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ABSTRACT

Currently, Malaysia has substantially increased its reputation as a country developed
for palm-based lignocellulosic biomass. Oil palm biomass is composed of cellulose,
hemicellulose, and lignin. Generally, oil palm biomass can be divided into three
categories: (i) oil palm frond (OPF), oil palm trunk (OPT) and empty fruit bunches (EFB)
fibres. The presence of high cellulose content in oil palm biomass is potentially converted
to nanocellulose, which is a promising bio-polymer that useful for various industrial
applications (personal cares, chemicals, foods, pharmaceuticals and bio-composites).
Objectives of this project are to study the effectiveness of catalytic conversion of oil palm
biomass (EFB) into nanocellulose by using chemical route (inorganic acid: H>SO4 and
inorganic salt: N1 (NO3)2) and also to optimize the nanocellulose yield by study different
reaction parameters (reaction temperature ,reaction time and acidity of catalyst). Finally
the objectives is to determine the physicochemical properties of produced nanocellulose
by using Thermogravimetric Analyzer (TGA) and Derivatives
Thermogravimetric(DTG), X-Ray Diffractometer (XRD), Fourier Transform Infrared
(FTIR), High Resolution Transmission Electron Microscope (HR-TEM), Field Emission
Scanning Electron Microscopy (FESEM), Atomic Force Microscopy(AFM), and Particle
Size Analyzer (PSD) techniques. Nanocellulose was successfully yielded from oil palm
biomass (EFB) via and strong acid hydrolysis (H2SO4) and Ni-salt catalyzed hydrolysis
which annotated as SA-NC and Ni-NC respectively. The mild acid nickel-salt catalyzed
hydrolysis capable to selectively depolymerized amorphous regions of cellulose and
retained its crystalline region, thus improving the crystallinity index of the Ni-NC up to
80.75% compared to SA-NC (73.17%). The FTIR analysis confirmed that the basic
cellulose structure of inorganic Ni-salt and H2SO4 treated products was maintained and
no derivative was formed. Furthermore, FESEM images clearly display that outer layer

(waxes, pectins and fats) of EFB fibres has been removed after pretreatment process. The
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chemical pretreatment methods was performed followed by acid hydrolysis process to
produce nano-scale dimension (SA-NC and Ni-NC). Chemical pretreatment process was
executed in order to enhance both strong and mild acid hydrolysis process (SA-NC and
Ni-NC). HR-TEM and AFM analyses showed that acid hydrolysis was capable to
depolymerize cellulose micro-chain into average nano-dimensions in fibres length (<700
nm) and fibres width dimension (< 50 nm). In addition, PSD results clearly showed the
particle sizes had been reduced from EFB fibres(<5500 nm) to SA-NC and Ni-NC(<90.00
nm). This study concluded that Ni-salts is an efficient and selective catalyst for the
hydrolysis of cellulose with high simplicity in operation as compared to inorganic acid
(H2SO4). Optimization reaction conditions (reaction temperature, reaction time, and
acidity of catalyst) were performed in order to obtain the optimized condition for
nanocellulose production. Based on the reaction model generated from Response Surface
Methodology-Face Central Composite Design (RSM-FCCD), the predicted
nanocellulose yield was 81.40 % (60min, 45 °C, pH 3). Meanwhile, the experimental
value (81.37 %) achieved was reasonably near to the predicted value generated from the
model. It can be concluded that the generated model is near to predictability and close to
precision for the nanocellulose yield in the experimental conditions used. In summary
from the results above, it shows that nanoscale of cellulose (Ni-NC and SA-NC) was
successfully produced, characterized as well as optimized from oil palm biomass (EFB)

via Ni-Salt and HoSOq4 catalyzed treatment.



ABSTRAK
Pada masa ini, reputasi Malaysia sebagai sebuah negara maju yang membangunkan
biojisim lignoselulosa berasaskan sawit telah meningkat dengan ketara. Biojisim
lignoselulosa kelapa sawit terdiri daripada selulosa, hemiselulosa dan lignin. Secara
umumnya, biojisim sawit boleh dibahagikan kepada tiga kategori utama: (i) pelepah
kelapa sawit (OPF), batang kelapa sawit (OPT) dan tandan kosong kelapa sawit (EFB).
Kandungan selulosa yang tinggi dalam biojisim kelapa sawit berpotensi untuk
menghasilkan nanocellulosa, iaitu bio-polimer yang berpotensi digunakan dalam
pelbagai aplikasi industri (bahan sediaan jaga diri, bahan kimia, makanan, farmaseutikal
dan bio-komposit). Objektif projek ini adalah mengkaji keberkesanan penukaran biomas
kelapa sawit (EFB) kepada nanoselulosa menggunakan kaedah kimia (asid bukan
organik: H>SOs dan garam bukan organic: Ni (NO3)2)) serta pengoptimuman hasil
nanoselulosa dengan mengkaji parameter tindakbalas yang berbeza (tindak balas suhu,
masa, keasidan pemangkin). Pada akhir kajian ini, sifat-sifat fizikokimia nanoselulosa
yang berjaya dihasilkan ditentukan menggunakan Termogravimetri Analisis (TGA) dan
Derivatif Termogravimetri (DTG), Pembelauan Sinar-X (XRD), Spektroskopi Sinar
Merah Fourier Transform (FTIR) , mikroskop transmisi elektron beresolusi tinggi (HR-
TEM), mikroskop imbasan elektron pancaran medan (FESEM), mikroskop daya atom
(AFM) dan distribusi saiz zarah (PSD). Nanoselulosa telah berjaya dihasilkan daripada
biojisim kelapa sawit (EFB) melalui hidrolisis bermangkin asid kuat (H2SO4) dan garam
nikel yang dijelaskan sebagai Ni-NC dan SA-NC masing-masing. Garam nikel adalah
asid lemah yang bertindak sebagai pemangkin hidrolisis kerana kemampuannya untuk
menyahpempolimeran(perbuatan) bahagian amorf daripada selulosa serta pada masa
yang sama ia mengekalkan struktur kristalnya, iaitu berlaku peningkatan penghabluran
daripada Ni-NC sehingga 80.75% berbanding SA-NC (73.17%). Analisis FTIR

mengesahkan bahawa struktur organik selulosa yang dirawat menggunakan garam Nikel
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dan H>SO4 sebagai pemangkin, berjaya dikekalkan serta tiada terbitan yang terbentuk.
Tambahan pula, imej FESEM jelas memaparkan bahawa imej lapisan luar (lapisan lilin,
pektin dan lemak) EFB biojisim berjaya disingkirkan selepas proses prarawatan. Kaedah
prarawatan  kimia dijalankan, diikuti dengan proses hidrolisis berasid untuk
menghasilkan selulosa dengan dimensi berskala nano (SA-NC dan Ni-NC). Kaedah
prarawatan dijalankan bagi meningkatkan kadar proses hidrolisis asid kuat dan lemah
(SA-NC dan Ni-NC). HR-TEM dan analisis AFM menunjukkan bahawa asid hidrolisis
mampu untuk menyahpolimer rantaian panjang serat dan lebar serat selulosa daripada
saiz mikro kepada saiz purata dimensi nano masing-masing <700 nm dan <50 nm. .Di
samping itu, keputusan PSD jelas menunjukkan saiz zarah berkurang daripada EFB
(<5500 nm) kepada SA-NC dan Ni-NC (<90.00 nm). Kesimpulan daripada kajian ini
menunjukkan bahawa garam Nikel adalah mangkin yang berkesan dan terpilih untuk
pengendalian proses hidrolisis selulosa yang lebih mudah berbanding asid bukan organik
(H2S04). Keadaan optimum tindak balas kimia (suhu tindak balas, masa tindak balas, dan
keasidan pemangkin) telah dijalankan untuk mendapatkan keadaan optimum untuk
penghasilan nanoselulosa. Berdasarkan model tindak balas yang dijana melalui Response
Surface Methodology-Face Central Composite Design (RSM-FCCD), hasil nanoselulosa
yang diramalkan adalah 81.40% (60min, 45 ° C, pH 3). Sementara itu, hasil daripada
eksperimen (81.37%) yang berjaya diperolehi adalah menghampiri nilai ramalan yang
dijana daripada model tersebut. Dapat disimpulkan bahawa nilai model yang dijana
adalah menghampiri nilai ketepatan hasil nanoselulosa yang diperolehi daripada kajian
eksperimen. Secara ringkasnya daripada keputusan diatas, ia menunjukkan bahawa
nanoselulosa (Ni-NC dan SA-NC) telah berjaya dihasilkan, dicirikan dan juga
dioptimumkan daripada biojisim kelapa sawit (EFB) melalui rawatan bermangkin garam

Nikel dan H>SOy .
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CHAPTER 1: INTRODUCTION

1.1 Introduction

To date, transition from fossil-based technology to bio-resource technology is a crucial
alternative seeing that the depletion of fossil fuel reserves and alarming of environmental
problems to the society. Lignocellulosic biomass has become the most potential
renewable feedstock for the chemicals and fuels production. It is defined as a complex
bio-matrix, comprising many different polysaccharides, phenolic polymers and proteins,
excluding a fossil-based resource, which is a non-starch based fibrous part of plant
material that can be valorized into fuel(Agbor et al., 2011) . As one of the largest
producers and exporter of palm oil (approximately 20 MT/year), Malaysia's palm oil
industry leaves behind a huge amount of biomass (46.6 MT) from its plantation and
milling activity (Song et al., 2013). The continuous expand of oil palm plantation area in
Malaysia is concurrent with growing global demand for edible oil applications such as
cooking oil, household products, personal care products, nutrition and transportation fuel
usage. Thus, the amount of palm residues produced also shows a correspondingly increase
from the palm utilization cycle . According to Shuit's case study, one hectare of oil palm
plantation can generate about 50—70 tons of biomass residues from oil palm industry
every year (Shuit et al., 2009). For the whole palm tree, the majority empty fruit bunches
(EFB), palm pressed fibres (PPF), oil palm fronds (OPF), oil palm trunks (OPT), palm
kernel shells (PKS), oil palm leaves (OPL), oil palm roots (OPR) and palm oil mill
effluent (POME) with less commercialization value (Figure 1.1). Minorities of the value
product are palm oil, for edible oil applications such as cooking oil, household products,

personal care products, nutrition and transportation fuel usage (Ng et al., 2012) .

In another way, it can consider that each kg of palm oil, roughly another 4 kg of dry
biomass is produced, which is a third attributed to EFB fibres while two thirds represented

by trunk and frond material (Xiao-shu & Wen-xun, 1992). Up to now, palm biomass is



reaching to a large extent without high profit usage, and ultimately, it becomes a

hazardous material to farmers (Ng et al., 2012).

Figure 1.1: Various types of oil palm waste in Malaysia

In normal practice, the oil palm biomass are dumped into open areas, incinerated for
fertilizer usage, applied as pellet fuel for industrial heating, bioelectricity generation and
making pulp for paper and furniture (Table 1.1). However, the biomass burning lead to
greenhouse gas (GHG) emission such as aerosol particles, CO2, CO, volatile organic

compounds and organic halogen compounds (Ng et al., 2012).



Basically, oil palm biomass can be converted to a wide range of value-added products
that can be clustered into bio-based chemical, nano-material, biofuel, and as direct fuel
for power generation. Thus, research and development for sustainable technology is
continued in order to select a wise route for biomass bio-refinery, while maintain an

environmental friendly and green process (Ng et al., 2012).

Table 1.1: Application of palm-based biomass in Malaysia

Palm biomass Industrial application References

EFB Cigarette paper and (Rosnah et al., 2010; Singh et al.,
bound paper(writing) 2013; Sulaiman et al., 2011)

PKS Industrial burner, road (Shinoj et al., 2011; Sulaiman et
Tar, and activated carbon al., 2011)

OPT Plywood (blackboards) (Khalil et al., 2012; Shinoj et al.,

2011; Sulaiman et al., 2011)
Saw wood ( furniture)

OPT, EFB and Energy (Shinoj et al., 2011; Sulaiman et

PKS al.,2011)

PKS Briquettes (Khalil et al., 2012; Shinoj et al.,
2011)

Biomass bio-refinery is numerous types of technologies that able to fractionate
biomass into different separated products for bio-based industry (fuels, power, heat, and
value-added chemicals) via thermo-chemical (gasification, pyrolysis), physico-chemical
(chemical synthesis), biochemical or biological (fermentation) conversion and separation.
It is a similar concept with today's petroleum refinery, where various types of petroleum

fractionation yielded for fuel and chemical synthesis (Figure 1.2).
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Figure 1.2: Inter-connectivity between petroleum refinery route and biomass
refinery process

In this process, each technology is capable of generate diverse types of co-products
(by-products that are produced simultaneously during biomass conversion), which can
further transform into marketable end products (Figure 1.3). Thus, the main challenge is
to discover efficient processing technologies that can convert the woody or non-woody

biomass into finished products with higher value.
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Figure 1.3: Bio-refinery of lignocellulosic biomass to fuels and chemicals



1.2 Problem statement

Lignocellulosic biomass (EFB) mainly composed of cellulose, hemicellulose and
lignin, which are categorized into carbohydrate and aromatic polymer that contributed to
various applications based on its composition. Among the bio-components presented in
oil palm biomass, cellulose is the primary structural building block of trees, which can be
extracted for pulp and paper industry. Cellulose is a polymeric carbohydrate that contains
many monosaccharide units covalently bonded to each other. This polymer is a linear
chain of anhydro-glucose monomer units connected through 1,4 B-linkages. The compact
structure of cellulose mainly contributed by the linkage of intra- and inter-hydrogen
bonds, which creating a spectacular mechanical strength to protect the plant

structure(Lindman et al., 2010).

