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EXECUTIVE SUMMARY

Traditional plastics come from fossil fuels, harm the environment, and don't break down easily.
Here, the study explores using a natural material, microcrystalline cellulose (MCC), from Teff
straw (TS), an abundant agricultural residue in Ethiopia. The research aims to isolate MCC from
TS and evaluate its effectiveness as a reinforcing agent in PVA to create improved eco-friendly
plastic. This research is divided into three main parts.

In the first part of this study, developing a method to produce cellulose-rich pulp from TS and
characterization of the achieved material was done. A two stage pre-treatment(alkaline and
chlorine-free bleaching treatments) for TS fibers was used which can bring about internal
defibrillation in the fibers through cleavage of the hydrogen bonding that holds the hemicellulose
- cellulose micro fibril network. The first alkaline treatment stage termed as the alkaline
delignification was optimized by a single effect design with a three independent variables [i.e.
temperature (60-95 °C at the interval of 10°C except for the last level (at 5°C interval)), time
(30-150 min at the interval of 30 min), and NaOH concentration (2-8 wt. % at the interval of 1.5
wt. %)] targeted at predict their effect on lignin decomposition and fiber yield. The second stage
bleaching treatment was conducted using a preheated mixture of hydrogen peroxide (20%) and
sodium hydroxide (5%) at a temperature of 65 °C for 90 min. The bleaching treatment was
focused on obtaining a cellulose-rich pulp with minimal lignin content for microcrystalline

cellulose production.

Chemical composition analysis shows that the raw TS has 40.44%, 29.44%, and 18.05% of
cellulose, hemicellulose, and lignin respectively. Furthermore, the TS cellulose-rich pulp
obtained after the two-stage pre-treatment had cellulose, hemicelluloses, and lignin content of
85.5%, 11.98%, and 2.52%, respectively, which confirmed the significant decrease in the
percentage of non-cellulosic components. In addition, the extraction procedure yielded purified
cellulose with crystallinity, Onset temperature (To,), and maximum decomposition temperature
(Tmax), of 65.51%, 255 °C, and 365.5 °C. The results indicated that two-stage alkali hydrogen
peroxide treatment was beneficial for producing cellulose-rich pulp, while TS is a promising new
source of raw material to produce cellulose for application in microcrystalline cellulose

production.



In the second part, the cellulose was converted to microcrystalline cellulose via transition metal
salts assisted dilute acid hydrolysis. The products were characterized by FT-IR, SEM, XRD, and
TGA. XRD results indicated that Cr (NO3)3 assisted acid hydrolysis produced MCCs presented
the highest crystallinity index (Crl) values (73.34%), as compared to both FeCl; (67.58%), and
Fe (NOs)s (66.69%) catalyzed acid treatments. Furthermore, from the TGA analysis, It was
interesting to note that, the thermal degradation starting temperature (T,,) obtained for Cr
(NO3)s3, FeCls, and Fe (NOs)s assisted dilute acid hydrolysis were 285, 273, and 275 °C,
respectively which indicate the higher thermal stability of these fibers.

After successfully isolating MCC from Teff straw, its ability was further explored to act as a
reinforcing agent in PVA polymer in the last part of this research work. The processing of PVA
IMCCs composites employed solvent based fabrication methods (solution casting) by mixing the
pre-dispersing MCCs in a 5% PVA solution and then performing a film. The effects of filler-
matrix compatibility on the composites mechanical, thermal properties were investigated. The
mechanical properties of the composites were remarkably enhanced by the incorporation of
MCC into the PVA matrix at lower MCC content without negatively affecting its important
properties. The tensile strength of the PVA films increased by up to 49%, 71%, and 67% when
Cr(11)-MCC, Fe(I1ICI-MCC and Fe(111)-MCC was incorporated at a level of 5%, respectively.
Additionally, MCCs obtained using different catalysts (Cr(111)-MCC, Fe(llII)CI-MCC, and
Fe(I11)-MCC) showed different reinforcement effects for the PVA composite films.

MCC addition also increased the thermal stability of the composites compared to pure PVA
(295°C). Notably, the onset temperatures reached 305°C for Cr(111)-MCC, 308°C for Fe(l11)CI-
MCC, and 303°C for Fe(l11)-MCC-based PVA films. SEM analysis also revealed that the MCC
fibers were dispersed in the PVA matrix, indicating that there was good interaction between the
two materials. Overall, the results of this study suggest that Teff straw MCCs could be used as a
low-cost reinforcement additive to produce biodegradable films with enhanced mechanical
properties and thermal stability. These films could be used for a variety of applications, such as

food packaging.

Keywords: Teff straw; cellulose; microcrystalline cellulose; composites; hydrolysis; polyvinyl

alcohol; pre-treatments; characterization
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CHAPTER 1: INTRODUCTION

1.1. Background

Polymer materials are widely used across various industries due to their affordability,
accessibility, lightness, resistance to chemicals, durability, and easy manufacturing [1]. On the
other hand, the rapid increase in plastic production and fossil fuel use has resulted in
environmental pollution generated by plastic waste, ever-depleting non-renewable sources, and
generating greenhouse gases. Synthetic plastics often require decades, or even centuries, to
degrade. Packaging industries are the primary source of plastic production, making them the
biggest contributor to environmental issues [2]. Consequently, the depletion of fossil resources
and the increasing emphasis on environmental protection and public well-being have pushed a
great number of academicians to focus on the development of biodegradable polymers for use in
packaging, fields of construction, automobile manufacturing, and healthcare that satisfy the
environmental concerns [3]. Biodegradable polymers are generally defined as those that
decompose in natural aerobic and anaerobic environments. Based on their source, these can be
categorized into two groups: natural polymers whose components are derived from renewable raw

materials, while synthetic biodegradable polymers are derived from petroleum-based resources.

Polyvinyl alcohol (PVA) is a synthetic biodegradable polymer that has a relatively simple
chemical structure possessing a hydroxyl group attached to a side chain. Because of the hydroxyl
(-OH) groups on alternating carbon atoms, PVA is strongly hydrophilic which helps to promote
its degradation through hydrolysis. It is an odorless and tasteless, translucent, white granular
powder [4]. PVA demonstrates good properties at blocking substances like oils and fats, aromas
and perfumes, and tiny particles (nitrogen, oxygen, etc.) due to a combination of factors. The
combination of some crystallinity, extensive hydrogen bonding, and hydrophilicity makes PVA
an effective barrier material [4-6]. The crystalline regions within the polymer matrix act like
densely packed stopgaps. Extensive hydrogen bonding between PVA chains creates a maze-like
path for permeating molecules. Additionally, PVA's hydrophilicity repels non-polar oils and fats.
This combined effect makes PVA to successfully block the passage of oils, fats, aromas, and

perfumes.



Moreover, this biopolymer has excellent film-forming and adhesive properties. PVA's structure
contains multiple hydroxyl groups capable of hydrogen bonding with other materials. These
properties have made PVA a promising material for creating eco-friendly alternatives to
disposable plastic products. However, the PVA film has the defects of poor mechanical
properties, low decomposition, and glass transition temperature [4]. PVA's hydrogen bonding
network and low crystallinity contribute to poor mechanical properties [7]. Additionally, PVA
consists of a carbon backbone with hydroxyl groups attached [8]. These hydroxyl groups are
susceptible to thermal degradation at relatively low temperatures (around 200°C) [9]. During
decomposition, the chain breaks down, releasing water vapor and other volatile compounds. The
defects affect the application of PVA widely, compared with any other known polymers. Thus,
the mechanical properties of PVA should be significantly enhanced while maintaining its valuable
characteristics.

The emergence of composites has brought a revolution in materials science. Composites are a
class of materials that combine the properties of two or more materials (reinforcing and matrix
components) to create a new one with enhanced properties. The reinforcement in a composite is
the material that provides strength and stiffness, while the matrix is the material that binds the
reinforcement together and provides toughness. Growing concerns over sustainability and

environmental damage has led to focus on the development biodegradable polymer composites.

