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Pengekstrakan Selulosa daripada Sekam Padi, Batang Jagung, Rumbai Jagung
dan Tandan Buah Kosong Kelapa Sawit Menggunakan Proses Prarawatan

Beralkali dan Pemutihan

ABSTRAK

Tujuan penyelidikan ini adalah untuk mengekstrak selulosa daripada pelbagai sisa
pertanian, termasuk sekam padi (RH), batang jagung (CS), jumbai jagung (CT), dan
tandan kosong kelapa sawit (OPEFB), menggunakan kaedah pengekstrakan alkali untuk
menangani isu penghasilan manik mikro yang tidak terbiodegradasi. Delignifikasi
dilakukan dengan menggunakan natrium hidroksida untuk sekam padi dan campuran
toluena-etanol untuk batang jagung, jumbai jagung, dan tandan kosong kelapa sawit.
Agen pelunturan termasuk natrium hipoklorit (NaOCIl) untuk sekam padi dan campuran
natrium hidroksida dan asid asetik untuk CS, CT, dan OPEFB. Kumpulan berfungsi,
morfologi struktur, kehabluran, dan kestabilan terma selulosa yang diekstrak telah
dicirikan menggunakan Spektroskopi Infra-Merah Transformasi Fourier (FTIR),
Mikroskop Elektron Pengimbasan (SEM), Pembezaan sinar-X (XRD), dan Analisis
Termogravimetrik (TGA) , masing-masing. Keputusan menunjukkan bahawa OPEFB
menghasilkan peratusan selulosa tertinggi pada 31.40%, diikuti oleh RH (29.28%), CS
(14.30%), dan CT (13.27%). Pencirian sampel menunjukkan bahawa rawatan alkali
berkesan meningkatkan kandungan selulosa dengan menghapuskan hemiselulosa, lignin,
dan kekotoran lain. Antara sampel, RH yang tertakluk kepada pengekstrakan alkali
menunjukkan peratusan kehabluran tertinggi pada 59.42%, dengan CS (54.17%), CT
(44.97%), dan OPEFB (42.78%)).

Kata kunci: Selulosa, Sekam padi, Batang jagung, Jumbai jagung, Tandan kosong
kelapa sawit



Extraction of Cellulose from Rice Husk, Corn Stem, Corn Tassel and Oil Palm
empty Fruit Bunch Using Alkaline Pretreatment and Bleaching Process

ABSTRACT

This study aims to extract cellulose from various agricultural residues, including rice husk
(RH), corn stem (CS), corn tassel (CT), and oil palm empty fruit bunch (OPEFB), using
an alkaline extraction method to address the issue of non-biodegradable microbead
production. Delignification was done by employing sodium hydroxide for rice husk and
a toluene-ethanol mixture for corn stem, corn tassel, and oil palm empty fruit bunch.
Bleaching agents included sodium hypochlorite (NaOCI) for rice husk and a mixture of
sodium hydroxide and acetic acid for CS, CT, and OPEFB. The functional groups,
structural morphology, crystallinity, and thermal stability of the extracted cellulose were
characterized using Fourier Transformed Infra-Red Spectroscopy (FTIR), Scanning
Electron Microscopy (SEM), X-ray Diffraction (XRD), and Thermogravimetric Analysis
(TGA), respectively. The results reveal that OPEFB yielded the highest cellulose
percentage at 31.40%, followed by RH (29.28%), CS (14.30%), and CT (13.27%).
Characterization of the samples demonstrated that the alkaline treatment effectively
enhanced the cellulose content by eliminating hemicellulose, lignin, and other impurities.
Among the samples, RH subjected to alkaline extraction exhibited the highest
crystallinity percentage at 59.42%, with CS (54.17%), CT (44.97%), and OPEFB
(42.78%)

Keywords: Cellulose, Rice husk, Corn stem, Corn tassel, Oil palm empty fruit bunch
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Cellulose is a structural polysaccharide that is present in plant cell walls. It is a
long linear polysaccharide made up of repeating monomer units of beta glucose and
several glucose groups connected by a chain (1-4) -glycosidic bonds (Frassoldati & Ranzi,
2019). Cellulose exists in crystalline form with amorphous regions and exists in four
forms: I, II, III, and I'V. Cellulose I is a naturally occurring cellulose with parallel chains
held together by intra- and inter-chain hydrogen bonding. On the other hand, Cellulose I1
is an artificial type of cellulose that is structured in an anti-parallel manner, with hydrogen
bonding happening mostly between nearby chains. Amorphous Cellulose III is made by
treating Cellulose I or Cellulose II with aims, while Cellulose IV is made by heating

cellulose after treating it with glycerol (Ilham, 2022).

Researchers have extensively studied the process of isolating highly pure cellulose
for many years due to the complicated structure of plant cell walls. Dissolving lignin,
hemicellulose, pectin, and ash requires a combination of chemical and mechanical
treatments. Several methods are used in cellulose extraction, including chemical,
mechanical, and enzymatic. The chemical extraction method uses chemical reagents such
as acids, alkalis, and solvents to dissolve or remove non-cellulosic components from the
plant material. The fibre microstructure, such as hemicellulose, pectin, and other non-
cellulosic components, is removed using this approach (Abral et al., 2020). The use of the
chemical extraction method can give a high-purity cellulose product; however, the use of
chemicals is not environment-friendly, and high levels of chemicals can lead to the
degradation of cellulose. Mechanical extraction involves physically grinding or shredding
the plant material to break down the non-cellulosic components and isolate the cellulose

fibres. Mechanical cellulose extraction includes crushing, grinding, steam explosion,



ultrasonication, and cryo-crushing, where high-intensity ultrasonication can disrupt the

cells.

On the other hand, cryo-crushing involves freezing cellulose and then
mechanically breaking it down (Gerull & Chou, 2020). Mechanical cellulose extraction
is a relatively low-cost method. However, it can cause fibre damage, affecting its quality
and strength. Enzymatic cellulose extraction is a procedure that uses enzymes such as
cellulase or hemicellulase to break down non-cellulosic components like lignin and
hemicellulose to separate and extract cellulose fibres. Enzymatic cellulose extraction is

an environmentally friendly approach, but it takes a long time (Xie et al., 2018).

Based on the above, the researchers have developed alkali treatment and bleaching
methods to produce high-quality cellulose. The alkali solution sodium chloride (NaOH)
breaks down lignin and hemicellulose while disrupting the hydrogen bonds between the
cellulose chain before proceeding to the next extraction step (Sayakulu & Soloi, 2022).
In the bleaching process, sodium chlorite (NaClO3) is used as it is an effective oxidation
agent that can remove residual lignin and other impurities from the cellulose fibres
(Trilokesh & Uppuluri, 2019). NaClO; is preferred over oxidizing agents as it is less harsh

and causes less damage to the cellulose fibres.

Cellulose may be derived from wood, agricultural leftovers such as straw, maize
stalks, and bagasse, and industrial by-products such as paper sludge and cardboard.
Cotton, hemp, and flax are other cellulose sources. In recent years, increasing interest has

been shown in isolating cellulose from non-traditional sources such as algae and bacteria.

Synthetic polymers such as polystyrene, polyethene, and polypropylene have
traditionally been used to manufacture microbeads. Due to their low cost, durability, and
adaptability, these polymers are extensively employed in various applications. On the
other hand, the environmental effects of microbeads comprised of synthetic polymers
have generated concerns since they may collect in the ecosystem and destroy marine life.
Consequently, there has been a trend toward producing microbeads from more sustainable
and biodegradable sources, such as natural polymers from plants or algae. Natural
polymers such as cellulose, chitin, and alginate have been utilized to make microbeads.
These materials are biodegradable, non-toxic, and renewable, which gives them various
advantages over traditional synthetic polymers (O'Brien et al., 2017). They can also be

made with less energy and fewer chemicals, which has a minor environmental effect. The



benefits of employing cellulose microbeads are that they can be broken down by existing
wastewater treatment facilities, thereby preventing the build-up of these particles in

aquatic ecosystems (O'Brien et al., 2017b).

According to the International Atomic Energy Agency (IAEA), the amount of
microplastic in the region is expected to rise dramatically. Compared to 2008 levels, it is
predicted to climb approximately 3.8 times by 2023. By 2050, the amount might almost
double, reaching 6.4 times the 2008 levels. If nothing is done, the quantity of plastic in
the ocean by 2100 is expected to be ten times more than in 2008. In Malaysia, it is
estimated that 0.94 million metric tons of plastic waste are produced daily, all of which is
disposed of incorrectly. Around 0.14 million to 0.37 million metric tons of plastic garbage
are washed into the oceans, causing considerable harm to the marine environment's

ecosystem.

Cellulose microbeads have the potential to be used in cosmetics as a replacement
for traditional microbeads, which are often made from non-biodegradable materials like
plastic (Varma, 2019). Cellulose is a natural polymer derived from plants, making it a
sustainable and environmentally friendly alternative. Cellulose microbeads may be used
in cosmetics such as facial scrubs, body washes, and soaps to exfoliate the face, clear
pores, and improve skin texture (Momin, Nagori, & Patel, 2016). Moreover, it can also
act as a carrier for active ingredients in various products, such as sunscreen and acne

treatment, delivering the active ingredient to the skin more effectively.

1.2 Problem Statement

The skin care, personal care, and cosmetics industries extensively use tiny
particles known as microbeads. Microbeads are small spheres composed of either
polypropylene or polyethene. In most cases, the diameter of a microbead will fall
somewhere in the range of 0.5 to 500 micrometers. Therefore, the problem may arise
when these minute particles are difficult to filter out during wastewater treatment, and
ultimately, they will wind up in rivers, lakes, or even the ocean. Microbeads are a material
that difficult to undergo biodegradation and have a low density; as a result, they may
accumulate in drainage systems and even float on the surface of the water. These

microscopic particles will eventually find their way into waterways, contaminating rivers,



lakes, and seas. Because of their size, which is comparable to fish eggs, they can fool fish
and birds into thinking that the material is food, which ultimately results in the animals
consuming it. Also, since they function as absorbents, microbeads may also be poisonous
because they concentrate harmful compounds such as polybrominated diphenyl ethers
(PBDEs) onto their surface. This makes them more dangerous than they already are. If
fish consume microbeads contaminated with harmful chemicals, those toxins may make
their way up the food chain and into the bodies of humans and other animals. In extreme
cases, the consumption of PBDEs by individuals may lead to fertility issues, a reduction
in immunological function, and even neurological problems. In this research study,
agricultural waste, specifically maize straw, and oil palm empty fruit bunch (OPEFB), is

used as a source for cellulose extraction to replace plastic in manufacturing microbeads.

The problem of pollution caused by microbeads may be solved by using cellulose
instead of plastic microbeads as an alternative solution. Since cellulose is biodegradable
and can be broken down by naturally occurring microbes, it does not accumulate in
streams and posting a threat to the animals that live there. Additionally, using agricultural
waste as a source for manufacturing cellulose may give farmers an additional value stream
while lowering the quantity of trash generated by the agricultural business. Farmers may
profit economically from this, and it may also assist in minimizing environmental
contamination caused by waste from agricultural production. Overall, this research
project has the potential to provide a sustainable solution to the problem of microbead
pollution and contribute to the development of a circular economy by using agricultural
waste as a source to produce cellulose. This could be accomplished by using agricultural

waste to extract cellulose.



1.3 Objectives

The objectives of this study are:

1. To extract cellulose from risk husk, corn straw and oil palm empty fruit bunch
(OPEFB) using alkali treatment and bleaching method

2. To characterize the cellulosic material using Scanning Electron Microscopy (SEM),
Fourier Transforms Infrared (FTIR), X-ray Diffraction (XRD), and Thermal
Gravimetric Analysis (TGA)

1.4 Scope of Study

The study focused on cellulose extraction from different plants (rice husk, corn
stem, corn tassel, and oil palm empty fruit bunch) for use in the production of microbeads.
Cellulose extracted from rice husk was used as a control to compare two samples:
cellulose from corn stover and oil palm empty fruit bunch (OPEFB). The extraction
method used for extracting cellulose from rice husk was delignification and bleaching. In
contrast, an alkali treatment and bleaching method were used for the cellulose extraction

of corn stover and OPEFB.

Four different methods were used to characterize the extracted cellulose from each
plant: SEM, FTIR, XRD, and TGA. The purpose of employing SEM was to study
cellulose morphology and surface cracks. The purpose of using FTIR was to identify the
molecular structure in these plants and cellulose. XRD was used to identify the crystalline

material in cellulose, while TGA was used to determine the thermal stability of cellulose.

1.5 Significances of Study

Cellulose extraction is an important area of research as it has various applications,
including the production of microbeads. Cellulose microbeads are generally less harmful
to the environment than plastic microbeads, which are difficult to degrade. Using alkali
treatment and bleaching method may be helpful for future studies involving cellulose
extraction from corn stover and OPEFP. This study is a good starting point for further

research.



CHAPTER 2

LITERATURE REVIEW

2.1 Cellulose

Cellulose is the structural component of the cell wall in plants and is widely distributed
throughout the plant kingdom. It is crucial as the primary structural component in providing the
cell wall with significant mechanical strength (Rongpipi et al., 2019). The direction of growth of
the cell wall is highly dependent on the positioning and distribution of cellulose microfibrils, as
stated in Jordan and Dumais' research (2010). The arrangement of these microfibrils allows for
mechanical anisotropy, enabling the cell to preferentially expand in one direction. Cellulose is the
most abundant carbohydrate on Earth and can be used in various industries, such as raw material
for the paper and textile industry, construction materials, and as a source of dietary fiber for animals

and humans.

Regarding its chemical composition, cellulose is a polymer composed of multiple units of
glucose molecules (CsH120¢) linked by -1,4-glycosidic bonds in a 180° orientation of glucose
molecules adjacent to each other (Festucci-Buselli et al., 2007). This creates cellobiose
(C12H22011) residues, and the cellulose chain comprises these repeating cellobiose units. To
produce compact microfibrils, cellulose chains are aggregated and stabilized by intra- and
intermolecular hydrogen bonds between neighboring oxygen and hydrogen groups because
cellulose has a significant attraction for substances containing hydroxyl groups (Khazraji &
Robert, 2013). Cellulose consists of lengthy glucose molecule chains interconnected by hydrogen
bonds, creating a structured and stable crystalline form. Because of the high energy required to

break these hydrogen bonds, it is generally insoluble in most common solvents (Ilham, 2022).



Cellulose has significant importance in many industries; however, at the same time, it could
be a challenging material to work with as it poses strong intermolecular forces and insolubility in
many solvents. Despite this, advances in biotechnology have made it possible to develop new
methods for producing and modifying cellulose-based materials. These new methods include the
production of nanocellulose, which possesses exceptional mechanical, optical, and electronic
properties that make it a potentially useful material for various applications (Hassan et al., 2010).
Cellulose fibers have been widely utilized in various fields, including biomedical fields such as
wound healing, tissue engineering, and drug delivery (Hasanin, 2022). Cellulose is a
biocompatible material that causes no harm to living cells while absorbing fluids such as blood
and other body fluids. Cellulose also acts in controlling the release of drugs in the body. Besides
that, cellulose is also a common material in pulp and paper production. About 90% of pulp and
paper products are made using wood, a cellulose fiber source (Ningtyas et al., 2022). Cellulose
fibers are obtained from various plant-based sources, such as wood chips, which are then processed
into pulp. Moreover, cellulose is also used in the cosmetic industry; It is commonly used as a
natural and biodegradable alternative to synthetic thickeners, such as carbomer or polyacrylamide

(Bianchet et al., 2020).

While extracting cellulose from plants, the residual hemicellulose and lignin can be utilized
in various industries. The residual hemicellulose showcases diverse qualities such as
biodegradability, hydrophilicity, and affordability, thus rendering it suitable for packaging
materials. These packaging materials, which include paper, metal, plastic, chemical fiber, natural
fiber, and composites, are employed in packaging a wide array of products (Huang et al., 2021).
In addition, the utilization of hemicellulose can further extend to the production of alcohol through
fermentation and sorbitol via reduction, which in turn finds significance in several industries such
as cosmetics, toothpaste, food, papermaking, and explosives (Girio et al., 2010). Notably, the
pentose component of hemicellulose holds significant value in the production of feed xylose,
xylitol, yeast, and furoic acid (Li et al., 2019). Moreover, xylooligosaccharides, a degradation
product of hemicellulose, exhibit unique physical and chemical properties with physiological

functions, making them widely used in the pharmaceutical and functional food sectors.

The residue of lignin, obtained from cellulose extraction, presents several useful

applications. These include the adsorption of heavy metal ions in waste, the synthesis of



nanoparticles, and the production of hydrogel based on lignin. Nevertheless, the potential of lignin
for adsorption is limited, and its effective range for certain types of heavy metal ions needs to be
clearly defined (Gao et al., 2019). To overcome these limitations, it is possible to prepare
adsorbents based on lignin through several techniques, such as copolymerization, condensation,
network formation via hydrogen bonding, hybridization, cross-linking, and formulation. Lignin
can be readily altered by utilizing the chemical reactivity of the primary phenol hydroxyl groups

and the active hydrogen atom in ortho- and para-positions.

Moreover, a copolymerisation approach that involved kraft lignin, organosolv lignin,
lignosulfonate, propylene oxide, and multiwall carbon nanotubes was employed for the
development of lignin-based hydrogels in biosensor applications. This approach facilitated the
preparation of a high-conductivity and stable all-solid-state hydrogel. The biosensor exhibited

sensitivity towards Cr(VI) rather than all transition metal cations, alkali earth, and alkalis.