Lately, cellulose in nanodimension has been getting attention by various industries due
to its superior characteristic as a green polymer nanomaterial. The major advantages of
nanocellulose are including excellent mechanical strength, non-toxic and
biodegradability and high availability to diverse surface functionalities for different
applications. With all these superior properties, nanocellulose has a great potential in
applications such as strength enhancers in paper, as additives to composites, polymer
reinforcement, films and barrier coating, water treatment, oxygen barriers for food
packaging, electronics, cosmetic, pharmaceuticals and biomedical devices (e.g. scaffolds
in tissue engineering, artificial skin and cartilage, wound healing and vessel substitutes)

(L. Brinchi et al., 2013; Alain Dufresne, 2013).

To produce nanocellulose from lignocellulosic biomass, the complexity of the biomass
structure needs to be ruptured so that the accessibility of cellulose in the plant fibres can
be increased for depolymerisation process (Kumar et al., 2009). Ideally, chemical

treatment is the most crucial route to obtain nanoscale cellulose from the complex



biomass. Various methods have been used to produce nanocellulose material from
lignocellulosic biomass, this included acid, alkali, organosolv and ionic liquid treatment
(Kumar et al., 2009; H. V. Lee, S. B. A. Hamid, et al.,, 2014). During biomass
pretreatment process, the used of KOH solution make polymers (lignin, hemicellulose
and cellulose) swelling, which partially breaking of inter- or intra hydrogen bonding from
biomass structure occurred. The less ordered biomass structure lead to an increment of
the active surface area (increase the number of available hydroxyl group) and accessibility
to solvents for further hydrolysis process. Conventionally, acid sulfuric (H2SO4) or acid
hydrochloric (HCI) were used for depolymerisation processing which acid will be the
hydrolytic cleave, the glyosidic linkages between the two anhydroglucose units,
dissolving the cellulose amorphous region and increase cellulose crystallinity (Morais et
al.,2013). However, a large amount of toxic waste water from the washing process has
raised the environmental issues such as generation of acid rains pollutes the ground water
and destroys aesthetic value. Thus, introduction of inorganic salt such as Ni-based catalyst
offer an integrated approach of chemical techniques for the controlled structured
degradation of natural cellulose into nanocellulose, which promote more reliable methods
in degradation of cellulose into nanocellulose. As a conclusion, nanocellulose preparation
via chemical route (Ni-salt) is potentially gives profits to Malaysia thus giving greener

solution in generating nation profits.

1.3 Objectives of Research

1. To study the effectiveness of catalytic hydrolysis for the conversion of oil palm Empty
Fruit Bunch biomass (EFB) into nanocellulose by using chemical route (inorganic
acid: H>SO4 and inorganic salt: Ni (NOs)»).

2. To optimize the nanocellulose yield by studying different reaction parameters

(reaction temperature, reaction time and acidity of catalyst).



3. To determine the physicochemical properties of the produced nanocellulose by using
Thermogravimetric Analyzer (TGA) and Derivatives Thermogravimetric(DTG), X-
Ray Diffractometer (XRD), Fourier Transform Infrared (FTIR), High Resolution
Transmission Electron Microscope (HR-TEM), Field Emission Scanning Electron
Microscopy (FESEM), Atomic Force Microscopy(AFM), and Particle Size Analyzer

(PSD) techniques.

14 Scope of Research

The intention of this project was addressed to the process of cellulose extraction from
EFB fibres and nanocellulose preparation from EFB derived cellulose. Furthermore, an
effective process for nanocellulose preparation was developed by comparing inorganic
acid (H2SO4) and inorganic salt (Ni(NO3)2) catalyzed hydrolysis process. In order to

achieve the objectives of the study, the scope of research was discussed as follows:

1. Catalytic conversion of oil palm biomass into nanocellulose.
e  Extraction of cellulose from EFB fibres
e  Preparation of nanocellulose using chemical route (Ni-salt and H2SO4 catalyzed
hydrolysis).
2. Optimization study by using Response Surface Methodology (RSM)
. Reaction temperature (°C)
. Reaction time (min)
. Acidity of catalyst (pH)
3. Physicochemical study of produced nanocellulose
The produced cellulose and nanocellulose products will be washed several times with
deionized water and dry in freeze drier for further analysis. The properties of treated

product were analyzed as Table 1.2:



Table 1.2: The physicochemical study of nanocellulose

Analyzer Function

Thermogravimetric Analyzer (TGA) and Analyze thermal stability of samples
Derivatives Thermogravimetric(DTG)

Fourier Transform Infrared (FTIR) Identify chemical functional group of
samples

High Resolution Transmission Electron Analyze the morphology of samples

Microscope (HR-TEM) (size distribution, nanocellulose

dimensions and the surface structure).
Atomic Force Microscopy(AFM)

Field Emission Scanning Electron

Microscopy (FESEM)

X-Ray Diffractometer (XRD) Analyze the chemical characteristic,
crystallinity index and crystallite size
(nm)

Particle Size Analyzer (PSD) Profiling particle size distribution

1.5 Rationale and Significance

Based on the research scopes mentioned above, the following rationale and

significance of the research study was outlined as below:

. Effectiveness of inorganic salt (Ni(NOs3)2) as a hydrolysis catalyst to
selectively convert cellulose into nanocellulose under mild reaction condition.

. High yield of nanocellulose derived from EFB under optimized conditions
(reaction time, temperature, acidity of catalyst).

o High quality of nanocellulose features (narrow particle size distribution, higher
aspect ratio, better thermal stability) was obtained by using inorganic salt

catalyzed hydrolysis route.



CHAPTER 2: LITERATURE REVIEW

2.1 Palm-Based Lignocellulosic Biomass and Architecture of Cellulose

Palm-based lignocellulose resourse is abundantly available in Malaysia, which
composed majority of cellulose biopolymer. It consists of a defensive inner framework
which contributed to the hydrolytic stability, structural robustness of plant cell walls and
its resistance to microbial degradation. Generally, palm biomass can be divided into three
main categories: (1) Oil palm frond (OPF), oil palm trunk (OPT) and empty fruit bunches
(EFB). These biomass consist primarily of three biopolymers: cellulose (~30-50 % by
weight), hemicelluloses (~19-45 % by weight), lignin (~15-35 % by weight) and a small

amount of protein content (Table 2.1) (Umar et al., 2013).

This chemical compositions of a lignocellulosic fiber are varied according to the
species, growing conditions, fiber arrangement and many other factors (Khalil et al.,
2012). The presence of cross-link between the cellulose and hemicellulose with lignin via
ester and ether linkages lead to the biomass recalcitrance (Figure 2.1) (Bozell et al., 2011;
Himmel et al., 2007; Lange, 2007). Today, the biomass's hierarchical structure no longer
holds any secrets. Each valuable biopolymer can be extracted with high recovery for
various usage especially biofuel, biochemical and advance material. Lignin is an
amorphous heteropolymer network of p-coumaryl, coniferyl and sinapyl alcohol that
linked together by different bonding. This complex structure makes lignin to act as a
physical barrier of the plant cell wall as it is rigid, insoluble in water, impermeable,

resistance to microbial attack and oxidative stress.

Extraction of lignin (delignification) is an important process to cause biomass
swelling, disruption of lignin structure, increase in internal surface area, and increase

accessibility of hydrolysis reaction (Doherty et al., 2011; Scheller & Ulvskov, 2010).
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Table 2.1: Chemical composition of palm-based biomass (Umar et al., 2013)

Oil Palm biomass chemical composition (wt%)

Composition EFB OPF OPT
Cellulose 43-65 40-50 29-37
Hemicellulose 17-33 34-38 12-17
Holocellulose 68-86 80-83 42-45
Lignin 13-37 20-21 18-23
Xylose 29-33 26-29 15-18
Glucose 60-66 62-67 30-32
Ash 1-6 2-3 2-3

Figure 2.1: Schematic diagram of Lignocellulose Biomass.

Valorization of lignin plays a crucial role for the production of renewable fuels (power,
fuel pellets, and syngas), bio-based material (composite, carbon fibres) for cements
additive, asphalt additive, feed binder. Furthermore, large quantities of poly-aromatic
structure make this compound to serve as a future aromatic source for the green chemicals
(vanillin, phenols, building block for polymer such as polyester and polyurethanes) (de

Wild et al., 2009) .
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Hemicellulose is the second most abundant polymer that composed polymers of
pentoses (xylose, arabinose), hexoses (mannose, glucose, and galactose) and acetylated
sugars. It is stored within plant cell wall and coated on cellulose fibrils where pretreatment
severity must be control carefully to maximize sugar recovery, and avoid over
degradation of products that inhibit a further process such as furfural (Zhang et al., 2013).
The typical industrial applications of hemicellulose include barrier materials for food
packaging or biopolymers with new properties. Xylan with large molecular weight and
high affinity to cellulose always is the best choice as strengthening agent in paper and
bio-composite. Furthermore, modification of xylan can make self-supporting barrier films
for food packaging (Mikkonen & Tenkanen, 2012). Cellulose is an organic compound
from polysaccharide family with the formula of (C¢H10Os)s, which consist of a linear
chain of D-glucose units that linked by B-1,4 glycosidic bond, with a degree of
polymerization of approximately 10,000 for cellulose chains in nature and 15,000 for
native cellulose cotton (Azizi Samir ef al., 2005). Generally, cellulose always exits in two
major forms, which is cellulose I (native cellulose-original from plants in its natural form)
and cellulose II (regenerated from cellulose 1 under chemical treatment)(Dumitriu, 2004;
Eichhorn et al., 2005). The properties of cellulose bio-polymer are unique in terms of its
mechanical properties (strength, stiffness, and dimensional stability), thermal stability,
chemical resistance, surface appearance, optical properties and electrical conductivity.
The presence of strong mechanical strength of cellulose is due to the formation of
hydrogen bonding, which strongly affect the multi-scale microfibrillated structure and
hierarchical organization (crystalline vs. amorphous regions) (Dumitriu, 2004; Lindman
et al., 2010). Table 2.2 showed the comparison of strength and modulus in between
commercial fibres and wood-based cellulose, where bio-cellulose show similar tensile
strength as glass fiber (given their lower density), although are not as strong as either

aramid or carbon fibres(Khalil ez al., 2012) . Thus from Table 2.2,it can be concluded that
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cellulose fiber is a potential candidate for the application of textiles, alternative green

reinforcing material for polymers such as glass, carbon and aramid fibres, or talc.

Table 2.2: Comparison of strength and modulus in commercial fibres and biomass-
based cellulose

Material Modulus Density Specific Modulus References
(GPa) (Mg m™) (GPa/ Mg m®)

Aluminium 69 2.7 26 (Ashby & Jones,
2013)

Steel 200 7.8 26 (Ashby & Jones,
2013)

Glass 69 2.5 28 (Eichhorn et al.,
2010)

Crystalline 138 1.5 92 (Eichhorn et al.,

cellulose 2010)

Alumina 350 3.8 92 (Eichhorn et al.,
2010)

Kevlar 29 1.44 83 58 (Peng et al.,
2011)

Kevlar 49 1.44 124 86 (Peng et al.,
2011)

Kevlar 149 1.47 179 122 (Peng et al.,
2011)

Twaron 1.44 80 56 (Peng et al.,
2011)

Twaron High 1.45 124 86 (Peng et al.,

Modulus(HM) 2011)

Carbon fiber 1.68 221 132 (Peng et al.,
2011)
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2.2 Nanocellulose

Despite being the most available natural polymer on earth, it has been only recently
that cellulose has gained prominence as a nanostructured material. Increment of
petroleum prices, high energy intensity of chemicals and polymers production, together
with market sustainability trend have motivated the exploitation of nanostructured
cellulose, e.g. crystalline nanocellulose (CNC), cellulose nanofibrils(CNF) and bacterial
cellulose (BC). The growing attention is related to their unsurpassed quintessential
physical and chemical features. The major advantages of nanocellulose are the excellent
mechanical strength, non-toxic, biodegradable, broad availability with various
functionalities. Like the characteristic of cellulose, the nanoscale of this biopolymer
changes dramatically. It is stronger than steel, stiffer than Kevlar® (with specific Young's
modulus 65 Jg! for microfibrils and 85 Jg! for nanocrystals)(Wu et al., 2007), high
elasticity, lighter in weight, conductive, extremely absorbent and so on(Dufresne, 2012;
Wu et al., 2007) . With all these superior properties, nanocellulose has great potential in
applications such as strength enhancers in paper, as additives to composites, polymer
reinforcement, in emulsions, films and barrier coating, water treatment, as oxygen
barriers for food packaging, electronics, cosmetic, pharmaceuticals and biomedical
devices (e.g. scaffolds in tissue engineering, artificial skin and cartilage, wound healing

and vessel substitutes)(Dufresne, 2012; Peng et al., 2011) (Figure 2.2).

With advance conversion and separation technologies, the hierarchy biomass structure
can be unlocked and integrated into bio-based nanoproducts. Biomass pretreatment is an
important step to enhance the efficiency of nanocellulose preparation step. Generally the
pretreatment step is carried out before acid hydrolysis process.The pretreatment process
breaks down the tangled network structure of lignocelluloses to make cellulose fibrils
accessible for further hydrolysis to nanostructure. Cellulose fibres are formed by several

groups of macrofibril, which generated from bundle groups of microfibril (diameter at 5-
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50 nm and length in micrometers) that was connected by approximately of 36 individual
cellulose molecule chains via hydrogen bonding (Eichhorn et al., 2005; Khalil et al.,
2012; Peng et al., 2011). The structures of microfibrils cellulose are arranged randomly
into amorphous (disordered) and crystalline (highly ordered) regions. Crystalline
celluloses are stiff as compared to amorphous phases, this is because the polysaccharide
chain packed together with strong intra- and inter-molecular hydrogen bond network.
Thus, the weak amorphous regions in cellulose microfibrils easily break down into shorter
crystalline part when lignocellulosic biomass subjected to depolymerization treatment
such as mechanical shearing, chemical or enzymatic treatment (Beck-Candanedo et al.,

2005).

