sebagai pemplastik (plasticizer) untuk
mengukuhkan sifat-sifat tersebut. Daripada analisis-analisis yang
dijalankan, EPO boleh meningkatkan kemuluran dan kekuatan impak
PLA pada kepekatan yang lebih rendah daripada ESO. Hal demikian
mengesahkan kecekapan EPO sebagai bio-pemplastik alternatif.

Setelah memahami potensi EPO sebagai pemplastik reaktif, penyelidikan
diteruskan dengan penambahan EPO pada pelbagai kepekatan (3, 5, dan
10%) ke dalam komposit PLA/SGC8. Terdapat perubahan puncak dalam
spektrum FTIR campuran PLA/SGC8/EPO yang tidak wujud dalam
spektrum FTIR PLA/C/EPO. Justeru itu, adalah dicadangkan bahawa
EPO boleh berinteraksi secara reaktif dengan PLA dan SGC. EPO
mungkin boleh berfungsi sebagai lapisan keserasian antara PLA dan
SGC. Mekanisme interaksi yang dicadangkan boleh disahkan daripada
analisis morfologi serta peningkatan ketara pada rintangan air, mekanikal,
dan sifat-sifat terma dalam campuran PLA /SGC8/EPO. Daripada sampel-
sampel komposit yang dikaji, PLA/SGC8/EPO5 melaporkan peningkatan
optimum kemuluran dan kekuatan impak. Daripada penyelidikan
rintangan oksigen dan wap air, adalah dicadangkan bahawa biokomposit
tersebut berpotensi untuk digunakan dalam pembungkusan campuran
salad.

Atas pemahaman bahawa biokomposit yang dibangunkan boleh menjadi
tidak praktikal jika ia tidak boleh dibentuk ke dalam produk berfungsi,
PLA/SGCS8/EPO5 bersama-sama dengan PLA, PLA/EPO10, dan
PLA/C/EPOS dipilih untuk ujian pembentukan plastik secara terma dan
penghijrahan keseluruhan bahan. PLA/C/EPO5 gagal dalam ujian-ujian
tersebut. Sementara itu, PLA/SGC8/EPO5 boleh dibentuk secara terma
dengan baik dan penghijrahan bahan daripadanya berada dalam had
penghijrahan yang dibenarkan. Ujian-ujian praktikal tersebut memberi
sokongan kukuh ke atas kesesuaian biokomposit yang kini dibangunkan
untuk difabrikasi ke arah aplikasi pembungkusan makanan.
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CHAPTER 1

INTRODUCTION

1.1 Statement and Significance of the Problem

There is always a vast interest in developing new bio-based products. The
cumulative concern from the depleting petroleum, the increasing social
and environmental concern, and the stringent government regulations
especially in Asian and European countries have made the need for
“greener” products more vital than ever. The packaging industry is among
the most obvious target for these efforts as the usage of packaging
materials has shown continuous increase over time (Johansson et al.,
2012).

In terms of plastic production, the technology development of petroleum-
based plastics are more long-standing as compared to the latterly
developing bioplastics such as polyhydroxylalkanoates (PHAs) and
poly(lactic acid) (PLA). Mechanical and physical performance limitations
as well as high costs from low-volume production became barriers for the
widespread acceptance of these bioplastics (Mohanty et al., 2000). To
empower these biomaterials as the wave of the future, the incorporation of
inexpensive natural fibers can be done in which they do not only decrease
in production cost, but they may offer additional sustainability advantages.

Acknowledging that PLA made the utmost impact in the packaging
industry and as much as 60 % of packaging was used in the food and
beverage sector, it is aimed to develop a PLA biocomposite suitable for
food packaging applications (Johansson et al., 2012). When food related
packaging is in concern, it is crucial to incorporate only substances that
are approved for food contact and personal care. For safety measures, in
addition to cross-checking with the international standards for approved
chemical substances, it is decided to emphasize on the usage of bio-
sourced materials in the present composite development. Cellulose was
derived from local crop kenaf and was added into PLA as fillers. However,
one major drawback of using natural fibers as composite fillers is their
marked hydrophilicity nature and highly polar character. This limits their
compatibility with the polymeric matrices which are mostly hydrophobic
and non-polar (Xie et al., 2010). Among other chemical treatments, many
researchers treated the natural fibers with silane coupling agent to
improve the filler-matrix interfacial adhesion. Similar treatment was also
applied in the present work. However, foreseeing the possible reverse
hydrolysis of the chemical compound and leaching from the cellulose
fillers which are highly undesirable in food packaging, it was brought a



step further with thermal grafting to permanently cross-link the silanol and
siloxane polymer networks onto the cell walls. The effectiveness of the
thermal treatment and its influence on the fillers’ and composites’
characteristics were discussed.