In conclusion, cellulose is a fascinating and versatile material with many applications. Its
unique properties make it an essential component of plant cell walls, while its industrial
applications have made it a valuable material for various products. The residue obtained from the
extraction of cellulose, comprising hemicellulose and lignin, offers a multitude of versatile

applications.



2.2 Source of Cellulose Fiber

Cellulose is an abundant polysaccharide found in many sources, including the cell walls of
plants and wood, various species of algae and bacteria, and even tunicates, the sole animals known
to contain cellulose. Other sources of cellulose fibers include coir, cotton, flax, jute, rice husk, and

sisal, as shown in Table 2.1.

Table 2. 1: Fibre sources and its cellulose content

Fiber Source Origin % Cellulose
Banana Leaf 60,0 — 65,0
Coir Fruit 32,0-43,0
Coir bark Leaf 12,0 -25.0
Corn cob Stalk 33,7-41.2
Cotton Seed 82,7-95,0
Curaua Leaf 63,4 —73,6
Flax Stem 64,0 — 84,0
Hardwood Stem 39,0 -50,0
Hemp Stem 67,0 — 78,0
Jute Bast 51,0-78.0
Kenaf Bast 44,0 -72,0
Maize Straw Straw 28,0 —44.,0
Nettle Bast 53,0 - 86,0
Ramie Bast 67,0 —99,0
Rice Husk Straw 25,0 -35,0
Softwood Stem 42,0 -50,0
Sugar cane bagasse Stem 32,9 -50,0
Sisal Leaf 60,0 — 73,0
Wheat Straw Stalk 30,0 — 35,0

Source: (Hernandez & Rosa, 2016)



2.2.1 Rice Husk

Rice is the primary dietary staple in over 75 nations globally, whereas rice husk is a by-
product derived from dehusking rice at mills. Rice husks as shown in Figure 2.1 refer to the hard-
protective coverings that enclose rice grains and are extracted from the grains as part of the milling
procedure. According to Acharya et al. (2018), the annual production of rice husk amounts to
around 80 million tons, representing approximately one-fifth of the global annual rice yield.
Malaysia generates a yearly output of approximately 400,000 tons of rice husk. The rice milling
industry produces a significant amount of rice husks by separating the husks from the raw grain to
obtain whole brown rice, which is then further milled to eliminate the bran layer and get white
rice. In the milling process of paddy, it is seen that around 78% of the total weight comprises bran,
rice, and broken rice, while the remaining 22% of the weight consists of husk. It is worth noting
that the husk component contains a considerably large amount of organic carbon, ranging from
30% to 50%. The conventional method of rice husk disposal involves the combustion of rice husk,
resulting in the emission of hazardous pollutants and solid particles into the surrounding

environment.

Consequently, the use of rice husk for industrial purposes emerged as a viable alternative
for managing rice husk waste, primarily due to its abundant availability and cost-effectiveness. An
additional advantageous application of rice husk disposal is the extraction of its constituent
elements, namely cellulose comprising 50%, hemicellulose comprising 25%, lignin comprising
25% to 30%, silica comprising 15%, and moisture comprising 10% to 15% (Singh, 2018). Given
that cellulose is the predominant constituent of rice husk, the utilization of rice husk as a potential
source of cellulose to produce cellulose fiber holds considerable promise. Conversely, using rice
husk in industrial applications would incentivize rice farmers to trade the husk rather than resorting

to its combustion, fostering environmental sustainability.

According to the study conducted by CarGaes et al. (2021), rice husk can be classified as
an organo-mineral substance. Rice production waste, in the form of massive tonnages, is a
significant environmental pollution challenge on a big scale. The production of rice on a global
scale result in the generation of a substantial amount of waste, which has the potential to create
considerable environmental pollution. This pollution is mainly attributed to silicon dioxide in the

waste, as it hinders the humification process (Satbaev et al., 2021). In the meantime, the
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coexistence of carbon and silicon dioxide within its composition has extensive potential for its
utilization as a valuable primary resource. Typically, the combustion of rice husk in an oxygen-
rich environment results in rice husk ash, primarily composed of silica with trace impurities. Heavy
metals in rice husk ash have been identified as a potential source of environmental and health risks
to both ecosystems and human populations (Ogbuefi et al., 2020). The characteristics of rice husk
ash are influenced by the combustion process used in burning the rice husk and the environmental
factors associated with its source. Each year, a remarkable 7.4 million tonnes of rice husk ash is
generated, presenting a significant environmental hazard since it adversely impacts the
surrounding area and land upon its disposal. While burning rice husk into ash, the ignition cycle
effectively removes organic components, resulting in the development of residue abundant in silica
(Zaid et al., 2021). Inhalation of silica particles poses a significant health risk since it can result in
the development of silicosis, a potentially fatal lung disease. Silica possesses inherent hazards due
to its finely particulate nature, which enables it to infiltrate the respiratory system and have

detrimental effects readily.

However, there has been growing interest in using rice husk due to its abundance and
potential as a valuable resource. Rice husk has several important uses, including energy
production. Rice husk burning generates refined heat and power for many applications. Indian
scientists and engineers developed a nomograph to calculate the husk needed for grinding,
parboiling, and drying. Rice husk's high calorific value, low sulphur, and low ash content make it
a good biomass fuel. It is 50% as calorific as coal (Singh, 2018). India parboils 50% of processed
paddy. Parboiling and grinding need thermal and mechanical energy, whereas drying uses solar

energy (Goyal, 2014).

Moreover, due to the characteristic of rice husk from cellulose, it has the application of
microbead production. Cellulose extracted from rice husks has high strength and durability.
Cellulose is a solid and durable material, making it ideal for microbeads that must withstand the
wear and tear of use. Besides, cellulose is a biocompatible material that is safe to contact with the
skin and body. Most importantly, it is a biodegradable material that will eventually break down

naturally in an environment that does not cause pollution.

In summary, rice husk, a by-product generated during rice milling, is a substantial waste

substance produced on a global scale of approximately 80 million tonnes per year. The
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conventional practice of incineration as a means of disposal has been found to have adverse effects
on the environment, leading to contamination. Nevertheless, there has been increasing scholarly
attention towards using rice husk owing to its abundant availability and promising prospects. The
high calorific value of this substance renders it a feasible biomass fuel option, enabling its
utilization in energy generation applications. Moreover, the recovery of constituents such as
cellulose from rice husk presents diverse potential applications, such as the production of
microbeads, owing to its robustness and capacity to decompose naturally. Using rice husks in
various industries yields economic advantages and adds to environmental sustainability by

mitigating the detrimental practice of husk combustion.

Rice seed

/ Rice husk

/’\

<— Rice germ

Rice bran

Rice grain
Rice straw

Figure 2.2:The anatomy of rice grain

(Peanparkdee & Iwamoto, 2019)

2.2.2 Corn Straw

Corn straw, also known as corn stover, remains the leftover material after the corn grains
have been harvested. It comprises the stalks, leaves, and other plant components of the corn plant,
which is grown worldwide for its grains and used as animal feed. According to Ruan et al. (2019),
corn straw typically contains about 35% cellulose, 20% hemicellulose, and 12% lignin by weight.
Corn straw has been used for various purposes throughout history, including fuel, thatching

material for roofs, and animal bedding. According to the September 2021 World Agricultural
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Supply and Demand Estimates (WASDE) report from the United States Department of Agriculture
(USDA), the projected global production of corn for the 2021/2022 marketing year is 1.194 billion
metric tons, representing a 3% increase from the previous year. The United States, China, Brazil,

Argentina, and Ukraine are the largest corn producers in the world.

Instead of being direct burn, the waste corn straw will eventually lead to environmental
problems, corn; nowadays, corn straw is increasingly recognized for its potential as a source of
renewable resources as the starch content is from 20% to 80% of dry mass (Mulffler et al., 2011).
The cellulose extraction from corn straw offers a promising pathway to produce sustainable and
renewable materials, which can be used in various industrial applications. Generally, corn straw
can be used as a renewable source of fertilizer as it contains valuable nutrients such as nitrogen
(0.6%), phosphorus (0.27%), and potassium (2.28%) as well as organic matter (15%) (Zhonglan
Gao et al., 2013). Thus, corn straw as a natural fertilizer can be returned to the soil to improve soil
fertility while improving the physical and chemical properties of the soil. Moreover, corn straw is
a nutrient-rich resource that can produce protein feed through straw production technology. This
approach can effectively reduce costs and improve economic benefits in aquaculture. At the same
time, promoting grain-saving and resource-oriented animal husbandry. Nazli and colleagues
(2018) found that corn straw had the most favourable nutritive composition compared to other feed
sources, with lower levels of highly indigestible fibre and higher concentrations of organic matter

and energy.

The maize tassel is generally considered a waste biomaterial derived from maize
plantations, primarily due to the limited applications of its tassels. The maize tassel as shown in
Figure 2.2, also known as the male flower, is the reproductive structure of the maize plant that
emerges from the apical meristem. The maize tassels exhibit a range of purple, yellow, and green
shades, which begin to emerge at the plant's apex after its primary growth phase. According to
Duangpapeng et al. (2018), wind plays a crucial role in the pollination process of maize.
Specifically, the study highlights that the pollen generated on the apex of the maize tassel is
dispersed by wind to fertilize the silk, representing the plant's female flowers. The typical tassel
can generate approximately 25 million pollen grains. The viability of pollen grains lasts for 60 to
240 minutes following their shedding, during which they can travel distances exceeding 300

metres. A single ear of maize generally yields a minimum of 1,000 fully developed kernels.
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Consequently, each tassel of maize produces an abundance of pollen to ensure successful
ear pollination. Once the process of maize fertilization has concluded and the crops have been
harvested, the maize tassels typically become agricultural waste. They are discarded in significant
quantities, as are the remaining parts of the corn plant. However, due to their composition as a
carbohydrate-rich fibrous component of plants, maize tassels are expected to comprise large
amounts of polysaccharides. The cellulose surface of these tassels is known to contain hydroxy
groups and residual aromatic compounds, which contribute to the release of a distinct scent
throughout the vegetative phase. Maepa et al. (2015) have reported that carbonyl, hydroxyl, and
amine functional groups and conjugated bonds on the surface of maize tassels offer potential

binding sites for metal oxoanions and cations.

In contrast, the maize stalk, classified as a gramineous plant, exhibits toughness and
thickness, measuring around 0.8 m to 3 m in height and 2 cm to 4.5 cm in width. Distinct nodes
and internodes characterise it. The primary components of maize stalks are predominantly leaves
and stems, with the stems including both cortex and pith. One of the distinguishing features of
maize stalks is the presence of a significant amount of pith within the branch. The proportion of
cortex, leaf, and pith in the overall weight of stalks is 40%, 35%, and 15%, respectively. The
composition of maize stalk typically consists of cellulose ranging from 35% to 50%, lignin ranging
from 5% to 34%, and petosan ranging from 20% to 41%, while Huang et al. (2017) reported that
the cellulose content in maize stalk is around 32.73%. The intermolecular bonding of cellulose,
hemicellulose, and lignin in maize stalks leads to the emergence of specific characteristics in the
plant, including flexibility, mechanical strength, and resistance to enzymatic digestion (Terrett &
Dupree, 2019). Hence, to enhance the efficient utilization of maize stalk and optimize its value,
completely dismantle, or partially modify the condensed structure by pretreatment. This will
enable the effective utilization of the primary constituents and the conversion of other components,

improving the high-value utilization of maize stalk.

Although corn straw has several benefits for different purposes like energy or feed, it has
potential environmental drawbacks. Removing corn straw from fields can decrease soil organic
matter and increase the risk of erosion, negatively affecting soil quality and water resources.
Moreover, using corn straw for energy may increase greenhouse gas emissions if not managed

appropriately. The burning of corn straw releases carbon dioxide, methane, and other gases that
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contribute to climate change. Therefore, it is essential to consider the environmental implications
of using corn straws for various purposes and prioritize sustainable practices that minimize

negative impacts on ecosystems and the climate.

In conclusion, corn straw remains after harvesting maize grains and can be used for various
purposes such as fuel, animal bedding, and roof thatching. With its high cellulose, hemicellulose,

and lignin content, it also has the potential to be a promising renewable resource for industrial use.

tassel

ear

corn

Figure 2.2: Corn plant parts

Source: (learning-fields, 2020)

2.2.3  Oil Palm Empty Fruit Bunch

Oil palm empty fruit bunches (OPEFB) as shown in Figure 2.3 refer to the leftover fruit
after the oil extraction from the Elaeis guineesis tree (Noah, 2022). OPEFB is among the most
abundant agricultural waste worldwide, mostly generated in Indonesia and Malaysia, the leading
palm oil producers globally. According to the Malaysian Palm Oil Board (2022), the palm oil

industry experienced a slight increase in crude palm oil (CPO) production in 2022 compared to
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2021, and the total exportation of palm oil and its by-products reached 24.72 million tonnes. The
empty fruit bunches from oil palm comprise cellulose, hemicellulose, and lignin, which constitute
the fundamental elements of lignocellulosic biomass. Biomass waste that includes lignocellulosic
components typically consists of 37.1% cellulose, 39.9% hemicellulose, 18.6% lignin, and 3.1%
extractives, which can have practical applications in producing valuable chemicals (Megashah et

al., 2018).

Oil palm empty fruit bunches (OPEFB) were once considered waste and burned, leading
to environmental pollution and greenhouse gas emissions. However, OPEFB's unique
characteristics, such as thermal properties, low density, specific strength, lightweight structure,
biodegradability, and affordability, have made it an attractive resource for various applications,
including bioenergy, paper and pulp, and high-value biochemical and biomaterial production (Arya
et al., 2015). Nonetheless, the palm oil industry faces a challenge managing its solid and liquid
waste, which includes organic waste from the harvest process, such as empty fruit bunches, fresh
fruit bunches, oil palm trunks, palm fronds, palm oil mill effluent, palm oil mill sludge, and carbon
dioxide emissions. OPEFB accounts for 9% of this waste, and its efficient management is crucial

to mitigate the environmental impact of the palm oil industry. (Gabriel et al., 2020).

OPEFB have the potential to be a valuable resource in sustainable and environmentally
friendly applications. However, further research is necessary to fully explore the range of benefits
that can be derived from this waste material while also addressing potential environmental

concerns related to its use.

Source: (Dullah, 2018)

Figure 2.3: Oil palm empty fruit bunch
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2.3 Extraction

According to Zhang et al. (2018), extraction is the first step in obtaining natural products
from raw materials, which involves separating the desired components. On the other hand,
cellulose extraction is the process of isolating cellulose from plant cell walls using different
methods, such as mechanical, chemical, and bio-extraction methods. In mechanical cellulose
extraction, several techniques are used, including steam explosion, grinding, crushing, and high-
pressurized homogenization (Omran et al., 2021). Steam explosion involves heating plant material
with steam, followed by rapid depressurization to disrupt the cell wall structure and release the
cellulose. Grinding and crushing physically break down the plant material into smaller pieces to
expose the cellulose fibres. At the same time, high-pressurized homogenization involves forcing
the material through a narrow gap under high pressure to achieve similar effects. Although
mechanical cellulose extraction is a simple, eco-friendly, and cost-effective method that does not
require harsh chemicals or solvents, it has some disadvantages. One of the main challenges is that
it is an energy-intensive process that requires specialized equipment for the mechanical

disintegration of plant fibres into cellulose (Lee et al., 2014).

Chemical methods for cellulose extraction typically involve using degumming processes,
acid or alkali treatments, chemical retting, and chemical-assisted natural methods to remove lignin
from plant fibres while also affecting other components of the fibre microstructure such as
hemicellulose, pectin, and other non-cellulosic materials (Abral et al., 2020). Chemical extraction
is achieved by heating, cleaning, and soaking the fibre in an acid or alkali solution that causes
minimal damage to the fibre while improving its properties. Degumming removes gummy and
pectin content while maintaining the shape of ramie fibres. Chemical retting, on the other hand,
reduces water and lignin content in fibres. Although chemical cellulose extraction can effectively
remove lignin and other impurities from plant fibres, chemical materials may produce toxic waste

by-products, so proper handling methods are necessary.

Bio-extraction methods for cellulose involve using microorganisms such as fungi and
bacteria to break down plant materials' hemicellulose and lignin components to extract the
cellulose (Behera et al., 2017). Enzymatic hydrolysis is one technique that involves using enzymes

like hemicellulase and lignin-degrading enzymes to break down the hemicellulose and lignin
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components of plant material, resulting in cellulose fibres. Another technique is microbial
fermentation, which uses microorganisms such as bacteria and fungi to break down the
lignocellulosic material and extract the cellulose. Bio-extraction has potential advantages over
mechanical and chemical methods due to lower energy consumption and fewer environmental

impacts. However, further optimization of this method through additional research is necessary.

2.4 Chemical Extraction Method

The alkaline treatment method is commonly used for cellulose extraction from various
plant-based materials. It involves the use of alkaline solutions such as alkali treatment,
delignification, and bleaching process to remove non-cellulosic components such as lignin,

hemicellulose, and pectin from the raw material, leaving behind a purified cellulose product.