The depolymerisation process of microfibrillated cellulose will produce cellulose
nanocrystals (CNCs) or it can be named as microcrystals, whiskers, nanoparticles,
microcrystallites, nanofibres, or nanofibrils. Nanocellulose can be produced by palm
biomass-derived cellulose sources and the chemical methods for the preparation of
nanofibres will be deliberated later. Nanocellulose can be categorized to BC, CNC and

CNF (Xu et al., 2013).

BC is a product of microbes’ primary metabolic processes(Dufresne, 2013) .
Generally, BC is produced by acetic acid bacteria in both synthetic and non-synthetic
medium through oxidative fermentation process. Due to high cost and low yield of BC
production, there is limited number of industrial production of BC and its commercial

application as compared to CNC and CNF(Esa et al., 2014).
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Figure 2.2: Nanocellulose characteristics and applications (Henriksson et al., 2008)

CNCs are needle-like cellulose crystals of 10—20 nm in width and several hundred
nanometres in length. It composed high purity of crystalline phase of cellulose, where
non-cellulosic content and amorphous cellulose are eliminated (Xu et al., 2013). CNFs
formed long flexible fibre networks with both fibril diameters longer and crystallinity
lower than CNCs. It contains a large amount of amorphous cellulose, while surface
morphologies and dimensions of CNF can vary substantially, depending on the degrees

of fibrillation and any pre-treatment involved (Xu ef al., 2013).
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2.3 Conversion of Palm-Based Lignocellulosic Biomass to Nanocellulose

2.3.1 Biomass Pretreatment: Isolation of Cellulose Compound

Generally, the biomass recalcitrance is mainly due to the presence of highly complex
phenolic polymer lignin, which resists degradation of polysaccharides from plant cell
wall, and thus reduces the accessibility to cellulose. Hence, removal of lignin is the key
processing step during the extraction of cellulose fibres. In chemical pretreatment, non-
cellulosic components (lignin and hemicellulose) need to be dissolved from the
lignocellulose and subsequently separated from the production process. However, the fact
that non-linear polymer lignin is built in chemically diverse and poorly reactive linkages,
which require costly and harsh pretreatment to degrade this component. The major
influences on the operation costs are involved the reduction of lignocellulose particle size
and subsequent depolymerisation process. Thus, effectively overcoming the biomass
recalcitrance structure and releasing the locked polysaccharides is the crucial task for the

emerging of nanocellulose industries.

The biomass pretreatment is aimed to reduce the degree of polymerization of cellulose
(glucose congregated forming a polymer molecule) by breaking the lignocellulosic
complex, solubilized the lignin and hemicellulose, increase porosity and surface area of
hidden cellulose, and reduce the crystallinity of cellulose (Paulien Harmsen et al.,
2010).This fractionation process makes the cellulose accessible to hydrolysis reaction and
improves depolymerisation of the cellulose chain into nano-dimension (Figure 2.3)

(Kumar et al., 2009)
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Figure 2.3: Schematic diagram of biomass pretreatment to unlock biopolymer stored
within the plant

The biomass pretreatment process is categorized into three main classes in terms of
pH: (i) Acidic; (i1) Alkaline and (iii)) Neutral (Organosolv and ionic liquid
treatments)(PFH Harmsen et al., 2010). However, most of the processes suffer from
unsatisfactory separation of cellulose and lignin, where over-degradation lead to the

formation of by-product (polysaccharide is changed to sugars rather than nanocellulose).

Furthermore, the usage of severe reaction conditions (high temperature and pressure)
makes the operation cost higher and increase the investment risks, as larger capital
investments are required compared to pulp and paper manufacturing (PFH Harmsen et
al., 2010). Therefore, a suitable biomass pretreatment technology with the aims of mild
reaction condition and effective at cellulose recovery is highly targeted in order to
decrease utility consumption, lower down energy demand, rmazeduce capital cost, and

reduce sugar degradation (PFH Harmsen ef al., 2010).

The advantages and disadvantages of chemical processes for lignocellulosic biomass

pretreatment were shown in Table 2.3. It is crucial to indicate that different type of
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chemicals functioning selectively in the biomass separation process. Although the main
goal of pretreatment is to acquire a good quality cellulose product, it is important to
preserve the structure of lignin and hemicellulose as well. The best way to maintain high
recovery of lignin for value-added chemical process is organosolv treatment, which
minimal degradation of aromatic compounds can be observed. Other than solvent process,
alkaline route with the presence of oxidation agent is another potential route to remove
lignin (major) and hemicellulose (minor) with minimum formation of inhibitors,
especially during fermentation sugar to bioethanol. In case of direct acid treatment, a
controllable amount of acid is the key point to solubilize cellulose and hemicellulose
compounds to sugar products. However, it is unsuitable to be used for fractionation of
cellulose as high recovery of cellulose in required for further nanocellulose synthesis.
Ionic liquid treatment is another green process that fit well into the cellulose isolation
with high recovery of all bio-compounds; however, using ionic liquid for biomass

pretreatment is not economically friendly as it is expensive in cost.
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Table 2.3: Advantages and disadvantages of lignocellulosic biomass pretreatment via chemical routes

Chemical Mode of Action Advantages Disadvantages/limitation Remarks References
Dilute Acid
1. Presence of fermentation
1. Higher reaction rates inhibitors - .
Removal of . . Minimal degradation of
H>S04, H3PO4 hemicellulose 2. Increase the 2. High cost, expensive lignin and hemicellulose. (Zheng et al., 2013)

construction material due to
acidic environment.

accessibility of cellulose

Concentrated Acid

Solubilisation of
hemicellulose and

1.Suitable to all types of 1.Uncontrolled hydrolysis

Saccharification of

(Sathitsuksanoh et

H:80s, HiPOs E)llfr(e:;[hlﬁglergSIS biomass products biomass al., 2012)

glucose.

Alkaline

1. Removal of

lignin (major) . . . .

2. Removal of 1.' ngh solfiglisatian 01? 1. High C(.)St of chenpcal Suitable for direct (Mclntosh & Vancov,
NaOH, CaOH ) lignin 2. Low fermentation 2. Alteration of lignin .

hemicellulose Lo fermentation 2010)

3. Cellulose inhibitors formed structure

swelling
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Chemical Mode of Action Advantages Disadvantages/limitation Remarks References
Organosolvent
Mixture of 1. Extraction of lignin 1. High quality lignin that is 1. High cost of chemicals Suitable for producing a (Cybulska
organic 2. Complete low molecular weight and 2. Containment vessels to prevent  high quality lignin for etal.,2012)
solvent and solubilisation of sulphur free. leakage of volatile organic specialty chemical
water hemicellulose 2. Organic solvent used can be  solvents.
recycled and reused. 3. Size
reduction of biomass feedstock
is not necessary. 4.Selective
pretreatment method
Ionic Liquid
1. Extraction of lignin The effects towards (Fu &
Imidazolium 2. Decrease the cellulose 1. IL is high thermal stability . . hemicellulose and lignin are
R o 1. High cost of chemicals. . Mazza,
salts crystalinity index 3. and low volatility depending on the nature of 2011)
Carbohydrate dissolution ionic liquid used.
Oxidative
1.' Splublllsatlon of 1. High removal of lignin Bleaching effect to the .
H,O lignin. 2. Increase biomass 1. High costs of chemicals biomass, hemicellulose (Correia et
22 2. Bleaching effect to the = - H1g : ’ al., 2013)

pulp

digestibility

might be degraded




24 Isolation of Micro- and Nano-Cellulose from Palm-Based Biomass
There are various approaches were reported for micro- and nano-cellulose synthesis,
it can either in chemical, biological fermentation, mechanical, physical or mixed

processes (Table 2.4) (Saratale & Oh, 2014).

2.4.1 Chemical Acid hydrolysis

Generally, acid hydrolysis is the leading process for nanocellulose isolation. The acid
hydrolysis involves depolymerization of the cellulose chain by hydrolytically cleavage
the glyosidic bond between two anhydroglucose units. The cellulose depolymerization
occurs randomly and uncontrollable, where acid tends to attack amorphous cellulose as
compared to the crystalline region, resulted in the formation of non-uniform sizes of CNC
(L. Brinchi et al., 2013). Furthermore, different cellulosic material also possesses a
diverse dimension of crystalline to an amorphous region. Therefore, the nanocellulose
obtained has an enormous variety of nano-scale dimension. The nanocellulose is high in
crystallinity index (Crl) (Saratale & Oh, 2014) based on X-ray diffraction analysis, and
Transmission Electron Microscope (TEM) or High Resolution Transmission Electron

Microscope (HR-TEM) can show a rigid rod —like particle or whisker like structure.

By using sulfuric acid (H2SOs4) for hydrolysis process, the intra- and inter-hydrogen
bonds were broken and lead to the formation of sulfate coated cellulose complex.
Hydrolyzing cellulose with H2SO4 involves esterification of hydroxyl groups, which
generated acid half-ester or cellulose sulfate in nanocellulose product. The presence of
sulfate groups on the surface of nanocellulose results in negatively charged surfaces
above acidic pH. The surface of nanocellulose with negative charge will lead to anionic
stabilization, where repulsion forces of electrical double layers able to prevent

aggregation of nanocellulose driven by hydrogen bonding (Saratale & Oh, 2014). In
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addition, mechanical treatment (sonication) sometime used to enhance the disintegration

of cellulose structure into nanocrystalline form (J. Li et al., 2015).

In the year of 1999, researcher had reported that large content of cellulose was
successfully isolated from empty fruit bunches by using acid hydrolysis with removal of
0.9%- 6.6% of lignin and 11.9-17.3% of hemicellulose (Sun et al., 1999). Wattaya's team
further reduced the size of cellulose to microcystalline cellulose (MCC) in order to apply
as reinforce material with rice starch film. The cellulose was extracted from palm pressed
fiber through alkaline treatment using 10% of sodium hydroxide (NaOH) under 100°C
for 1 hr, followed by bleaching process via sodium chlorite (NaClO,). The bleached pulps
were then hydrolysed using H2SO4 (64%) at 45°C for 4 hr prior to sonicate for 15min.
The excess HoSO4 remained in suspension was neutralized with 0.5 M of NaOH and
further washes via dialysis process. Based on the SEM analysis, the microcrystalline

cellulose press fiber (MCPF) rendered dimension of 0.480+0.023 um (Wittaya, 2009).

Similar works were done by Hafiz et al. (2013) and Battisya et al. (1950) (Mohamad
Haafiz et al., 2013). Oil palm empty fruit bunch (OPEFB) was hydrolysed by 2.5 N of
hydrochloric acid (HCI) at 105°C for 30 min with the pulp to liquor ratio of 1:20. After
completion of acid hydrolysis, sample was washed several times before proceed to
neutralization by ammonium hydroxide (NH4OH). The dried MCC was then ground into
fine powder by using rotary ball miller. The crystalinity index for OPEFB-MCC is 87%,
which is higher as compared to OPEFB (80%) and commercialized microcrystalline
cellulose (C-MCC) (79%). This indicated that the amorphous region of cellulose was
removed by acid hydrolysis and remained individual crystallite phases. The crystalinity
is directly proportional to cellulose rigidity, thus this showed that OPEFB-MCC consisted
of higher mechanical properties. SEM analysis for OPEFB pulp, OPEFB-MCC and C-

MCC was reported by Hafiz's group. The morphology of OPEFB-pulp showed individual
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and uniform fibres indicated that hemicellulose and lignin had been removed, while
OPEFB-MCC and C-MCC rendered aggregated, irregular shaped fibrils with rough

surface.

Bono et al. (2009) selected palm kernel cake (PKC) as the initial feedstock for cellulose
extraction (Bono et al, 2009). The cellulose was further functionalized into
carboxymethyl cellulose (CMC), which was useful in anti-caking agent, emulsifier,
stabilizer, dispersing agent, thickener, and gelling agent. PKC was first grind into smaller
particles (600 pm) in order to ease the pretreatment process by increase the biomass
accessibility to chemicals. Furthermore, soxhlet extraction using isopropanol (C3H7OH)
was performed to enhance the chemical attack by removes the coating layers (wax, lipids,
fats) (Cunha et al., 2004)on the biomass surface. The bounded hemicellulose and lignin
were later solubilised by NaOH and NaClO solution, respectively. Final CMC sample
was substantially produced via alkalization (NaOH), followed by esterification of
cellulose using sodium monochloroacetate (SMCA). The slurry was soaked in methanol
(CH30H) for overnight and neutralized using 10% acetic acid (CH3COOH) until pH 6-8

(Bono et al., 2009).

