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PENYISIHAN NANOSELULOSA KELAPA SAWIT DENGAN
BANTUAN MIKROB DAN PEMBUATAN AEROJEL NANOSTRUKTUR

YANG HIDROFOBIK UNTUK PENYINGKIRAN MINYAK

ABSTRAK

Integrasi proses biologi, seperti yang dicontohkan oleh Aspergillus niger,
muncul sebagai tonggak untuk praktik inovatif dan ramah lingkungan dalam isolasi
nanoselulosa. Tesis ini menyelidiki isolasi nanoselulosa dari serat pelepah kurma
(DPSF) menggunakan Aspergillus niger, dan pembuatan aerogel hidrofobik.
Pretreatment DPSF dilakukan terlebih dahulu sebelum perlakuan mikroba, termasuk
proses pemasakan dan pemutihan untuk menghilangkan lignin dan kotoran lainnya.
Perlakuan pasca seperti proses homogenisasi juga disertakan untuk memisahkan serat
nano dengan efektif. Serat pelepah kurma menunjukkan kandungan selulosa sebesar
49.3%, dengan 22.7% lignin dan 20.4% hemiselulosa. Pemanfaatan aksi enzimatik
Aspergillus niger berhasil merombak struktur lignoselulosa yang kompleks,
menghasilkan nanoselulosa dengan ukuran yang jauh lebih kecil. Periode inkubasi
yang diperpanjang, terutama perlakuan selama 96 jam (DPSF-96), secara signifikan
mengurangi ukuran serat, dengan 81.3% berkisar antara 0 hingga 10 nm, meskipun
mengurangi hasil menjadi 84%. Secara khusus, DPSF-72 menunjukkan hasil optimal
dengan sebagian besar serat berada dalam rentang skala nano (<100 nm). Analisis
TEM secara jelas menunjukkan fibrilasi nanoselulosa pasca aksi enzim mikroba,
menggambarkan serat individu yang terpisah dari struktur berkas, menunjukkan
diameter lebih kecil dan penyebaran serat yang meningkat. Dalam membandingkan
nilai potensial zeta, nanoselulosa komersial mencatat -30.9 = 4.7 mV, sementara varian

yang diisolasi menunjukkan stabilitas superior dengan -33.4 + 2.7 mV. Selain itu,

Xiii



nanoselulosa yang diisolasi menunjukkan stabilitas termal yang lebih tinggi
dibandingkan sampel kontrol, menampilkan nilai Tonset dan Tmax masing-masing
sebesar 302.43°C dan 341.71°C, melebihi nilai kontrol yang sebesar 297.02°C dan
329.84°C. Penyelidikan lebih lanjut mengeksplorasi berbagai konsentrasi (0.5-5%)
nanoselulosa yang disiapkan dalam pembuatan aerogel menggunakan teknik
pengeringan beku, dan kemudian mengidentifikasi sifat optimal pada konsentrasi 3.5%
dan 4%, akhirnya memilih varian 4% untuk modifikasi lebih lanjut. Penggunaan
Triethoxymethylsilane (TEMS) untuk modifikasi permukaan aerogel nanoselulosa
menghasilkan ikatan silang dalam jaringan, meningkatkan kekuatan dan kekakuan,
sehingga meningkatkan ketahanan mekanis dan mengurangi deformasi. Konsentrasi
TEMS yang lebih tinggi berhubungan dengan peningkatan sudut kontak air (126° pada
TEMS 5%). Penelitian ini juga menyelidiki penyerapan air, mengamati penurunannya
seiring dengan pengurangan perlakuan dan perubahan hidrofobik, dengan varian
TEMS 5% menunjukkan kapasitas penyerapan yang lebih tinggi dengan peningkatan
viskositas minyak. Ini berlawanan dengan sampel kontrol dan yang perlakuan minimal
yang runtuh saat kontak dengan minyak karena sifat mekanis yang lebih lemah. Secara
khusus, perlakuan tidak sepenuhnya menghilangkan sifat hidrofilik, memungkinkan
sedikit penyerapan air baik melalui adhesi permukaan atau aksi kapiler. Hidrofobisitas
permukaan yang diperkuat mempromosikan interaksi yang lebih baik dengan minyak,
menghasilkan kapasitas penyerapan minyak yang superior. Gabungan kapasitas
penyerapan tinggi, modifikasi selektif hidrofobik, daya apung, dan biodegradabilitas
menempatkan aerogel ini sebagai teknologi yang menjanjikan untuk mengurangi
dampak lingkungan dari tumpahan minyak, melindungi ekosistem akuatik, dan

memulihkan area yang terkena dengan efisien.
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MICROBIAL ASSISTED DATE PALM NANOCELLULOSE
ISOLATION AND THE FABRICATION OF HYDROPHOBIC