2.4.1  Alkali Treatment

The alkaline treatment or mercerization process involves immersing natural fibers in an
aqueous sodium hydroxide solution of a specific concentration for a designated duration and
temperature. This treatment effectively removes substances such as hemicellulose, lignin, wax,
and oils from the outer surface of natural fibers, thereby altering their surface. For example, the
pectin in hemp fibers may be removed using an alkaline treatment, which does not leave any
residue behind. However, the amount left behind of lignin depends on the quantity of NaOH that
was employed. Removing less dense components such as hemicellulose and lignin enhances the
interaction between the fiber and matrix, thereby ensuring strong adhesion between them. The
procedure of alkaline treatment applied to hemp fibers has been found to effectively eliminate
pectin without leaving any residual matter. However, the quantity of lignin remaining in the fibers
depends on the NaOH concentration utilized during treatment. Fibers’ density can be enhanced by
an alkaline treatment, which removes lower-density elements like hemicellulose and lignin. During
treatment, lignin degradation and transformation result in fibers exhibiting a progressively more

yellowish appearance.
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The fibers separate during the alkaline treatment, increasing the accessible surface area for
resin wetting. In addition, the treatment causes variations in the crystallinity of the fibers, as well
as changes in the structure of the unit cells and the orientation of the fibers. Recent research by
Jakob et al. (2021) has revealed that cellulose fibers exhibit greater strength and stiffness with a
specific orientation. Consequently, the alkaline treatment promotes an increase in the proportion
of crystalline cellulose, thereby enhancing the mechanical properties of the composite through
improved charge transfer between the matrix and the fibers. Notably, after washing the fibers with
distilled water, acetic acid is utilized to neutralize the fibers, thereby halting any ongoing reaction

and eliminating residual hydroxyl groups.

The surface of natural fibers can be modified by applying alkali treatment, a technique that
enhances the interaction between the fibers and polymer matrix. Removing certain substances such
as hemicellulose, lignin, wax, and pectin is the primary benefit of alkali treatment on natural fibers,
as these substances typically cover the surface of the fibers. This is achieved through the breaking
of lignin bonds and the hydrolyzing of glycosidic bonds. The previously smooth surface of natural
fibers becomes rough because of the alkali treatment, leading to improved mechanical bonding.
Additionally, the bonding between natural fibers and the matrix is enhanced through alkali
treatment. The composite interface's strength depends on mechanical interlocking and bonding
mechanisms, and alkali treatment of natural fibers has been shown to optimize the bonding
between the fibers and the matrix, resulting in stronger composites compared to untreated natural
fibers. Studies have demonstrated that alkali treatment can effectively remove lignin and
hemicellulose from empty fruit bunch fibers, rice husks, and oil palm empty fruit bunches, thereby
enhancing cellulose accessibility and reducing the lignin and hemicellulose content in these

materials.

2.4.2  Bleaching Process

Bleaching is a chemical procedure that eliminates hemicellulose and any remaining lignin
that may not have been removed during pretreatment, all while preserving the pulp fiber's yield,
integrity, and strength (Tarchoun et al., 2019). Since lignin consists of diverse connections, the

bleaching process for chemical pulp or lignin removal involves multiple stages using chlorine or
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oxygen compounds. These compounds are employed to break down the different bonds present in

lignin.

Bleaching agents, such as sodium hypochlorite (NaOCI) and sodium chlorite (NaClO2),
are commonly utilized as oxidizing chemicals to facilitate the process of bleaching (Marzoug et
al., 2010). The bleaching process typically involves the disintegration of water-insoluble lignin via
specific bond cleavages, including 3-O-4 bonds, carbon-carbon bonds, or aryl ether bonds, which
results in the creation of water-soluble products such as carboxylic acids and aromatic aldehydes
(Dai et al., 2016). The decomposition of NaClO2 gives rise to chlorine dioxide, known for its
potent oxidizing properties. Moreover, the rate of sodium chlorite decomposition escalates with a
reduction in pH and an elevation in bleaching bath temperature. In alkaline conditions, aqueous
sodium chlorite remains highly stable; however, to activate and enhance its bleaching properties,
the medium necessitates acidification by introducing acetic acid (Abdel-Halim, 2014). Using
concentrated acids for activation produces toxic and corrosive chlorine dioxide gas, which

mandates regulating its evolution rate.

The primary objective of the bleaching process of cellulose-based materials is to eradicate
non-cellulosic impurities that cause cellulose discoloration or alter them to facilitate their removal
later. When dealing with woody cellulose material, it is customary to subject it to chlorine
treatment, which results in the oxidation of a substantial portion of the non-cellulosic substances.
This is subsequently accompanied by washing and bleaching procedures to reduce the color of the
cellulose. Hypochlorite, chlorine dioxide, and hydrogen peroxide are conventionally utilized in the
subsequent stages to achieve bleached cellulose. The selection of specific steps in a bleaching

sequence primarily depends on the sort of cellulose-based materials involved.

The various stages involved in bleaching hemicellulose can be appropriately classified into
two categories, which include acidic and alkaline treatments. The alkaline treatments can be further
subcategorized into cold caustic extraction (CCE) and hot caustic extraction (HCE). The former is
performed at temperatures that oscillate between 25-45°C, while the latter is typically conducted
at temperatures between 70-120°C (Li et al., 2017). However, it is noteworthy that with an increase
in temperature, the treatments become less specific and can lead to various reactions, such as the

degradation of cellulose through either acidic or alkaline processes. It has been reported that strong
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alkaline degradation of cellulose, which includes hydrolysis, only transpires at temperatures that

exceed 140°C (Friebel et al., 2019).

Determining the concentration of ions dissociating in water from the bleaching agent
depends on the pH level, which plays a pivotal role in cellulose bleaching. These ions subsequently
interact with cellulose fibers, leading to the bleaching and decolorization of cellulose. The pH level
also significantly impacts the fibbers' characteristics, such as their softness and tensile strength. It
is worth noting that lower pH levels can instigate the degradation of fibers, which may culminate
in a reduction in their tensile strength. Achieving fully brightened cellulose typically necessitates
several consecutive bleaching stages, which range from three to seven, as reported by Pinto and

colleagues (2022).

2.4.3  Delignification

Delignification is breaking down the lignocellulosic material into its fibrous constituents.
This process entails the separation of lignin from plant sources through diverse techniques, as
stated by Kucharska et al. (2018). Delignification is typically categorized into two main types
which are chemical and solvent processes. The most used methods in industrial settings are
alkaline and sulfite pulping, which fall under chemical pulping processes. These processes
represent the two extremes of the pH scale. Alkaline or kraft pulping leads to the production of
thio-lignin or alkali-, while the acidic sulfite process produces lignosulfonate, also known as lignin

sulphonic acid.

Lignin, a type of phenolic compounds found within the secondary cell wall of plants, plays
a vital role in maintaining structural strength and connecting cellulose carbohydrates essential for
paper fibre production., as highlighted by Liu et al. (2018). This intricate arrangement creates a
hydrophobic matrix that repels water and enables plants to transport water throughout their system.
According to Mariana et al. (2021), lignin greatly increases the strength of cell walls. It decreases
their digestibility, both by animals and during the chemical delignification process, resulting in a
higher level of integrity and reduced susceptibility to decomposition. Furthermore, this polymer

decreases plants' vulnerability to attacks from insects and plant pathogens. As plants decompose,
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lignin remains one of the last compounds, accumulating in the soil as a humus. Overall, the
delignification process is a critical step in producing paper and other products, as it allows for the
extraction of lignin and the separation of fibrous components, thereby enabling the utilization of

cellulose for various applications.

Alkaline delignification, as a pretreatment method, is highly effective due to its strong
efficiency and straightforward process. The technique utilizes different alkaline substances,
including sodium carbonate (Na>xCO3), calcium hydroxide (Ca(OH)z), sodium hydroxide (NaOH),
and ammonia (HN3), for the elimination of lignin from the biomass. The alkalis break down the
structure of lignin and separate it from carbohydrates, thereby enhancing the accessibility of
carbohydrates in the biomass for enzymatic degradation. Furthermore, the alkali treatment causes
the biomass to swell, increasing its porosity and internal surface area while reducing the degree of
polymerization and cellulose crystallinity (Bajpai, 2016). Unlike other pretreatment methods,
alkaline delignification requires lower temperatures and pressures, making it less energy intensive
(Jergensen et al., 2007). However, it is important to mention that while alkaline delignification can
be conducted at ambient temperature, extended pretreatment durations, typically lasting hours, or

days rather than minutes or seconds, may be required to attain comparable digestibility levels.

(Balat et al., 2008).

When comparing acid pretreatment with alkaline delignification, the latter causes less
sugar degradation. Nevertheless, a drawback is that some of the alkalis are converted into salts that
cannot be recovered or incorporated into the biomass as salts during the pretreatment. It should
also be mentioned that in alkaline systems, the cleavage of B-aryl ether bonds can occur in phenolic
and nonphenolic aryl propane units. Overall, the advantages of alkaline delignification, including
its low energy requirements and mild reaction conditions, make it a promising pretreatment method

for lignocellulosic biomass.
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2.5 Quantitative Analysis

After extracting of cellulose, the dried cellulose was weight and the yield was calculated

using Equation 2.1.
Analysis of cellulose yield:

final weight of extracted cellulose (g)
— , x 100% :
initial weeight of sample (g) Equation 2.1

2.6 Characterization of Cellulose

Cellulose can be assessed using various analytical methods, including scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
and thermogravimetric analysis (TGA). These techniques enable the examination of surface
structure, chemical groups, crystalline structure, and thermal characteristics of cellulose,

respectively.

2.6.1  Scanning Electron Microscopy (SEM)

SEM is a method that enables the analysis of particle size, shape, and texture using small
quantities of material (Amidon et al., 2009). It is a highly effective and non-destructive technique
that provides detailed information on the composition, structure, and composition of the sample.
The first scanning electron microscope was invented in 1942. It was demonstrated at that time that
a positive bias on the collector, rather than the sample itself, produced topographic contrast through
Secondary Electrons (SE). The crucial elements of SEM consist of an electron emitter,
electromagnetic lenses to concentrate electrons, detectors for electron detection, chambers for
sample placement, computers, and a display for visualizing images (Figure 2.4). Electrons
produced at the upper part of the column are propelled downwards, traversing a sequence of lenses
and openings to form an accurate electron beam. This beam subsequently engages with the surface
of the specimen (Figure 2.5), which is situated on a mobile platform within a vacuum environment.

(Pallares-Rusifiol et al., 2023). The electron-beam coils are manipulated to scan the surface of the
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sample, enabling the gathering of data pertaining to a particular region of the sample. Upon
interaction with the sample, the electron beam produces diverse signals that are detectable using

suitable detectors.

In Scanning Electron Microscopy (SEM), two categories of electrons are detected which
are secondary electrons (SE) and backscattered electrons (BSE) (Vac Coat, 2023). BSEs, or
backscattered electrons, are electrons that undergo redirection after elastically colliding with the
sample. In contrast, secondary electrons are generated from the sample's atoms and are produced
because of inelastic collisions between the electron beam and the sample. Secondary electrons has
generally lower energy content when compared to backscattered electrons. When the electron
beam undergoes inelastic collision with the surface of the sample, the energy carried by the
electrons in the beam is transferred to the conduction band electrons and occasionally to the
valence band of the sample. This transfer separates these electrons from the sample atoms, leading
to the formation of secondary electrons. BSEs, on the other hand, are reflected back from deeper
places within the sample, and the atomic number of the material has an effect on how intensely

they are reflected. A higher atomic number of the material produces a brighter image.

SEM offers numerous benefits, such as its ability to generate detailed three-dimensional
(3D) topographic images and obtain versatile information through various detectors. It possesses
advantages like high resolution, a wide depth of field, powerful magnification, and effective
stereoscopic vision (Wen et al., 2021). Operating the microscope is straightforward, and the
associated software is user-friendly. However, SEM has drawbacks related to its size and cost.
Operating SEM can be expensive, and sample preparation may result in artifacts. Moreover, a
notable constraint of SEM lies in its capability to only analyses solid, inorganic samples that are
suitable for insertion into a vacuum chamber equipped to withstand moderate vacuum pressure.

(Singh, 2016).
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Fourier Transform Infrared (FTIR)

The Fourier transform infrared spectrometer, commonly called FTIR, is a highly advanced
infrared spectrometer offering numerous advantages over traditional dispersive spectrometers.
Notably, it offers unparalleled speed, precision, accuracy, increased sensitivity, ease of use, and
non-destructive sampling capabilities. Undavalli et al. (2021) reported that infrared spectroscopy
technology is founded on the atomic vibrations of molecules that selectively absorb specific

frequencies and energy of infrared light. By analyzing the unique infrared spectra of molecules,

FTIR spectrometers can accurately identify and classify them.

The FTIR spectrometer uses an interferometer to determine the heat being sent to the
sample. The resulting spectrum is produced by applying a Fourier transformation to the coherent

signal captured in the time domain (Siemens, 2018). The interferometer detects infrared radiation
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emitted by a dark body and encodes the signals spectrally. The resultant interferogram signal then
either travels through or reflects off the sample's surface, where certain energy wavelengths are
absorbed. Finally, the beam reaches the detector, which is further processed by a computer to

perform Fourier transformation on the energy signals (Figure 2.6).
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Figure 2.6: Fourier transform infrared processing

Source: (Undavalli et al., 2021)

When a certain amount of light energy is sent through a given sample, there is a possibility
that it will be absorbed by atom clusters contained inside the material. This happens when the
frequency of the entering light coincides with the frequency of vibrations inside the bonds
connecting the atoms (Torres-Rivero et al., 2021). The energy associated with these vibrations
depends on various elements, including the masses and chemical environments of the atoms
involved and the type of vibration itself. It is possible to identify the functional groups on the
sample's surface by scanning through a range of wavelengths (400-4000 cm-1) and measuring the

quantity of light transmitted at each wavelength (Pednekar et al., 2017).

Fourier Transform Infrared (FTIR) spectroscopy is a quick and non-destructive method for
determining biomass's qualitative and quantitative composition in the mid-infrared range.
Identifying molecular fragments and determining the presence or absence of certain functional
groups are two of the most important contributions that FTIR spectroscopy makes to understanding
the structure of fibers (Hospodarova et al., 2018). Furthermore, it enables identifying and

quantifying essential functional groups such as carbonyl groups (C=0), hydroxyl groups (-OH),
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and glycosidic connections, all of which are critical for cellulose's distinctive chemical
composition. In addition to chemical characterization, FTIR spectroscopy allows for a full

structural investigation of cellulose.

Fourier Transform Infrared (FTIR) spectroscopy, according to Rani et al. (2015), provides
necessary information about the level of crystallinity. This critical parameter determines the
mechanical strength and physical properties of cellulose materials. FTIR spectroscopy also allows
for analyzing cellulose interactions with other components or additions. The impact of various
treatments or alterations on cellulose may be examined by monitoring the shifts or changes in

absorption bands.

2.6.3  X-ray Diffraction (XRD)

According to Raja et al. (2022X-ray diffraction (XRD) is a non-destructive analytical
method that provides an in-depth examination of the crystallographic structure, physical
characteristics, and chemical composition of materials. Notably, XRD is also highly advantageous
for stress measurement and texture analysis. It should be emphasized that XRD requires crystalline
samples, although it can also determine the degree of crystallinity in polymers (Nasrazadani &
Hassani, 2016). The fundamental principle of XRD is based on Bragg's equation, n(A) = 2dSin 6,
which describes the reflection of a collimated X-ray beam on a specific crystal plane of the sample
under examination (Figure 2.8). X-ray diffraction (XRD), a technique that follows Bragg's law, is
fundamentally concerned with the phenomenon in which reflected X-rays originating from crystal

layers exhibiting long-range order encounter constructive interference. (Gu & Burgess, 2014).

The presence of intense peaks in the spectrum is a manifestation of this particular
phenomenon. X-ray diffraction (XRD) is reliant on the scattering of X-rays at wide angles and is
frequently utilized in the analysis of well-organized materials, particularly those with a high degree
of crystalline order. However, it is not the most favored approach to investigate disordered
materials. In the XRD technique, a sample is subjected to a beam of X-rays, leading to the
scattering or diffraction of atoms in the path of the X-rays. Through the application of Bragg's law

and the use of a suitably positioned detector, the interference derived from the X-ray scattering is
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observed, thereby enabling the determination of the crystalline structure characteristics of the

sample (Raval et al., 2019).

X-ray diffraction (XRD) technique are founded on the concept of elastic scattering of X-
rays from materials that possess a significant level of structural uniformity, thereby allowing for
the determination of important structural properties of the material under examination. The
capacity of crystals to diffract X-rays stems from the similarity in wavelength between X-rays and
the inter-atomic distances inherent within the crystal lattice. When the X-ray beam encounters the
well-ordered three-dimensional atomic arrangements within the crystal, a significant proportion of
the X-rays will experience destructive interference, resulting in their attenuation. It is the amplified
diffracted X-rays that engender the distinctive diffraction pattern that is subsequently harnessed

for the determination of the crystal's structural properties (Figure 2.7).
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Figure 2.7: X-ray diffraction analysis

Source: (FerroThinfilms Lab, 2018)

Figure 2.8: Bragg's law

(Pevelen, 2010)
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However, the challenges associated with X-ray diffraction (XRD), which may include
lengthy processing times and the need for significant sample quantities, the technique is widely
used for the precise determination of atomic-level structures in samples (Ginder-Vogel & Sparks,
2010). However, one of the limitations of XRD is its inability to analyze crystal growth in real-
time, which restricts the technique to providing information solely on a single conformation or
binding state. Moreover, XRD exhibits lower intensity of diffracted X-rays, particularly for
materials with low atomic numbers, compared to electron diffraction. Nonetheless, ongoing
advancements in the application of femtosecond pulses generated by a hard X-ray free electron
laser are currently enhancing XRD analysis. This approach facilitates the structural determination
of macromolecules that cannot be adequately accomplished with conventional radiation sources

due to the requirement for larger crystal sizes (Chapman, 2019).