Other than MCC, some of the study was continued to push forward the synthesis of
nanocellulose. Fahma et al., (2010) was successfully produced nanocellulose from oil
palm empty fruit bunches (OPEFB) via acid hydrolysis (Fahma et al., 2010). As similar
to other's studies, OPEFB was mashed into 0.5-1 cm, followed by dewaxing process via
soxhlet extraction using ethanol (C2HsOH ) and benzene (CsHs) with the ratio of 1:2,
respectively. The process continued by delignification with NaClO2 (pH 4-5) under 70 °C
for 1 h, while hemicellulose was removed using 6% potassium hydroxide (KOH) at 20
°C for 24 h. The cellulose fibres were subsequently stored in a refrigerator for further

process. Nanocellulose suspension was later hydrolysed by 64 % of H2SO4 for 15, 30, 60,
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and 90 min, and the reaction was immediately terminated by using cold water to prevent
over hydrolysis of cellulose into sugar. The particle sizes of nanocellulose under different
treatment time were studied by SEM analysis, where the results are 2.51 + 1.03, 2.05 £
0.95, 2.05 + 0.89, and 1.96 + 0.85 nm, respectively. The crystalinity index (Crl) of
nanocellulose with 15 min treatment showed highest index (58.78 = 0.70%), followed by
30, 60 and 90 min (53.83 £ 2.03%) (Fahma et al., 2010). Generally, acid will easily
attacked amorphous region as compared to crystalline region of cellulose, this increased
the crystalinity index of product after mild acid treatment. When drastic hydrolysis
condition (high concentration of acid and longer treatment time) was applied, both
amorphous and crystalline region would partially destroy. This is the reason of the
crystalinity of nano-fibre tend to decrease as acid continuously attack the crystalline part
of cellulose. For Souza's group, nanowhiskers cellulose was derived from pressing
mesocarp oil palm fibres via similar chemical process (NaOH-H>O,-H>SO4) (Souza et
al., 2013).The nanocellulose product render the length (L) of 171.76 + 14.91 nm while
the diameter (D) is average of 5.48 + 0.48 nm, with aspect ratio (L/D) of 35.35 + 3.37

(Souza et al., 2013)

Although acid hydrolysis is efficiently to depolymerise cellulose into nanocellulose,
however, controllable concentration of acid and treatment time are important to achieve

higher yield of nanocellulose with high crystalinity index.

2.4.2  Physical-Chemical Route

Physical-chemical treatment was proposed by Yan's group for nanocellulose synthesis
(Yan et al., 2009)Palm Kernel Cake (PKC) was initially pretreated under hot liquid
oxidation process, where water (H>O) was used as a mild acid agent at temperature of
160-180 °C under saturated vapourpressure for 30 min (Yan ef al., 2009). In this reaction,

the biomass undergoes an explosive decompression, where hemicellulose was degraded
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(yielding a dark brown material) to organic acid and saccharides, resulted in lignin matrix
disruption (Paulien Harmsen et al., 2010; Ramos, 2003). The cellulose extraction was
continued by using the same method (hot water oxidation on treated PKC) in the presence
of chemical (30 % of H>0,) for 600-1440min at temperature of 60-80°C. The maximum
yield of nanocellulose (45 %) was obtained within 600min of reaction under 75 °C (Yan

et al., 2009).

2.4.3  Mechanical-Chemical Route

Conversion of empty fruit bunches (EFB) to nanocellulose was performed by
chemical-milling techniques in Jonoobi's study (Jonoobi et al., 2011). The EFB fibres
was treated by sodium hydroxide-anthraquinone (NaOH-AQ), followed by oxidation by
NaClO; and CH3COOH hydrolysis reaction(Jonoobi et al., 2011). These pulping and
bleaching processes are used to preserve the cellulose structure, while selectively
solubilize the lignin and hemicellulose in the fibres (Jonoobi et al., 2011). During pulping
process, NaOH-AQ acted as a pre-swelling agent, which increases the accessibility of the
core cellulose for hydrolysis action. The oxidation agent (NaClO>) and acid agent
(CH3COOH) were selectively penetrated into fibres to oxidized lignin and cleave the
glyosidic bond of cellulose, respectively (Kalia ef al., 2011). Mechanical treatment was
subsequently performed by using mechanical grinder and high pressure homogenization
(HPH) treatment. The grinding process allows the cellulose to refine uniformly, and HPH
treatment reduced the particle sizes of cellulose due to the presence of cleavage energy
derived from homogenization pressure to break down the fibres bonding(Jonoobi et al.,

2011; Kalia et al., 2011).
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Table 2.4 showed the summary of nanocellulose production from palm-based biomass.
Based on the overall studies, it is concluded that chemical route is important to unleash

nanocellulose from complex biomass.
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Table 2.4: Summary of nanocellulose production from palm-based biomass

Raw Final Chemicals Temperature  Time Product Crvstalinity index Particle sizes (L & D) References
material product (°C) (min) yield (%) y y (2)/ aspect ratio (L/D) (3)
Chemical Route
Pulp (80%) (Mohamad
OPEFB MCC 2.5 N HCl 1052 30 N/A MCC (87%) 50um Haafiz et
C-MCC (79%) al., 2013)
5% NH4OH
CMC CsH0H 82.4 67% N/A N/A (Bono et al.,
(Soxhlet) 2009)
7.5% NaOH 25 60
CH;COOH and
NaClO, & 120
95% C>HsOH and D.I
PKC
Cs;H;,0H
17.5% NaOH 30 60
SMCA 50 120
CNF C2Hs0H:CeHe 80.1 2880 18.46 -91.89  53.83-58.97 1.96-2.51nm S;agrg‘i‘oe)[
OPEFB NaClO, 70 60
KOH 20 60
15, 30,
H2S0O4 45 60.90
Oil palm NC NaOH 80 120 min N/A 70.90% 35.35+3.37 (Souza et
fibres TEe : : al., 2013)
H>02 and NaOH 55 90 min.
H2S04 60% 45 150 min
Palm pressed 15.00-
hor MCC NaOH 45 60 40.00% N/A 0.480+0.023um
NaCl
H2S0s (175 ml, 64%) 45 240

NaOH
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Raw Final Chemicals Temperature  Time Product Crvstalinity index Particle sizes (L & D) References
material product (°C) (min) yield (%) M Y (2)/ aspect ratio (L/D) (3)
Physical chemical route
Palm kernel Cellulose  Hot water treatment 160-180 30 45% N/A N/A
6gram grinded PKC (Yanet al.,
and 300ml distilled 2009)
water filled inside
micro pressure reactor
C2HsOH(washing)
2 gram of pretreated
PKC was mixed with 60-80 600-1440
30% H20»
Mechanical chemical route
(Jonoobi et
. 1.,2011;
EFB CNF Chemical treatments 160 105 gz;lulose' V=l BER fibres (40%) “Kalia etal.,
2011)
Hemicellulose: bleached pulp fibres
NaOH 70 180 A4+ 1(%) (61%)
NaOH-AQ (12%+1%) 160 105 I(;‘Sg(?,z)“): 1.0+ Nanofibres (69%)
NaClOz2and CH3COOH (1.25%+3%) 70 180
NaOH and H202 (1.5%+1%) 70 90
NaClIOz2and CH3COOH (1.5%+3%) 70 90
Physical treatment
Grinding 15
High Pressure Homogenization 500 bar (pressure)




Currently, researchers and scientists had improved the chemical process by applying
mechanical or physical treatment, in order to bring significant performance with the
concern of higher selectivity of the product, energy saving and cost effectiveness.
Although physical and mechanical treatments showed high improvement of the
conversion process, unfortunately, it requires longer treatment time as compared to acid
hydrolysis reaction, which a maximum of 180min was used for the nanocellulose
synthesis as compared to acid treatment. Thus, greener nanocellulose preparation route

was developed in order to overcome the limitation of current technologies

2.5 Inorganic salt catalyzed mild hydrolysis

Generally, nanopolymeric cellulose can be isolated via biological hydrolysis (enzyme)
or chemical acid hydrolysis (strong acid) of the glycosidic bonds of cellulose fibres (L
Brinchi et al., 2013). However, isolation techniques are still problematic because of the
presence of strong intra- and intermolecular hydrogen bonding and van der Waals forces
linking the cellulose fiber network. This highly organized bonding can create a defensive

barrier to protect the plant structure (Lindman et al., 2010).

The enzymatic hydrolysis of lignocellulosic materials requires several days to digest
the structural barriers before the hydrolysis process. In the case of strong acid treatment,
hydronium ions can efficiently break down or attack intermolecular and intramolecular
bonds in cellulose. This treatment is more effective in comparison to enzymatic treatment.
However, the use of a strong acid is usually accompanied by over-degradation of cellulose
and has drawbacks such as equipment corrosion. Thus, diluted or organic acids have been
suggested for milder reactions, but such treatments have been found to be less effective
in reacting to the plant's structure (H. Lee ef al., 2014). Inorganic salts in the categories
of trivalent (FeCls, Fex(SO04)3, AI(NO3)3), divalent (CaCl,, FeCl, FeSOs4), and

monovalent (NaCl, KCl) have been considered by others as potential catalysts for

30



hydrolysis treatment for several purposes: i) degradation of hemicellulose and cellulose
in biomass (Kamireddy et al., 2013; Liu et al., 2009; Lopez-Linares et al., 2013; Zhao et
al., 2011a); ii) conversion of cellulose to glucose (Zhang et al., 2015); and iii) extraction
of micro- or nano-crystalline cellulose (Hamid et al., 2014; Jinbao Li et al., 2015; Lu et
al., 2014). It has been reported that the valence state of metal ion is the key factor to
influence the hydrolysis efficiency, where acidic solution (H") was generated during
polarization between metal ions with water molecules (Kamireddy et al., 2013). A higher
valence state will generate more H' ions, which act effectively in the co-catalyzed acid

hydrolysis reaction in the presence of metal ion.

At present, acid hydrolysis of cellulose is still considered to be the most efficient
pathway for high-yield nanocellulose production. To achieve a technically feasible,
selective, and controllable hydrolysis process, a transition metal-based catalyst can be
used because of its mild acidity. Transition metal-based catalysts, such as an iron-based
catalyst, were found to contain Lewis acid sites and can perform the hydrolysis of
cellulose efficiently (H. Lee et al., 2014). Iron metal-based catalyst with its Lewis acid
site is potentially to perform as catalyst for acid hydrolysis. Several studies reported that
this catalyst could increase hydrolysis rate for biomass fractionation and nanocellulose
preparation. Iron-based inorganic salts eg: FeCl; and Fex(SO4); had been selected as
catalyst to accelerate the degradation of hemicellulose in corn stover. Based on the study,
FeCls significantly increased the hemicellulose degradation in aqueous solutions under
temperature of 140- 200°C with high xylose recovery (~90% ) and low cellulose
removal(<10%,). The hemicellulose removal increased 11-fold when the corn stover was
pretreated with 0.1 M FeCls as compared to pretreatment with hot water under the same
conditions, which was 6-fold greater than pretreatment with dilute H>SO4 at the same pH

(Liu et al., 2009).
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This fact was supported by Liu’s group (Liu & Wyman, 2006), where FeCls treatment
significantly increases the hemicellulose (xylose and xylotriose) degradation at 180°C.
The result showed that 0.8% of FeCls; with acid pH of 1.86 rendered 3-fold and 7-fold
greater of xylose and xylotriose degradation, respectively, than that for treatment with
dilute HoSO4 with similar pH value. The study suggested that different mechanism may
exist for the reaction; first, the presence of FeCls may induce the formation of H' ion from
water for hydrolysis; second, FeClz may catalyze the dehydration of carbohydrates. Other
than FeCls; FeSOy4 catalyst also showed strong hydrolysis effects on the pretreatment of
corn stover, where hemicellulose significantly degrades to xylose (60.3%) with high
recover of cellulose (89.8%) under temperature of 180°C within 20 min. According to
Zhao et al. (Zhao et al., 2011b), FeSO4 pretreatment is capable of disrupting the ester
linkages between cellulose and hemicellulose. It is a potential pretreatment that is able to
enhance further hydrolysis reaction of lignocellulosic biomass by destructing chemical
composition and altering structural features. In acid hydrolysis, proton (H" from HCI or
H>SO4) plays an important role to weaken the glycosidic bond energy by attracting

electron, making it easier for bone rupture.

The presence of inorganic metal ions also play same function as proton, which consist
of more positive charge to pair with more electrons, but proton can only pair with one
electron. This fact was in agreement with the studies above, where FeCls (trivalent, Fe*")
rendered better hydrolysis effect than FeSOs (divalent, Fe**), while acid solution

performed less effect as compared to inorganic salts (Yan ef al., 1996).

Lately, researchers started to use transition metal based catalyst (FeCls) for preparing
cellulose nanocrystal (CNC) via hydrolysis of cellulose. The results show that 22% of
CNC was produced under 10% FeCls, temperature of 110°C for 60 min, and ultrasonic

time of 180 min. The CNC produced are shaped rod-like with the diameter of 20—50 nm,
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the length of 200300 nm, and crystallinity of 76.2%(Lu et al., 2014). The research
findings indicate that Fe** from the FeCls-catalyzed hydrolysis can selectively diffuse
into the amorphous regions of cellulose and promote the cleavage of glycosidic linkages
of cellulose chains into smaller dimensions. Furthermore, the presence of an acidic
medium (HCI) or ultrasonic-assisted treatment can act synergistically to improve the
accessibility of metal ions for the hydrolysis process (Karim et al., 2014; Jinbao Liet al.,

2015; Lu et al., 2014).