Another concern with PLA is the brittle nature which limits its’
processability and the range of product development. Addition of
silanized-cellulose could have increased the tensile strengths and moduli
of the PLA; however it does not contribute in toughening it. Researchers
have used plasticizers such as triacetin and poly(ethylene gycol) (PEG)
onto PLA/natural fibers composites (Ibrahim et al., 2010; Masirek et al.,
2007). However, these manmade plasticizers were unable to provide
PLA/natural fibers composites an effective brittle-toughness transition.
Recently, several authors have tested plant oils as plasticizers for
PLA/starch composites and reported possible reaction between the
modified starch and the plant oils and toughen the composites (Xiong et
al., 2014; 2013c; 2013b; 2013a). Acknowledging that this could be a new
path for fabricating an entirely bio-sourced composite, the present
composites were plasticized with a novel local product, which is the
epoxidized palm oil. Considering the compatibility and the ability of
epoxidized palm oil as a reactive plasticizer for the PLA/silanized-cellulose
composites, enhancement in the overall properties of the biocomposites is
anticipated.

Generally with the right technique and combinations, PLA/natural fiber
composites with good improvements can be achieved. However, there
must be a critical cost-efficiency consideration. It is acknowledged that
natural fiber composites will succeed more in the markets when they cost
less than conventional composites for similar resolution (Thamae and
Baillie, 2007). For the current research, with extraction of cellulose
method adapted from standards similar to extracting cellulose from wood
for pulp and paper production, using a comparatively small concentration
of silane coupling agent to treat the fillers, and the use of sustainable and
safe plant oil as reactive plasticizers, it is envisage that the novel
biocomposite engineered can be economically viable.

1.2 Research Aim and Objectives

The aim of this research is to modify cellulose that was derived from kenaf
bast fibers and use epoxidized palm oil as a novel plasticizer for
poly(lactic acid) (PLA)/kenaf-derived cellulose biocomposite reinforcement
to widen its window of application specifically in packaging food products.
To achieve the aim, several objectives were set as listed below:



1 To improve the compatibility between the kenaf-derived cellulose and
PLA via thermally grafting coupling agent 3-aminopropyltriethoxy
silane (APS) onto cellulose.

2 To evaluate the plasticizing effect of epoxidized soybean oil (ESO)
and epoxidized palm oil (EPO) on PLA matrix.

3 To determine the reinforcing mechanism(s) involved with various
loadings of silane used to treat kenaf-derived cellulose and various
loadings of EPO added in PLA/kenaf-derived cellulose composites.

4 To evaluate EPO as a novel reactive plasticizer in the PLA/kenaf-
derived cellulose composite system.

5 To characterize the fillers and composites in terms of chemical,
mechanical, physical, thermal, barrier, and morphological properties.

1.3 Significance of the Research

1 A novel research on the interaction between plant-derived cellulose
that was silane-grafted thermally and bio-sourced plastic, PLA.

2 Testing the potential of Malaysia’s bio-sourced product, EPO as an
alternative plasticizer.

3 A novel study on the interaction mechanism involved for EPO to
reinforce the properties of PLA/kenaf-derived cellulose composites.

4 Development of a novel biocomposite suitable for food packaging
applications.

1.4 Thesis Outline

The thesis consists of 6 chapters. Chapter 1 served as an introduction to
the research which includes the statement and significance of problem,
aim and objectives, as well as the significance of the research.

Chapter 2 presented the literature review on PLA polymer, natural fibers
and their modifications, plasticizers, plastic packaging, and composites
development in various areas. This chapter also reviewed previous
findings on plastic-related composites in terms of chemical, mechanical,
physical, thermal, barrier, and morphological properties.

Chapters 3 to 5 are the working chapters where the methodologies,
results, and discussions were conveyed accordingly to the objectives set



in Setion 1.2. The objectives in Chapter 3 were (i) to improve compatibility
between kenaf-derived cellulose and PLA via thermal grafting aminosilane
onto the cellulose prior to filling; followed by (ii) the determination of the
reinforcing mechanism involved via various loadings of silane used for
treatment. Analyses on properties of kenaf bast fibers (KBF), kenaf-
derived cellulose (C), and silane-grafted cellulose (SGC) at various silane
wt% were done. This was followed with the studies of binary composites,
namely PLA/C and all PLA/SGC blends. To conclude, a PLA/SGC
formulation with optimum characteristics was chosen for further
modification as continued in Chapter 4.

Chapter 4 initiated with the evaluation of epoxidized palm oil (EPO) as
alternative bio-plasticizer via the comparison with PLA plasticized with
commercialised epoxidized soybean oil (ESO). This was followed by the
addition of EPO at various loadings into PLA/SGC composites to evaluate
the reinforcing mechanisms among the constituents. To conclude, a
PLA/SGC/EPO formulation with optimum characteristics was determined.

As the final working chapter, Chapter 5 presented important practical
evaluation on the optimized PLA/SGC/EPO blends along with some of the
prepared samples in terms of their thermoformability and overall migration
from the blend. Their applicability and suitability for food packaging were
discussed. Finally, Chapter 6 presented the overall conclusions of the
research and recommendations for future research. The process flow
chart for the research methodology is as shown in Figure 1.1.
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Figure 1.1: Process flow chart (*more than one formulation).
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