2.6.4  Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an efficient method, as stated by Ebnesajjad (2006),
to assess the thermal stability of different materials, including polymers. As defined by Nurazzi et
al. (2021), the essential principle of thermal analysis involves adjusting temperature as an
experimental variable to scientifically or technologically characterize materials. TGA entails
subjecting a sample to temperature increments within a controlled environment while measuring
the weight changes of the sample (Dwivedi et al., 2017). Usually, the sample, weighing 10 to 50
mg, is positioned in a pan, then inserted into the TGA equipment comprising a furnace and an
accurate balance (Mauer & Bradley, 2017). The TGA system involves a highly sensitive scale for

weight alteration measurement and a programmable furnace for sample heating regulation.

The precision balance is positioned above the furnace and is thermally insulated to prevent
heat transfer. A fine hang-down wire of remarkable precision is suspended from the balance and
extends into the furnace (Figure 2.9). The sample pan is located at the tip of the wire, and its
placement must be consistent to ensure accurate measurements. To improve precision, sensitivity,
and weight accuracy, the balance is protected from thermal influences, often using a thermostatic
chamber. Additionally, combining an infrared spectrometer with TGA allows for examining and

identifying gases generated during the sample's degradation process (Figure 2.10).
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The TGA instrument is equipped with a micro-furnace that allows for rapid cooling. The
heating element is made of dependable platinum, which can tolerate temperatures up to 1000 °C.
An external furnace with an alloy heating element consisting of 30% rhodium and platinum can
be utilized to increase the temperature range, allowing for temperatures up to 1500 °C.
Contemporary TGA apparatuses incorporate a computer to compute the weight-loss fraction or
percentage accurately. According to Menczel and Prime (2009), commercial TGA systems possess
remarkable capabilities, which include temperature capabilities that exceed 1000 °C, balance
sensitivity as low as 0.1 pg, and adjustable controlled heat-up rates in the presence of air or other

gases. The heat-up rate of the TGA may vary from 0.1 °C to 200 °C per minute.

Thermogravimetric analysis (TGA) has emerged as a feasible alternative for evaluating the
constitution of lignocellulosic biomass, offering rapidity, cost-effectiveness, and user-friendliness.
As per the findings of Gomes et al. (2018), TGA enables a more precise determination of the
content of a-cellulose and hemicellulose compared to conventional wet chemical techniques. TGA
has been effectively utilized in scrutinizing biochemical components such as cellulose,
hemicellulose, and lignin in alkaline lignin and pretreated corn stover, which has augmented the

precision of compositional analysis.

Cellulose is a crucial component of natural fibers and has a significant impact on their
physical properties as well as their thermal degradation. Despite its importance, cellulose exhibits
poor thermal resistance and is prone to decomposition at lower temperatures. This process is
catalyzed by naturally occurring inorganic ions and may increase char production. While
thermogravimetric analysis is a valuable tool for assessing polymers like lignin, it is a destructive

method that can lead to changes in the analytes due to temperature ramping.
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Figure 2.9: Schematic diagram of thermogravimetric analysis (TGA)

Source: (Unapumnuk et al., 2006)

Nitrogen inlet

Pyrolysis gas oulet

! Toon| | oo
Quartz

Isolation ||
—=3 reactor Microwave

oven
| Sample Na—
Quartz
optical
filter

I

1

I aeE

| Data acquisition system e

Figure 2.10: Schematic of microwave TGA apparatus

Source: (Saadatkhah et al., 2019)

31



CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

In this study, sample of rice husk (RH) was collected at Sekinchan Paddy Field, Selangor.
The corn straw (CS) and corn tassel (CT) was collected from Kampung Paloh, Bukit Panau, Tanah
Merah, Kelantan, whereas the oil palm empty fruit bunch (OPEFB) was obtained from Ladang
Kelapa Sawit Kampung, Kemahang, Kelantan.

3.2 Apparatus and Equipment

The apparatus that was used in this study are beaker (1000mL and 500mL), round bottom
flask, measuring cylinder (100mL), stirrer, pH meter, filter paper and glass rod, sieve, hammer

mill, magnetic stirrer, centrifuge, knife and chopping board.

Equipment that used in this study is Scanning Electron Microscope (SEM), Fourier-
Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Thermogravimetric Analysis

(TGA), weighing balance, hot plate, heating mantle, oven, water bath, and thermometer.

3.3 Chemicals

Chemicals that were used in this study are sodium hydroxide (NaOH), sodium hypochlorite
(NaOCl), toluene, ethanol, acetic acid (CH3COOH), distilled water, dish detergent.
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3.4 Preparation of Raw Materials

3.4.1 Preparation of Dried Rice Husk (DRH) Powder

Dried rice husk (DRH) was collected from Sekinchan Paddy Field, Selangor, and used as
the raw material for control and cellulose source for this experiment. The rice husk, weighing 10
g, was washed and sun-dried for one week. The dried rice husks were then ground into smaller
particles using a heavy blender and sifted through a 500-mesh sieve to obtain a finer powder.
Finally, the dried rice husk powder was subjected to delignification and bleaching to extract

cellulose.

3.4.2  Preparation of Corn Straw (CS) Powder

The harvested corn straw was collected Kampung Paloh, Bukit Panau, Tanah Merah,
Kelantan. 100 g of corn stem (CS) and corn tassel (CT) was respectively rinsed with distilled water
and dried under sun for one week. Then, they were ground using blender and sieved with 500-

mesh to form a fine powder and stored in a zipper bag for further use.

3.4.3  Preparation of Oil Palm Empty Fruit Bunch Fibres (OPEFB) Powder

The study utilized dried oil palm empty fruit bunch (OPEFB) from Ladang Kelapa Sawit
Kampung, Kemahang, Kelantan. The raw OPEFB was washed with 1% dish detergent to remove
any impurities and visible dirt on its surface. It was then washed with distilled water until it turned
from dark brown to colorless, before being sun-dried for one week. The dried sample was cut into
small pieces using small knife and ground into powder. The powder was then sieved with 500-

mesh to form a fine powder and stored in a zipper bag for further use.
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35 Chemical Extraction

The powder sample of rice husk undergoes delignification and bleaching. In contrast,
corn stem, corn tassel and oil palm empty fruit bunch undergo an alkaline treatment and

bleaching process to extract cellulose for microbead production.

3.5.1  Delignification

10 grams of rice husk powder was placed into a 250 mL beaker, followed by 100 mL of
12% NaOH. The mixture was heated to 80°C for 3 hours and stirred with a magnetic stirrer. After
that, the mixture was filtered, and the residue was washed with distilled water until a neutral pH

was reached.

3.6 Bleaching

The process involved taking the delignification residue of the rice husk and placing it in a
250 mL beaker. Then, 100 mL of a 2.5% NaOCI solution was added, and the mixture was heated
to 80°C and stirred for one hour. The resulting precipitate was filtered and washed with distilled
water until a neutral pH was achieved. After allowing the sediment to sit for one hour, a cellulose

extract was obtained from the rice husk.

3.6.1 Alkaline Treatment

10 grams of CS, CT, and OPEFB were respectively immersed in a 2:1 toluene-ethanol
mixture and stirred continuously for 6 hours. The mixture was then filtered to remove the CS, CT
and OPEFB, and the samples were dried overnight (16 hours) at 80°C. The CS, CT and OPEFB
fibres were treated with a 0.1 M sodium hydroxide (NaOH) solution and swirled continuously at
80°C for 4 hours. To ensure the full elimination of NaOH residue, the sample was rinsed with

distilled water until it achieved a neutral pH.

34



3.6.2  Bleaching Process for CS, CT and OPEFB

CS, CT and OPEFB were bleached using a combination of sodium hydroxide (NaOH) and
acetic acid (CH3COOH) in a 1.3:10 (v/v) ratio for 4 hours at 80°C. Following that, and the fibre
was sufficiently washed with 0.1 M NaOH followed by distilled water till the pH of the fibre
became neutral. The treated fibre was dried overnight (16 hours) at 80°C, yielding Cell-CS, Cell-
CT, and Cell-OPEFB respectively.

3.7 Characterization of Cellulose Fibre

The maximum yield of a cellulose fibre derived from rice husk, corn stem, corn tassel, and
oil palm empty fruit bunch is subjected to various tests such as SEM, FTIR, XRD, and TGA to
analyse its physical and chemical properties. The purpose of these tests is to examine the

characteristics of the cellulose in detail.

3.7.1  Scanning Electron Microscope (SEM) Analysis

The morphology of the obtained cellulose for rice husk, corn stem, corn tassel, and oil palm
empty fruit bunch determined through the scanning electron microscope (SEM) with the brand
JEOL JSM IT100. The electron beam scans across the surface of the sample, producing high-
resolution images of the morphology of the extracted cellulose. The images can be magnified and

viewed in real-time on a computer screen to get detail information of cellulose obtained.

3.7.2  Fourier Transforms Infrared (FTIR) Spectroscopy

FTIR spectroscope is used to study the molecular fragments and identify the functional
group of extracted cellulose after the treatment. A beam of infrared radiation is passed through the
cellulose and the transmitted light is measure as a function of wavelength. The FTIR is performed
using a Thermo Scientific™ Nicolet iZ10 FTIR spectrophotometer in the range of 400-4000 cm™

with the resolution of 4 cm™.
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3.7.3  X-Ray Diffraction (XRD)

The crystallinity of cellulose fibres in rice husk, corn straw, and oil palm empty fruit bunch
is investigated after undergoing complete treatment. X-ray diffraction (XRD) analysis is employed
to examine the crystalline structure. The XRD measurements are carried out using a Bruker D2
Phaser model X-ray diffractometer, which operated at 30 kV and 10 mA with Cu Ka radiation.
The scanning range for the measurements is set between 10° and 90° in the 20 scale. To assess the
degree of crystallinity, the crystallinity index (Crl) is determined using the amorphous subtraction

method. The Crl value is calculated utilizing Equation (3.1):

Crl (%) = Joo2"1am) o 1009 Equation 3. 1

loo2

The symbol loo2 represents the highest intensity observed in the diffraction peak corresponding to
the (002) lattice plane, while lam represents the intensity of the scattering caused by the amorphous
portion of the samples. The diffraction peak associated with the (002) plane is situated at an angle
of approximately 20 = 22°, while the intensity resulting from the scattering by the amorphous

section is found around 26 = 18°.

3.7.4  Thermogravimetric Analysis (TGA)

The thermal stability of the samples is assessed using a Mettler Toledo TGA/DSC 2 HT
thermogravimetric analyser. Approximately 7 mg of each sample is utilized for the measurements.
The analyses are conducted under a nitrogen atmosphere, with a constant gas flow rate of 10 mL
mint. The samples are heated from room temperature to 700°C at a controlled heating rate of 10°C

mint,
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Physical appearance of cellulose

411 Rice Husk

The initial color of untreated rice husk is dark brown. The color changed to light brown as
a result of alkali treatment by using 2.5% sodium hydroxide in Figure 4.1. Sodium hydroxide is
used to break down the hydroxyl (OH) groups, and the densely arranged crystalline structure into
a new form amorphous network structure. Additionally, it eliminates certain compositions of fiber
lignin, waxes, oils, and hemicelluloses that contribute to increased roughness of the fiber’s surface

(Selvakumar & Meenakshisundaram, 2022).

Figure 4. 1: The rice husk changes colour from dark brown to light brown after alkaline treatment

The delignification process of rice husk with 12% NaOH causes the color of the rice husk
to become darker due to the alkaline, as shown in Figure 4.2. During cellulose extraction using

NaOH during the delignification process, the darkening of biomass can be attributed to the
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formation of lignin degradation products and lignin solubilization. When rice husk is treated with
NaOH, it leads to the breakdown of lignin, releasing lignin degradation products such as phenolic
compounds. These compounds can contribute to the dark coloration of the delignified rice husk
(Geng et al., 2018). After the delignification process, the color of the rice husk changed from dark
brown to light brown during bleaching with sodium hypochlorite (NaOCI). This can be attributed
to the oxidation of chromophores and lignin in the rice husk. NaOCl is an oxidizing agent that can
break down chromophores, which are responsible for the color of rice husks, resulting in a lighter
appearance (Wang & Zhao, 2021). Additionally, NaOCl is capable of oxidizing lignin, leading to
the formation of water-soluble products such as carboxylic acids and aromatic aldehydes, which

can contribute to the removal of color from the rice bleached rice husk (Aridi et al., 2021).

Figure 4. 2: The corn stem changes colour from brown to dark brown after alkaline treatment with toluene-ethanol
mixture
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41.2 Corn Stem

The initial color of the untreated corn stem is brown, and the color changed to dark brown
due to alkali treatment by using a 2:1 toluene-ethanol mixture and washed with 0.1M NaOH, as
shown in Figure 4.3. The corn stems delignification with a toluene-ethanol mixture plays a role in
the cellulose extraction by serving as a solvent for dewaxing the corn stem fiber samples. This
mixture helps remove impurities, waxes, and lipid substances from the fibers, which are later
removed by filtering (Da Silva Vallejo et al., 2021). The dewaxing process is important as it helps
to clean the external surface of fiber cell walls and remove impurities, making the fibers more
suitable for following bleaching steps (Ng et al., 2015). The corn stem fiber undergoes a process
involving the use of sodium hydroxide (NaOH) to facilitate the removal of lignin, pectin, waxes,
and hemicellulose resulting in a textured surface (Wirawan et al., 2022). Among these components,
lignin is the most challenging to degrade due to its intricate structure, strong insolubility, and high
molecular weight. Lignin forms a complex three-dimensional network by connecting through
carbon-carbon and ether bonds, associating with the hemicellulose polysaccharides within the cell
wall (Misson et al., 2009). In addition, the alkaline treatment causes the fiber bundles to break
down into smaller fibers, decreasing their diameter and increasing their aspect ratio (Patel &
Parsania, 2018). This modification increases the total surface area of contact with the matrix
material. Alkaline treatment disrupts the hydrogen bonds influenced by alkaline conditions within
the fibers, resulting in the creation of new, active hydrogen bonds between cellulose molecules. As
a result, certain water-attracting hydroxyl groups are partially eliminated, resulting in increased

resilience against moisture.

Figure 4. 3: The corn stem changes colour from brown to dark brown after alkaline treatment with toluene-ethanol
mixture
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The corn stem fiber was bleached using a mixture of sodium hydroxide and acetic acid
(CH3;COOHR) with a ratio of 1.3:10 (v/v) and then washed with 0.1 M NaOH to remove the non-
cellulosic component further. The color of the delignified rice husk fiber was dark brown and
gradually changed to pale brown of bleached corn stem cellulose, as shown in Figure 4.4. Acetic
acid acts as a solvent that aids in dissolving cellulose from the corn stem matrix. This dissolution
process allows for separating cellulose fibers from other components of the corn stem, such as
hemicellulose and lignin (Sato et al., 2003). The mixture of sodium hydroxide and acetic acid in
the bleaching process can help improve the bleaching process's efficiency and reduce the amount
of chemicals required. The corn stem fiber was washed with NaOH to remove any residue
impurities or chemicals present after bleaching. NaOH is a strong base that can effectively
neutralize and remove any acidic residues that may be present on the surface of corn stem cellulose
(He et al., 2022). The washing step is important to ensure the purity and quality of the final
extracted corn stem cellulose and to prevent any potential adverse effects on the properties and

performance of the cellulose.

Figure 4. 4: The colour transition from brown and gradual discoloration to pale brown due to bleaching process with
mixture of sodium hydroxide and acetic acid
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413 Corn Tassel

The initial colour of the untreated corn tassel is brown, and the colour changed to dark
brown due to alkali treatment by using a 2:1 toluene-ethanol mixture and washed with 0.1M NaOH,
as shown in Figure 4.5. The toluene-ethanol mixture is used as a dewaxing agent in the
delignification process. Dewaxing removes waxes and similar compounds from the raw corn tassel
(Pham et al., 2022). This can contribute to the purification of corn tassel cellulose yield. Meanwhile,
the corn tassel fibre is treated with 0.1 M NaOH, which serves the function of solubilizing and
removing lignin from the corn tassel. The 0.1 M NaOH solution dissolves the lignin from the corn
tassel matrix, allowing for a subsequent bleaching process. NaOH is a strong base that can disrupt
the association of lignin with other components, such as carbohydrates, and facilitate its dissolution
(Kangas et al., 2014).