Abd Hamid’s group reported that the cellulosic fiber extracted from palm tree trunk
were successfully converted into more valuable products that is MCC by using FeCls
treatment. The result show that under response surface methodology (RSM) optimized at
97.98°C,4hr,0.8M of FeCls. The crystallinity index of MCC yielded was 68.66%(Abd
Hamid et al., 2014). Yahya’s group were successfully prepare nanocellulose from MCC
via Ni-salt catalyzed hydrolysis pathway under mild reaction conditions of 45°C for 15
min(Yahya et al.,, 2015). The mild acid Ni-salt catalyzed hydrolysis was able to
selectively depolymerized the amorphous regions of cellulose and retain its crystalline
region thus improving the crystallinity of the treated product up to 80%. Furthermore, the
synthesized Ni-treated nanocellulose products appeared in the form of cluster fragments
with spider-web-like appearance (fiber diameter of 10 to 60 nm and fiber length of 300
to 600nm).Thus, this study concluded that nickel-based inorganic salt is an efficient and
selective catalyst for the hydrolysis of MCC with high simplicity in operation and short
preparation time. Table 2.5 summarizes all the study from the previous researchers of

converting biomass into valuable products via transition metal salt hydrolysis.
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Table 2.5: Transition metal salt hydrolysis

Feedstock Catalyst Acidity Operation condition Final product References
Corn stover FeCls pH 1.68 0.1M FeCls, 91% removal hemicellulose (Liu et al., 2009)
140°C, 91% recovery of cellulose
20 min
Hemicellulose FeCls pH 1.86 0.8% of FeCls, 180°C, 65% degrade of xylose, (Liu & Wyman,
compounds: 20 min 78% degrade of xylotriose 2006)
xylose
and xylotriose
Corn stover FeSO4 N/A 0.1 mol/L FeSOQys, 60.3% degrade of (Zhao et al.,
180°C, hemicellulose, 2011b)
20 min 89.8% recovery of cellulose
10% FeCls,110°C 22% CNC
Cellulose FeCls N/A 60min of reaction Diameter = 20—50 nm, (L.Q. Lin, T. L.
time, 180 min of Length of 200-300 nm, Rong, Y.H. Juan et
ultrasonic time crystallinity index = 76.2% al.,2014)
Cellulose Zn-Ca-Fe N/A 160°C,12hr, 140°C 29% of glucose (Zhang et al.,
based 2011)
nanocatalyst
Palm tree trunk FeCls N/A 0.8M FeCl3,97.98°C,4hr Crystallinity index=68.66% (Abd Hamid et
(PTT) al.,2014)
MCC (Ni(NO3)2 pHS5.0-6.3 1.0M,0.5M and 0.05M Nanocellulose (Yahya et al.,
(Ni(NO3)2 Diameter=10nm-60nm 2015)

45°C for 15 min

Length=300nm-600nm




CHAPTER 3: RESEARCH METHODLOGY
3.1 Introduction
This section includes raw material, apparatus and equipment, research design and
research procedure. It describes the experimental procedures to develop a separation

technology in order to prepare nanocellulose from EFB fibres.

3.2 Research design

The process flow of this experiment is shown in Figure 3.1 for the Preparation of
Nanocellulose from Oil Palm Biomass (EFB) via Chemical Route. There are three
sections in this project which has been elaborated more in the below which a step-by-step

account of procedure included:
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Figure 3.1: Production of Nanocellulose from Oil Palm biomass
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(a)

EFB fibres EFB fibresat sizes of
(Before mash) 150 pym

Pretreatment
(Delignification and bleaching)

(b)
Depolymerisation of cellulose
via (Ni (NOs)2.6H.0) /H,SO,
catalysed hydrolysis
(c)

Nanocellulose Nanocellulose
(Gelatinous white
nanocellulose)

Figure 3.2: Visual observation: (a) Empty Fruit Bunch (EFB) fibres, (b) Cellulose,
and (c) Nanocellulose
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3.2.1 Raw Material

Empty Fruit Bunch (EFB) fibres were supplied from Malaysian Palm Oil Board
(MPOB) (Figure 3.2a)

3.2.2 Equipment

Equipment Model

Grinder machine Daihan, HCP-750A

Magnetic stirring hotplate Thermolyne, Cimarec hotplate stirrer
pH meter Mettler Toledo, FE20

Orbital shaker Lab Companion,SI-300R

Freeze drier Labconco,75408-00

Sonicator Daihan, WUC-AO03H

Sieve shaker Endecotts EFL, 2000

3.2.3 Chemicals

Chemical Supplier
Toluene (C7Hs) R&M Chemical.
Ethanol (C2H7OH) R&M Chemical.
Nickel (IT) Nitrate Hexahydrate (Ni(NO3)2.6H>0) Systerm
Hydrogen peroxide (H202) (35%) R&M Chemical.
Sulfuric acid (H2SO4)(97%) R&M Chemical.
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3.24 Powdering biomass

The Oil Palm Fiber (EFB) was collected from Malaysian Palm Oil Board (MPOB)
Bandar Baru Bangi Selangor. It was then milled, sieved and separated in smaller sizes
using a grinder and test sieve shaker (Endecotts EFL, 2000). This grinding process was
carried out to make sure the size of EFB fibres is in similar size (100-150 um) for further

treatments.

33 Catalytic conversion of lignocellulosic biomass into nanocellulose

(i) Extraction of cellulose from Empty Fruit Bunch (EFB) biomass

Figure 3.1 and 3.2 clearly showed the process flow and visual observation for the
production of nanocellulose respectively from EFB fibres. Empty Fruit Bunch (EFB)
biomass was mashed and sieved to EFB powder (150 um of particle sizes) prior for
soxhlet extraction treatment. Under soxhlet extraction, the EFB fibres was immersed into
mixture of toluene (C7Hg) and ethanol (CoH7OH) with a ratio of 2:1 for 360 min as
mentioned in literature studies (Abe & Yano, 2009; Agbor et al., 2011; Fahma et al.,
2010; Iwamoto et al., 2007). The dewaxed EFB fibres was aged in 2 M Potassium
Hydroxide (KOH) and then bleached by 10 % (v/v) of hydrogen peroxide (H202) solution
at 75 °C for several times by using orbital shaker. The process was stoped when the
sample color turn into pearl white from brown colour. The extracted cellulose slurry
(named as cellulose derived EFB fibers) was rinsed for few times with deionized water
until it reached neutrality (pH6-pH7). The chemical composition of EFB fibres, alkali

pretreated and bleached cellulose sample is enlisted in Table 3.1.
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Table 3.1 Chemical composition of raw EFB fibres, alkali pretreated EFB sample
and bleached cellulosic sample

EFB Fiber Sample Holocellulose Cellulose Hemicellulose  Lignin Wax
(%) (%0) (%) (%) (%)

Raw EFB Fiber 18.0 48.4 30.4 18.1 3.1

Alkali Pretreated 44.75 65.4 20.7 13.9 -

EFB

Cellulose derived 95.27 97.38 2.11 0.51 -

EFB

(ii) Preparation of CNC cellulose

Productions of nanocellulose from EFB-derived cellulose will be prepared by chemical
route: inorganic acid:H>SO4 (Strong acid) and inorganic salt:Ni-salt solution (mild acid).
Cellulose was added into prepared Ni-salt solution and H>SO4 respectively at 45 ©C within
15 mins duration. After hydrolysis, the gelatinous white product was washed repeatedly
by using deionized water to remove the residue of H,S0%, Ni** or NO3 ions that
attached on the surface of product. Then the gelatinous white nanocellulose were dialyze
for a week until the pH is constant (pH 7) to ensure that the H",503~ , Ni** or NO3ions
have been removed. The slurry was further treated with 40 kHz sonication for 40 min in
a sonicator (WUC-AO03H, DAIHAN, Korea) to disperse the nanofibres in water. Finally,
the products were dried in a freeze dryer to obtain a fine white powder from H>SO4 (SA-

NC) and Ni-salt (Ni-NC) hydrolysis.

34 Characterization techniques
3.4.1 Fibers characterization

The composition of extractives, cellulose, holocellulose, hemicellulose and lignin of
the samples (EFB fibres, alkaline pretreated EFB and cellulose derived EFB) was
analyzed according to Technical Association of Pulp and Paper Industry (TAPPI)

standards.
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e Holocellulose content

The holocellulose content (a-cellulose and hemicellulose) of the fibres and cellulose
was determined by treating the fibres and cellulose with a NaClO; and 10 %( v/v)
CH3COOH mixture solution (Schuerch, 1968). The sample was diluted in distilled water
under magnetic agitation (70°C, 30min). Then, NaClO, and 10 %( v/v) CH;COOH
mixture solution were added. This procedure repeated for 3 hour reaction. Finally, the
resultant mass was filtered and oven dried at 100°C untill the mass is constant. The
content of holocellulose was calculated according to Equation 3.1. My represent dry of
mass fibres (g), Muoro 1s dry mass of holocellulose (g) and (%) Puoro is the content of

holocellulose(Schuerch, 1968).

Equation 3.1:

Phoro (%) = MuorLo/Mu x 100%

e a-cellulose content

The a-cellulose content was determined by treating the extracted holocellulose
samples with 17.5 %(v/v) NaOH solution(Technical Association of the & Paper, 1973).
After 3.5min, soak the sample with CH3COOH. Lastly, the resultant mixture was filtered
and oven dried for 24hour at 48°C+2. Put in desiccator for 15min (Technical Association
of the & Paper, 1973). The content of a-cellulose was calculated according to Equation
3.2. Mc represent dry mass of a-cellulose (g), Whoro is extracted holocellulose samples

(g) and (%) PceLrurosk is the content of a-cellulose.

Equation 3.2:

Pcerrurose (%) =Mc/Whoro x 100%
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e Lignin determination

The lignin content of the fibres and cellulose was found by treating them with a
72(%) v/v. Ha2SOg4 solution (15min,2hr) (Technical Association of the & Paper, 1973).
Then, distilled water were added under reflux. Finally, the samples was oven dried at
100°C until constant mass was attained. The content of lignin was defined in Equation
3.3; where Mr is the dry mass of fibres (g), My is the mass of dry lignin (g) and Prignin

(%) 1s the content of lignin in the sample.

Equation 3.3:

PrigniN (%) = Mvr/ Mrx100%

e Hemicellulose determination

The hemicellulose content was obtained by subtracting the percentage of a-cellulose
from holocellulose content (Joaquim et al., 2009; Lai & Idris, 2013a). PcerLLurosk (%) 1s
the a-cellulose content (Equation 3.2) and Proro(%) is the holocellulose content

(Equation 3.1). Puemi (%) is the percentage of hemicellulose content (Equation 3.4).

Equation 3.4:

Puemi (%) = Pcerrurose (%) - Proro (%)

3.4.2 Physiochemical properties characterization
e X-Ray diffraction (XRD)

XRD patterns were obtained within a 20 range from 5 to 40° by using Shimadzu
diffractometer model XRD 6000, with CuKa radiation at the operating voltage of 2.7 kW.
The crystallinity index (Crl) of samples was calculated based on the intensity between
(002) and (101) lattice diffraction peaks using Segal’s method (Segal, Creely, Martin, &

Conrad, 1959) (Equation 3.5). ooz represents both crystalline and amorphous region of
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cellulose (maximum intensity at 20 = 22°) while Iam represents only amorphous phase

(intensity of diffraction at 20 = 18°):

Equation 3.5:

Crl (%) = (Tooz-Lum)/Too2 X100%

e Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was performed by using Perkin Elmer spectrometer (Spectrum Two) in the
range 4000-500cm™ with a scanning resolution of 4cm™. Ground samples were mixed
with potassium bromide (KBr) and then pressed into ultra-thin transparent pellets

(approximately 4mm thickness) for analysis.

e High Resolution Transmission Electron Microscopy (HR-TEM)

The dimensional measurements were determined by using HR TEM JEOL JEMP-
2100F at an acceleration voltage of 200kV. The CNF samples diluted in ethanol
(C2HsOH) solution was deposited on the surface of copper grid and allowed to dry at
room temperature. Aspect ratios in terms of length to diameter (L/D) of treated samples

were determined based on the HR-TEM measurement.

e Field Emission-Scanning Electron Microscopy (FESEM)
The surface morphology were studied by using FESEM, Fei Quanta 200F and
operated at 10 kV and 100 Paunder low vacuum conditions. The samples were mounted
with conductive carbon tape and coated with Snm thickness of gold before FESEM

viewing process.
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e Thermogravimetric analysis (TGA)
Thermal analysis were studied by using TGA Q-500 (TA Instruments,United States
of America). 1 mg of each sample was heated at 10°C/min from 25°C to 900°C under

nitrogen (N2) gas at the flow rate of 200mL/min.

e Atomic Force Microscopy (AFM)

In order to prevent the formation of aggregates, a short sonication (30minutes) were
done. A drop of dilute samples (EFB fibres,EFB derived cellulose,SA-NC and Ni-NC)
suspensions were deposited onto glass slides. After dried at ambient temperature
(24hours) to allow the films to dried, AFM observation were carried out using a Bruker’s

ScanAsyst Mode technology.

e Particle Size Distribution (PSD)

The nanocellulose suspension at 4% (w/v) was diluted in water at the ratio of 1:100
(v/v) and ultrasonicated for 30 min in an ultrasonic bath (WUC-AO03H, DAIHAN, Korea).
Measurements were made using a Malvern 3600 Zetasizer NanoZS (Malvern
Instruments, UK). This equipment uses dynamic light scattering to measure the diffusion

of particles moving under Brownian motion, and converts this to size and size

distribution.
3.5 Optimization study for nanocellulose production via Response Surface
Methodology (RSM)

The nanocellulose synthesis was developed and optimizes using response surface
methodology (RSM) provided by Design expert software 6.0.8 (Stat-Ease Inc.,
Minneapolis,USA). A standard RSM design tool known as Face Central Composite
Design (FCCD) was applied to study the acid catalyzed hydrolysis reaction variables (Ni

salt catalyzed reaction). Three identified independent variables are A: acidity of catalyst
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(pH), B: reaction time (minute) and C: reaction temperature (°C). The response chosen
was nanocellulose yields (%) which were obtained from the reaction. Table 3.1 lists the
ranges and the levels of the independent variables with actual and coded levels of each
parameter. The independent variables are coded to two levels namely: low (-1) and high
(+1). A three level, three factor face central composite design was develop to fit second
order response surface model which require 20 experiments including 8 factorial, 6 center

and 6 axial at the center points were employed in this study.