Lignocellulosic biomass (LCB) is the most abundant and continuously produced on Earth. It
includes woody residues from forests, grasses, agricultural waste, and municipal solid waste. LCB
is primarily made up of three polymers: cellulose, hemicellulose, and lignin. Among them,
cellulose is the most widely available renewable polymer resource at present. It is considered as a
material that can provide an abundant supply to fulfill the rising demand for environmentally
friendly and biocompatible products [1, 10]. Wood and cotton are the primary sources of
cellulose, a purified form of lignocellulosic biomass. However, competition from other industries,
such as furniture, pulp and paper, building products, and the burning of wood for energy, as well
as the use of cotton for fabric production, makes it challenging to supply sufficient wood and
cotton to all industries at affordable prices. Additionally, wood and cotton are not available in
many regions. The need for a cheaper source of cellulosic fibers has prompted investigation into

other lignocellulosic materials. Most of the low-value biomass, such as herbaceous plants, grass,



aquatic plants, agricultural crops, and their by-products are called lignocellulosic, referring to

their main constituent: cellulose, hemicelluloses, and lignin.

Although there are multiple sources for cellulosic fiber production, agricultural residue stand out
as a particularly economical choice for commercial applications. This is because these residues
are often available at low or zero cost. Extracting cellulose from agricultural residues also
requires less chemicals and energy compared to extracting it from wood. This is because
agricultural waste naturally contains less lignin, a substance that makes cellulose extraction more
difficult and energy-intensive [11, 12]. Currently, the growing global population has necessitated
increased food production to keep up with food demands. [13]. Modern farming methods have
dramatically increased crop yields, leading to a surge in agricultural waste. This includes large
amounts of plant matter left over from harvesting. Unfortunately, much of this valuable material
is underused. However, these residues are rich in cellulose, a substance that can be extracted and
used to create new environmentally friendly products [13]. In Ethiopia, cereal crop production
and marketing are the main means of livelihood for millions of smallholder households, where,
Teff (Eragrostis teff) is the most important crop by area planted. It is well-suited to a wide range
of environments and is presently cultivated under diverse agro-climatic conditions. Now, Ethiopia
is the biggest Teff-producing country and the country produces more than 90% of the Teff
produced in the world [14]. Consequently, a large quantity of Teff straw (TS), which could

contain a high fraction of lignocellulosic compounds, is also being produced.

The use of agricultural materials to create environmentally friendly products has significantly
driven scientific exploration into green composites [15]. Nevertheless, challenges such as poor
bonding with polymer materials, clumping during production, and the tendency of cellulose to
absorb water, particularly in its disordered areas [16], hinder the use of natural fibers for
strengthening polymers. To overcome these issues, scientists have focused on isolating the highly
organized parts of cellulose, known as microcrystalline cellulose (MCC). This is achieved by
breaking down the less structured parts of cellulose through hydrolysis and depolymerisation.
MCC is obtained by hydrolyzing and depolymerizing the amorphous region of cellulose. MCC is
an ideal material for creating bio-composites due to its various beneficial qualities. These include

being environmentally friendly, safe, biodegradable, strong, lightweight, and compatible with



living organisms. Additionally, it is inexpensive [17]. In recent years, MCC has been used to

develop bio-composites that are eco-friendly, economical, and have high performance.

MCC contains a very small particle size, while PVA has relatively lower stiffness and strength.
Fabricating biodegradable MCC-reinforced PVA composite may be a potential way to address the
application limitations of MCC and PVA. Strong interfacial interaction between MCC and PVA
leads to inter-chain hydrogen bonding, enhancing modulus and tensile strength compared to pure
PVA [4].

Various agricultural residues have been studied for their potential in MCC extraction. According
to our knowledge, the responses of TS for MCC preparation and as a potential reinforcement have
not been studied so far. However, TS could be a competitive biomass resource like other
agricultural residues. Considering this opportunity, in this study, TS was characterized for its
physico-chemical characteristics and thereafter it was used for the synthesis of MCC. The main
aim of this study was to prepare PVA and MCC composite films using the solvent casting method
by varying the percentage of MCC. These films were subsequently tested for their mechanical and
thermal properties. It is believed that this research has the potential to lead to the development of

new and innovative bio-based materials with a wide range of applications.



1.2. Statement of the Problem

Biodegradable plastics could offer a solution to protect the environment from the hazards caused
by conventional petroleum-based plastics. Biodegradable plastics offer environmental benefits,
but come with drawbacks compared to traditional plastics. Their mechanical properties, such as
tensile strength, elasticity, and impact resistance, are often lower, limiting their use in high-
durability applications like car parts or construction materials. While biodegradable, their
breakdown rates vary depending on environment and type. Some may degrade slower than
desired, especially in non-industrial composting conditions. Additionally, they can be more
brittle, particularly at lower temperatures. Production costs can also be higher, and some may

offer weaker barriers against moisture or gases compared to traditional plastics [18, 19].

The emergence of composites has brought in a revolution in materials science. Composite
materials are formed by combining two or more distinct materials. One component, called the
reinforcement, provides strength and stiffness. The other component, called the matrix, binds the
reinforcement together and provides toughness and dimensional stability. Different classes of
fibers are used to reinforce polymeric matrices; the most common fibers being carbon fibers,
aramid fibers, and glass fibers. These fibers have some serious drawbacks: they are non-
renewable resources, non-recyclable, abrasive to equipment, require a high energy input to
manufacture, and can pose a health risk. In addition, the production of glass fibers releases carbon

dioxide and other harmful chemicals into the environment.

The exploitation of biomass for the processing of novel biodegradable composites will be
attractive because of its ecological and renewable characteristics. Cellulosic fibers have sparked a
special interest because of their high specific mechanical properties and biocompatibility. They
are a feasible alternative for some applications to replace synthetic reinforcement in polymers.
MCC is a type of cellulose that has been refined to be highly crystalline and purified. It is
obtained from lignocellulosic biomass such as wood pulp, and has several advantageous

properties, including being odorless, light, stiff, strong, fibrous, non-toxic, insoluble in water,



crystalline, biodegradable, and renewable. To extract MCC from lignocellulosic materials, the

first step is to remove lignin and hemicellulose.

Once lignin and hemicellulose have been removed, a controlled hydrolysis treatment is
performed. This treatment typically uses a mineral acid to cleave the amorphous regions of the
cellulose polymer while maintaining the crystal domains. The particle size, crystallinity, and
morphology of MCC are strongly affected by the acid type, treatment duration, and temperature.
The most commonly used acid for MCC extraction is sulfuric acid, typically at a concentration of
65% [20, 21]. However, this can cause problems such as corrosion of equipment, the need for
large amounts of water, the difficulty of acid recovery, and over-degradation of cellulose. To
address these challenges, researchers have been exploring the use of alternative acids, such as
hydrochloric acid and nitric acid [22, 23]. These acids are less corrosive than sulfuric acid and can
be more easily recovered. However, they are also less effective at cleaving the amorphous regions
of cellulose, so they may not produce MCC with the same properties such as higher crystallinity
and thermal stability. Recently, researchers have been investigating the use of catalysts to
facilitate the hydrolysis reaction. Catalysts can help to reduce the concentration of acid required,

which can minimize the problems associated with using concentrated acids.

Transition metal salt catalysts have been explored recently for the conversion of biomass to
cellulose derivatives to solve the problems associated with mineral acids [24, 25]. They are more
efficient, selective, environmentally friendly, and cause minimum equipment corrosion.
Moreover, transition metal salts can be isolated from the liquid blend following the reaction,
consequently allowing for possible reuse many times with minimum performance loss [24-26].
As a result, they are a promising option for the production of high-quality MCC. Nevertheless, the
acid and catalyst system for MCC extraction depends on the specific source of lignocellulosic
material and the desired properties of the MCC (higher crystallinity and thermal stability). Thus,
the development of more sustainable and efficient MCC extraction methods is an active area of

research.