NANOSTRUCTURED AEROGEL FOR OIL REMOVAL

ABSTRACT

The integration of biological processes, exemplified by Aspergillus niger,
emerges as a cornerstone for innovative and eco-conscious practices in nanocellulose
isolation. This thesis investigates the isolation of nanocellulose from date palm sheath
fibers (DPSF) using Aspergillus niger, and the fabrication of hydrophobic aerogel.
Pretreatment of DPSF was initially done prior to the microbial treatment, including
pulping and bleaching process to get rid of lignin and other impurities. Post treatment
including homogenization process was also included to effectively separate the nano
fibers. The date palm sheath fibers showcased a cellulose content of 49.3%,
accompanied by 22.7% lignin and 20.4% hemicellulose. Leveraging the enzymatic
action of Aspergillus niger effectively dismantled the complex lignocellulosic
structure, yielding nanocellulose with substantially reduced size. Extended incubation
periods, notably the 96-hour treatment (DPSF-96), markedly decreased fiber size, with
81.3% ranging between 0 to 10 nm, albeit reducing the yield to 84%. Notably, DPSF-
72 exhibited optimal yield with most fibers falling within the nano-scale range (<100
nm). TEM analysis vividly displayed nanocellulose fibrillation post-microbial enzyme
action, portraying individual fibers separating from bundled structures, demonstrating
smaller diameters and enhanced fiber dispersion. In comparing zeta potential values,
commercial nanocellulose registered -30.9 £ 4.7 mV, while the isolated variant
showcased superior stability with -33.4 + 2.7 mV. Furthermore, the isolated

nanocellulose exhibited heightened thermal stability compared to the control sample,
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displaying Tonset and Tmax Values of 302.43°C and 341.71°C, respectively, surpassing
the control's values of 297.02°C and 329.84°C. The investigation further explored
different concentrations (0.5-5%) of prepared nanocellulose in aerogel preparation
using freeze-drying technique, and then identifying optimal properties in the 3.5% and
4% concentrations, ultimately selecting the 4% variant for further modification.
Employing Triethoxymethylsilane (TEMS) for surface modification of nanocellulose
aerogels engendered crosslinking within the network, bolstering strength and stiffness,
thereby enhancing mechanical robustness and reducing deformation. The higher
TEMS concentration correlated with an augmented water contact angle (126° in 5%
TEMS). The research also delved into water absorption, observing its decrease with
diminishing treatment and hydrophobicity alterations, with the 5% TEMS variant
exhibiting higher absorption capacity with increasing oil viscosity. This contrasted
with control and minimally treated samples that collapsed when in contact with oil due
to weaker mechanical properties. Notably, the treatment didn't entirely eliminate
hydrophilicity, allowing slight water uptake either through surface adhesion or
capillary action. The amplified surface hydrophobicity promoted enhanced interaction
with oil, culminating in superior oil absorption capacities. The amalgamation of high
absorption capacity, selective hydrophobic modification, buoyancy, and
biodegradability positions these aerogels as promising technology for curbing the
environmental impact of oil spills, safeguarding aquatic ecosystems, and efficiently

restoring affected areas.
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CHAPTER 1

INTRODUCTION

1.1  Overview

Nanocellulose is a material derived from cellulose, a natural polymer found in
the cell walls of plants (Poulose et al., 2022). It has gained significant attention in
recent years due to its unique properties and various potential applications.
Nanocellulose is produced by breaking down cellulose fibers into nanoscale
dimensions, typically through mechanical, chemical, or enzymatic processes (Abdul
Khalil et al., 2020). Cellulose was isolated for the first time from plants in 1838 by
Anselme Payen (Magalhdes and Almeida, 2023), and since that time, it continuously
an area of interest and has become the most demandable biopolymer in most of
applications. Cellulose consists of repeating units of monomer glucose connected
through B (1-4) ringed D-glucose CeH100s, where each single glucose unit paired with
intermolecular hydrogen bonding confirms its linear configuration with formation of
microfibrils (Nasution et al., 2022). Most of scientists have classified nanocellulose
into three basic types depending on its shape including cellulose nano fibers, cellulose

nano crystals and bacterial nanocellulose (Nicu et al., 2021).

1.1.1 Isolation of nanocellulose

Isolating nanocellulose involves breaking down cellulose fibers from natural
sources into nanoscale dimensions, unlocking its potential for advanced materials
(Noremylia et al., 2022a). This process is not only significant for its technological
implications but also for its eco-friendly nature, aligning with the growing interest in
sustainable materials. The isolation of nanocellulose involves mechanical and
chemical methods, which break down cellulose fibers into nanoscale dimensions

(Sharma et al., 2019). Mechanical methods include high-pressure homogenization,



microfluidization, and cryocrushing (Liu et al., 2016). In these processes, cellulose is
subjected to intense shear forces that fragment the fibers into nanoscale particles (Rana
and Gupta, 2020). On the other hand, chemical methods typically use acids or
oxidizing agents to remove the amorphous regions of cellulose, leaving behind the

crystalline nanocellulose (Afrin and Karim, 2017).

Mechanical methods for nanocellulose isolation offer several advantages
including being non-toxic compared to chemical methods, which often involve
hazardous chemicals (Gadzama et al., 2020; Zhuo et al., 2017). These methods
preserve the crystalline structure of cellulose, resulting in higher crystallinity of
nanocellulose, which imparts improved mechanical properties (Nasir et al., 2017).
While chemical methods are effective in isolating nanocellulose, they have some
drawbacks. The use of strong acids or chemicals can be harmful to the environment
and poses safety risks (Phanthong et al., 2018). Additionally, these methods may
reduce the crystallinity of nanocellulose, affecting its mechanical properties and
therefore, researchers are working on developing more eco-friendly chemical

processes and finding ways to mitigate these challenges (Mehanny et al., 2021).