Figure 4. 5: The corn tassel changes colour from brown to dark brown after alkaline treatment with toluene-ethanol
mixture

The corn tassel fiber was bleached using a mixture of sodium hydroxide and acetic acid
(CH3COOH) with a ratio of 1.3:10 (v/v) and then washed with 0.1 M NaOH to remove the non-
cellulosic component further. The color of the delignified corn tassel fiber was dark brown and
gradually changed to the pale brown of bleached corn tassel cellulose, as shown in Figure 4.6. The
bleaching process removes lignin and hemicellulose from the cellulosic fibers that were not
removed during pretreatment while maintaining the yield and integrity of corn tassel cellulose.
Meanwhile, acetic acid is used in the bleaching process as a pH adjuster or buffer to control the
bleaching solution's acidity (Pinto et al., 2022).
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Figure 4. 6: The colour transition from dark brown and gradual discolouration to pale brown due to the bleaching
process with a mixture of sodium hydroxide and acetic acid

4.1.4  Oil Palm Empty Fruit Bunch

The untreated oil palm empty fruit bunch initially exhibits a brown colouration. However,
a significant change in its colour is observed after subjecting it to an alkali treatment process. This
treatment involves using a toluene-ethanol mixture in a ratio of 2:1, which effectively alters the
material's colour. Specifically, the brown oil palm empty fruit bunch fibre transforms into a darker
shade of brown. Following this toluene-ethanol treatment, the OPEFB fibre is further processed
through a washing step utilizing a 0.1 M NaOH solution. This washing process plays a crucial role
in the treatment sequence. It not only aids in removing impurities but also contributes to the
alteration in colouration. As a result of the alkali wash, the colour of the oil palm empty fruit bunch

becomes even darker, as shown in Figure 4.7.

Figure 4. 7: The oil palm empty fruit bunch changes colour from brown to dark brown after alkaline treatment with
toluene-ethanol mixture
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The oil palm empty fruit fiber was bleached using a mixture of sodium hydroxide and
acetic acid (CH3COOH) with a ratio of 1.3:10 (v/v) and then washed with 0.1 M NaOH to remove
the non-cellulosic component further. The color of the delignified oil palm empty fruit bunch fiber
was dark brown and gradually changed to the brown of bleached oil palm open fruit cellulose, as
shown in Figure 4.8. Similarly, the bleaching process removes lignin and hemicellulose from the
cellulosic fibers that were not removed during pretreatment. At the same time, the acetic acid is

used in the bleaching process as a pH adjuster or buffer to control the bleaching solution's acidity.

Figure 4. 8: The colour transition from dark brown and gradual discolouration to brown due to the bleaching process
with a mixture of sodium hydroxide and acetic acid
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Table 4. 1: The colour changes of different samples before and after treatment

Samples

Before Treatment

After Treatment

Rice Husk

Corn Stem
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Corn Tassel

Oil Palm Empty Fruit
Bunch
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4.2 Yield of extracted cellulose from different samples

Table 4. 2: Yield percentage of each samples

Samples Yield, %
Rice husk 29.28
Corn stem 14.30
Corn tassel 13.27
Oil palm empty fruit bunch 31.40

Table 4.2 describes the percentage of cellulose yield after being chemically treated. The oil
palm has a higher yield of cellulose, which is 31.4%, followed by rice husk (29.28%), corn stem
(14.30%) and corn tassel (13.27%). OPEFB have a high cellulose content, ranging from 40% to
65%, while the rice husk has a lesser cellulose content, typically between 35% and 45%. Corn
stem has a significantly lower cellulose content, usually around 20% to 30%, while corn tassel has
a relatively low cellulose content, ranging from 15% to 25%. The lower cellulose content in raw
materials will give a lower cellulose yield after alkaline treatment for cellulose extraction. As
expected, removing non-cellulosic materials from OPEFB indicates that the alkaline treatment and
bleaching process efficiently removed the hemicellulose and lignin and produced a higher yield of

cellulose.

4.3 Characteristic of Extracted Cellulose

The non-invasive method of Fourier-transform infrared (FTIR) spectroscopy was used to
study the physical and chemical properties of cellulose. This method utilizes a range of
wavenumbers spanning from 400 to 4000 cm™ to determine the chemical structure of cellulose.
The infrared spectra of rice husk (RH), corn stem (CS), corn tassel (CT), and oil palm empty fruit
bunch (OPEFB) were analyzed both in their untreated state and treated or after undergoing alkaline
treatment. In this study, the goal of using FTIR is to find out hemicellulose and lignin are removed

when chemicals are used to extract cellulose.
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4.3.1 ldentification of Functional Groups Using Fourier Transform Infrared (FTIR)

Spectroscopy

4.3.1(a) Rice Husk
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Figure 4. 9: FTIR spectra between (a) untreated and (b) treated rice husk

Figure 4.9 shows a comparative analysis of FTIR spectra obtained from untreated and
treated rice husks. The FTIR spectra of untreated rice husk exhibited a more significant number of
detected peaks in comparison to the FTIR spectra of treated rice husk. The N-H bending vibration
was detected in untreated rice husk with the wavenumber of 1540 cm™, while the observed peaks
at 1457 cm™! can be attributed to the C-Hz bend. The observed peaks at 1374 cm™ and 1339 cm’!
can be attributed to the C-H3 bend and C-H stretch, respectively. Si-O-Si stretch has been observed
in the last few peaks at 1075 cm™ and 1016 cm™.

In contrast, the O-H stretching vibration is likewise detected in alkaline treated rice husks,
exhibiting a peak value of 3335 cm™! indicating the presence of alcohols or phenols. This
observation aligns with the findings of Royan et al. (2018), who also reported the presence of free-
OH groups at a wavenumber of 3333 cm™. However, the C-H stretching vibration appears at a
peak value of 2889 cm™!. The observed peak at 1419 cm™,1507 cm™ and1646 cm™ can be attributed
to the C=C stretching vibration, while a peak indicates C-O stretch at 1316 cm™. The C-O-C

stretching vibration was detected at a wavenumber of 1156 cm™!, whereas the C-O stretching

47



vibration was once again discovered at a wavenumber of 1023 cm™'. The peak at 895 cm™! indicates
the presence of a C-H bend. Last but not least, a lesser number of Si-O-Si peaks was observed,
suggesting the presence of Si-O-Si bonds associated with silica impurities. The observed peaks

were identified at 494 cm™', 455 cm™, 436 cm™, 425 cm™, and 417 cm™'.

Based on the graph presented in Figure 4.9(b), it is evident that the alkaline treated rice
husk exhibited a reduced number of peaks, which can be attributed to the removal of hemicellulose
and lignin. Additionally, the presence of identical functional groups was observed in the treated
sample. Nevertheless, comparable functional groups were present, including the O-H stretch, C-H
stretch, C=C stretch, and Si-O-Si stretch. The similarity in functional groups between untreated
and treated rice husk indicates cellulose is present in the sample. The O-H functional group can
indicate the presence of alcohols and carboxylic acids. Hydrogen bonding between cellulose
molecules is mainly attributed to the presence of hydrogen atoms in cellulose, hence facilitating
strong intermolecular interactions. Etale et al. (2023) have reported that cellulose exhibits

favorable interactions with water due to many hydroxyl groups along its molecular chain.

Moreover, the findings were further supported by Daffalla et al. (2020), whose research
also demonstrated that the FTIR spectra of raw rice husk exhibited a distinct peak at approximately
3403.3 cm™!, corresponding to the presence of O-H groups. Additionally, the presence of the C-H
group in both untreated and treated rice husk samples is consistent with their observation,
highlighting the prevalence of organic compounds containing hydrocarbons, which are

fundamental constituents of organic materials.

According to Kopotkosa et al. (2016), rice husk comprises around 28-30% inorganic
compounds and 70-72% organic compounds. The inorganic components of rice husk consist of
silica and other minerals, while organic components include cellulose, hemicellulose, and lignin.
The constituents of these components consist of atoms of carbon, hydrogen, and oxygen.
Furthermore, identifying the C=C functional group in both the untreated and treated rice husk
suggests the presence of alkenes and alkynes, which are fundamental to cellulose and contribute
to its strength and rigidity. The observed shift in the peak of the C=C stretch, from 1635 cm™, in
treated rice husk cellulose can potentially be explained by the elimination of hemicellulose and
lignin from the rice husk due to the chemical treatment process. When the peak shifts towards the

higher wavenumber side, which is at 1646 cm!, it indicates a reduction in the molecule’s weight.
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The relationship between the frequency of vibration and the mass of a vibrating molecule is
inversely proportional. Consequently, molecules with lower mass exhibit greater vibration

frequencies, resulting in higher wave numbers.

Daffalla et al. (2020) also propose that the C=C functional group is observed within the
spectral range of 1546.8 — 1652.9 cm™ in untreated rice husk, hence identified the existence of this
functional group at a wavenumber of 1635 cm™ in raw rice husk. Furthermore, the presence of the
Si-O-Si functional group is observed in both the untreated and treated rice husks, indicating the
presence of silica in the sample. According to the findings of Battegazzore et al. (2014), the
primary constituents of rice husk were identified as 38.3% of cellulose, 31.6% of hemicellulose,
11.8% of lignin, and 18.3% of silica. The intensity of the silica functional group (Si-O-Si) in the
rice husk treated with alkali was observed to be lower compared to the untreated or raw rice husk.
This can be attributed to the elimination of inorganic substances from the surface of the rice husk
by the alkaline treatment, as reported by Asadi et al. (2008). However, completely removing silica
from rice husks via chemical treatment methods is a significant challenge, as highlighted by Liu

et al. (2015).

However, only two functional groups, C-O and C-O-C, were observed in the treated rice
husk. The presence of these two functional groups can be explained by the alkaline treatment
process, which has resulted in increased exposure of the existing C=O and C-O-C bonds in the
cellulose. This situation may occur if the alkaline treatment procedure effectively eliminates
hemicellulose and lignin constituents from the rice husk. Hemicellulose and lignin possess the
ability to mask the C=0 and C-O-C bonds within cellulose, hence reducing their detectability in
the FTIR spectrum. The removal of hemicellulose and lignin leads to an increased visibility of the
C=0 and C-O-C bonds within cellulose in the FTIR spectrum. In the untreated rice husk, four
distinct functional groups were observed, namely the C=0O stretching, N-H bending, C-H> bending,
and C-H3z bending groups. The observed C=O stretch can be attributed to the existence of
hemicellulose and lignin, which are both classified as carbohydrates. The N-H bend is observed in
the amine bond, a functional group typically found in proteins, including those in rice husks. The
C-H; bending peak in the FTIR spectrum of rice husk indicates the presence of alkanes and

alkenes, which are hydrocarbons that make up the bulk of rice husk components. Methyl groups,
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which are constituents of alkanes, alkenes, and esters, all of which are found in rice husks, are

responsible for the observed C-H3 bending peak in the FTIR spectrum.

Table 4. 3: Peak positions of the infrared spectra of rice husk

Assignment Untreated Rice Husk Alkaline Treated Rice

Husk length, cm-
(wavelength, cm™) usk (wavelength, cm

D)
Hydroxyl group and bonded OH 3566, 3273 3335
stretching
C-H stretching, O-H stretch — 2919,1339 2889
Alkanes (CH; CH:; CHz3),
carboxylic acids
C=0 stretching (carboxylic acids 1697 -
and esters)
C-H bending -  Alkanes 1457,1374 895
(hemicellulose and pectin)
C-O stretching, C-O-C stretching - 1316, 1156, 1023
- Alcohol (cellulose;
hemicellulose; lignin),
Carboxylic Acids, Esters, Ethers
C=C stretching 1635 1646, 1507, 1419
N-H bending 1540 -
Si-O-Si asymmetric 1075, 1016 494
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4.3.1(b) Corn Stem
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Figure 4. 10: FTIR spectra between (a) untreated and (b) treated corn stem

From Figure 4.10, the O-H stretch shifted from 3648 cm™ in untreated corn stem to 3329
cm! of alkaline treated corn stem, likely due to the removal of hemicellulose and lignin during the
alkaline treatment. Hemicellulose and lignin contain hydroxyl groups, contributing to the O-H
stretch peak in untreated corn stems. When these components are removed, the O-H stretch peak
shifts to a lower frequency due to the weaker hydrogen bonding interaction between the remaining
hydrogen bonding. According to the study of Youssefian et al. (2017), removing hemicellulose
disrupts the hydrogen bond network in the plant's cell wall. It weakens the hydrogen bonds
between the remaining cellulose and lignin fibres and the surrounding water molecules. Next, the
C-H stretch shifted from 2915 cm! to 2890 cm'! in alkaline-treated corn stem, which is likely due
to the increased crystallinity of cellulose. Crystalline cellulose has a more ordered structure than
amorphous cellulose, which leads to a stronger hydrogen bonding interaction between the cellulose
molecules. Bian et al. (2021) also cited the presence of cellulose-II at bands at 2891 cm™

representing -CH stretching.

Moreover, the C=0 stretch shifted from 1716 cm™ to 1647 cm™' in alkaline-treated corn
stem, which is likely due to the formation of carboxylate anions. Carboxylate anions are formed
when the alkaline solution deprotonates the carboxylic acid groups in cellulose. Carboxylate
anions have a weaker C=0 bond than the carboxylic acid group, which leads to a shift in the C=0

stretch peak to a lower frequency. Meanwhile, the shift of C-O-C stretch from 1159 cm™ to 1157
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cm’! is likely due to the formation of cellulose nanocrystals, which are small, highly crystalline
cellulose particles. The C-O-C bonds in cellulose nanocrystals are stronger than C-O-C bonds in
amorphous cellulose, which leads to a shift in the C-O-C stretch peak to a lower frequency. Javier-
Astete et al. (2021) also found that the C-O-C asymmetric stretching vibration at 1157 cm™ is
present in cellulose. Next, the C-O stretch shifted from 1031 cm™ to 1019 cm™, likely due to the
removal of hemicellulose and lignin from the corn stem sample. Hemicellulose and lignin contain
ether groups, which contribute to the C-O stretch peak in untreated corn stems. When these
components are removed, the C-O stretch peak shifts to a lower frequency due to the weaker
hydrogen bonding interactions between the remaining ether group. Not only that, the peak 1316

cm’!

corresponds to the C-O stretch also being observed in the treated corn stem sample. According
to Mahmood et al. (2014), the spectral range of 1335-1316 cm™ is attributed to the cellulose
component of the fibre and is indicative of the crystallinity and amorphous nature of cellulose. The
result shows an increase in the degree of crystallinity. The 896 cm™ peak indicates C-H
deformation vibrations localized to the cellulose present in both untreated and treated corn stem.
According to Zhao et al. (2013), the peaks ranging from 898 to 899 cm™! are attributed to the out-
of-plane C-H stretching of the aromatic ring, varying with corn stalk particle sizes from 300 um
to 15 pm. This is further supported by the presence of glycosidic linkages in cellulose, as confirmed
by the C-H bend at 896 cm™!, which represents the rocking vibration of C-H in cellulose I. This

finding is consistent with the research of both Huang et al. (2017) and Peng et al. (2021).

Moreover, the observed shift of the Si-O-Si bending peak from 436 cm™ to 440 cm™ may
be attributed to the elimination of hemicellulose and lignin because of the alkaline treatment.
Hemicellulose and lignin contain silica, contributing to the Si-O-Si bend peak in untreated corn
stems. When these components are removed, the Si-O-Si bend peak shifts to a higher frequency

due to the stronger hydrogen bonding interactions between the remaining silica molecules.

Furthermore, it has been shown that untreated maize stem exhibits a limited number of
peaks, including C=C at 1645 cm™!, N-H at 1540 cm™!, C-H; at 1457 cm™, C-Hz at 1373 cm™!, and
C-H at 1242 cm™. These findings suggest the potential existence of hemicellulose and lignin in the
corn stem sample. Wozniak et al. (2021) also showed that the band's intensity at 1640 cm™' is higher
in lignin-rich samples due to the presence of the C=C functional group. Lignin is a complex

aromatic polymer that contains several functional groups, including C-H, C=C, and C-O-C stretch.
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Lietal. (2018) suggested that the presence of the C=C vibration band in the 1600-1510 cm™' region

is a better indicator of lignin than the peak at 1646 cm™', also present in hemicellulose. They also

found that the broadbands from 1470 cm™ to 1330 cm™ are attributed to C-H vibration in the

aromatic ring, not the 1242 cm™! band in untreated corn stem.

Table 4. 4: Peak positions of the infrared spectra of corn stem

Assignment

Untreated Rice Husk

(wavelength, cm)

Alkaline Treated Rice

Husk (wavelength, cm-

Y
Hydroxyl group and bonded OH 3648 3329
stretching
C-H stretching, O-H stretch — 2915,1457,1373,1242 2890
Alkanes (CH; CH2; CHa),
carboxylic acids
C=0 stretching (carboxylic acids 1716 1647
and esters)
C-H bending -  Alkanes 896 896
(hemicellulose and pectin)
C-O stretching, C-O-C stretching 1159,1031 1316, 1156, 1023
- Alcohol (cellulose;
hemicellulose; lignin),
Carboxylic Acids, Esters, Ethers
C=C stretching 1646 -
N-H bending 1540 -
Si-O-Si asymmetric 436 440
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4.3.1(c) Corn Tassel
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Figure 4. 11: FTIR spectra between (a) untreated and (b) treated corn tassel

According to the graph presented in Figure 4.11, the change in the O-H peak from 3648
cm’! to 3333 cm! suggests a decrease in the intensity of hydrogen bonding in alkaline-treated corn
tassels. The probable cause for this is the partial degradation of the hemicellulose and lignin
molecules during the alkaline treatment, resulting in a decrease in the quantity of available
hydrogen bonding sites. According to Maepa et al. (2015), their research shows that the peak of
the maize tassel treated with 5% NaOH is ascribed to the stretching of a-cellulose (O-H). The
observed shift in the C-H peak from 2917 cm™ to 2890 cm™ and from 987 cm™! to 896 cm™! suggests
that the aliphatic hydrocarbons in the corn tassel treated with alkaline are more densely arranged
compared to the untreated corn tassel. Jayaramudu et al. (2013) state that a peak at around 896 cm”
I can be attributed to the B-glycosidic linkage. This peak is a result of the stretching of the O-C-O
bond and the deformation of the C-H bond in cellulose. This can be attributed to the crosslinking
of the cellulose and hemicellulose chains during the alkaline treatment. The observed change in
the C-O peak from 1716 cm™ to 1635 cm™! suggests that the carbonyl groups in the corn tassel
treated with alkaline are more conjugated than the untreated corn tassel. The probable cause for
this is the partial degradation of the hemicellulose and lignin molecules during the alkaline
treatment, which exposes additional carbonyl groups. Furthermore, the change in the Si-O-Si peak

from 490 cm™! to 452 cm™! suggests that the silicate bonds in the corn tassel treated with alkaline
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have been reinforced. This is probably a result of eliminating contaminants from the outer layer

of the corm tassel through an alkaline treatment.