Therefore, in this research work, an alternative alkali hydrogen peroxide pretreatment of TS

followed by transition metal salts assisted dilute acid hydrolysis was used to investigate for



efficient MCC separation from TS. The MCC obtained was then evaluated for its ability to

enhance the mechanical and thermal properties of PVA biopolymers.

1.3.  Objectives of the Study

1.3.1. General objective

The main objective of the present research work is to develop a new hydrolysis technique for
isolating microcrystalline cellulose from Teff straw and evaluate its effectiveness in enhancing

polyvinyl alcohol properties.
1.3.2. Specific Objectives

= To characterize the physicochemical properties of TS

= To isolate and characterize cellulose fibrils from TS by alkaline hydrogen peroxide
treatment method

= To synthesize and characterize MCC obtained from TS cellulose fiber using transition
metal salts assisted dilute acid hydrolysis

= To fabricate and characterize polyvinyl alcohol/MCC biocomposite films.



1.4, Scope and Limitation of the Study

The scope of this research is to extract and characterize microcrystalline cellulose from Teff straw
and to study the enhancement of the thermal and mechanical properties of PVA polymers using
the produced MCC as a reinforcement material.

The production of Teff in Ethiopia is spatially distributed under diverse agro-climatic conditions
adapted to a wide range of environments. Moreover, there are two types of Teff varieties (red and
white Teff). As a result, there could be potential morphological differences in their straw.

However, it is not in the scope of this study, to consider these specific variations.

The isolation of MCC from cellulose fibers by acid hydrolysis process depends on the processing
conditions such as the temperature and time of hydrolysis, and the concentration of acid.
According to different previously studied data on the isolation of MCC via acid hydrolysis, the
reaction conditions have a significant role in the yield and crystallinity of MCC. Optimal
conditions reported in these studies may not be directly applicable to TS.

Therefore, the best conditions for maximizing TS's MCC yield and crystallinity must be identified
independently. However, this study was limited by time and resources. As a result, the following
factors during the transition metal salt catalysts assisted dilute acid hydrolysis process were not

addressed:
= The effect of temperature and time of hydrolysis
= The effect of concentration of acid and catalyst

= The effect of fiber-to-acid ratio on yield and crystallinity of MCC

These factors are known to affect the properties of MCC, and their investigation would have been
valuable. However, due to time and resource constraints, they were not included in this study.
Future work could investigate the factors listed above to further understand the properties of
MCC obtained from Teff straw.



1.5. Rationale and Significance of the Study

Emerging trends in materials technology have revealed the significance of industrial and
agricultural waste as a potential source of raw materials. Recycling and reusing waste can help to
minimize environmental problems associated with its accumulation. Agro-industries produce a
large amount of cellulosic waste each year. As a result, there is a growing demand for new uses

for these agricultural cellulosic wastes [27, 28].

In Ethiopia, Teff is the main cultivated cereal crop and it is the major staple food. As a result, a lot
of TS is generated each year throughout the country and it is mainly used for animal feed.
Because of its less familiarity in the scientific community, only very few Ethiopian scholars have
tried to investigate the use of TS for biogas production [29], nano silica synthesis [30, 31], and as
adsorbent for chrome removal [32].TS could be a viable alternative for value-added MCC
production. Therefore, the utilization of this biomass residue (TS) for processing novel

composites will be attractive.

Moreover, it is expected that by combining the dilute acid with catalysts, can effectively extract
MCC from feedstock. No studies have been reported on the use of TS as an MCC source because
of its less familiarity in the scientific research community. Hence, in this research work more
ecofriendly alkali hydrogen peroxide pretreatment of the raw TS, followed by transmission metal
salts catalyzed dilute acid hydrolysis process were investigated. The findings of this study could

significantly advance the development of new biocomposite produced from agricultural waste.



1.6.  Organization of the Dissertation
This dissertation is organized in six chapters.

Chapter 1 provides the background, brief overview of the problem, objectives, potential
contributions, and an outline of the dissertation.

Chapter 2 gives the "Literature Review" which presents an overview on lignocellulosic biomass,
and different MCC synthesis techniques. This chapter also provides the potential us of TS and
other agriculture residues as source of microcrystalline cellulose, and the latest insight on the

micro and nano scale cellulose reinforcement on PVA based composite.

Chapter 3 presents a published article on the isolation of cellulose fibrils from TS using alkali
hydrogen peroxide treatment. During the alkali treatment, different alkali treatment parameters
were analyzed to determine their influence on lignin decomposition and fiber production. In
addition, the methods for sample preparation, characterization of the raw and extracted cellulose

fibers, and calculations for data analysis are outlined in this chapter.

Chapter 4 describes the synthesis of MCC from TS using catalyzed dilute acid hydrolysis. The
catalytic performance of the transmission metal salts has been compared in terms of physic-
chemical analysis (FTIR, Thermogravimetry, X-ray diffraction and scanning electron
microscopy) of the synthesized MCC samples. Furthermore, the presence of chrome (Cr (I11)) and
iron (Fe (111)) ions in the prepared MCCs was investigated using atomic absorption spectroscopy

(AAS) analysis, and discussed in this chapter.

Chapter 5 focuses on the processing of PVA / MCC composites using the solution casting
method. This includes incorporation of MCCs (produced using different approaches as presented
in Chapters 4) into the PVA. The enhancement on the thermo-mechanical properties of PVA /

MCC composites, including mechanical properties and thermal stability were evaluated.

Chapter 6, the concluding chapter of the dissertation, presents the general conclusions of the

research work and gives recommendations for further study.
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CHAPTER 2: LITERATURE REVIEW

2.1. Biodegradable Polymers: An Overview

Traditional plastics derived from petroleum are persistent environmental pollutants. They don't
break down easily and accumulate in the natural world due to their resistance to microbial
decomposition. Coupled with recent sharp increases in oil prices, these factors have driven
growing interest in developing plastics that can decompose naturally. Biodegradable polymers or
plastics are plastics that can be decomposed by the action of living organisms, usually bacteria.
Biodegradable polymeric materials break down when their chemical bonds are weakened or
broken down by water (hydrolysis) or enzymes. This process, called polymer erosion, gradually

wears away the material.

In recent times, a substantial number of biodegradable polymers have been developed, and
scientists have identified certain microorganisms and enzymes capable of breaking them down.
Biodegradable polymers can be categorized into two main groups: natural polymers derived from
renewable resources and synthetic polymers produced from fossil fuels [33]. Natural polymers,
also known as biopolymers, are produced naturally by living organisms during their growth
processes. These polymers are formed through enzyme-driven reactions involving activated
monomers, which are created within cells through complex biochemical pathways.

Poly lactic acid (PLA) is a standout among naturally derived, biodegradable plastics. It's made
from renewable materials like starch and is gaining significant attention. PLA is not only safe but
also performs similarly to traditional, synthetic plastics [34]. PLA is widely used to create various
plastic films because it's environmentally friendly, clear, and safe for living things [35]. Despite
its advantages, PLA is hindered by its high hardness, fragility, low strength, and inability to
withstand high temperatures, limiting its potential applications. In addition, PLA's low glass
transition temperature, ranging from 65 to 70 °C, restricts its use in packaging that undergoes heat
processing. Due to its pliability and low melting point, it excels in heat-sealing and
thermoforming processes . Therefore, the modification of the PLA matrix is required to broaden

its use.
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Most synthetic polymers cannot be broken down naturally. Nevertheless, certain types of
polymers, including those made from materials like polyester, polyamide, and polyurethane, can
be decomposed by water or living organisms under specific conditions. This is because these
polymers have structures that are more vulnerable to breaking down [36]. Polyglycolic Acid
(PGA), Polybutylene Succinate (PBS), and Poly Vinyl Alcohol are widely used synthetic

degradable polymers.