Microorganisms such as bacteria, fungi, and yeasts have been used in the
isolation of nanocellulose from plant sources (Baltaci, 2022; Pham et al., 2022). These
microorganisms can contribute into nanocellulose production either by the
biosynthesis of nanocellulose (microbial nanocellulose) or by assessing the isolation
of plant nanocellulose by breaking down the non-cellulosic components of the plant
material, leaving behind a pure cellulose fraction that can be further processed into
nanocellulose (Zaki et al., 2021). Several bacteria such as Gluconacetobacter xylinus

are well known in the production of bacterial cellulose, which is a type of



nanocellulose. This bacterium produces cellulose in its extracellular matrix, which can
be harvested and further processed into nanocellulose (Lee et al., 2023), while several
fungi such as Trichoderma reesei are used to produce cellulase enzymes that can break

down cellulose into its component parts, including nanocellulose (Adsul et al., 2022).

Microbial enhanced nanocellulose isolation refers to the utilization of
microorganisms to enhance the production and isolation of nanocellulose (Zaki et al.,
2022). This approach harnesses the natural capabilities of microorganisms, such as
bacteria or fungi, to degrade cellulose and produce nanocellulose in a more efficient
and sustainable manner. Microbial enhanced nanocellulose isolation offers several
advantages. First, the controlled fermentation process enables high-purity
nanocellulose production. Additionally, the use of microorganisms reduces the need
for harsh chemicals or energy-intensive mechanical treatments, resulting in a more
environmentally friendly process (Zaki et al., 2021). Moreover, the microbial synthesis
of cellulose can be easily scaled up, making it suitable for large-scale production. The
microbial enhanced isolation process allows for the handling of nanocellulose
properties. By modifying fermentation conditions or incorporating specific additives,
it is possible to tune the characteristics of the nanocellulose, such as crystallinity,
surface charge, or surface functionality, to meet specific application requirements.
Microbial enhanced nanocellulose isolation offers a promising approach for
sustainable and efficient production of nanocellulose (Schiros et al., 2022). The
utilization of microorganisms not only simplifies the production process but also
provides opportunities for tailoring the properties of nanocellulose for various

applications.



1.1.2 Nanocellulose aerogels

Nanocellulose aerogels are advanced materials that combine the unique
properties of nanocellulose with the structural integrity of aerogels (Chen et al.,
2021a). Aerogels are highly porous materials with a gel-like structure, known for their
low density, high surface area, and excellent thermal insulating properties (Chen et al.,
2021a). Nanocellulose's versatility, biodegradability, and renewable nature make it a
promising material for a wide array of applications, contributing significantly to
sustainable practices in various industries (Trache et al., 2020). When nanocellulose is
used to create aerogels, it results in a material that is not only lightweight but also eco-
friendly and biodegradable. The properties of nanocellulose are highly affect the

properties of the resulted aerogel.

The properties of cellulose-based aerogel differ based on the materials used the
shape of nanocellulose materials affect the appearance of aerogel (Lavoine and
Bergstrém, 2017). Zhang et al., compared the performance of cellulose nanocrystals
and cellulose nanofibers aerogels and reported that mixing the two materials showed
better performance than the pure aerogel resulted from each of them (Zhang et al.,
2018). However, all the aerogels that were prepared had a 3D network structure and
rich in pores (Zhang et al., 2018). The morphology result showed that cellulose
nanocrystals-based aerogel is spherical while the cellulose nanofibers-based aerogel
showed rice-shape, which resulted from the longer filament of cellulose nanofibers

compared to cellulose nanocrystals.

The size, structure and morphology of aerogel pores can be adjusted by
changing the precursor material, its concentration or mixing it with other particles. The
mechanical properties of aerogel have been reported to be affected by two main

factors; precursor material and preparation method (Simén-Herrero et al., 2016). Yang



et al., reported that cellulose enhanced the mechanical properties of the aerogel, and
the ratio of alginate cellulose had a significant effect on the mechanical
properties(Yang et al., 2018). In a different study, Zheng et al., evaluated the
mechanical properties of cellulose aerogels by using cellulose nanocrystals as
reinforcement and concluded that the compressive modulus was significantly
improved (6 times higher) compared to the pure cellulose aerogel(Zheng et al., 2017).
Nanocellulose aerogels can be easily modified or functionalized to introduce desired
properties or functionalities, expanding their potential applications in various fields,

including medicine, environmental sciences, and materials engineering.

1.1.3 Modification of nanocellulose aerogels

Modifying nanocellulose aerogels allows for tailoring their properties to suit
specific application requirements. These modifications enable fine-tuning of
nanocellulose aerogels to meet the demands of diverse applications, from biomedical
and environmental uses to advanced materials in various industries (Jiang et al., 2023).
The ability to tailor properties through modification broadens their potential for
innovative solutions in numerous fields. Introducing crosslinking agents or processes
to strengthen the aerogel structure is one of the most used methods in aerogel
modification. Crosslinking enhances mechanical properties, stability, and resistance to
degradation, improving overall durability (Leventis et al., 2023). Chemical treatments
is another method that involve altering the chemical structure of nanocellulose
aerogels. This includes derivatization, esterification, or other chemical reactions to
introduce new properties or enhance existing ones (Iskandar et al., 2022). However,
this method is not an eco-friendly and involve using harsh chemicals (Yang et al.,

2023).