Some specific peaks are only present in alkaline-treated corn tassels, such as C=C at 2105
cm’!, ether C-O-C at 1157 cm™!, and alcohol C-O at 1023 cm™!. The presence of alkynes can be
inferred from the C=C peak observed at 2105 cm™!.  Alkynes are hydrocarbons containing a
minimum of one carbon-carbon triple bond. They are produced by removing water from alcohols
and aldehydes (Zha et al., 2018). The alkynes present in corn tassels treated with alkaline
substances can arise either from the removal of water molecules from sugars and other
carbohydrates released during the alkaline treatment or from the removal of hydroxyl groups on

the surface of the corn tassel.

Meanwhile, the C-O-C peak observed at 1157 cm! indicates the presence of ethers. Ethers
are organic molecules characterized by two alkyl groups attached to an oxygen atom. They are
produced through the interaction between alcohols and alkyl halides (Ouellette, 2015). Ethers
may be produced in alkaline-treated corn tassel through the reaction between alcohols released
during alkaline treatment and alkyl halides in the alkaline solution or through the reaction between
hydroxyl groups on the corn tassel surface and alkyl halides in the alkaline solution. Furthermore,
C-O peak at 1023 cm™ indicates the formation of secondary alcohols by reducing ketones,

aldehydes, or carbonyl groups on the surface of corn tassel.

Lastly, specific peaks are only found in untreated corn tassels, namely N-H at 3306 cm’!
and 1540 cm™!, C-C at 1635 cm™!, and C-H> and C-H3 at 1418 cm™ and 1373 cm’!, respectively.
The detection of the N-H peak signifies the existence of amides, functional groups frequently
encountered in hemicellulose and lignin. The C-C peak indicates the presence of aromatic rings,
characteristic of lignin. The C-H; and C-Hj3 peaks indicate the presence of aliphatic hydrocarbons,
which are found in both hemicellulose and lignin. The FTIR analysis reveals that the alkali

treatment effectively eliminated the hemicelluloses and lignin from the maize tassel fibers.
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Table 4. 5: Peak positions of the infrared spectra of corn tassel

Assignment Untreated Rice Husk Alkaline Treated Rice

Husk 1 th, -
(wavelength, cm™) usk (wavelength, cm

D)
Hydroxyl group and bonded OH 3648 3333
stretching
C-H stretching, O-H stretch — 2917, 1418 2890
Alkanes (CH; CH:; CHz),
carboxylic acids
C-H bending -  Alkanes 1507, 1459, 987 896
(hemicellulose and pectin)
C-O stretching, C-O-C stretching 1716, 1242, 1034 1635, 1157, 1023
- Alcohol (cellulose;
hemicellulose; lignin),
Carboxylic Acids, Esters, Ethers
C-C stretching 1635 -
C=C stretching - 2105
N-H bending 3306, 1540 -
Si-O-Si asymmetric 490 452
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4.3.1(d) Oil Palm Empty Fruit Bunch
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Figure 4. 12: Comparison between (a) untreated (b) treated oil palm empty fruit bunch

The analysis of Figure 4.12 reveals a noticeable change in the O-H peak, specifically from
3342 cm! to 3330 cm!. This shift may be attributed to removing hemicellulose and lignin from
OPEFB, resulting in the exposure of a more significant number of hydroxyl groups on the surface
of cellulose. The observed outcome may result in a reduction in the magnitude of the O-H peak,
accompanied by a little displacement towards a lower wavenumber owing to an increase in
hydrogen bonding. Additionally, the shift of the C-H peak from 2894 cm™ to 2889 cm™ might be
attributed to the elimination of fatty acids and waxes in OPEFB. This removal process leads to a

reduction in the strength of the C-H peak.

Moreover, the C-H peak can undergo a downward shift in wavenumber due to alterations
in the intermolecular interactions between the alkane chains and other molecules. Subsequently,
the observed shift of the C-O peak from 1317 cm™ to 1318 cm™ may be attributed to the cleavage
of ether linkages in the hemicellulose and lignin components. This cleavage process results in the
liberation of carboxylic acid groups, thus leading to the previously mentioned shift in the peak
position. This phenomenon can potentially result in a rise in the strength of the C-O peak at 1318
cm’!, correlated with the C-O stretching vibration seen in carboxylic acids. Additionally, the
observed change in the C-O peak from 1317 cm™ to 1027 cm™ may be attributed to creation of

new C-O bonds between the cellulose and the NaOH. The peak seen at 1027 cm! in the infrared

spectrum indicates the C-O stretching vibration, specifically in primary alcohols. This implies that
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the hydroxyl groups present on the surface of cellulose may have undergone a conversion to
primary alcohol groups as a result of the NaOH treatment. The observed shift of the C-O-C peak
from 1158 cm™! to 1157 cm™ may be attributed to the cleavage of ether linkages in hemicellulose
and lignin. This cleavage event reduces the strength of the C-O-C peak at 1157 cm™!, which is

indicative of the C-O stretching vibration in ethers.

Furthermore, the untreated OPEFB exhibits the existence of certain peaks exclusively,
which suggests the elimination of hemicellulose and lignin from the OPEFB sample. The
observation of a peak at 1742 cm’!, corresponding to C=0 stretching, in the untreated OPEFB
sample and its absence in the NaOH-treated OPEFB sample suggests that the NaOH treatment
effectively removes hemicellulose and lignin components from the OPEFB material. According to
Latip et al. (2019), the band's disappearance at 1729 cm™ in NaOH-treated OPEFB fiber can be
attributed to elimination of non-cellulose constituents, including hemicellulose, pectin, and lignin.
This removal is likely due to the interaction between the functional groups of the carbonyl ester in
coumaric lignin or the acetyl group of hemicellulose ester that potentially exists at this specific
peak. In addition, the disappearance of the C=C stretching peak at 1647 cm™' which is associated
with the aromatic ring present in lignin, can be seen after the NaOH treatment, since it leads to the
extraction of lignin from the OPEFB sample. The results of Kline et al. (2010) agree with the
observation that the spectral region spanning from 1650 cm™ to 1600 cm™ exhibits distinctive
features associated with lignin. The disappearance of the peak seen at 1574 cm’™, which
corresponds to the N-H bending vibration in proteins, may be attributed to the denaturation of
proteins and the subsequent breaking of N-H bonds in OPEFB treated with NaOH. The use of
alkaline treatment on oil palm empty fruit bunches (OPEFB) results in the elimination of the
characteristic peaks shown at 1457 cm™ (C-Hz) and 1374 cm™ (C-H3), which may be attributed to
the removal of waxes and fatty acids. Furthermore, according to Hidayat et al. (2022), it has been
proposed that the asymmetric deformation of the C-H bonds in lignin, namely the -CH> and -CHj3

groups, occurs within the spectral region of 1470-1450 cm™.
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Table 4. 5: Peak positions of the infrared spectra of oil palm empty fruit bunch

Assignment

Untreated Rice Husk

(wavelength, cm™)

Alkaline Treated Rice

Husk (wavelength, cm-

D)
Hydroxyl group and bonded OH 3342 3330
stretching
C-H stretching, O-H stretch — 2916, 2894, 1457, 1374 2889
Alkanes (CH; CH:; CHz3),
carboxylic acids
C=0 stretching (carboxylic acids 1742 1506
and esters)
C-H bending -  Alkanes - 1419

(hemicellulose and pectin)

C-O stretching, C-O-C stretching
- Alcohol (cellulose;
hemicellulose; lignin),

Carboxylic Acids, Esters, Ethers
C=C stretching

C=C stretching

N-H bending

Si-O-Si asymmetric

1241, 1158, 1031

1647

1584

479

1318, 1157, 1027

2110

514
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4.3.2  Morphology Study using Scanning Electron Microscopy (SEM)
4.3.2(a) Rice Husk

SEM is used to investigate the structure of the rice husk, corn stem, corn tassel, and oil
palm empty fruit bunch before and after alkaline treatment. These visually suggest the removal of
hemicellulose, lignin, wax, and some of the silica after being chemically treated. The results of the

outer and inner surfaces of untreated rice husk are shown in Figure 4.13 (a), (b) and (c) treated rice
husk.
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Figure 4. 13: SEM micrographs of untreated rice husk (a) outer, (b) inner surfaces and (c) treated rice husk

The scanning electron microscope (SEM) images show the outer and inner surfaces of
untreated rice husks, which can be observed in Figures 4.13(a) and (b). The outer layer of the
untreated rice husk exhibited a highly uneven texture, featuring linear ridges and a concentrated
distribution of silica in bright, dome-like structures. This observation aligns with the research
conducted by Das et al. in 2019, which noted that the external epidermal cells of untreated rice
husks are arranged symmetrically and characterized by prominent domes. In contrast, the inner
surface of the untreated rice husk appeared smooth. As stated by Johar et al. in 2012, rice husk
primarily comprises outer epidermal cells with a corrugated structure, including a lemma, and an
inner epidermis characterized by a smooth surface covered by a waxy layer containing
hemicellulose and lignin. The silica content is primarily concentrated in the dome tips, with lower

levels distributed in other areas of the rice husk.

Additionally, a study carried out by Park et al. (2003) employing energy dispersive X-ray
micro-analysis (EDXA) and field-emission scanning electron microscopy (FE-SEM) to
demonstrate the presence of silica across the entirety of the external surface of rice husk. This
abundance of silica on the outer epidermis contributes to the husk's strength and rigidity while
serving as a protective barrier for the rice grain against environmental factors and microbial threats,
as highlighted by Favaro et al. in 2010. Furthermore, untreated rice husks have trichomes, which
are visible hair-like outgrowths on their surfaces. Trichomes have crucial roles in plant defense,
providing both physical and chemical protection against pest assault and disease invasion
(Huchelmann et al., 2017). Moreover, they play an important role in enhancing plant resilience to
diverse biotic and abiotic stresses, such as dehydration, extreme temperatures, and ultraviolet

radiation (Shang et al., 2020).
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The Figure 4.13(b) above micrograph shows that the surface of the rice husk is rough and
irregular, with many protrusions and indentations. The ridged structures are broken down, and the
fiber’s surface becomes rougher after the alkaline treatment. This indicates the particle removal
such as silica, hemicellulose, and other impurities from the rice husk (Onoja et al., 2019). The
protrusions may also be remnants of the vascular bundles that run through the rice husk. The rice
husk is made up of a network of interconnected silica cells. These celluloses are roughly spherical
or oval. The walls of the cells are thin and delicate, and they appear to be perforated in some places.
Microscopically, the fracture exhibits a transgranular morphology, as evidenced by the jagged
edges and fragmented cellulose structure visible in the SEM image. This indicates that the crack
propagates through individual silica cells rather than preferentially following the intercellular
boundaries. The network of'silica cells creates a highly porous structure. This porosity can increase
the surface area of cellulose, thus providing efficient binding of active ingredients onto the
microbeads. Moreover, the interconnected network of pores acts as a reservoir for the encapsulated
active ingredient. The size and distribution of the pores can be controlled, allowing for controlled

release of the ingredient over time.

According to Monte et al. (2017), particular materials such as waxes, impurities, and other
non-cellulosic materials have been removed from the outer epidermis surface of the rice husk after
alkaline treatment. The surface morphology of the rice husk changed significantly with the
appearance of the spaces due to the separation of fiber bundles due to the removal of lignin as a
binder in lignocellulosic materials (Singh et al., 2014). The defibrillation process, induced by the
alkaline treatment, involved the disruption of hydrogen bonds between the cellulose fibers, thereby
promoting the separation of fibers into distinct individual forms (Herndndez-Becerra et al., 2023).
This phenomenon led to a notable increase in the surface area of the fibers, a critical factor in the
subsequent stage of microbead production. This showed that the alkaline treatment took silica out
of the rice husk and caused the undulated shape to become less organized. This could mean lignin

and hemicellulose were also removed from the rice husk.
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4.3.2(b) Corn Stem
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Figure 4. 14: SEM micrograph of (a) untreated and (b) treated corn stem

Figure 4.14(a) shows the cross-section of an untreated corn stem when examined using a
scanning electron microscope. The observation shows a circular shape with well-defined layers of
tissue arranged in concentric layers. The smooth surfaces and orderly arrangements on the surface
indicate a relatively uniform and organized structure of the plant material without large voids or
gaps within the raw corn stalk. Han et al. (2019) further demonstrate that the surface of raw corn
stalks is smooth and uniform. This indicates the raw corn stalk's surface lacks apparent
irregularities or roughness. The surface of the raw corn stem is relatively flat and consistent, which
suggests that the stalk may have a relatively dense and homogeneous structure. The intact and
ordered appearance of the microfibers in the cell wall structure suggested a well-preserved and
organized arrangement of the structural components within the corn stalk. Nevertheless, Wang et
al. (2020) discovered that untreated corn stems are arranged in distinct fiber bundles, which are
elongated structures constituting the majority of the corn stalk. Fiber bundles of cellulose,
hemicellulose, and lignin are distinctive attributes of natural plant materials, particularly in maize

stems.

The Figure 4.14(b) above shows a significantly rough and irregular texture on the surface
of the maize stem that has undergone treatment. This finding suggests a significant loss of the outer
layer of cells, most likely due to the NaOH treatment's dissolving effects on cell wall components,
particularly lignin and hemicellulose. These components play a crucial role in maintaining the
rigidity and uniformity of the outer cell layer. Despite the treatment, the underlying cells maintain

their distinctive spindle-shaped morphology. The elongated shape of the corn stem is adapted for
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its function, which is to provide essential structural support and rigidity against bending and
compression forces. Although the NaOH treatment may cause slight modifications to the thickness

or surface characteristics of the cell wall, the general spindle shape remains largely unaffected.

The research by Trache et al. (2020) also shows that the cellulose extracted from maize
stalks has a rod-like or fibrous structure that looks like long, thin rods with a constant or changing
length and diameter. Similar to the finding of Bin et al. (2022), the alkaline treatment causes
structural modifications due to its ability to remove hemicellulose and lignin from the cell walls
of corn stalks. The removal of hemicellulose and lignin can create pores or voids within the
structure of the corn stalk, affecting its overall porosity and permeability. However, Bin et al.
(2022) have found that the surface roughness of corn stalk is potentially leading to a smoother or
more uniform surface than the untreated corn stalk. It is worth mentioning that the formation of
porous or vascular texture in the treated corn stalk can be attributed to the swelling and dissolution
of the amorphous regions of the cellulose fibers. NaOH treatment can cause the fibers to swell and

open up, exposing their internal structure and increasing their surface area (Kunusa et al., 2018).

In addition, the micrograph shows numerous fractures, most of which are longitudinally
oriented along the corn stem's long axis. This preferred orientation indicates that the treatment
decreased the cell wall's longitudinal stress tolerance. The alkaline treatment can induce
morphological alterations in the fibers, including surface and structural changes. These alterations
may affect the overall strength and stability of the cellulose and may result in fractures and

irregular surfaces (Devi et al., 2022).
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4.3.2(c) Corn Tassel
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Figure 4. 15: SEM micrograph of (a) untreated and (b) treated corn tassel

The Figure 4.15 (a) above illustrates the morphology of untreated corn, revealing a surface
characterized by rough and irregular features. This observation contrasts with the findings of
Maepa et al. (2015), who reported that raw maize tassels typically exhibit a relatively smooth
morphology. The rough surface characteristics observed in this study can likely be attributed to the

presence of various surface structures, including cells and hairs.

Notably, the surface cells of the maize tassel appear elongated and rectangular, consistent
with the findings of Moyo et al. (2014). These observations collectively suggest that the corn tassel
possesses a rough and irregular surface, characterized by flattish rod-like structures that result from
the fibrous nature of the maize tassel. The walls of these structures exhibit a dense composition
and are coated with a layer of wax. Additionally, the micrograph reveals the presence of dark lines,
corresponding to vascular bundles, which serve as conduits for water and nutrient transport within

the plant.

Further examination of the untreated maize tassel's surface reveals the presence of linear
ridges and furrows, formed by the arrangement of epidermal cells. The predominant components
of the surface fibers include lignin, pectin, ash, and hemicellulose, which envelop the cellulose
fibers. Lignin, as a complex organic polymer, provides structural integrity to plant cell walls, while
pectin, a polysaccharide, serves as an adhesive substance between these walls. Hemicellulose,

another complex carbohydrate, plays a critical role in binding cellulose fibers together.
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Notably, the micrograph shows an absence of surface fractures, voids, and limited porosity
in the untreated maize tassel, indicative of a compact structure with a reduced number of open
spaces or pores. This reduced porosity suggests that the surface of the untreated maize tassel is
denser and features fewer pores.