The escalating plastic pollution problem has prompted intensive research into environmentally
friendly alternatives. Synthetic biodegradable polymers have emerged as a promising solution,
offering the functionality of traditional plastics with the added benefit of environmental
degradation. Unlike traditional plastics that linger in landfills for centuries, these innovative
materials degrade into harmless components like water, CO,, and biomass under specific
conditions. This significantly reduces plastic pollution in the environment and its detrimental

effects.

Beyond their environmental benefits, synthetic biodegradable polymers offer a range of
applications [37]. In packaging, they're replacing traditional plastics in food containers, bottles,
and films, diverting waste from landfills and promoting a circular economy. The medical field
utilizes synthetic biodegradable polymers for sutures, drug delivery systems, and tissue
engineering scaffolds. Their degradability allows for controlled drug release and eventual
absorption by the body, minimizing foreign object reactions. Agriculture benefits from synthetic
biodegradable mulch films that retain moisture, suppress weeds, and then degrade after use,
eliminating the need for removal and potential soil contamination. Finally, Synthetic
biodegradable bags aid in waste management by facilitating organic waste collection and

composting, ultimately reducing the overall waste burden.

Synthetic biodegradable polymers, while promising, face some limitations [38]. Their mechanical
properties like strength, stiffness, and gas barriers can be lower compared to traditional plastics,
making them unsuitable for demanding applications. Additionally, production costs are often
higher, hindering widespread adoption. Effective breakdown can also be a challenge. Some

require specific composting facilities, which may not be universally available. Even in ideal
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conditions, degradation rates can vary depending on the material, and some may break down

slower than desired, especially in home composting setups.

The future of synthetic biodegradable polymers is bright, with ongoing research dedicated to
improving their performance and affordability [18]. One promising area lies in enhancing
mechanical properties. New processing techniques and the incorporation of reinforcing agents like
MCC and NCC hold the key to creating stronger and more durable biodegradable materials.
Additionally, cost reduction efforts are underway, focusing on optimizing production processes
and utilizing readily available renewable resources to make these polymers more competitive with
traditional plastics. Furthermore, research is tackling biodegradation rates. Tailoring the chemical
structure and enzymatic degradation of these polymers can lead to faster and more consistent
breakdown across various environments [36, 39, 40]. These advancements will solidify the
position of synthetic biodegradable polymers as a sustainable and effective alternative to

traditional plastics.

Overall synthetic biodegradable polymers offer a sustainable alternative to traditional plastics.
While challenges remain in terms of performance and cost, on-going research holds promise for
overcoming these limitations. By addressing these concerns and promoting advancements,
synthetic biodegradable polymers can play a crucial role in creating a more sustainable future for

plastic use and waste management.

2.2. Polyvinyl alcohol (PVA)

Polyvinyl alcohol is well known as a synthetic biodegradable polymer derived from polyvinyl
acetate [41]. This synthetic material is partially crystalline, has no smell or taste, and completely
breaks down naturally. It's safe for living things, dissolves in water, and is primarily made up of
carbon-carbon bonds [42]. PVA excels in film formation, emulsification, and adhesion, while
demonstrating high flexibility, and barrier properties against oxygen and aromas. These versatile
attributes make PVA a compelling alternative for disposable and biodegradable plastics.
Compared with any other known polymer, PVA significantly outperforms superior features in
blocking oxygen; however, its ability to maintain this barrier depends on protecting it from
moisture [43]. The chemical structure of PVA is as shown in Figure 2-1. PVA can degrade under

aerobic and anaerobic conditions in a microbial active environment within 56 weeks. The
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biodegradation mechanism involves a two-step pathway: hydroxyl group oxidation followed by

{»CHZ —c|H~}
OH |,

Fig. 2-1 Chemical structure of polyvinyl Alcohol

hydrolysis.

Herrman and Haehnel first synthesized PVA in 1924 by subjecting a polyvinyl acetate (PVAC)
solution to alkaline hydrolysis [44]. The production of PVA does not follow the standard
polymerization route used for many other vinyl polymers. PVA's synthesis skips the traditional
route of monomer polymerization due to the inherent instability of vinyl alcohol. PVA instead is
prepared by partial or complete hydrolysis of polyvinyl acetate. The method involves hydrolysis
of polyvinyl acetate, essentially replacing its acetate groups with hydroxyl groups via a chemical
transformation. Methanolysis, the traditional method for polyvinyl acetate hydrolysis, involves
dissolving it in methanol and introducing a base or acid catalyst. This facilitates the conversion of
acetate groups into hydroxyl groups, ultimately leading to the formation of PVA, which

precipitates out of the solution [41]. Polyvinyl Alcohol synthesis is shown in Fig. 2-2.

NaOH
—f—CH»—CH-}— —f—CH—CH-}—
2 (5 n Metha_nof 2 (J;) n

I
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CH3
Polyvinyl acetate Polyvinyl A lcohol (PVA)

Fig. 2-2 Polyvinyl Alcohol syntheses

PVA is used in a variety of industries, including paper coatings, mats, films, textile, adhesive,
cosmetic, food, drug, paper and packaging. Its film-forming ability makes it ideal for packaging
in food supplements and other sensitive products. PVA is benign to living tissues, harmless, and
nontoxic. In medicine, PVA membranes serve as platforms for drug delivery and cell culture. Its

ability to bind nanoparticles and remove metal ions finds use in water purification. Additionally,
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PVA's surface properties and adhesive characteristics lead to its widespread use in film coatings,

packaging, and various industrial applications.

2.3. Lignocellulosic Biomass (LCB)

Lignocellulosic biomass is a non-edible plant material that is abundant and continuously
produced. It includes woody residues from forests, grasses, agricultural waste, and municipal

solid waste. Figure 2-3 below shows different sources of lignocellulosic biomass.

i N
-— such as trees, bushes, and grass
S A
i = ™y
- such as corn stover, rice wastes,
_and straws )
p
- such as sugarcane bagasse. and
. Spent grains )
i - ™y
such as paper, textiles, and food
. wastes. )

Fig. 2-3 Sources of lignocellulosic biomass as adapted in Abo, Bodjui Olivier, et al [45]

Lignocellulose is primarily composed of three main substances: cellulose, hemicellulose, and
lignin. While these three make up the bulk of the material, natural lignocellulose also contains
small amounts of other components such as pectin, nitrogen-based compounds, and ash. Figure 2-
4 below shows the components of lignocellulosic materials. The chemical composition of
lignocellulosic biomass fibers can vary depending on a number of factors, including genotype,

environment, physiological conditions, and harvest techniques.
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Cellulose

Fig. 2-4 Components of lignocellulosic biomass based on the figure in [46]

Plant cell walls are tightly packed structures composed of cellulose, hemicellulose, and lignin.
Cellulose and hemicellulose molecules are primarily held together by hydrogen bonds, while
lignin is more strongly attached to both cellulose and hemicellulose through covalent bonds. The
cell wall's strength and flexibility come from the hydrogen bonds linking cellulose and
hemicellulose. The covalent bonds between lignin, cellulose and hemicellulose provide additional

strength and rigidity.

Lignocellulosic biomass offers a sustainable and versatile source material for creating valuable,
eco-friendly products. Its chemical makeup makes it suitable for producing a variety of

biotechnological goods.

a) Cellulose
Cellulose is the planet's most plentiful renewable organic material. It can be sourced from a wide
range of organisms, including plants, bacteria, and marine algae. Produced in vast quantities
annually, amounting to billions of tons, cellulose is a highly valuable natural substance. Several
biomass sources, including hardwood stems (40-55%) and softwood stems (45-50%), offer a rich
source of cellulose. Grasses vary in cellulose content from 25-40%. Leaves have the lowest

cellulose content, ranging from 15-20% [47].
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Cellulose molecules form organized structures that combine in to bundles, and determine the

framework of the cell wall. Figure 2-5 shows the molecular chain structure of cellulose.
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Fig. 2-5 Molecular chain structure of cellulose [48]

The disordered areas of cellulose exhibit greater chain separation, facilitating hydrogen bond
formation with molecules such as water. This makes cellulose hygroscopic. However, the
cellulose chains are still held together by hydrogen bonds, so cellulose does not dissolve in water.