Surface modification and functionalization of aerogels is a promising method
has been widely used for altering the surface properties of nanocellulose aerogels by
attaching various functional groups or molecules (Mujtaba et al., 2023). This process
enhances specific characteristics like hydrophobicity, hydrophilicity, or reactivity,
expanding their potential applications (Singh et al., 2022). The modifications involve
grafting or attaching functional groups, such as hydrophobic moieties or reactive
species, onto the aerogel surface. This alteration enhances properties like
hydrophobicity, biocompatibility, or reactivity, broadening potential applications in
fields like drug delivery or environmental remediation (Norfarhana et al., 2022). These
surface modifications pave the way for tailoring nanocellulose aerogels, empowering
them with diverse and customizable properties to address multifaceted needs across

biomedical, environmental, and materials science domains.

This research introduces a novel approach to nanocellulose isolation from date
palm sheath fibers using Aspergillus niger, advancing beyond traditional chemical
methods towards more sustainable, biological processes. The study uniquely
demonstrates the enzymatic efficiency of Aspergillus niger in producing nanocellulose
with superior properties, coupled with the innovative fabrication of hydrophobic
aerogels for oil spill clean-up application. This dual focus on eco-friendly isolation
methods and the application of nanocellulose in creating efficient oil-absorbent
aerogels distinguishes this work from existing studies, marking a significant step

forward in both material science and environmental conservation efforts.

1.2 Problem statement
The isolation of nanocellulose presents various issues and challenges that

researchers and industry encounter. Isolation of nanocellulose using mechanical and



chemical approaches can encounter several challenges and problems (Thomas et al.,
2020). Mechanical methods, such as high-pressure homogenization or grinding,
require significant energy input (Rana and Gupta, 2020). Likewise, chemical methods,
such as acid hydrolysis, often involve harsh chemicals and require extensive
processing steps, resulting in high energy consumption and associated environmental

impacts (Marakana et al., 2021; Varshney et al., 2021).

Mechanical processes can lead to the breakdown of cellulose fibers, causing
damage and reducing the mechanical properties of the resulting nanocellulose
(Dufresne, 2019). Excessive mechanical forces can result in shortened fibers or
increased fibrillation, which may impact the quality and performance of the
nanocellulose material. Chemical approaches, such as acid hydrolysis, can leave
behind chemical residues on the nanocellulose surface (Amara et al., 2021). These
residues may affect the purity, biocompatibility, or functional properties of the
nanocellulose, limiting its applications in certain fields like biomedical or food
industries. Both mechanical and chemical methods may involve expensive equipment,
chemicals, or specialized processing conditions, leading to high production costs for
nanocellulose (Sanchez-Salvador et al., 2020). This cost factor can hinder the

commercial viability and widespread adoption of nanocellulose-based products.

Chemical methods, especially those employing strong acids or solvents, can
have adverse environmental impacts due to the generation of waste byproducts or the
potential release of harmful substances into the environment (Wu et al., 2021). Proper
disposal and treatment of waste materials are necessary to mitigate these
environmental concerns. Achieving consistent and scalable results in the isolation of

nanocellulose can be challenging. Variations in raw material properties, processing



parameters, and equipment can affect the final characteristics and quality of the
nanocellulose, leading to difficulties in reproducibility and upscaling of the production

process (Dunlop et al., 2020; Low et al., 2022).

The rampant issue of oil spills continues to pose a severe threat to aquatic
ecosystems, coastal regions, and biodiversity worldwide (Bashir et al., 2020). These
catastrophic events lead to environmental degradation, causing detrimental
consequences such as water pollution, soil contamination, and harm to marine life. It
has been reported that the spill released an estimated 4.9 million barrels of crude oil
into the Gulf of Mexico over a period of 87 days (Hart et al., 2021). The Exxon Valdez
oil spill in Prince William Sound, Alaska, is another significant oil spill occurred on
March 24, 1989, when the oil tanker Exxon Valdez ran aground and spilled
approximately 260,000 barrels of crude oil into the sound (Barron et al., 2020). These
spills had a severe impact on the local ecosystem and wildlife, which least for decades.
Other major oil spills include the Ixtoc I oil spill (1979-1980) in the Gulf of Mexico,
which released approximately 3.3 million barrels of oil, and the Atlantic Empress and
Aegean Captain collision (1979) off the coast of Trinidad and Tobago, which resulted
in the release of an estimated 2.1 million barrels of oil (Murawski et al., 2020;
Ogunbiyi et al., 2023). The frequency of oil spills can vary widely, small-scale spills,
such as those from pipelines, storage facilities, or ship accidents, occur more

frequently but often receive less attention.

Conventional methods employed for oil spill cleanup often fall short in
effectively mitigating the extensive damage, calling for innovative solutions and novel
materials that can efficiently tackle this environmental challenge. Developing

advanced hydrophobic materials capable of absorbing and removing oil from water



surfaces stands as a critical necessity to address the aftermath of oil spills. These
materials must possess superior oil absorption capacities, high selectivity, buoyancy,
and environmental compatibility. Thus, there is an urgent need for research and
innovation to engineer novel hydrophobic materials that can significantly contribute
to mitigating the devastating consequences of oil spills on the environment. In this
research, nanocellulose will be isolated for the first time from date palm (Phoenix
dactylifera L.) sheath fibers by using microbial enhanced approach consist of
Aspergillus niger treatment of the bleached fibers. The isolated nanocellulose will be
then characterized and used for the preparation of hydrophobic nanostructured aerogel
and finally, the aerogel will be assessed for its potential use in oil/water separation,

using different viscosity levels of oils.