The experiment result obtained from FCCD was analyzed using response surface
methodology. The second order polynomial equation variables for prediction of the
optimal point between the response variable (nanocellulose yield, %) and the independent
variables of hydrolysis reaction is expressed by Equation 3.6 where Y is the predicted
response; n is the number os experiments; o, Bi, fii and Bij are regression coefficients
for constant, linear, quadratic and interaction coefficient, respectively; Xi and Xj are the

coded independent variables or factors.

Equation 3.6:
Y=BotX™, BiXi+ z:‘zl Bii X Xi2 X X+ 30 Sy By X Xi X;

The quality of fit for the reaction model was studied by the coefficients of variances
(R?) and its regression coefficient significant (analysis of variances (ANOVA)) were
determined with Fisher’s test (F-test). Response surfaces and contour plots were plotted
using the quadratic polynomial equation obtained from regression analysis of experiment
by keeping one of the independent variables at a constant value while changing the other

two variables.

45



Table 3.2: Range of independent variables and the experimental domain

Low High Low High
Factor Name Units Actual Actual Coded Coded
Acidity

A of catalyst pH 2 4 -1 1
Reaction

B time mins 20 100 -1 1
Reaction

C temperature °C 25 65 -1 1

Table 3.3: The CCD matrix of experimental and yield response

Type A: B: C: Response
Acidity Reaction Reaction (Yield %)
of time (min) temperature
catalyst(pH) (°C)
Factorial 2 20 25 40.55
Factorial 4 20 25 40.61
Factorial 2 100 25 19.91
Factorial 4 100 25 33.62
Factorial 2 20 65 60.01
Factorial 4 20 65 56.82
Factorial 2 100 65 50.15
Factorial 4 100 65 62.26
Axial 2 60 45 60.95
Axial 4 60 45 72.1
Axial 3 20 45 70.54
Axial 3 100 45 66.41
Axial 3 60 25 63.91
Axial 3 60 65 82.21
Center 3 60 45 79.89
Center 3 60 45 80.92
Center 3 60 45 83.51
Center 3 60 45 82.91
Center 3 60 45 80.54
Center 3 60 45 80.55




CHAPTER 4: RESULTS AND DISCUSSION

The present study was divided into three sections: (i) First section is the extraction of
cellulose from palm based lignocellulosic biomass (EFB); (ii) Preparation of
nanocellulose from the EFB derived cellulose via acid hydrolysis reaction (H2SO4 and
Ni-salt hydrolysis);(iii)Optimization study for nanocellulose preparation. The
physicochemical properties of raw material, intermediate cellulose and final product were
also been investigated. The physicochemical properties of the EFB derived cellulose and
nanocellulose included the particle size distribution, crystallinity index, chemical
functional group, morphology and thermal stability study which will be discussed in this

chapter.

4.1 X-Ray Diffraction Analysis

Figure 4.1 shows the XRD profiles of EFB fibres, EFB derived cellulose and SA-NC
and Ni-NC. All samples exhibited similar XRD patterns at diffraction peaks of 26 = 15°,
16°, 22.8°, and 35°, which can be attributed to the crystallographic planes (101), (101),
(021), (002), and (040) respectively (Park et al., 2010). According to French (2014), the
main contributors of intensity to the three main peaks for cellulose I have miller indices
of (1-10),(110) and (200) (French, 2014). Furthermore, the main crystal structure of
cellulose derived EFB was retained and do not altered during the sulfuric acid and Ni-salt

catalyzed hydrolysis process.

Based on the crystallinity profile (Table 4.1), the crystallinity index of samples was in
the order of EFB fibres < EFB derived cellulose < SA-NC < Ni-NC. The increase in
crystallinity index of treated samples showed a significant removal of amorphous regions

and increased exposure of the crystalline regions of cellulose (Dhepe & Fukuoka, 2008).
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As for industrial applications, crystallinity of nanocellulose is an important factor
determining its mechanical and thermal properties. Higher crystallinity in nanocellulose
is generally associated with higher tensile strength, which is expected to be beneficial for

producing high-strength composite materials (Bhatnagar & Sain, 2005).
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Figure 4.1: X-ray diffraction patterns of (a) EFB fibres (b) EFB derived cellulose, (c)
SA-NC, and (d) Ni-NC

As shown in Table 4.1, the crystallite size was increased after hydrolysis, following
the order of EFB fibres < EFB derived cellulose < SA-NC < Ni-NC. Similar cases in
which the crystallite size was increased have been reported (Das ef al., 2010; Sébe ef al.,
2012; Shahabi-Ghahafarrokhi et al., 2015). It is believed that the cellulose with smaller
crystallites with disorderly phases were easily degraded by Ni-solution, which resulted in

high exposure of thicker crystallite phases (S¢be et al., 2012). Furthermore, the
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recrystallization of defective crystallites during the hydrolysis reaction may change the

crystallite sizes of nanocellulose (Tang et al., 1996).

Table 4.1: .Crystallinity Index (Crl) and Crystallite Sizes of EFB fibres, EFB derived
cellulose, SA-NC and Ni-NC

Sample 20(°) FWHM (°) Crystallite size, D (nm) Crystallinity
(perpendicular to 200 plane)  index, Crl

(%)
EFB fibres 2214 4.00 2.00 46.04
EFB derived ) 15 3 99 2.43 68.35
cellulose
SANC 2241 2.03 3.94 73.17
NiNC  22.81 0.8600 9.44 80.75

Mild inorganic acid hydrolysis (Ni-salt) able to enhance the hydrolysis selectivity of
nanocellulose compared to strong inorganic acid hydrolysis (H2SO4). The reason is that
Ni** capable to diffuse into the amorphous region and surfaces of crystalline region of
cellulose fibres, and disrupt the intermolecular hydrogen bonds and intramolecular
glyosidic bonds of cellulose, which leads to physical swelling with the chemical
degradation of cellulose. Swelling of the cellulose will increase the contact area between
acids and cellulose, thus enhances the hydrolysis performances. Under mild acid
hydrolysis conditions (Ni-salt inorganic acid), the rate of cellulose hydrolysis is relatively
low because only a selective amount of the amorphous nanocellulose was degraded into
sugar. This explains of higher nanocellulose yield from Ni salt inorganic acid hydrolysis
compared to strong inorganic H>SO4 hydrolysis. The possible mechanism is that metal
ions such as Ni** able to dissociate into complex ions in aqueous solvent such as water.
They form coordinate covalent bond with six water molecules. The nomenclature of
metals ions ligand complexes is given as [M (H,0) n] " (where M is the metal ion, z is
the cation oxidation state and n is solvation number). Six water molecules form

monodentate ligands with the central metal cation. The central metal cation polarizes

(withdraws electron density) from the water molecules. This makes the hydrogen atoms
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in O-H bonds more electropositive. The complex ions [M(H20)n]*" are then deprotonated
by hydroxonium ions H3O" causing the solution to be acidic. This phenomenon can be
explained using Ni*" cation as an example (shown in Equation 4.1). This process

continues until there is no charge on the metal complex.

Equation 4.1:

Ni(NOs3)2)+ 6H,0 5 [Ni(H20)6]*" + 2NO3 4.1.1)
[Ni (H20)s]*" + H,O 5 [Ni (H20)s (OH)]" + H;0" (4.1.2)
[Ni (H20)6]" + H,O 5 [Ni (H20)s (OH)] + H;0" (4.1.3)

Due to the formation of sophisticated metal ions (Equation 4.1.1 to 4.1.3), more H3O"
was produced. Therefore, the concentration of H3O" was increased due to the presence of
metal ions. Thus, the results clearly showed that different metal ions concentration (pH)

gives differences in nanocellulose yield.

4.2 Fourier Transform Infrared Spectroscopy (FTIR)

The chemical functional groups of EFB fibres, EFB derived cellulose, SA-NC and Ni-
NC were studied using FTIR analysis (Figure 4.2). The four samples had similar FTIR
patterns, which indicated that the chemical structure of synthesized nanocellulose
remained unchanged after H>SO4 and Ni-catalyzed hydrolysis. Furthermore, the absence
of NO73 and SO%*4 peaks at 1384 cm™ and 1109 cm™! indicated that the nitrate and sulfate
ions was completely removed during the washing and dialysis process (Bhatt ez al., 2008;

Grube et al., 2006; Smidt et al., 2005).
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Figure 4.2: FTIR spectra of EFB fibres, EFB derived cellulose, SA-NC and Ni-NC

FTIR spectra of the EFB fibres showed an absorption peak at 1750cm™, which is -C=0
(saturated aldehyde) that attributed to vibration of xylan (hemicellulose)(Lai & Idris,
2013Db). The respective peak was noticeable absence after the pretreatment process, which
indicating that hemicellulose was successfully removed from the complex biomass
structures(Gibson, 2012). In addition, non-cellulosic lignin's chemical functional groups
appeared at the band of 1505 cm™ and 1500 cm™, which attributed to aromatic skeletal
vibration in lignin(Lai & Idris, 2013b), while FTIR band at 1235cm™ attributed to
syringyl ring and CO stretch in lignin and xylan. These respective peaks also disappeared
after the bleaching treatment, thus confirming that lignin and small part of hemicellulose

were eliminated. The dominant peak in the region between 3700 and 3000 cm™ is
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attributed to O-H stretching. A slight decrease in the peak intensity showed the disruption
of intramolecular and intermolecular hydrogen bonding (Alemdar & Sain, 2008; Yang et
al., 2011).The FTIR peak at 2,800 cm™ corresponds to the presence of C—H stretching
vibration and —CH>—(C6)— bending vibration (Alemdar & Sain, 2008; Yang et al., 2011).
The weak intensity of the FTIR band at 1640 to 1645 cm™ can be attributed to the
cellulose-water interaction, i.e., the —OH bending of absorbed water. The chemical
structure of C—O—C pyranose ring skeletal vibration of cellulose was observed in the FTIR
peak at 1,050 cm™ (Jahan et al., 2011). Furthermore, the absorption bands near 1058
to1060 cm™! can be attributed to C-O and C-H stretching vibrations, which confirms the
presence of cellulose structures (cellulose I as cellulose If). The increasing peak intensity
of'these groups indicated an increase in sample crystallinity (Man et al., 2011; Zain et al.,
2014). The peak at 885 cm’ is attributed to the characteristic B-glycosidic linkages

between the glucose units of cellulose chains (Sun et al. 2004; Zhang et al.2011).

4.3 Field-Emission Scanning Electron Microscopy (FESEM)

The surface morphology of EFB fibres, cellulose derived EFB, SA-NC and Ni-NC was
determined using FESEM analysis (Figure 4.3). FESEM images clearly displayed
significant changes of EFB fibres structure after being treated under alkali, bleaching and
acid condition. Based on Figure 4.3a, EFB fibres showed bundles of individual fibres
which was coated with extractive materials such as waxes, pectin, hemicellulose, lignin
and other impurities. Wax and pectin acted as a protective layer for palm fiber's surfaces
(Johar et al., 2012), thus soxhlet extraction treatment was performed to remove this
hydrophobic layer in order to increase the accessibility of cellulose towards chemical
attack. Figure 4.3b showed the de-lignified and bleached cellulose derived from EFB. It
was observed that the treated fiber appeared in smoother and individualized fibrils as most
of the non-cellulosic content and impurities were removed from the fiber surface via

soxhlet extraction, delignification and bleaching. These processes has broken the
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lignocellulosic complex, solubilized the lignin and hemicellulose and increase the surface
area of hidden cellulose. Thus, the cellulose will be more accessible to hydrolysis reaction

to produce nanocellulose.

The structures for SA-NC (Figure 4.3c) showed the aggregations of cellulosic
fibres were reduced. Furthermore, the presence of cellulose crystallites (in the form of
rice shape) indicating that the intra-fibrillar structure was disintegrated into individual
cells as the amorphous region of cellulose has been decomposed (Kumar et al., 2014;
Nazir et al., 2013). The Ni-treated products showed the significant changes of structure
as compared to EFB fibres and EFB derived cellulose, where the fibres were degraded

into narrower and less orderly fragments with cracks on the surface.
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Figure 4.3: The morphology of (a) EFB fibres (b) EFB derived cellulose (¢) SA-NC
and (d) Ni-NC

This confirmed the destruction of amorphous fraction remaining in cellulose by
means of mild Ni-hydrolysis, the compact structure of cellulose derived from EFB was
significantly changed to finer fibril and with a longer structure. This indicated that most
of'the cellulose fiber was selectively cleaved into smaller sizes during hydrolysis reaction.
It is expected that Ni** ions diffused into surface of cellulose fibres and attack the
glycosidic bonding of cellulose chains, which lead to the breakage of amorphous regions
of cellulose fibres (J. Li ef al., 2015), thus increased fiber’s surface area. This led to the
breakage of the amorphous regions of cellulose fibres thus resulted in smaller particle
sizes compared to EFB fibres and EFB derived cellulose. Several researchers also proved
that from FESEM images, the destruction of amorphous leaving crystallite region at the
nanocellulose can be observed (Kumar ef al., 2014; Nazir et al., 2013). This hypothesis
were further supported by XRD data, which showed the Crl of SA-NC and Ni-NC is

higher than the EFB fibres, and cellulose derived EFB.
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4.4 High Resolution Transmission Electron Microscopy (HR-TEM)

HR-TEM images of SA-NC and Ni-NC are shown in Figure 4.4. The Ni-salt-catalyzed
hydrolysis rendered an interconnected of individual cellulose nanocrystals with spider
web-like structure (Fig. 4a-c). Furthermore, the nanocellulose are presented in fine
diameter (10 to 60 nm) and length at 70 to 300 nm according to the results,which implied
that the Ni ion successfully diffuse into the rigid structure of cellulose and resulted in

selective fragmentation of crystal into smaller sizes.
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Figure 4.4: HR-TEM micrographs and particle size distribution profile of (a) SA-NC
and (b)Ni-NC

A comparison study was performed for both inorganic metal salt (Ni*") and inorganic
acid (H2SOs) catalyzed hydrolysis process. HxSOs-treated nanocellulose (SA-NC) was
performed (Figure 4.4). The HR-TEM images clearly revealed the rice-shape structures
of the cellulose crystals with nano-scale diameter (10 to 30 nm) and shorter length (60 to
100 nm). Besides, dimensional profiles of Ni-treated and H>SOj4-treated nanocellulose
samples were determined by studying the aspect ratio of length (L) to diameter (D): L/D

(Table 4.2).