Instead, it swells as it absorbs water.

Cellulose is a key ingredient in various industries, including paper, textiles, and chemicals. It also
has diverse uses in renewable energy, biodegradable materials, and composite products. This
versatile substance can be obtained from plant matter through mechanical, chemical, or biological

processes.

b) Lignin

Lignin is a crucial building block of plant matter, alongside cellulose and hemicellulose. It is an
amorphous and highly complex polymer that forms the cell walls of plants. Lignin is made up of
aryl propyl units linked together by p-O-4 bonds, as well as other C-C and C-O linkages. Unlike
cellulose, lignin does not have a single repeating unit. Instead, it is a complex arrangement of
substituted phenolic units.

Lignin contents differ from species to species and from one tissue to the next in the same plant,
even within different parts of the same cell wall. Softwoods generally have lower lignin levels,

ranging from 18% to 25%, compared to hardwoods, which have a higher lignin content of 25% to
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35%. Moreover, ecological conditions like the wood's age, weather, plant nutrients, and sun

exposure also influence lignin's chemical makeup [49].

After cellulose, it is the most abundant renewable carbon source on Earth. These polymers are
extremely resistant to degradation and difficult to use directly as substrates in industrial
fermentation. Most of the biorefinery schemes have focused on utilizing easily convertible
fractions (cellulose and hemicellulose), while lignin remains relatively underutilized compared to
its potential. To make lignin more useful, it must be depolymerized into low-molecular-weight
phenolics and aromatics. These compounds can then be used to synthesize a variety of products,
such as fuels, chemicals, and materials. Various techniques, such as chemical, enzymatic, and
thermal methods, can be employed to decompose lignin. As the technology continues to develop,

lignin is likely to become a more widely used resource.

c) Hemicellulose
Hemicelluloses are a group of complex heteropolysaccharides that are found in plant cell walls.
Unlike cellulose, which is a polymer of glucose only, hemicelluloses are not chemically
homogeneous. They are made up of a variety of different sugars, including D-xylose, L-arabinose,
D-mannose, D-glucose, D-galactose, and sugar acids (D-glucuronic and D-galacturonic acids).
Hemicelluloses are typically branched heteropolymers. This branching gives hemicelluloses a

more flexible structure than cellulose, which is why they are not as strong or as rigid.

Hemicelluloses are also more easily hydrolyzed than cellulose [50]. This is because the bonds
between the sugar molecules in hemicelluloses are not as strong as the bonds between the sugar
molecules in cellulose. Hemicelluloses provide strength and flexibility to the cell wall, and they
also help to bind cellulose and lignin together. They are also a valuable source of energy for

microorganisms.
2.4.  Microcrystalline Cellulose

Microcrystalline cellulose was first identified in 1955 by researchers Battista and Smith [51] and
was subsequently introduced to the market under the name Avicel. Interestingly, the discovery of
MCC commenced from a failed experiment [51]. The authors explored the use of a Waring

blender to disintegrate hydrolyzed cellulose into smaller fragments within a water solution. They
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believed that the high-speed blender would break down the clustered tiny crystals within the
chemically treated cellulose into even smaller pieces. These extremely small crystal pieces would
then separate from the water and sink to the bottom. Instead of the desired outcome, they
produced a stable colloidal suspension commonly known as Avicel. This substance, also referred
to as MCC, was first introduced to the market in 1962 by FMC Corporation, a U.S. chemical
company, under the brand name Avicel [1]. Subsequently, a rapidly increasing number of
scientists have dedicated their research efforts to this material. Initially, wood and cotton were the

primary sources used to extract cellulose for the production of MCC.

Microcrystalline cellulose (MCC) is a natural compound derived from cellulose that has
undergone partial breakdown. Traditionally, it's produced by treating a pure form of cellulose
with a large amount of mineral acid. Cellulose itself is made up of tiny fibers containing both
ordered (crystalline) and disordered (amorphous) sections. The crystalline parts, known as
cellulose crystallites, are tightly packed bundles of cellulose molecules held together by weak
chemical bonds. When cellulose is exposed to acid, the disordered parts break down more easily,

leaving behind smaller, more crystalline pieces, which is MCC.

MCC has several advantageous properties, including being odorless, light, stiff, strong, fibrous,
non-toxic, insoluble in water, crystalline, biodegradable, and renewable. These properties make
MCC a versatile and attractive material for use in a wide range of industrial fields. MCC offers a
broad spectrum of potential applications. Its unique structure and diverse physical and chemical
properties make it well-suited for various industries. Consequently, MCC has garnered significant

attention as a promising material for industrial, technological, and biomedical applications.

Ongoing research focuses on exploring MCC's potential in diverse industries, including
construction, food, pharmaceuticals, medicine, automotive, packaging, and smart materials.
Microcrystalline cellulose has various applications based on its form. In powder form, it serves as
a binding and filling agent in food and pharmaceuticals, and is crucial for strengthening polymer
composites. When in colloidal form, MCC acts as a stabilizer for suspensions, retains water,

controls viscosity, and emulsifies substances in products like pastes and creams.
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MCC plays a vital role in the development of bio-composites, which combine MCC with a
polymer. It can improve the strength, stiffness, and toughness of these materials. These bio-
composites offer advantages over traditional materials, such as biodegradability and
sustainability. MCC has already been successfully used in the production of bio-composites in
conjunction with starch, chitosan, poly(lactic acid), poly(3-hydroxybutyrate), and poly(vinyl
alcohol). Compared to conventional composites based on synthetic non-biodegradable materials,
the utilization of MCC in polymer bio-composite formulations is still somewhat limited. This is
primarily due to challenges in achieving optimal distribution of filler particles within the
polymeric matrix. Achieving uniform dispersion of MCC in polymers can be challenging due to
several factors [52]. MCC fillers often have different polarities and surface energies compared to
the polymer, leading to weak interactions. This encourages filler particles to clump together
(agglomerate) rather than disperse evenly throughout the material. Additionally, the processing
technique itself can also play a role. Methods like melt blending or solution casting can
inadvertently trap air bubbles or create shear forces that contribute to aggregation [53]. These
combined factors necessitate careful consideration when aiming for a well-dispersed filler-
polymer composite. Despite these limitations, MCC holds great promise as a material for bio-

composites.

Microcrystalline cellulose obtained from different sources can vary in particle size and
crystallinity. The properties of MCC are affected by its crystallinity, particle size, and other
factors. The particle size of MCC affects its flowability, solubility, and other properties. Smaller
particles have a higher surface area, which can lead to increased water absorption and swelling.
The crystallinity of MCC affects its strength, stiffness, and other properties. MCC exhibits a
notably high level of crystallinity, usually falling within the 55% to 80% range [54]. MCC with
high crystallinity is strong and stiff, while MCC with low crystallinity is more absorbent and

swells more in water.

As the demand for MCC continues to grow, the development of new and innovative methods for
producing and processing MCC will be essential. Different sources and extraction methods can
affect the overall performance of the product. For example, the source of the cellulose and

extraction methods can affect the molar mass, particle size, crystallinity, surface area, moisture
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content, and porous structure of the MCC. These properties can in turn affect the MCC's

performance in different applications.

2.4.1 Isolation of Microcrystalline Cellulose from Lignocellulosic Biomasses

To extract microcrystalline cellulose from lignocellulosic materials, the first step is to remove
lignin and hemicellulose. Lignin is the most difficult component to remove, and it can be done
using physical, biological, chemical, or combined methods. These methods are commonly
employed as a pretreatment to facilitate the hydrolysis stage of the raw materials into MCC. Once
lignin and hemicellulose have been removed, a controlled hydrolysis treatment is performed. This
treatment typically uses a mineral acid to cleave the amorphous regions of the cellulose polymer

while maintaining the crystal domains.