1.3 Hypothesis

Microbial-assisted nanocellulose isolation from date palm (Phoenix dactylifera
L.) sheath fibers can be an efficient and sustainable method for extracting
nanocellulose. Utilizing Aspergillus niger facilitates the isolation process and
enhances the cellulose extraction yield compared with traditional chemical and
mechanical approaches, resulting in high-quality nanocellulose. It is hypothesized that
integrating this microbial-assisted nanocellulose into the production of hydrophobic
aerogels will yield a novel material with exceptional properties, suitable for
environmental applications such as oil spill clean-up and water treatment. Aspergillus
niger, with its cellulolytic enzymes, can efficiently break down cellulose into
nanoscale fibers, potentially enhancing both the yield and quality of nanocellulose

extracted from date palm fibers when optimized.



Fungi generally produce a larger variety and higher quantities of enzymes
compared to bacteria due to their extracellular digestion process (Troiano et al., 2020).
This extracellular digestion involves secreting enzymes into the surrounding
environment to break down complex organic matter into simpler compounds that can
be absorbed by the fungus. Thus, at certain point, date palm sheath fibers will be
mostly digested by the fungal enzymes to nano sized materials without the need for
any excessive energy use or harmful chemicals. Incorporating these nanocellulose
fibers into aerogel production is hypothesized to enhance the structural integrity and

mechanical strength of the aerogel.

By introducing hydrophobic agents during the aerogel synthesis process, it is
hypothesized that the resulting aerogel will exhibit excellent hydrophobic properties.
The high surface area and porous structure of nanocellulose, combined with
hydrophobic agents, are expected to create a unique material with exceptional water
repellence. The resulting hydrophobic nanocellulose aerogel is anticipated to find
applications in diverse fields such as oil spill clean-up and environmental remediation.
Its lightweight nature, combined with hydrophobic properties, may open avenues for
innovative solutions in these areas. This research holds the potential to contribute
significantly to sustainable material development and environmentally friendly

technologies.

1.4 Objectives of the study
This research will include for the first time the use of microbial enhanced
approach for the isolation of nanocellulose from date palm (Phoenix dactylifera L.)

sheath fibers. The specific objectives of the present research will include:
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1- To study the impact of varying microbial treatment durations on the isolation of
nanocellulose from date palm (Phoenix dactylifera L.) sheath fibers via a

microbially-enhanced approach.

2- To prepare and characterize hydrophobic bioaerogel using the isolated date palm

sheath fibers nanocellulose.

3- To assess the performance of the prepared hydrophobic bioaerogels in oil/water

separation.

1.5  Significant of the study

The use of microbial-assisted methods in nanocellulose isolation holds
significant promise as an eco-friendly approach. Using microorganisms often require
fewer chemicals compared to traditional methods, reducing the environmental impact
associated with chemical usage. Microbes can be cultivated on renewable resources,
such as agricultural waste or lignocellulosic biomass, reducing the pressure on natural
resources. Microbial-assisted methods can occur at milder conditions, especially in the
case of using fungi, leading to lower energy requirements compared to energy-
intensive mechanical or chemical processes. Eco-friendly practices can enhance the
marketability of products, contributing to economic growth while ensuring

sustainability.

The development of microbial-assisted methods encourages research in
microbiology, enzymology, and bioprocessing, fostering innovation and knowledge
dissemination. The utilization of nanocellulose in the fabrication of hydrophobic
aerogel will widen its applications in oil spill cleanup and various environmental

applications due to its unique properties and environmentally friendly nature.
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Nanocellulose aerogel characterized with high absorption capacity, biodegradability,
renewable nature, adaptability, and versatility make it a significant material in oil spill
cleanup and various environmental applications. Its eco-friendly properties, along with
its effectiveness in absorbing pollutants, contribute to sustainable environmental

management and ecological preservation efforts.

This research includes using one isolate of the fungus Aspergillus niger without
any genetic modification or strain improving studies. After the successful isolation and
characterization, the research only includes fabrication of hydrophobic aerogel using
the isolated nanocellulose and characterize the fabricated aerogel using the common
characterization methods to assess its potential in environmental applications
especially oil spill cleanup. Nanocellulose aerogels have emerged as a potential
solution to address the environmental problem of oil spills. Nanocellulose aerogels
possess a highly porous structure with a large surface area, enabling them to efficiently
absorb and retain oil (Gao et al., 2022). The interconnected network of nanocellulose
fibers in the aerogel structure creates capillary forces that attract and trap oil within the
material. Nanocellulose aerogels can be designed to have controlled buoyancy,
allowing them to float on water surfaces, including during oil spills (Zhang et al.,
2019b). This property facilitates the recovery and removal of the absorbed oil.
Moreover, nanocellulose aerogels can be chemically treated to remove the absorbed

oil, making them reusable for multiple oil spill incidents.

Nanocellulose aerogels are derived from renewable and biodegradable
cellulose sources, making them environmentally friendly alternatives to synthetic oil
sorbents (Chen et al., 2021a). Their natural origin and biocompatibility ensure minimal

ecological impact during oil spill cleanup operations. Nanocellulose aerogels exhibit

12



high selectivity towards hydrophobic substances like oil while repelling water. This
selectivity allows for the efficient separation and recovery of oil from water, reducing
the amount of oil released into the environment and minimizing the spread and impact

of oil spills.