The aspect ratio of prepared nanocellulose increases in the order SA-NC< Ni-NC. SA-
NC rendered shorter length of nanocrystal while Ni-NC showed fine width with
controllable length of products. This indicated that Ni-inorganic salt capable to selectively
control the hydrolysis as compared to sulphuric acid reaction although low acid

concentration was used.
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Table 4.2:Dimensional Profile of Prepared Nanocellulose for HR-TEM images

Sample Length (L, nm) Diameter (D, nm) Aspect ratio (L/D)
SA-NC 72.7£2.0 21.5+2.0 3.4
Ni-NC 383.7+34.1 42.1£3.9 9.1

4.5 Atomic Force Microscopy (AFM)

The morphological characteristics and nanostructured dimension of produced
nanocelluloses were studied by using AFM analysis. The AFM images of nanocellulose
products that prepared by HoSO4 and Ni-salts catalyzed acid hydrolysis were shown in
Figure 4.5(a) and 4.5(b). Theoretically, acid hydrolysis of cellulose have resulted in
reduction of fibres diameter from microns to nanometers as most of the amorphous region
in cellulose was solubilized by chemical (Azizi Samir ef al., 2005; Yahya et al., 2015).
Based on the results, the average dimension for SA-NC was 27.5+1.1nm and 93.8+3.7nm
for diameter and length, respectively (Table 4.3). For Ni-NC, the average dimensional
profile was 36.6+1.7nm and 637.3+55.4nm for diameter and length, respectively (Table
4.3). As a result, aspect ratio (length/diameter ratio) for Ni-NC was higher compared to

SA-NC, which was 17.4 from 3.4 respectively.

From the AFM images, SA-NC showed a shorter dimension of fragmented fibres as
compared to Ni-NC. This was due to the harsher condition of strong inorganic acid
(H2SO4) catalyzed depolymerisation process and shortens the crystallite (Salas et al.,
2014) with more charged surface half ester groups at the surface. Furthermore, Prodyut’s
group reported that the energy of adhesion of two crystallite is proportional to the contact
area of fibres; thus less contact leads to easier separation of thinner and shorter particles
into cellulose nanocrystals via strong acid hydrolysis (H2SO4) (Prodyut et al., 2014; Salas

et al., 2014)compared to mild acid hydrolysis (Ni-salts). This also indicates that Ni-
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inorganic salt hydrolysis capable to selectively control the hydrolysis as compared to

sulfuric acid reaction.

Table 4.3: Dimensional Profile of Prepared Nanocellulose for AFM images

Sample Length (L, nm) Diameter (D, nm) Aspect ratio (L/D)
SA-NC 93.843.7 27.541.1 3.4
Ni-NC 637.3+55.4 36.6+1.7 17.4
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Figure 4.5: AFM images and dimention analysis for (a) SA-NC and (b) Ni-NC

4.6 Particle Size Distribution (PSD)

PSD or Dynamic Light Scattering (DLS) is a well establish, on-invasive method to
measure particles in a dispersed liquid medium. It use to measures transitional diffusion
coefficient of particles in dispersion medium, which undergo Brownian movement.
Brownian movement motion is a random motion of particles suspended in a fluid (liquid
or gas) resulting from their collision with the quick atom or molecules in the gas or fluid.
A light scattering device (Malvern Zetasizer NanoZS) will determine various dimensions
in average measurement as the particles flow randomly through the light beam, producing

a distribution of sizes from the smallest to the largest dimensions(Instruments, 2012).

Figure 4.6 shows the particle size distribution of EFB, cellulose derived EFB,SA-NC
and Ni-NC. As shown from the results, the particle size distribution for EFB fibres was
present in the sizes at range of 458.7nm to 5560nm, where the majority region of sizes

was exhibit in microscale region of 4568.7nm (Figure4.6a).

The extracted cellulose fibres derived from EFB fibres showed smaller range of size

compared to EFB fibres. Figure 4.6b revealed the particle size distribution ranging from
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396.1nm to 6439nm, with the majority of particle size in the region of 712.4nm. The
smaller size of cellulose reflects that the non-cellulosic compound such as lignin and

hemicellulose was successfully removes from the cellulosic fibres (Gibson, 2012).

In contrast, nanocellulose that treated by sulfuric acid (SA-NC) and Ni-salt (Ni-NC)
rendered smallest nano range of particle size distribution at 32.67nm to 458.7nm (Figure
4.6¢) and 37.84nm to 91.28nm (Figure4.6d) respectively. Both nanocellulose products
showed the majority sizes at regions of 50.75nm (SA-NC) and 91.28nm (Ni-NC)
respectively. Apparently, the particles size distribution of nanocellulose analysed by PSD
analysis was bigger in size range as compared to the results of for HRTEM (10-
60nm(D),70-300nm (L)) and AFM analysis (20-40nm (D), 90-600 (L)). This is due to the
occurence of Brownian movement motion and electroviscious effects (presence of
counter ions in double layer) during PDS analysis, which resulted in particles
agglomeration into spherical aggregates, thus increased the sizes range of particle size
distribution of the product. The reduced sizes of cellulose to nanocellulose is because the
acids cleaves the amorphous region of microfibrils transversely, resulting in reduction in

fiber diameter from microns to nanometers (Azizi Samir et al., 2005; Yahya et al., 2015).
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4.7 Thermogravimetric (TG) and Differential Thermogravimetric (DTG)
Analysis

Figures 4.7a and b show that the thermal decomposition peaks with maximum weight
loss for EFB, cellulose derived EFB,SA-NC and Ni-NC appeared at 232.31°C, 215.46°C,
174.93°C, and 332.74 °C, respectively. The presence of hemicellulose and lignin in EFB
fibres consumed more energy to decompose the non-cellulosic content, especially of
lignin, which require higher temperature (230 °C -400 °C) and longer time to break the
heavily crossed linked aromatic rings(Poletto et al., 2012). This confirmed the existence
of complex hemicellulose and lignin in EFB, which resulted in higher decomposition
temperatures as compared to the cellulose derived EFB. Cellulose in nanodimension (SA-
NC and Ni-NC) showed significant differences of thermal decomposition behaviour from
cellulose fibrils. The long-chain polymer structure of cellulose arranged in well order and
strongly linked with hydrogen bonding consisted of higher thermal stability that is
215.46°C as compared to SA-NC (Yang et al., 2007), this makes extra energy to cleave
the chemical linkages.The nanocellulose product treated with Ni-salt had the highest
thermal stability (332.74°C). According to the literature, the thermal stability of
nanocellulose prepared by sulfuric acid hydrolysis of ionic liquids (composed of sulfate
compounds) is lower than that of native cellulose (Chen et al., 2009; Fahma et al., 2010;
Man et al., 2011; Wang et al., 2007). Sulfate content is thus one of the factors affecting
the thermal stability of prepared nanocellulose. The presence of sulfate (residual H>SO4)
adsorbed on the outer surfaces of cellulose hydroxyl crystals increases the reactivity of
the material with increasing temperature, causing the decomposition of nanocellulose
chains at low temperatures (Wang et al., 2007). In comparison, nanocellulose prepared
by Ni-salt-catalyzed hydrolysis exhibits much higher thermal stability. This is due to the

lesser amount of damage in the crystalline regions of cellulose structure under mild
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conditions. Thus, the high thermal stability of Ni-NC means that it has many potential

applications in composite materials that require high thermal stability.
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Figure 4.7: (a) TGA and (b) DTG spectra for EFB fibres, EFB derived cellulose, SA-
NC and Ni-NC
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4.8 Optimization study for nanocellulose production via Response Surface
Methodology (RSM)

In this project, response surface methodology simulation focused on the effect of
acidity of catalyst (pH), reaction temperature (°C) and reaction time (mins) towards
nanocellulose yield. These three effective reaction variables were selected with each
parameter being examined at a different level. The reaction times for hydrolysis process
were varied from 20 min-100 min while reaction temperatures were varied in range of 25
to 65 °C and the acidity of catalyst (Ni-salt) was studied from pH2 to pH4 A maximum
nanocellulose yield (%) was obtained using optimization process by RSM technique. The
model equation based on the coded values (A, B, and C as acidity of catalyst, reaction
time, and reaction temperature, respectively) for the nanocellulose production was

expressed by Equation 4.2.

Positive sign in front of the reaction terms indicates synergistic effect in nanocellulose
yields (%), whereas negative sign indicates unfavorable effect. The reaction model)
indicated that positive coefficients of A, C, AB and BC rendered a linear effect to increase
the nanocellulose yield. However, quadratic term of B, A2, B?>, C? and AC had negative

effects that decrease the nanocellulose yield.

Equation 4.2:

Nanocellulose yield, Y= 81.36 +3.38A -3.62B + 11.29C-14.79A%-12.84B* - 8.25C>

+3.62AB-0.61AC+2.90BC
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The result of statistical analysis of variance (ANOVA) was performed to determine
the significant and fitness of quadratic reaction model as well as the effect of significant
individual hydrolysis terms and their interaction towards the nanocellulose yield was
presented in Table 4.4. The variables incorporated in the Model-F value of 177.24 with p
—value <0.0001 implies that the model is significant at 95% confidence interval. The p-
value (probability of error value) is used as a tool to check the significance of each
regression coefficient, which also indicates the interaction effect of each cross product.
The smaller the p-value, the bigger the significance of the corresponding coefficient is
(Lee et al., 2011). In the case of model terms, the p-value less than 0.05 indicated that the

particular model terms were statistically significant.

From the ANOV A results, the reaction model suggested that variables with significant
influence on nanocellulose yield response were acidity of catalyst (A), reaction time (B),
reaction temperature (C), A%, B2, C2and the interaction terms were found to exist between
the main factors (AB, AC and BC). A low value of coefficient of variation (CV= 3.17)
indicated a high degree of precision and good deal of reliability of the experimental
values. The lack of fit test with p-value of 0.1429, which is not significant (p-value>0.05
is not significant) showed that the model satisfactorily fitted to experimental data.
Insignificant lack of fit is most wanted as significant lack of fit indicates there might be
contribution in the regressor-response relationship that is not accounted for by the model

(Lee et al., 2011).
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Table 4.4: ANOVA for nanocellulose yield

Sum of Mean
Source  squares DF  square F-value p-value
Model 6458.52 9 717.61 177.24 <0.0001 significant
A 114.51 1 114.51 28.28 0.0003
B 130.9 1 130.9 32.33 0.0002
C 1273.51 1 1273.51 314.54 <0.0001
A2 601.32 1 601.32 148.52 <0.0001
B2 453.19 1 453.19 111.93 <0.0001
C2 187.28 1 187.28 46.25 <0.0001
AB 104.76 1 104.76 25.87 0.0005
AC 2.94 1 2.94 0.73 0.4141
BC 67.34 1 67.34 16.63 0.0022
Residual 40.49 10 4.05
Lack of  29.78 5 5.96 2.78 0.1429 not
Fit significant
Pure 10.7 5 2.14
Error
°SD 2.01217785 R-squared  0.99377003
Mean 63.4185 °Ad R- 0.98816307
squared
(OAY 3.17285626 dpr R- 0.96149893
squared
°‘Adeq R-  45.2078178
squared

2 Degree of freedom
® Standard deviation
¢ Adjusted R-Squared
4 Predicted R-Squared
¢ Adequate R-squared

The predicted values versus actual values for nanocellulose yield with adjusted-R?
value of 0.99 indicate the model with 100% variability (Figure 4.8). Furthermore, the R?
value closed to unities, which mean that the data fit, will with the model and given a
convincingly good estimate of response for the system in the range studied. In addition,
investigation on residuals to validate the adequacy of the model was discussed. Residual

is the difference between the observed response and predicted response.