This part of the text provides a comprehensive overview of different methods used to produce
MCC. It examines the advantages and drawbacks of these techniques, as well as key challenges
associated with isolating cellulose for MCC production.

2.4.1.1.  Pretreatment of lignocellulosic biomasses for the production of microcrystalline

cellulose

The goal of pretreatment is to break down the complex structure of lignocellulose and make the
cellulose more accessible to hydrolysis [55, 56] as shown in Figure 2-6. The Pretreatment of
fibers from different lignocellulosic biomass generally follows a three-step protocol. First, milling
which increases the surface area of the fibers, enhancing the effectiveness of subsequent
treatments, ensures uniform size and improves water absorption [57]. Next, washing with
deionized water removes soluble impurities [58]. Finally, the fibers undergo chemical, enzymatic,

or mechanical treatment to break down the lignocellulose structure.
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Fig. 2-6 Schematic representation of pre-treatment of biomass adapted from Rajendran, Karthik,
et al., and Ji, Xiao-Jun, et al. [59, 60]

Lignin is a rigid polymer that forms a protective layer around the cellulose fibers. It is difficult to
remove lignin, but it is essential for the production of MCC. Hemicellulose is a water-insoluble
polymer that is also difficult to remove. It is important to remove hemicellulose because it can
inhibit the hydrolysis of cellulose. Figure 2-7 shows methods that can be used to pretreat

lignocellulosic biomass.
( Acids, Alkali, Deep eutectic ‘
solvents, and lonic liguids
‘-‘ Milling, Microwave, Extrusion, ‘
and Ultrasonication
I— Steam explosion, Ammonia_fiber ‘
explosion, and Wet oxidation

Fig. 2-7 Pretreatment methods for lignocellulosic biomass [61]
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The choice of pretreatment method depends on a number of factors, such as the type of biomass,
the desired properties of the MCC, and the cost of the process [57]. Physical pretreatment
methods are environmentally friendly as they don't generate harmful substances. However, they
can be energy-intensive. The amount of energy needed for this process varies depending on the
type of plant material used. For example, breaking down soft plants like corn stalks and
switchgrass requires less energy than processing hard plants like pine and poplar. Specifically,
corn stalks need 11 kilowatt-hours per ton, switchgrass needs 27.6, while pine and poplar require
a much higher energy input of 85.4 and 118.5 kilowatt-hours per ton, respectively [59]. The most
common physical pretreatment methods include: milling, extrusion, microwave and
ultrasonication [62]. New physico-chemical pretreatment approaches, such as steam explosion,
have also shown great results in eliminating lignin fraction while leaving cellulose structure intact
and therefore purer. For example, in a study done by Song, Yan, et al [63], kenaf bast lignin was
removed and cellulose fibers were isolated from the material through a combined process of

steam explosion and fenton oxidation degumming.

Among various purification methods, chemical pretreatment is the most promising method for
preparing microcrystalline cellulose. Acid pretreatment in particular by using sulfuric acid,
alkaline, ionic liquids (ILs)-based, and organosolv pretreatment are the commonly employed
chemical pretreatments for lignocellulosic biomass [62]. Acid pretreatment can be performed
either under low acid concentration and high temperature or under higher acid concentration and
lower temperature. Using concentrated acid is more economic as the process is performed at low
temperature; however, toxicity, corrosiveness of equipment, and acid recovery are major
drawbacks preventing the widespread application of this method. On the other hand, ionic liquids
exhibit specific chemical properties but come with the drawbacks of high cost and toxicity
towards microorganisms and enzymes. Additional research is required to create affordable
methods for recovering ionic liquids and to evaluate their potential harm for widespread
commercial use. Alkali-bleaching pretreatment is preferred over classical chemical treatments for
cellulose fiber purification because NaOH/KOH, sodium chlorite, and acetic acid are readily

available in limited conditions.
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= Alkaline treatment (mercerization)

Alkaline pretreatment is a versatile and effective method for breaking down lignocellulosic
biomass. Sodium hydroxide (NaOH), potassium hydroxide (KOH), and calcium hydroxide
(CaOH,) are mostly used in this pretreatment method. It is a chemical process that uses an
alkaline solution to break down glycosidic ether bonds in lignin, disrupting the lignin structure in
biomass [64]. A saponification reaction during alkaline treatment causes disruption of the ester
bonds linking hemicellulose and lignin molecules. This results in the solubilization of lignin and
hemicellulose components in the alkaline solution. After lignin solubilization, the lignin no longer
acts as a protective shield to the cellulose. This exposes the cellulose crystals for further
processing, and more susceptible to other treatments, such as acid hydrolysis [65]. This makes the
extracted cellulose more susceptible to micro and nano synthesis. Additionally, alkaline treatment
removes residual waxes, pectin, silica ash, and natural fats at the pre-treatment stage. This is
important because these contaminants can interfere with the micro and nano cellulose production
processes. Alkaline processing also causes the cellulose component of the lignocellulosic material
to swell, modifying its structure. This swelling causes a decline in both crystallinity and polymer
chain size, resulting in a larger internal space [66]. Previous studies indicates that alkaline
pretreatment commonly utilizes strong base solutions with specific conditions tailored to different
biomass feedstock as presented in Table 2-1.

Table 2-1 Alkaline and bleaching pretreatments for different lignocellulosic fibers carried out at

varying conditions using different reagents.

No Raw Pretreatment reagents and conditions Ref.
material i :
alkali treatment bleaching treatment
1 Calotropis NaOH (2wt. %) at room H,0, (5 wt. %) and NaOH (3.8 wt. %) [67]
procera temperature for 3 h
_ at room temperature for 3 h
fiber
2  coconut NaOH (2 wt.%) at NaClO; glacial acetic acid [68]
fiber
80 °C for2h at70°C forlh
3 Bagasse NaOH (10 wt.% for 1.5 NaClOj/glacial CH;COOH [69]
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h, 20 wt.% for 1.5 hand at75°Cfor2h
20 wt.% for 1 h) at 98 °C

4 Rice husk NaOH (5 wt.%) at 80 °C ~ H,0, (5%), NaOH (0.1%) and [70]
for4 h MgSQ;, (0.1%) at 70 °C for 4 h
5  Citrus waste NaOH (6 wt. %) at room H,0; at 80 °C. [71]

temperature overnight.

6 Rapestraw NaOH (2 wt.%) at 75°C  H,0, (5%) at 75 °C for 2.5 h, [72]
for1h

7 Coconut NaOH (2 wt%) at 90 °C ~ NaClO; (1wt. %) at 75 °C for 1h [73]
paim for2 h

8 Ricestraw 4%, 6%, and 8% (w/v) Of  -------mmmmmmmmeeee [74]

NaOH at 70 °C for 5 min
to up to 120 min

9  Jute fibres NaOH (2 wt.%) at 30 °C  (NaClO,) solution (at pH 2.3) [75]
for6h for1hat50°C

10 Jack bean NaOH (4, 6, 8, 10 and First bleaching using NaOCI (0, 3 and 6%) at [76]
skin 20%) at 100 °C for 3 h 60 °C for 3 h, and second bleaching using 3%
sodium bisulfite at 60 °C for 3 h

11  Pineapple NaOH (2 wt. %) (NaClO, 4% wi/v) with the mixture of acetic [77]
leaf acid and NaOH (2% wi/v) for (1, 2, 3 and 4 h)

Various studies have shown that alkaline pretreatment is an effective technique for removing
lignin and making lignocellulosic fibers more accessible for downstream processing. However,
there are some disadvantages to this technique, such as the need to recover the added alkalis,

which can be difficult and expensive. Additionally, alkaline pretreatment is particularly suited to
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breaking down plants with low lignin levels, such as herbaceous crops and agricultural
byproducts, while its effectiveness decreases for hardwoods. Despite the disadvantages, alkaline
pretreatment is a promising technique for the production of micro or nanocellulose from

lignocellulosic biomass.