1.6 Organization of thesis

This thesis basically consists of five chapters. The first chapter include an
overall background and the scope of the research, a simplified picture of nanocellulose
and its isolation using different approaches. It also includes the problem statement and
the justification of using microorganisms instead of the current methods. Chapter one
also includes the objectives of this study addressing the generalized aim and the three
specific objectives. Chapter two addresses a review of literatures and previous research
that have been conducted in each field of this research. The materials and methods that
have been used in this research are addressed and explained in details in chapter three,
explanation of the preparation, modification and characterization approaches of each
material. The fourth chapter talks and presents the results of each experiment, with a
critical discussion of presented results and comparison the obtained results with
previous works. Finally, chapter five presents the conclusions reached by the present
study from each objective and the recommendations for future research in the area of

study.

13



CHAPTER 2

LITERATURE REVIEW

2.1  Plants natural fibers

Plant fibers are elongated natural materials extracted from plant cell walls and
possess a unique tubular composite structure comprising stacks of piles
(Parameswaranpillai et al., 2023). These piles consist of primary and secondary walls,
and the composition of plant fibers varies depending on their source (Zhong et al.,
2017). Cotton, sisal, and hemp are among the commonly sourced plant fibers. Typically,
plant cellulose coexists with other constituents, predominantly hemicellulose and lignin
(Bourmaud et al., 2019). In the isolation of cellulose, the elimination or reduction of
these compounds becomes imperative. Lignin forms ester linkages and hydrogen bonds
with hemicellulose and cellulose within the cell walls, playing a pivotal role in
maintaining structural integrity, particularly in lingo-cellulosic fibers, barring cotton
(George and Sabapathi, 2015). The intricate network of lignin linkages with
hemicellulose creates a robust matrix enveloping cellulose molecules, rendering it
exceptionally sturdy and challenging to dismantle. The relationship between sugar
monomers forming lengthy chains and their interaction generates formidable
intermolecular forces, further contributing to the tenacity of these fibers (Hurtado et al.,
2016). Additionally, the linear nature of cellulose molecules leads to densely packed

cellulosic fibers, enhancing their durability and strength.

The polysaccharide's polymeric structure results in robust intermolecular forces
within the fibre chains, owing to the cellulose molecule's high linearity, which
contributes to the inherent crystalline nature of cellulosic fibers (Hurtado et al., 2016).
Diverse methods have been developed to produce cellulose fibers, including the

creation of spinnable solutions from cellulose using various solvents and conditions

14



(Mahltig et al., 2017). This process yields viscose, modal, or lyocell cellulosic fibers
with distinct physical properties like crystallinity degree, molecular orientation, and
chemical traits such as water and dye adsorption (Hokkanen et al., 2016). These fibers
often contain numerous inorganic additives deeply embedded within them, crucial for
introducing new functional properties. These embedded inorganic particles serve as
carriers for these functionalities. Cellulosic fibers find extensive use across various
applications, particularly in garment production due to their comfort and moisture-
absorbing capabilities, making them skin-friendly (Seabra et al., 2018). Furthermore,
cellulosic fibers are frequently blended with other polymeric fibers like polyester and
spandex, notably in shirting manufacturing, expanding their versatility and enhancing

textile properties.

2.1.1 Date palm sheath fibers

The date palm (Phoenix dactylifera) is a flowering plant belonging to the palm
family, Arecaceae. It is renowned for its sweet and nutritious fruit known as dates (Al-
Alawi et al., 2017). This palm tree is characterized by a tall, straight trunk crowned with
long, feather-like leaves, commonly called fronds. The date palm is adapted to arid and
semi-arid climates, thriving in regions with hot temperatures and low rainfall. It's among
the oldest cultivated trees globally and holds significant cultural and economic
importance in regions where it grows (Nuha and Al-Obaid, 2016). Apart from its fruits,
various parts of the date palm tree, including its leaves, trunk, and seeds, have been

traditionally used for a multitude of purposes (Figure 2.1).
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Figure 2.1 Different parts of date palm showing the position of date palm sheath

fibers. Adapted with permission from (Raza et al., 2022)

Date palm sheath fibers are derived from the protective covering of the young
leaves or fronds of the date palm tree (Raza et al., 2022). These fibers are obtained from
the leaf sheaths, which encase the growing fronds before they fully mature. Date palm
sheath fibers are composed of cellulose, hemicellulose, lignin, and other compounds
present in plant material (Elseify et al., 2019). They possess structural strength and
toughness, making them suitable for various applications, particularly in the production
of sustainable and biodegradable materials. These fibers have garnered attention in
recent years for their potential use in the development of nanocellulose and other
biocomposite materials due to their unique properties and abundance in certain regions

where date palms are cultivated (Raza et al., 2022; Saadaoui et al., 2013).

2.1.2 Properties of date palm sheath fibers

Date palm sheath fibers stand out for their multifaceted properties, holding
promise across diverse applications. The fibers boast exceptional strength and durability

owing to their composition rich in cellulose and lignin, showcasing commendable
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tensile strength suitable for various robust material requirements (Awad et al., 2023).
Their biodegradability and eco-friendliness further underscore their appeal, as they can
naturally decompose after use, aligning with sustainability goals (Alotaibi et al., 2019;
Awad et al., 2023). Moreover, the widespread cultivation of date palm trees ensures an
abundant supply of these fibers, potentially fostering a sustainable resource base for
industries. Date palm sheath fibers, with their inherent advantages, offer substantial
potential as a source for nanocellulose (Adel et al., 2018). These fibers are characterized
by their abundance, making them a sustainable and cost-effective resource for
nanocellulose extraction. Given their high cellulose content and unique tubular
composite structure, they serve as an excellent raw material for nanocellulose

production (Elseify and Midani, 2020).