This analysis was examined using normal probability plot of the residuals (Figure 4.9a)

and the plot of the residuals versus predicted response (Figure 4.9b). The normal
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probability plot of the residuals indicates that the errors are distributed normally in a very

straight line.
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Figure 4.8: Predicted versus actual nanocellulose yield
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Figure 4.10 (a) and (b) showed the 3D RSM plot and contour plot for the interaction
effect between acidity of catalyst (A) and reaction time (B) toward nanocellulose yield.
The reaction temperature (°C) was fixed at 45°C. The 3D response surface revealed that
increment of reaction time from 20 to 60 min was lead to increase of nanocellulose yield
(~60%-~80%), further prolong the reaction time to 100 min caused decreased of
nanocellulose yield (~50%). Reaction time plays an important role in the process of
cellulose depolymerization. In the initial step, long period required to soften and
solubilized the amorphous region that present in cellulose fiber (Lu ef al., 2014). When
the reaction period reached certain level, the hydrolysis reaction gained enough of energy
to cleave the glycosidic bond of cellulose chain (Abd Hamid et al., 2014; H. V. Lee, S.
B. Hamid, ef al., 2014). Furthermore, effects of acidity of catalyst (pH) at different
reaction duration towards nanocellulose yield (%) were investigated. The results shown
that increment of pH2 to pH 3(decrease of acidity) was lead to increase of nanocellulose
yield (~55%-~80%), further decrease of acidity to pH 4 caused a decreased of
nanocellulose yield (~55%). Acidity of pH plays an important role in the hydrolysis
process for cellulose depolymerization. Utilizing lower concentration of Ni ions (pH 4-
lowest acidity), the hydrolysis of cellulose was not occurred effectively, which gives
lower yield of nanocellulose product. However, employing higher acidity of catalyst
(pH2-pH3) lead to Ni** ions diffused into surface of cellulose fibres and attacks the
glyosidic bonding of cellulose chains to produce cellulose in nanodimention. The
interaction between reaction time (mins) and acidity of catalyst (pH) have been found to
gives positives effect in this study. However, prolong reaction of time (B) occurred with
high acidity of catalyst (A),cellulose was broken into its component sugar molecule by
hydrolysis reaction (Lu et al., 2014). This process was in agreement with Kumar’s study

which nanocellulose yield increase with the use of different catalyst of increasing acidity
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due to increase in the acid centers which is mainly responsible for the hydrolysis process

(Kumar & Singh, 2014).
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Figure 4.10: Effect of acidity of catalyst (A) and reaction time (B) toward
nanocellulose yield, reaction temperature =45°C (a)3D response surface plot and (b) 2D
Contour plot
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Figure 4.11 (a) showed the 3D plot and (b) contour plot for the interaction effect
between reaction temperature (C) and acidity of catalyst (A) toward nanocellulose yield.
The reaction time was fixed at 60 mins. At low level of acidity of catalyst (pH2), the
increase of reaction temperature from room temperature to 55 °C showed a positive effect
towards the nanocellulose yield (~40%-~60%). It was observed that the nanocellulose
yield showed better effect at acidity of catalyst (pH4) at high level of temperature, which
rendered ~50% to 70% nanocellulose yield . Among the interaction terms that influenced
the nanocellulose yield response, the interaction effect of acidity of catalyst-reaction
temperature gave the most significant influence toward the yield of nanocellulose. This
interaction effect showed unfavorable influence on nanocellulose yield (Equation 4.2)
which suggests that the interaction between reaction temperature—acidity of catalyst
reduced the nanocellulose yield. This may due to the high acidity of catalyst with high
reaction temperature that favors byproducts formation (glucose) as over-hydrolysis
occurred, thus reduced the nanocellulose yield (Abd Hamid et al., 2014). Subsequently,
it is suggested that the reaction was to perform at optimal condition whereby the

nanocellulose yield will achieve the best value (~80%) at pH3,45°C and for 60min
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Figure 4.12 a and b showed the 3D plot and contour plot for the relationship between
reaction time (B) and reaction temperature (C) toward nanocellulose yield. The acidity of
catalyst was fixed at pH3. The 3D response surface revealed that increment of reaction
temperature from low level (25°C) to high level (65°C) leads to the increase of
nanocellulose content (62-84 %) with reduced reaction time (20-60 mins). On the
contrary, the increase of reaction time does not improve the nanocellulose yield at low
reaction temperature level. The decreased of nanocellulose yield at longer reaction time
was due to the over-reaction, which convert nanocellulose product into glucose rather
than nanocellulose intermediate (Lu et al., 2014). Results showe that nanocellulose yield
remained <65% with the reaction time increased from 20 to 40 min at the temperature of
25-35 °C. However, the nanocellulose content was raised apparently to >70% at
intermediate level (45 °C) to high level at 65 °C. The nanocellulose content reached
plateau point when both of the reaction temperature and reaction time rise to optimum
level. This might indicate that the hydrolysis reaction process reached ideal condition
(55°C, 60mins), further proceeds the reaction that may lead to decomposition of
nanocellulose (glucose formation) thus reduced the nanocellulose content. Reaction time
and temperature plays an important role in the degradation of cellulose. In a short period

of time and t, the hydrolysis of cellulose could not happen effectively(Lu et al., 2014).

76



(a) Actual Factor

A Acidity of catalyst=3.0

Nanocellulose yield (%)
&
(=]

C:Reaction temperature (&) 4
B: Reaction time

25 20

(b) DESIGN-EXPERT Plot

E;:;'.;:ipu:s e Nanocellulose yield (%)

65

X=8:
Y=CiR
Actual Fa

A Acidity of catalyst=3.0

CReactiontenperature (00)

B:Reaction time (mins)
Figure 4.12: Effect of reaction temperature (C) and reaction time (B) toward

nanocellulose yield, acidity of catalyst=3 (a) 3D response surface plot and (b) Contour

plot

77



There are several previous studies successfully extracted nanocellulose by using
transition metal salt (Fe and Cr based metal salt) hydrolysis with the yield between >50%.
Abd Hamid et. al (2016) successfully hydrolyzed palm tree cellulose (PTC) and alpha
cellulose (AP) to nanocellulose by using HCI-FeCls assisted with ultrasonication process.
From XRD analysis results, the isolated CNC from PTC and AC showed higher Crl of
73.51% and 89.03%, with a diameter of 20-70nm and 15-50nm respectively. The yield of
CNC from PTC and AC is 80.88% and 81.20% respectively(Abd Hamid et al., 2016).
Further investigation were made by Chen et. al (2016), which they successfully produced
nanocellulose via chromium nitrate (Cr(NO3)3) assisted H>SOs4 hydrolysis and was
optimized using RSM. Based from the optimum condition of producing nanocellulose
(82.2°C,0.22M Cr(NOs)zand 0.80M H2SOs, 1 hr), the Crl and yield of nanocellulose is
85.35% and 82.42% respectively with a average diameter of 18.4+7.3nm (Chen et al.,
2016). The above perusal of literature reflects that several studies have been conducted
for the preparation of nanocellulose using transition metal based gives higher yield as
compared to strong acid hydrolysis. As such, Ni salt hydrolysis process shows that the

yield of nanocellulose is ~40- 80%.

4.9 Optimization of nanocellulose yield

In this project, the optimization of the nanocellulose hydrolysis process was done to
search for optimal operating conditions in which the highest nanocellulose yield is
reached. The variables (acidity of catalyst, reaction temperature and reaction time) were
set in a range between low and high levels which coded —1 and +1 to obtained ultimate
response for the nanocellulose yield (Table 4.5a). The overall average optimized
conditions for nanocellulose yield were obtained as follows: acidity of catalyst (pH3),
reaction time (60 mins), and reaction temperature (45 °C) with nanocellulose yield of
81.37% (Table 4.5b). The predicted nanocellulose yield was 81.40%. This means that the

experimental value achieved was reasonably near to the predicted value calculated from
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the model (0.69% of standard error mean). It can be concluded that the generated model
is near to predictability and close to precision for the nanocellulose yield in the

experimental conditions used.

Table 4.5: (a) Optimization criteria for ideal nanocellulose yield and (b) Results of
model validation at the optimum level

®Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight

Acidity of Is in 2 4 1(-1) 1(+1) 3

catalyst range

Reaction time s in 20 100 1(-1) 1(+1) 3
range

Reaction Is in 25 65 1(-1) 1(+1) 3

temperature range

®Acidity Reaction Reaction Predicted Experimental Standard

of catalyst time temperature nanocellulose  nanocellulose error mean

(pH) (mins) °0) yield (%) yield (%)

3 60 45 81.40 81.37 0.69
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CHAPTER 5: CONCLUSION

5.1 Conclusion

This project was devoted to study the catalytic synthesis of nanocellulose from oil
palm lignocellulosic biomass. Nanocellulose were successfully extracted from EFB
fibres by conventional chemical pretreatment and mild acid hydrolysis process from
inorganic acid (H2SO4) and inorganic salt (Ni-salt). The physicochemical properties of
EFB-drived nanocelluloses were in terms of product’s crystallinity index, chemical
characteristic, surface chemical functional group, surface morphology and structure,
particle size distribution and thermal stability profile were determined by using analytical

instruments such as TGA and DTG, FT-IR, FESEM ,HRTEM, AFM, PSD and XRD.

XRD analysis was performed to investigate the crystallinity index and crystallite sizes
of cellulose samples. The crystallinity (Crl) of SA-NC (73.17%) and Ni-NC(80.75%)
were higher as compared to raw EFB fibres (46.04%) and EFB-derived cellulose
(68.45%). This shows that the amorphous region of cellulose was successfully attacked
by acid and resulted in higher Crl of SA-NC and Ni-NC than EFB fibres and EFB derived
cellulose. The results also indicated those biomasses pretreatment are successfully
removes non-cellulosic content (lignin and hemicellulose) in EFB fibres and thus, the Crl
of EFB-derived cellulose was higher than EFB. Furthermore, the changes of chemical
composition for all samples (EFB, EFB-derived cellulose, SA-NC and Ni-NC) were
evaluated using FTIR analysis. FTIR results revealed that non-cellulosic contents were
successfully removed from EFB fibres via alkali and bleaching treatments. Based from
the XRD and FTIR analysis, there was an absence of Ni-metal and NOs ions after the
washing and dialysis processes of nanocellulose, which rendered a higher thermal
stability of nanocellulose product as compared to EFB-derived cellulose.
Thermogravimetric and derivatives thermal analysis shows that the order of starting

decomposition temperature decreased in the trend of Ni-NC > EFB fibres > EFB-derived
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cellulose > SA-NC, which was 332.74 °C, 232.31 °C, 215.46 °C and 179.93 °C,
respectively. The Ni-NC exhibits higher thermal decomposition as compared to SA-NC,
which indicated the content of damage in the crystalline regions of Ni-NC structure is

lesser as compared to SA-NC structure.

The morphological changes of micro- and nano-structured of all samples were
performed by using FESEM analysis. FESEM images clearly display that outer layer
(waxes, pectins and fats) of EFB fibres has been removed after pretreatment process. The
pretreatment methods eventually enhance the hydrolysis process (SA-NC and Ni-NC) to
produce nano-scale dimension. Furthermore, HR-TEM and AFM analysis indicated that
acid hydrolysis was capable to depolymerize cellulose micro-chain into nano-crystallites,
in which SA-NC and Ni-NC rendered average nano-dimensions in fibres length ( <700
nm) and fibres width dimension (< 50 nm). In addition, PSD results clearly showed the
particle sizes had been reduced from EFB-derived cellulose to nanocellulose products
(SA-NC and Ni-NC). The particle size distribution of EFB fibres in micro-sizes were
reduced to nanocellulose sizes from <5500 nm to <90.00 nm. The presence study
concluded that Ni-salts is an efficient and selective catalyst for the hydrolysis of cellulose

with high simplicity in operation as compared to inorganic acid (H2SOs).

In order to achieve high yield of nanocellulose, optimization study for Ni-salt
catalyzed hydrolysis of EFB-derived cellulose reaction was investigated via response
surface methodology (RSM). The hydrolysis parameters were selected for the
optimization study were reaction temperature (°C), reaction time (min) and acidity of
catalyst (pH). The reaction model suggested that all the hydrolysis parameters playing an
significant role to influence the nanocellulose yield. Furthermore, based on the reaction
model generated from RSM-CCD, the predicted nanocellulose yield was 81.40 % under

reaction condition of 60 min of reaction time, 45 °C for reaction temperature and acidity
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of catalyst at pH3. Meanwhile, the experimental value (81.37 %) achieved was reasonably
near to the predicted value generated from the model (0.69% of standard error mean). It
can be concluded that the generated model is near to predictability and close to precision

for the nanocellulose yield in the experimental conditions used.

In summary from the results above, it shows that nano scale of cellulose (Ni-NC and
SA-NC) were successfully produced, characterize as well as optimized from oil palm

biomass (EFB) via Ni-Salt and H>SOj4 catalyzed treatment.

5.2 Recommendation

The future production of bio-based chemicals and bio-based materials from
lignocellulosic biomass will grow continuously, whereby shifting society’s dependence
from petroleum-based to renewable biomass-based resources. However, the hardest
challenge of this transformation is the separation technology of chemical components
from complexity of biomass with high recovery of each individual valuable component
for production of advanced chemicals in the application of food, energy, health and
environment. The lignocellulosic biomass is composed mainly of cellulose, hemicellulose
and lignin. The presence of highly cellulose content in biomass is potentially converted
to nanocellulose, which is a promising bio-polymer that useful for various industrial
applications, such as personal cares, chemicals, foods, pharmaceuticals and bio-

composites.

In order to secure the continuous supply of nanocellulose materials for various
applications, an economy- and environmental-friendly synthesis process is required to
provide long term manufacturing process without processing problems. In this study, mild
acid hydrolysis of cellulose using inorganic-salt (Ni-salt) was developed for the
preparation of nanocellulose. The finding showed potential process in preparing high

yield of nanocellulose products under milder reaction condition as compared to inorganic
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acid process, with less equipment corrosion issues and generation of acid water during
post-treatment process. Further studies are recommended to standardize the range of
features and properties of nanocellulose product achieved from Ni-salt hydrolyzed
reaction. It is important to produce a contants and desired range of nanocellulose’s
properties (crystallinity index, particles’ structure, surface morphology, particle sizes, and
aspect ratio) for certain application. Furthermore, reaction kinetic study and large scale
study of nanocellulose production by using Ni-catalyzed reaction is recommended in
order to confirmed the suitability of this new developed technology for the large scale

manufacturing process.
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