= Bleaching treatment (mercerization)
Following alkaline treatment, the bleaching process takes place. This process is necessary to
remove components such as residual lignin and hemicellulose. There are two main types of
bleaching treatments chlorine-based, and hydrogen peroxide bleaching treatments. Chlorine-based
bleaching uses chlorine compounds under acidic conditions to remove lignin and other impurities
from the fabric. This treatment is more effective than hydrogen peroxide bleaching, but it is also
more environmentally harmful. Hydrogen peroxide bleaching treatment is less effective than
chlorine-based bleaching, but it is also more environmentally friendly. Hydrogen peroxide
bleaching uses hydrogen peroxide under alkaline conditions to remove lignin and other impurities
from the biomass [78]. The bleaching process is typically repeated multiple times, or in stages,
until the desired whiteness is achieved. The resulting white color of the bleached material
indicates that a significant amount of lignin has been removed, confirming that the bleaching
process has been successful. Currently, there's a growing trend towards using hydrogen peroxide

instead of chlorine contain compounds for bleaching, due to its lower environmental impact.

Overall, alkali-bleaching pretreatment is a crucial step in microcrystalline cellulose production,
offering several key benefits: Firstly, it disrupts the complex lignocellulose structure, making the
cellulose more accessible for hydrolysis. Secondly, pretreatment streamlines the hydrolysis
process, reducing the energy required for MCC production [79]. Lastly, it can even enhance the
intrinsic properties of MCC, improving its crystallinity, solubility, and mechanical strength [58,
80].

2.4.1.2.  Hydrolysis of purified cellulose for MCC isolation

Even though pure cellulose has been extracted through earlier processing steps, additional
treatment is necessary to produce microcrystalline cellulose. This is because the cellulose still
contains disordered regions that can weaken its heat resistance and overall structure. The isolation

of MCC requires intensive hydrolysis, which can be done using a mechanical or chemical
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process. The mechanical hydrolysis process uses high-pressure homogenization or ultrasonication
to break down the cellulose fibers into smaller particles. The mechanical hydrolysis process is less
effective than chemical hydrolysis at producing MCC with high crystallinity. However, it is a
more environmentally friendly process and it can be used to produce MCC from a wider variety
of cellulose sources. The chemical hydrolysis is the most common method for isolating MCC. In
this process, a strong acid, such as hydrochloric acid or sulfuric acid, is used to break down the
amorphous regions of the cellulose. The crystalline regions, which are more resistant to acid

hydrolysis, remain intact and can be isolated as MCC particles [1, 81].

The physical and chemical properties of MCC are determined by the conditions under which it’s
produced. Factors such as temperature, processing time, type and amount of acid, and the
proportion of fiber to acid used to extract cellulose from raw materials all influence the final
properties of the MCC. These factors influence the physical and chemical characteristics of MCC,
including its particle size, shape, structure, thermal stability, and strength. After hydrolysis, a
number of downstream processes, including neutralization, washing, and drying, are used to
produce fine, powdered MCC. The properties of MCC can be tailored to meet the specific needs

of different applications.

The strong acid hydrolysis process is a versatile method for preparing MCC from a variety of
biomass sources. The process is relatively simple and can be scaled up to produce large quantities
of MCC. Sulfuric acid is the most widely used acid because it is easily obtainable and relatively
cheap. Hydrochloric acid is also used, but it is more expensive than sulfuric acid. Unfortunately,
the sulfated cellulose produced by sulfuric acid hydrolysis has low yield and less thermal stability
than the starting material. This is because the presence of active sulfate ester groups on the fiber
surface can negatively impact the treated material's ability to withstand heat. Despite this, the
extraction of MCC from various natural materials employing the acid hydrolysis process
continues to be investigated in research laboratories. This is because MCC can be further
developed and processed into functional and high-value-added products. There are other methods
for preparing MCC, such as enzymatic hydrolysis and steam explosion. These methods are less
harmful to the environment and do not require the use of strong acids. However, they are more
expensive and less efficient than strong acid hydrolysis.. Enzymatic hydrolysis, though

environmentally friendly, suffers from its selectivity, leading to lower yields and slower speeds
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[82]. Steam explosion, though faster than enzymes, breaks down some cellulose itself and yields a

wider range of particle sizes, requiring further processing [83].

Further research is needed to develop methods for mitigating these drawbacks and to improve the
efficiency and cost-effectiveness of the acid hydrolysis process. Jahan et al. [84] isolated MCC
from jute using a high acid concentration method. The MCC produced using this method had
good thermal stability and crystallinity of 74%. The authors attributed these properties to the use
of formic acid, which is an organic acid. The higher acidity of formic acid may have led to a more
complete hydrolysis of the cellulose fibers, resulting in MCC with higher crystallinity and thermal
stability. The authors also noted that the use of formic acid resulted in a lower yield of MCC than
the use of hydrochloric acid. However, they considered this to be a worthwhile trade-off, given
the improved properties of the MCC produced using formic acid. The results of this study suggest
that the use of organic acids, such as formic acid, may be a promising approach for the production
of high-quality MCC. However, further study is needed to confirm these findings and to optimize

the process conditions for the production of MCC using organic acids.

2.4.1.3.  Metal Salt Catalysis for Cellulose Hydrolysis

As previously mentioned, MCC is primarily produced by the use of strong acids. Beyond these
methods, only a limited number of combined approaches have been effectively implemented to
create microcrystalline cellulose from various biomass sources. Metal salts have been employed
to process cellulose-based materials due to their ability to break down cellulose structures and
weaken the bonds holding them together [85, 86]. Recently, transition metal salts have taken on a
new role as acidic catalysts for efficient cellulose hydrolysis.

Transition metal salt catalysts can be categorized as trivalent and divalent catalysts based on their
valence state. Trivalent catalysts, such as FeCls, Fe,(SO4)s, CrCls, and AICI3, are more effective
than divalent catalysts, such as FeCl,, FeSO,, and CuCl,. This is because the higher valence state
of the metal ion produces more H™ ions, which are more effective at catalyzing the hydrolysis
reaction. The hydrolysis of cellulose catalyzed by transition metal salts has several advantages
over conventional methods, such as using organic solvents or inorganic acids. Metal salts can
more efficiently disrupt the hydrogen bonds that hold cellulose fibers together. This makes it

easier for the cellulose to be hydrolyzed into smaller molecules [87]. Metal salts have a higher
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selectivity for disordered regions of cellulose, which means that they are less likely to degrade the
crystalline regions [88]. They are less corrosive and more environmentally friendly than organic
solvents or inorganic acids. This makes them a safer and more sustainable option for cellulose
hydrolysis. Metal salts can help to reduce the energy consumption required for cellulose
hydrolysis. Furthermore, metal salts have a larger surface area than solid-phase catalysts. This
allows for more efficient contact between the catalyst and the cellulose, which leads to a faster
and more complete hydrolysis reaction [87]. The supernatant produced during cellulose
hydrolysis can be converted into another useful byproduct by chemical precipitation. This
prevents the supernatant from being discharged into wastewater treatment plants, where it would

be a waste product.

Overall, to extract MCC from lignocellulosic materials, the first step is to remove lignin and
hemicellulose. As discussed above, alkaline pretreatment is an effective technique for removing
lignin and making lignocellulosic fibers more accessible for downstream processing. This
treatment occurs at milder conditions (below 140 °C) and lower severity as compared to other
pretreatment technologies. Additionally, alkaline pretreatment is more effective for low lignin
content biomass, such as herbaceous crops and agricultural residues like Teff straw. However,
further research is needed to improve the efficiency and cost-effectiveness of alkaline
pretreatment. The conditions, such as temperature, time, and concentration of the alkaline
solution, should be optimized to achieve the desired results for different agricultural residues.
Furthermore, currently, there is a growing interest in the use of hydrogen peroxide bleaching as a

more environmentally friendly alternative to chlorine-based bleaching.