Nanocellulose derived from date palm sheath fibers exhibits several advantages,
including superior mechanical properties attributed to their strong and resilient nature
(Adel et al., 2019). Their nanoscale dimensions and high surface area provide
exceptional reinforcing capabilities when incorporated into various composite
materials, enhancing their strength and durability (Awad et al., 2023). Furthermore, the
eco-friendly and biodegradable nature of nanocellulose derived from these fibers aligns
with sustainable material development initiatives. The versatility of nanocellulose
allows for its integration into a wide array of applications, spanning from biomedical to
structural materials (Adel et al., 2018). The agricultural abundance of date palm trees
ensures a consistent and substantial supply of these fibers, potentially fueling large-

scale nanocellulose production.
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2.2 Nanocellulose functional material

Nanocellulose refers to cellulose fibers that have been broken down into
nanoscale dimensions, typically ranging from a few nanometers to a few hundred
nanometers in diameter (Khalil et al., 2020). Cellulose is the most abundant organic
polymer found in nature and is the primary structural component of plant cell walls. The
general structure of nanocellulose is derived from the hierarchical structure of cellulose,
which is a linear polymer composed of repeating glucose units. In its native form,
cellulose consists of long chains of glucose molecules linked together by [B-1,4-
glycosidic bonds (Durand et al., 2021). Nanocellulose can be derived from various
sources, including wood pulp, agricultural waste, and certain bacteria (llyas et al.,
2020). Table 2.1 presents a brief comparison between these three types. Cellulose in
general, possesses unique properties such as high strength, high aspect ratio, low
density, large surface area, and excellent biodegradability (Xu et al., 2022). These
characteristics make nanocellulose an attractive material for a wide range of
applications in various industries.

Table 2.1Types and properties of different nanocellulose types depending on the

physical characteristics

Characteristic/s | Cellulose Cellulose Bacterial Reference
nano nano nanocellulose
fibers crystals
Degree of > 500 500 t015,000 | 300 - 10000 (de Amorimetal.,
polymerization 2020)
Crystallinity 50 - 65 72-80 84 - 89 (Mishra et al., 2018)
(%)
Length (um) 0.5-2pum | 0.05-0.5 um >1 pum (de Amorimet al.,
2020; Moon et al.,
2011)
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Width (nm) 10-50 3-15 12-22 (Bettaieb et al., 2015;
Kalashnikova et al.,
2013)
Diameter (nm) 5t0 50 2-20 10-50 (Choi and Shin, 2020;
Islam and Rahman,
2019)
Young 50 - 100 140 - 160 15-130 (Vieira, 2015)
Modulus (GPa)
Purity Low Low High (Dasetal., 2022;
Randhawa et al.,
2022)

2.2.1 Structure and properties of plant-based nanocellulose

The cell wall of plants generally consists of cellulose, hemicellulose and lignin.
Cellulose and hemicelluloses are the main components of plant cell walls and form 34—
75% of the primary cell wall and 50-80% of the secondary cell wall (Madsen and
Gamstedt, 2013). Lignin (10-25% by dry weight) binds the cellulose (30-45% by dry
weight) and hemicellulose (20-25% by dry weight) confirming the strength and stiffness
of the cell wall (Rizal et al., 2022). There are different types of nanocellulose, including
CNC and CNF. The source of CNF and CNC might be the same, but they differ in the
physical properties. CNCs are obtained by hydrolyzing cellulose fibers to remove non-
crystalline regions, resulting in highly crystalline and rigid nanoscale rods (Rai and

Dhar, 2022).

CNCs are rod-like structures with a high aspect ratio, meaning they have a long
and narrow shape. Typically, CNCs have diameters ranging from a few nanometers to
tens of nanometers and lengths ranging from several hundred nanometers to several
micrometers (Mali and Sherje, 2022). CNCs are highly crystalline, meaning their

cellulose chains are tightly packed together in an ordered manner (Leong et al., 2022).
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The surface of CNCs contains hydroxyl (-OH) groups, which can provide sites for

chemical modifications and interactions with other materials.

CNFs, on the other hand, are produced by disintegrating cellulose fibers through
mechanical or enzymatic processes, leading to long and flexible nanofibers (Zhao et al.,
2023). CNFs are long and flexible fibrillar structures. The diameters of CNFs are
typically in the range of a few nanometers to tens of nanometers. Their lengths can vary
from micrometers to several micrometers, depending on the production method
(Surendran and Sherje, 2022). CNFs also possess a high degree of crystallinity, although
they may have a slightly lower crystalline order compared to CNCs. Similar to CNCs,
CNFs have abundant hydroxyl groups on their surface, enabling interactions with other
substances (Meftahi et al., 2022). Both CNCs and CNFs are derived from cellulose
through various methods, such as acid hydrolysis, mechanical fibrillation, or enzymatic
treatments. These processes break down the larger cellulose fibers into nanoscale
dimensions while retaining the characteristic crystalline structure of cellulose. It is
important to note that the exact structure of nanocellulose fibers can vary depending on
factors such as the cellulose source, processing methods, and post-treatment
modifications. Additionally, nanocellulose fibers can further assemble into networks or
form self-supporting films, offering additional structural complexity and functionality.
Figure 2.2 illustrates the structure of plant nanocellulose from the origin to the cellulose

molecules.
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Figure 2.2 Schematic drawing of plant-based nanocellulose and its role in the

formation of plant cell walls (From cellulose fibers to cellulose molecule)