Figure 4.15(b) above reveals significant changes in the morphology of corn tassel cellulose
after NaOH treatment. Compared to the cylindrical shape of untreated corn tassels, most treated
cellulose exhibits flattened or irregular cross-sections. This phenomenon can be attributed to the
partial dissolution and weakening of the cell wall by NaOH, causing the fibers to collapse and
deform. Furthermore, the treated cellulose differs from the smooth surface of untreated corn
tassels. They have a rough, textured surface with numerous minute cracks, wrinkles, and striations.
These textural features, primarily induced by the dissolving effect of NaOH, significantly increase
the surface area of the cellulose, potentially impacting its adsorption and reactivity. Additionally,
the micrograph highlights a distinct void pattern in the fiber network. This pattern can be attributed
to removing hemicellulose, a key component of the cell wall that acts as a binder between cellulose
fibers. The NaOH treatment dissolves and removes hemicellulose, weakening the inter-fiber

binding and forming visible gaps or spaces.

Another notable consequence of the NaOH treatment is the reduction in fiber size. This
phenomenon can be explained by the partial removal of lignin, another cell wall component
contributing to structural rigidity. The dissolution of lignin by NaOH weakens the fibers, making
them susceptible to shrinkage and deformation, as evident in the reduced diameter observed in the
SEM image. Finally, a marginal brightening is observed on the surface of the treated fibers. This
effect can be attributed to removing waxy and cementing materials that naturally cover the
cellulose surface (Maepa et al., 2015). By removing these substances, the NaOH treatment exposes
the underlying rough cellulose, which might appear slightly brighter in the SEM image due to its

increased light reflectance.
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4.3.2(d) Oil Palm Empty Fruit Bunch
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Figure 4. 16: SEM micrograph of (a) untreated and (b) treated oil palm empty fruit bunch

The Figure 4.16(a) above showing that untreated oil palm empty fruit bunch reveals its
most prominent feature, which is the long, thin fibers running throughout the material. This
micrograph also shows a rough surface covering the entire fiber area, indicating a rigid and highly
ordered arrangement of fibrils within the untreated oil palm empty fruit bunch, as Rizal et al.
(2018) observed. These fibers, primarily composed of cellulose, a strong and rigid polymer and a
key component of plant cell walls, are bundled together in strands, providing strength and
structural integrity to the empty fruit bunch. Notably, the fiber surfaces are marked by small pits
resulting from cell removal during processing. These pits manifest as dark, circular holes in the

fibers.
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Moreover, the outer surface of the oil palm empty fruit bunch displays spherical structure
embedded within its structure, possibly corresponding to the silica bodies detailed in the research
by Isroi et al. in 2017. These spherical silica bodies, characterized by their spiky appearance, are
attached to circular craters and are distributed across the strands of the oil palm empty fruit bunch,
as highlighted by the findings of Mohammad et al. in 2020. These silica bodies on the fiber surface
contribute to its hardness and resistance to degradation. This finding aligns with Arbaain et al.
(2019) research, which also observed a rough surface with craters containing round-shaped silica
bodies on the fiber’s surface. Furthermore, the high hydrocarbon content of untreated oil palm
empty fruit bunches, primarily composed of holocellulose, positions it as a potential source for

various lignocellulosic-derived products, including microbeads.

The Figure 4.16(b) above also reveals the morphology of NaOH-treated oil palm empty
fruit bunch (OPEFB) cellulose. The fibres appear predominantly elongated and roughly
rectangular in cross-section, exhibiting relative straightness with some notable bending and
kinking. Notably, the cellulose surfaces are characterized by a pronounced roughness and
unevenness, showcasing a variety of distinct features. Among these are prominently observed
linear features running parallel to the fibre axis, potentially attributable to the underlying cellulose
microfibrils within the cell wall. Interestingly, some fibres exhibit cracks or fractures due to the
consequence of the drying process following NaOH treatment, where rapid moisture loss can

induce internal tension within the fibres, ultimately leading to transverse cracks.

Prior to the treatment, the raw OPEFB fibres are composed of bundled structures, where a
matrix of lignin and hemicellulose tightly binds individual cells together. This arrangement often
results in a visually uneven and tangled surface. Notably, the alkaline treatment significantly alters
this morphology. The removal of impurities, primarily lignin and hemicellulose, leads to a
smoother surface appearance on the treated fibres. Additionally, the fibre diameter decreases due

to a process known as defibrillation, where the bundled structures open up and separate.

This observed various studies had aligned smooth surface morphology. Notably, Sisak et
al. (2015) reported a distinct wrinkled surface morphology for extracted OPEFB cellulose,
demonstrating a contrast to the irregular and unsmooth surface of the raw fibres. This wrinkled

structure served as evidence of the successful removal of hemicellulose and lignin, revealing a
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more refined and distinct cellulose morphology. Further, Alhijazi et al. (2020) emphasized the
clearer and smoother morphology of alkaline-treated OPEFB fibres as an indicator of successful
impurity and surface contaminant removal. This removal plays a crucial role in enhancing the
surface properties of cellulose by creating a more uniform and pristine surface. This observation
points towards an efficient extraction process that successfully eliminates non-cellulosic
components, leading to a purer cellulose structure with potential applications in microbead

production.

However, it is essential to acknowledge that not all studies report identical results. Latip et
al. (2019) observed a contrast morphology, where the surface of OPEFB fibres became rough and
cratered after NaOH treatment. This phenomenon can be attributed to the reorientation of densely
packed crystalline cellulose regions into amorphous zones, allowing hydroxyl groups from the
alkaline solution to interact with water molecules and ultimately leading to structural modifications
within the fibres. The removal of certain binding and sizing elements also contributes to this
increased surface area and porosity. Notably, Latip et al. (2019) observed the cratered surface
morphology as a consequence of silica removal and partial lignin decomposition.

4.3.3  Determination of Crystallinity Structure using X-ray Diffraction (XRD)

4.3.3(a) Rice Husk

Cellulose possesses a crystalline structure, unlike hemicellulose and lignin, which are
amorphous. This is due to the interaction of hydrogen bonds and Van der Waals forces between
nearby molecules. The hydroxyl groups inside cellulose macromolecules form both
intramolecular and intermolecular hydrogen bonds. This creates a variety of structured crystal
patterns. The hydrogen bonds have a role in maintaining the integrity of the cellulose structure and
its crystalline shape (Park et al., 2010). Etale et al. (2023) expand upon this, noting that cellulose's
crystalline regions exhibit a remarkable degree of organization, characterized by linear chains of

glucose molecules. These regions showcase a high level of structural order, imparting cellulose
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with its exceptional strength and stability. In contrast, the amorphous regions within cellulose are
less organized and possess a greater water content. These amorphous regions contribute to
cellulose's overall flexibility and its capacity to interact with water and other molecules, making

them a crucial component of plant cell walls.

The degree of crystallinity in extracted cellulose is a crucial factor in microbead
production, as it directly impacts the mechanical properties and structure of the resulting
microbeads. Higher crystallinity in the extracted cellulose leads to denser internal structures in the
microbeads, resulting in increased stiffness, while lower crystallinity leads to less dense internal
structures and decreased stiffness. Additionally, the crystallinity of the extracted cellulose affects
the small molecule uptake and release kinetics of the microbeads, making it essential to control

the degree of crystallinity for tailoring the properties of microbeads for specific applications.
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Figure 4. 17: XRD analysis for treated rice husk cellulose

The X-ray diffraction (XRD) pattern shown in Figure 4.17 has three clearly distinguishable
diffraction peaks at 20 angles of 15.93°, 22.31°, and 34.33°. These peaks are indicative of the
typical crystalline structure of cellulose I, as obtained from rice husk. The peak with the highest
peak, positioned at an angle of 20 = 22.31°, had a crystallite size of 3.52 nm. Additionally, broad

peaks were observed at angles of 15.93° and a small hump was observed at 34.33°, with
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corresponding crystallite sizes of 2.73 nm and 8.66 nm. These findings provide further evidence
of the existence of the cellulose I structure. The results are similar to those of a study done by
Andalia et al. (2020), which showed that cellulose from rice husk has clear peaks at 26 = 16°, 21°,
and 23°. Regarding the degree of crystallinity that the cellulose exhibits, the relative magnitudes
of these crystalline peaks provide useful information. Higher peak intensities indicate increased
crystallinity, which is a favourable characteristic for the production of microbeads. Crystalline
cellulose provides structural integrity, whereas amorphous cellulose may not offer the same level
of strength. Petroudy (2017) states that crystalline cellulose exhibits enhanced stiffness and a well-
organized molecular structure, resulting in increased strength and rigidity. This attribute is crucial
for preserving the structural integrity of microbeads, thereby preventing them from distorting or
collapsing when subjected to pressure or external forces. The angular positions of the crystalline
peaks, such as 22.31° and 34.33°, indicate the interplanar spacings inside the cellulose crystal

lattice.

The obtained cellulose had a moderate degree of crystallinity, measuring 59.42%, and a
proportion of amorphous material accounting for 40.58%. The study by Yunus (2019) revealed
that the delignification and bleaching approach resulted in cellulose with a crystallinity of 58.73%
and an amorphous content of 41.27%. The level of crystallinity achieved is significantly high. The
fatigue of cellulose molecules occurs due to the removal of hemicellulose and lignin in the
amorphous area. Eliminating the amorphous region results in an increased amount of crystalline

cellulose, which exhibits a higher level of order and possesses a higher degree of cellulose (Hafid

et al., 2021).
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4.3.3(b) Corn Stem
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Figure 4. 18: XRD analysis for treated corn stem cellulose

The X-ray diffraction (XRD) pattern observed in Figure 4.18 has three distinct diffraction
peaks at 20 angles. The highest peak, located at an angle of 26 = 21.99°, corresponded to a
crystallite size of 3.40 nm. In addition, wide peaks were detected at angles of 15.48°, and a slight
bump was identified at 34.54°, indicating crystallite diameters of 2.65 nm and 10.2 nm,
respectively. These findings offer additional proof of the presence of the cellulose I structure.
The results align with the research conducted by Kampeerapappun (2015), indicating that cellulose
derived from corn stalk exhibits distinct peaks at 26 = 16°, 22°, and 35°.

The size of crystallites is significant in cellulose microbead production because lower
crystallite size leads to a greater surface area per unit mass. The enhanced surface area can result
in improved interactions, whether with polymers in composite formulations or solvents in solution-
based processes, impacting cellulose microbeads characteristics and uses. Additionally, decreasing
crystallite size might enhance mechanical characteristics, such as increased rigidity, due to a more
homogeneous dispersion and alignment of the smaller crystallites inside the matrix material

(Muralidharan et al., 2022). Bashir et al. (2021) state that microbeads typically range from 0.1
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um to 1 mm. Microbeads can be manufactured in various shapes and with a variety of polymers,
including polypropylene (PP), polyethylene (PE), polymethyl methacrylate (PMMA),
polyethylene terephthalate (PET), nylons (PA), polyurethanes, and polyester.

The cellulose obtained exhibited a moderate level of crystallinity, measured at 54.17%,
along with a corresponding amount of amorphous material, comprising 45.83%. Liu et al. (2019)
discovered that the corn stalk has a crystallinity degree of 65.2%, more significant than 54.17%.
The alkaline treatment method makes this difference possible by reducing and eliminating
amorphous non-cellulosic parts like hemicellulose and lignin. Crystallinity in cellulose refers to
the degree to which the cellulose molecules are arranged in a regular, repeating pattern. In highly
crystalline cellulose, the molecules are tightly packed together in a well-ordered structure, making
the material stronger and more rigid. However, when cellulose is less crystalline, the molecular
arrangement has more defects and irregularities, making the material weaker and more flexible
(Bergenstrdhle-Wohlert et al., 2021). Therefore, it appeared that different plant species and the

duration of the alkaline treatment process influenced the degree of crystallinity.
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4.3.3(c) Corn Tassel
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Figure 4. 19: XRD analysis for treated corn tassel cellulose

In Figure 4.19, the X-ray diffraction (XRD) pattern reveals three distinct diffraction peaks
at specific 20 angles. The highest peak, situated at 20 =21.89°, corresponds to a crystallite size of
3.28 nm. Additionally, there are peaks detected at 15.64° and a subtle bump identified at 34.18°,
indicating crystallite sizes of 4.15 nm and 14.42 nm, respectively. These findings provide further
evidence of the presence of a-cellulose in the sample. Notably, these results align with prior
research by Maepa et al. (2015), which reported distinct XRD peaks at 20 = 16.2° and 22.5° for

cellulose derived from corn tassel.

The presence of smaller crystallite sizes, measuring 3.28 nm and 4.15 nm, suggests that the
cellulose material possesses relatively small crystalline domains. In the context of microbead
production, these smaller crystallites contribute to the creation of a softer material. This softening
effect arises from the fact that smaller crystallites exhibit a higher density of defects and
dislocations, resulting in increased ductility. Consequently, such materials are less prone to
fracturing under stress during the microbead production process. Furthermore, it is noteworthy that
these small crystallites play a role in influencing the diffusion behavior of semicrystalline polymers

commonly employed in microbead production. Their elevated surface area-to-volume ratio
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significantly enhances the rate of diffusion, a characteristic with profound implications for both

the microbead manufacturing process and the resulting properties of the microbeads.

In contrast, a crystallite size of 14.42 nm indicates the presence of substantially larger
crystalline domains. These larger crystallites can have adverse effects, such as diminishing the
material's mechanical flexibility and increasing its brittleness. Additionally, the sizable crystallites
result in a reduced surface area available for interactions between the cellulose microbeads and
other materials. Moreover, the extended degradation process associated with larger crystallites can

compromise the biodegradability of the microbeads, potentially raising environmental concerns.

In terms of mechanical properties, larger crystallites can enhance a material's stiffness and
strength. However, they also increase their vulnerability to fractures under stress. Furthermore, the
size of these crystallites can impact the processing and manufacturing of the material. Larger
crystallites pose challenges when it comes to shaping and processing compared to materials with
smaller crystallites (Murthy, 2013). Nevertheless, cellulose with larger crystallite sizes exhibits
higher thermal degradation temperatures or more excellent thermal stability. This is because the
crystalline regions of cellulose possess a more ordered and stable structure, requiring more energy
to break down during thermal degradation (Petroudy, 2017). Thermal stability plays a crucial role
in cellulose microbead production, facilitating efficient processing while ensuring consistent and

high-quality products.

The cellulose obtained in this study exhibited a moderate degree of crystallinity at 44.97%,
with a significant portion (55.03%) being amorphous. This crystallinity index differs from the
value reported by Maepa et al. (2015), which was 88.41% and can be attributed to differences in
the XRD instrument's setup. Variances factors such as the type of X-ray source, optics, and

detectors can lead to variations in peak positions and intensities.
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4.3.3(d) Oil Palm Empty Fruit Bunch
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Figure 4. 20: XRD analysis for treated oil palm empty fruit bunch cellulose

In Figure 4.20, the X-ray diffraction (XRD) pattern reveals three distinct diffraction peaks
at specific 20 angles. The highest peak, situated at 20 = 15.64°, corresponds to a crystallite size of
4.47 nm. Additionally, there are peaks detected at 21.63° and a small hump identified at 34.23°,
indicating crystallite sizes of 3.19 nm and 7.76 nm, respectively. These findings provide further
evidence of the presence of type I cellulose in the sample when the cell-OPEFB occurs around 16°
and 22° 20 (Lu et al., 2020). Notably, these results align with prior research by Salleh and Salamun
(2022), which reported distinct XRD peaks at 20 = 15 to 16° and 20 = 21 to 22° for cellulose
derived from an empty oil palm fruit bunch. The intensity of the diffraction peak in Cell-OPEFB
was higher within the range of 21-22, which might be attributed to the elimination of the non-
crystalline portion of cellulose (Chen et al., 2020). The observed increase in the peak intensity at
an angle of 26 = 22° indicates a change in the cellulose structure from amorphous to crystalline.

(Teow et al., 2020).

The crystallite size obtained has direct implications for cellulose microbead production,

where a smaller crystallite size, such as 3.19 nm, indicates a more compact and ordered crystallite
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structure, potentially leading to microbeads with enhanced density and porosity, which can be
favorable for microbead applications. According to Daicho et al. (2018), nanocellulose with a high
degree of crystallinity tends to be opaque, while nanocellulose with a lower degree of crystallinity
can be more transparent. This is because the crystalline regions of cellulose scatter light while the
amorphous regions do not. Thus, reducing the size of the crystallites can increase the transparency
of the nanocellulose. Conversely, a larger crystallite size like 7.76 nm suggests a less dense and
more loosely packed crystalline structure, impacting the strength and interactions of microbeads

with other materials.

The cellulose obtained in this study exhibited a moderate degree of crystallinity at 42.78%,
with a significant portion (57.21%) being amorphous. This crystallinity index differs from the
value reported by Salleh and Salamun (2022), which was 75.51%, and the differences can be due
to different sources of oil palm empty fruit bunches used due to the variations in the chemical
composition and morphology of the cellulose. The processing parameters used to prepare the
cellulose, such as the temperature and length of treatment, can also have an impact on the degree
of crystallinity. Last but not least, the degree of purification can also affect the degree of
crystallinity, as impurities can interfere with the formation of crystalline regions in cellulose

(Emenike et al., 2023).