The isolation of nanocellulose has attracted tremendous attention in the past few
years due to its suitability for wide range of applications including medical and non-
medical applications. Numerous techniques have been used to produce and to enhance
the production of nanocellulose, resulting in material with slightly different properties.
Plant cellulose exists in combination with other components, mainly hemicellulose and
lignin (Bourmaud et al., 2019). Lignin present in the cell walls of cellulosic fibres has
been essentially responsible for the structural integrity of these fibres together with
cellulose. Thus, natural or vegetable fibres in most cases (except for cotton) have been
termed as lingo-cellulosic fibres (George and Sabapathi, 2015). The complex structure
of lignin linkages with hemicellulose forms a matrix around cellulose molecules and
results in it being very tough and difficult to break the network. The connection between
the sugar monomer formed long chains and the interaction between these chains

generates strong intermolecular forces between them. The high linearity of the cellulose
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molecule also results in a tightly packed nature of cellulosic fibres (Hurtado et al.,
2016). The polymeric structure and linkages of the polysaccharide resulted in the fibre’s
strong intermolecular forces between its chains. The high linearity of the cellulose

molecule accounted for the crystalline nature of cellulosic fibres (Hurtado et al., 2016).

2.2.2 Structure and properties of microbial-based nanocellulose

Microbial nanocellulose is the type of nanocellulose produced by
microorganisms, which exhibit high crystallinity compared with plant nanocellulose
(Schiros et al., 2022). Microbial nanocellulose as a raw material possesses some unique
and advanced mechanical properties, unique structural properties with high
crystallinity, high water holding capacity, high purity (as compared to cellulose
produced by plants) in addition to its excellent biodegradability (Schiros et al., 2022).
Bacterial cellulose occurs naturally as a nanomaterial produced by various types of
bacteria as an exopolysaccharide, despite sharing the same molecular formula as plant
cellulose. Bacteria cellulose are free from lignin, pectin and hemicelluloses, which
make it present in high purity and can be isolated by using less energy (Manan et al.,

2022).

Microbial nanocellulose production cost may limitate the extensive production
of bacterial nanocellulose but its unique properties attract more efforts in order to
enhance the development of new approaches to develop its production. Bacterial
nanocellulose is the most famous type of microbial nanocellulose, which produced
extracellularly by several bacterial genes including Komagataeibacter, Agrobacterium,
Aerobacter, Achromobacter, Alcaligenes, Azotobacter, Pseudomonas, Dickeya,
Rhodobacter, Rhizobium, Sarcina, Salmonella and even Escherichia (Jozala et al.,
2016; Reshmy et al., 2021; Stanistawska, 2016). Acetobacter xylinus, a gram-negative

bacterium known for its production of acetic acid, has been identified as the most
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efficient and extensively studied producer of bacterial nanocellulose due to its high
yield potential (Skocaj, 2019). Most of these bacteria are aerobic, and synthesize
nanocellulose extracellularly as nano-fibrils with average diameter ranged from 10
t0100 nm that able to self-assemble into a 3D layered pellicle with a large water content

of about 98 % (Schiros et al., 2022).

Microbial cellulose from bacteria can only be produced at nanoscale, the
cellulose produced is highly pure, environment friendly and also require less energy
than plant cellulose for purification. In fermenting process, the micro-organisms attach
to cellulose fibres or simply move in the media freely and produces highly swollen gel
like structure (Cottet et al., 2020). Bacterial cellulose is secreted as a thin ribbon shaped
fibril (leather-like white pellicle), 100 nm wide and 2-3 nm long nanofibrils, bacterial
cellulose produced through biosynthesis of cellulose is mainly buildup of several

bundles of microfibrils extracellularly (Gregory et al., 2021).

The biosynthesis of bacterial nanocellulose start with the creating p-1,4-glucan
chain, which done by polymerization of glucose units and then followed by the
production and crystallization of the synthesized cellulose chain (Figure 2.3). Bacterial
nanocellulose has been reported to formed inside the bacterial cell, between the
cytoplasm and the outer membranes of the bacterial cells (Czaja et al., 2007). After the
biosynthesis of nanocellulose inside the cells, its then spun from the cell by cellulose
exporting components in the cell membrane to form protofibrils with only 2 to 4 nm
diameter. It was found that these protofibrils assemble a ribbon shaped micro-fibril with

an approximately 80 nm (Moniri et al., 2017).
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Figure 2.3 Schematic drawing of the biosynthesis of bacterial nanocellulose in the

bacterial cell. Adapted from (Moniri et al., 2017)

In purification process, while removing the culture media and waste,
microorganisms die. In order to produce a good quality cellulose, either microbial
cellulose is washed repeatedly in hot solution of sodium hydroxide and water unit it
reaches to a neutral pH or through other methods like gamma radiation (Pacheco et al.,
2018). In one study, The production rate of bacterial cellulose has been 4-folds
improved using Acetobacter xylinum, by adding 2% of acetic acid as strain in glucose
cultural medium (at fixed value of pH), the bacterial cellulose pellicle obtained has
increased water holding capacity about 2- fold as compared to Acetobacter
pasteurianus, with improved reproducibility (Toda et al., 1997).

Although identical in chemical structure to plant-based cellulose, microbial
nanocellulose is distinctly characterized by its readily extractable nanofiber network,

degradability, excellent tensile strength due to high degrees of polymerization and
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