Table 4. 6: Crystallinity and amorphous percentage of different samples

Samples Crystallinity, % Amorphous, %
Rice husk 59.42 40.58
Corn stem 54.17 45.83
Corn tassel 44.97 55.03
Oil palm empty fruit bunch 42.78 57.21

The provided data in Table 4.6 summaries varying degrees of crystallinity and
amorphousness in different samples. Notably, rice husk exhibits a notable degree of crystallinity,
with approximately 59.42% of its structural composition displaying ordered and well-defined

characteristics. This observation suggests that a substantial proportion of the cellulose and
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hemicellulose components within rice husk are organized in a crystalline manner. Conversely,
about 40.58% of rice husk's composition is found to be amorphous, indicating the presence of less
structured and more disordered constituents, such as lignin and certain non-cellulosic

polysaccharides.

Comparatively, corn stem manifests a moderately elevated degree of crystallinity,
measuring at 54.17%. This value suggests that a significant portion of the cellulose and
hemicellulose components within corn stem are arranged in an ordered and crystalline fashion.
Additionally, corn stem displays a relatively high amorphous content of 45.83%, signifying the

presence of disordered components like lignin and other non-cellulosic materials.

In the case of corn tassel, it exhibits a lower crystallinity percentage, standing at 44.97%,
when compared to both rice husk and corn stem. This finding implies that a smaller fraction of
cellulose and hemicellulose in corn tassel assumes a crystalline structure. Conversely, it displays
a higher amorphous content of 55.03%, indicating a more pronounced presence of disordered

materials, such as lignin and non-cellulosic polysaccharides.

Finally, the data reveals that oil palm empty fruit bunch displays the lowest degree of
crystallinity among the examined samples, with a mere 42.78% of its structural makeup being
crystalline. This outcome implies that a significant portion of the cellulosic and hemicellulosic
components within oil palm empty fruit bunch remains disordered and lacks a crystalline
arrangement. Conversely, it demonstrates the highest amorphous content, reaching 57.21%,
suggesting a substantial presence of non-crystalline and less structured components, possibly

attributed to a higher lignin content.
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4.3.4  Thermal Stability Study using Thermogravimetric Analysis (TGA)

4.3.4(a) Rice Husk
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Figure 4. 21: TG analysis of alkaline-treated rice husk cellulose

Figure 4.21 shows a double-phase decomposition of alkali-treated rice husks, where alkali
has eliminated waxy substances, natural lipids, hemicellulose, and aliphatic lignin chains. Analysis
shows that the initial mass loss in rice husks occurs within the 42.6 to 110°C temperature range.
Additionally, the material begins to decompose at 255°C. This observation aligns with the findings
of Raza et al. (2022), who reported a mass loss in the 30-100°C range attributed to the evaporation
of water within cellulose fibers. This stage primarily involves the removal of water and other
volatile compounds, with the extent of this phenomenon influenced by the initial moisture content
of the sample. Higher temperatures lead to a more significant decrease in mass (Johar et al., 2012).
The degradation process initiates at 200°C, resulting in the breakdown of secondary volatile

compounds encompassing various hemicellulose varieties. The decomposition of alkali-treated
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rice husk occurs between 200 °C and approximately 371°C. Ciannamea et al. (2010) noted a peak
at 360°C, corresponding to the thermal decomposition of a-cellulose (crystalline cellulose) and
lignin degradation. He et al. (2022) also observed the decomposition of cellulose structure starting
at temperatures exceeding 380°C, leading to a notable reduction in mass loss. These findings
suggest cellulose breakdown occurs at higher temperatures than hemicellulose and lignin
degradation (Samsalee et al., 2023). The residue produced at the ultimate decomposition
temperature of 700°C is relatively small, approximately 20.46%, or 0.43 mg. This residue
primarily arises from lignin decomposition and potentially a portion of silica during the alkali
treatment. Consequently, processed rice husks yield only a limited residue at the desired
temperature, chiefly composed of char originating from the condensed polycyclic aromatic

structure of cellulose and silica (Ndazi et al., 2008).

4.3.4(b) Corn Stem
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Figure 4. 22: TG analysis of alkaline treated corn stem cellulose
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The thermal degradation of alkaline-treated maize stems is shown in Figure 4.30. The
initial weight loss of 1.9094 mg or 86.79% in the temperature range of 40-110 °C can be attributed
to eliminating moisture from the sample. Starting around 280°C, the material also begins to
decompose. This observation is consistent with the results of Singh et al. (2020), who said that the
decrease in mass throughout the temperature range of 30-125°C is mainly caused by eliminating
moisture from the sample. The initial weight loss is due to the evaporation of physically adsorbed
water and other volatile constituents in the maize stem. The primary degradation in the figure
occurs between 240 and 400 °C, corresponding to a corresponding breakdown of the organic
members in the sample due to heating. This indicates a critical stage of thermal degradation, in
which the organic components undergo significant decomposition, resulting in the release of
volatile substances and the alteration of the chemical composition of the samples. Jahan et al.
(2010) observed that the sample undergoes thermal degradation at 250 and 400 °C temperatures.
Costa et al. (2013) similarly found that the degradation onset temperature (To) of corn stover
cellulose begins at around 261 °C, as the cellulose molecules undergo chemical and physical
changes, breaking glycosidic bonds and releasing volatile products. The peak degradation
temperature (Tmax) Oof 349 °C is attributed to the cellulose molecules undergoing the most
significant rate of bond cleavage, resulting in the generation of volatile compounds and char
residues. The residue generated at the final decomposition temperature of 700°C is relatively small,
amounting to approximately 7.57% or 0.17 mg. The residue at the end of the TGA analysis
corresponds to the inorganic constituents or ash content of the samples that remain after the thermal
breakdown of organic components in maize stem (Zhang et al., 2014). Cellulose can undergo
charring during decomposition, resulting in the formation of a carbonaceous residue. This
particular substance may prove challenging to break down further and will persist following the
TGA analysis.

81



4.3.4(c) Corn Tassel
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Figure 4. 23: TG analysis of alkaline treated corn tassel cellulose

Figure 4.23 illustrates the thermal stability and decomposition characteristics of cellulose
extracted from maize tassels using an alkaline process. The thermogravimetric analysis (TGA)
curve reveals a two-step decomposition behavior, signifying distinct thermal events. The primary
decomposition stage is prominently evident within the temperature range of 46.75°C to 349.02°C,
while the secondary decomposition phase occurs at higher temperatures, spanning from 396.82°C
to 697.43°C. Notably, the onset of decomposition is observed at 250°C. The study by Maepa et al.
(2015) reveals that the alkaline treatment of corn tassels significantly decreases weight. The
primary cause of the weight reduction is the thermal depolymerization of the residual cellulose,
hemicellulose, and lignin. The peak decomposition occurs within the temperature range of 278°C
to 346°C. Another phase of weight loss is proposed, taking place between 346°C and 700°C. This
weight loss results from the disruption of cellulose glycosidic chains and the breakdown of non-

living components within the materials, as suggested by Liu et al. in 2006.

The figure above indicates that the initial weight loss detected below 100°C is likely due
to the sample's evaporation of any remaining moisture. The degradation process began at

approximately 100°C, marked by a reduction in mass and involving substantial depolymerization
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and disintegration of the cellulose chains. This phase probably involved the emission of volatile
compounds like furans, aligning with the usual cellulose pyrolysis mechanisms. The inflection
point at 350.88°C suggests a transition within the central decomposition region, potentially
signifying the depletion of readily cleavable cellulose components or the onset of slower

decomposition pathways.

At 349.02°C, the main decomposition region stops while much of the cellulose has been
turned into volatile products, and only a stable char residue is left. After the primary decomposition
region plateau (349.02°C-396.8°C), a secondary weight loss stage was observed in the following
decomposition region. This implies further degradation of the remaining char residue, likely
caused by slower pyrolysis events and smaller, more stable volatile substances emission. The
occurrence of an inflection point at 451.04°C in the second decomposition zone suggests a further
change in the rate of weight loss. This change might be attributed to the depletion of particular
components within the char or a shift towards even slower breakdown mechanisms. The second
plateau occurred at a temperature of 697.43°C, suggesting that critical heat-related processes have

finished and a stable residue is present.

The thermogravimetric analysis of cellulose extracted from corn tassels yielded a
significant deposition of 3.15% of the biomass, or 72.52 mg. This residue, recognized as char,
remained unburnt and non-volatile. Cellulose molecules contain tightly packed crystalline
domains that act as tiny shields, blocking the heat impact of pyrolysis. The cohesive chemical
connections between cellulose chains produce a densely woven structure demonstrating high
thermal degradation resilience (Bregado et al., 2019). This intrinsic resistance enhances the
development of char throughout the breakdown process. Combining cellulose's tightly woven
fabric structure and the catalytic influence of naturally occurring inorganic ions can increase char
production at relatively lower temperatures (Lee et al., 2008). When coupled with cellulose's
structural characteristics, the presence of inorganic ions fosters char formation during thermal
degradation. This char formation establishes a protective layer that retards the propagation of
flames and enhances the mechanical properties of composites comprising cellulosic natural fibers.
Moreover, the large surface area of cellulose chains allows for more char to be formed, further

strengthening the material's resistance to thermal degradation (Nurazzi et al., 2021).
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4.3.4(d) Oil Palm Empty Fruit Bunch
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Figure 4. 24: TG analysis of alkaline treated oil palm empty fruit bunch cellulose

The Figure 4.24 above shows the TGA study of cellulose extracted from OPEFB after
alkaline treatment demonstrates a degradation process in two distinct steps. The first phase of
thermal degradation, starting to decompose at 260°C and occurring within the temperature range
of 50°C to 398°C, results in a significant reduction in mass of 73.24%. According to Wahab's
(2020) research, cellulose derived from oil palm empty fruit bunches has an initial reduction in
weight at around 100 °C. The weight reduction is mainly due to eliminating moisture or water
molecules physically or chemically attached to the cellulose structure (Ajayi et al., 2023). Lower
temperatures cause the release of loosely attached water molecules and other easily evaporated
contaminants found in the cellulose structure. Therefore, the early weight reduction contributes to
the total decrease in mass observed throughout this phase. In addition, hemicellulose, a
polysaccharide included in OPEFB along with cellulose, is thermally stable compared to
crystalline cellulose. Patel and Parsania (2018) found that hemicellulose degrades more easily at
lower temperatures (150-180 °C) compared to cellulose (200-230 °C). This is because
hemicellulose has a significant amount of chain branching, which gives it a nanocrystalline

structure.
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In contrast, cellulose is a linear polymer with a higher degree of polymerization. The
hemicellulose structure depolymerizes when the temperature rises because the glycosidic linkages
weaken. This makes it break down into smaller molecules. Subsequently, these lesser-sized
molecules undergo volatilization or further degradation, contributing to the significant mass loss
observed. In addition, whereas crystalline cellulose has excellent thermal stability, amorphous
cellulose is a less organized section within the cellulose structure and shows less heat resistance
(Poletto et al., 2013). At this point, the amorphous cellulose starts to degrade by the heat cleavage
of'its glycosidic linkages. The depolymerization process results in the release of volatile fragments,
leading to further mass loss. The inflection point occurring at a temperature of 59.97°C signifies
the start of this coupled deterioration process. This threshold is the temperature at which the mass
loss rate accelerates dramatically, suggesting the onset of fast degradation of the hemicellulose and

amorphous cellulose chains.

The second degradation stage shows a reduction in weight of 4.81% and a decrease in mass
of 0.12 mg. This occurs at temperatures ranging from 399.87°C to 674.11°C, while the heating
rate remains constant at 10.00°C min!. An inflection point becomes apparent at a temperature of
401.22°C within this temperature range. A residue is produced during this specific analysis step,
representing 21.52% of the initial sample weight, roughly equal to 0.53 mg.Ninduangdee et al.
(2015) found that the temperature range of 160—400°C causes the breakdown of hemicellulose and
cellulose, the main components of oil palm empty fruit bunches (OPEFB). Thermal degradation
of hemicellulose and cellulose in OPEFB involves a sequence of chemical events that lead to the
production of volatile gases and the creation of solid char. The volatile gases include water vapour,
carbon dioxide, and other organic compounds, while the solid char comprises the residual
carbonaceous material. Cellulose, a complex carbohydrate of glucose molecules bonded together,
experiences heat degradation, which involves breaking its structure and releasing volatile
substances, including alcohol, organic acids, and other small molecules (Chala et al., 2018). This
residue in this analysis indicates that a fraction of the cellulose sample remains even after the heat
treatment. The midpoint temperature of the second phase is approximately 473.94°C, representing

the temperature at which the decomposition rate is at its peak.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In summary, cellulose extraction was successfully carried out from four distinct sources,
namely rice husk (RH), corn stem (CS), corn tassel (CT), and oil palm empty fruit bunch (OPEFB)
using alkaline delignification and bleaching methods. Notably, the highest cellulose yield
percentage was achieved from OPEFB at 31.40%, with RH (29.28%), CS (14.30%), and CT

(13.27%) following suit, indicating varying cellulose yields among the samples.

The presence of cellulose was characterized using FTIR, SEM, XRD, and TGA. In the
FTIR analysis, a peak reduction signified the successful removal of non-cellulosic components
such as hemicellulose, lignin, and silica. SEM micrographs revealed smoother surface
morphologies and reduced impurities in the samples post-alkaline treatment. XRD analysis further
revealed crystallinity differences, with RH exhibiting the highest crystallinity at 59.42%, followed
by CS (54.17%), CT (44.97%), and OPEFB (42.78%).

Furthermore, the TGA analysis of cellulose extracted from RH, CS, CT, and OPEFB
unveiled two-step decomposition behaviours. In each case, the primary decomposition stage
occurred within temperature ranges of 200-250°C to 350-400°C, followed by a secondary
decomposition phase at higher temperatures (350-500°C to 600-700°C). The observed weight loss
during these phases was attributed to the thermal depolymerization of residual cellulose,
hemicellulose, and lignin, as well as the disruption of cellulose glycosidic chains and the removal
of moisture or water molecules linked to the cellulose structure. These findings offer valuable
insights for potential applications, including microbead production with tailored properties such

as controlled release characteristics and degradation rates, catering to diverse industrial and
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biomedical needs. The cellulose extraction and characterization techniques provide a strong

foundation for future research endeavours utilizing cellulose-derived materials.

5.2 Recommendations

Throughout the research, it is highly advised to replace the traditional bleaching process,
which uses a mixture of sodium hydroxide (NaOH) and acetic acid (CH3;COOH), with more
powerful bleaching agents such as hydrogen peroxide (H202) or sodium hypochlorite (NaOCl).
This adjustment offers numerous appealing benefits. Firstly, H,O2> and NaOCl are well-known for
their powerful bleaching properties, which result in substantially brighter and whiter cellulose.
This function is beneficial when the extracted cellulose is used in applications with critical visual
aesthetics and purity, such as manufacturing high-quality microbeads.

Furthermore, using H>O2 or NaOCl as a bleaching agent could speed up the bleaching
process, lowering processing time and increasing overall experiment efficiency. These strong
bleaching chemicals often provide faster results than conventional methods, which may need
longer processing times. This efficiency boost contributes to streamlined production procedures,
improving cost-effectiveness and the project's long-term competitiveness and sustainability.

In summary, using hydrogen peroxide (H202) or sodium hypochlorite (NaOCI) as
bleaching agents in the cellulose extraction process has various benefits, including increased color
brightness of the extracted cellulose and shorter bleaching times. These advantages considerably
improve the project's ability to produce high-quality cellulose materials for various applications,

including microbead production.
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APPENDIX A

CALCULATION

Al Yield percentage of each samples

final weight of extracted cellulose (g)

X 100%

Yield (%) =

a) Rice husk cellulose

Initial weight=10 g

Final weight of extracted cellulose =2.928 g

Yield (%) = %Sgg x 100%

=292%

¢) Corn tassel cellulose

Initial weight =10 g

Final weight of extracted cellulose = 1.327 g

1327 g
10g

Yield (%) = x 100%

=13.27%

initial weeight of sample (g)

b) Corn stem cellulose

Initial weight =10 g

Final weight of extracted cellulose =1.43 g

Yield (%) = =—-£ x 100%

0g

=14.30%

b) Oil palm empty fruit bunch cellulose

Initial weight =10 g

Final weight of extracted cellulose =3.14 g

Yield (%) =

314 g
1

X 100%
og

=31.40%
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A2 Crystallinity Index

(1002 - Iam)

Crl (%) = X 100%

I002
The symbol loo2 represents the highest intensity observed in the diffraction peak corresponding to
the (002) lattice plane, while lam represents the intensity of the scattering caused by the amorphous
portion of the samples. The diffraction peak associated with the (002) plane is situated at an angle

of approximately 20 = 22°, while the intensity resulting from the scattering by the amorphous

section is found around 20 = 18°.

a) Rice husk cellulose

Tooo=1971.86

Lam = 800.18

(1971.86 — 800.18)
Crl (%) =

1971.86

_ 117168
T 1971.86

X 100%

= 59.42%

¢) Corn tassel cellulose

Tooo=1377.86

Lam = 758.10

X 100%

b) Corn stem cellulose

Too2=1594.19
Tam = 730.62

(1594.19 — 730.62)

il () 1594.19

X 100%

863.57
=—— X 100%
1594.19

= 54.17%

b) Oil palm empty fruit bunch cellulose

Tooo = 1378.80

Lam = 788.85
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(1377.89 — 758.10)

Crl (%) = 1377.89

619.79

= X 100%
1377.89

=44.97%

(1378.80 — 788.85)

X 100% Crl (%) = 1378.80

589.95

= X 100%
1378.80

= 42.78%

111

X 100%