As discussed above, transition metal salts catalysts offer a number of advantages over
conventional methods for cellulose hydrolysis. They are more efficient, selective,
environmentally friendly, and cost-effective. As a result, they are a promising option for the
production of high-quality MCC. Thus, in this study, alkaline hydrogen peroxide pretreatment
followed by transition metal salts assisted dilute acid hydrolysis were selected to isolate MCC
from TS.
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2.4.2 Potential of Agricultural Residues as Source of MCC

Microcrystalline cellulose comes from various plant sources, with wood and cotton being the
main ones. However, these materials are also in high demand for other uses like furniture, paper,
and textiles. This competition, along with limited availability in some regions, drives the search
for alternative, more affordable sources of cellulosic fibers. The need for a cheaper source of
cellulosic fibers has led to the exploration of other forms of lignocellulosic materials, such as
herbaceous plants, grasses, aquatic plants, agricultural crops, and even their byproducts. These
alternative sources hold promise for meeting the growing demand for MCC in a more sustainable

and cost-effective way.

While various plant-based materials can be used to make cellulose fibers, agricultural waste
products offer a significant financial benefit as a source of these fibers for commercial production.
This is because these residues are practically free or even a burden to dispose, and they can be
transformed into cellulose with minimal processing. Compared to other sources, agricultural
residues have additional benefits: they contain naturally lower amounts of hemicellulose and
lignin [89]. This means that they require less chemicals and energy to bleach, making them a
more sustainable source of cellulose. As a result, agricultural residues hold immense potential as a
sustainable and cost-effective source of cellulose. Such resources include: leaves, stems and stalks

from a variety of agricultural residues.

The source of MCC significantly impacts its overall quality and performance. As MCC can be
derived from various cellulose-rich materials, exploring different extraction methods is crucial for
optimizing its properties. From the relevant literatures, a variety of agricultural residues are
investigated as feedstock materials for the manufacture of MCC. For example, rice straw [90],
palm fibers [91], giant reed [92], cotton stalk waste [17], tea waste [93], lagenaria siceraria (bottle
gourd) [94], Orange mesocarp [95], rice husk [96], and corn residues [97] have been investigated
as potential sources of MCC. The development of MCC from agricultural residues has the

potential to create new value-added products, while also solving disposal problems [1].

Ethiopia's agricultural landscape is primarily composed of countless small farms that
predominantly grow grains to feed their families and generate income. The five cereals (Teff,
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Wheat, Maize, Sorghum, and Barley) are the core of Ethiopia’s agriculture accounting almost
three-fourths of the total area cultivated [98, 99]. Moreover, there has been substantial growth in
cereals in terms of area cultivated, yields, and production. Because of the country's agricultural
strength, a substantial amount of agricultural residue is produced.

The food culture of Teff in Ethiopia is historical and a major part of the country’s national identity
with high socio-cultural values and high prices among cereal crops [100]. Teff is an ancient grain
that was first domesticated in Ethiopia between 4000 and 1000 BC [101]. It is well-adapted to the
highland areas of Ethiopia, where it is grown on heavy, well-drained, clay soils. Teff is used to
make injera, a traditional Ethiopian flatbread, as well as a variety of other dishes. It is a versatile

and sustainable crop, and it is an important part of Ethiopia’s economy.

Teff straw is the main solid residue after Teff grain is harvested. As a result, a lot of TS is
generated each year throughout the country, which is primarily used for livestock diet, to plaster
mud when constructing residential huts, and to make local grain storage silos in rural areas [102].
Except for these mentioned uses, TS has no other commercial value. However, this agricultural
residue contains lignocellulosic compounds that could be a potential resource for value-added
materials such as cellulose fibrils

2.5. Biodegradable Polymers in Composites

While biodegradable polymers are environmentally friendly, they have drawbacks in terms of
thermal resistance, barrier properties, and strength, as detailed in section 2.1.The emergence of
composites has brought in a revolution in materials science. A composite material is made up of
two or more different components. One component, called the reinforcement, provides strength
and stiffness. The other component, called the matrix, binds the reinforcement together and
provides toughness and dimensional stability. The properties of the composite depend on the
properties of the reinforcement and the matrix. Several articles have highlighted the importance of

biodegradable polymer matrix in the development and use of composite materials [36, 103, 104].

Bio-composites can be prepared using two main techniques: solvent casting and melt
compounding. Melt compounding is an extrusion process that involves the incorporation of

thermoplastic particles using thermo mechanical mixing (compounding), and then extruded
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through a die to form a film. The main advantage of melt compounding is that it is a solvent-free
process. It is a good choice for applications where no organic solvent system is required. This
eliminates the need to use toxic and hazardous solvents, which can be harmful to the environment
and to human health. The main disadvantage of melt compounding is that it can be difficult to
control the dispersion of the fillers in the polymer matrix. This can lead to poor mechanical
properties and a lack of uniformity in the film. Careful control of the process parameters is
essential to minimize degradation of the fillers and to ensure that the fillers are uniformly
dispersed in the polymer matrix [105].

Among the techniques of film manufacturing, solvent casting is a feasible, preferable, and
undoubtedly widely used method mainly due to the straightforward manufacturing process
(involving no specialized equipment) and low cost of processing. The quality of the film produced
by solvent casting can be controlled by monitoring the parameters of each step in the process. For
example, the concentration of the polymer solution, the casting speed, and the drying temperature

can all affect the thickness, uniformity, and mechanical properties of the film [106].

Different classes of fibers are used to reinforce polymeric matrices. The most common fibers used
in industry are carbon fibers, aramid fibers, and glass fibers. However, these fibers have some
serious drawbacks: They are non-renewable resources, non-recyclable, abrasive to equipment,
require a high energy input to manufacture, and they can pose a health risk. In addition, the
production of glass fibers releases carbon dioxide and other harmful chemicals into the
environment. New technologies are being developed to address some of the drawbacks of fibers.
For example, researchers are developing ways to make fibers from renewable resources and to
recycle them more easily [107]. They are also working on ways to reduce the energy input
required to manufacture fibers and to make the manufacturing process more environmentally
friendly [108-110].

Cellulosic fibers have sparked a special interest because of their high specific mechanical
properties, biocompatibility, and bio-resource. They are a feasible alternative for some
applications to replace synthetic reinforcement in polymers. In addition to these advantages,
cellulosic fibers also have a lower density than glass fibers, yet they offer higher mechanical

strength and stiffness. This makes them a more attractive option for many applications. As a result
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of these advantages, and the demand for more environmentally friendly and sustainable materials
increases, cellulosic fibers are becoming increasingly popular as a reinforcement material for

polymers [111].

Many approaches with different cellulosic fibers have been considered to improve the physical
characteristics of polymers. The use of macro and nano cellulose fibers as either additives or
reinforcements in diverse polymer systems to modify their characteristics has become a popular
research area. For instance, combining nanocelluloses with polylactic acid creates a material that
not only breaks down naturally but is also significantly improved the mechanical properties.
Wang et al. [112], extracted cellulose nanocrystals from waste cotton using a mixed H,SO4 &
HCI, and subsequently used as filler to reinforce a PLA polymer matrix. The researchers created
composite films by combining different amounts (0%, 0.1%, 0.3%, 0.5%, and 0.7%) of CNCs
with PLA. They found that films with small amounts of CNCs (0.1% and 0.3%) had desirable
qualities such as a smooth surface, high crystallinity, and good strength and flexibility. However,
when the CNC content was increased to 0.7%, the CNCs were unevenly distributed within the
PLA, resulting in poor light transmission, reduced crystallinity, and decreased strength and

elasticity.

Qian et al. [113], also studied effects of bamboo cellulose nanowhisker (BCNW) content on the
morphology, crystallization, mechanical, and thermal properties of PLA matrix biocomposite.
Biofilms made from PLA combined with varying amounts of BCNW were created using a
solution casting method. The amount of BCNW in these biofilms ranged from 0 to 4%. The
resulting biofilms were then analyzed. The study found that the strongest and most flexible
biofilm was produced when BCNW made up 2.5% of the material, achieving a maximum tensile
modulus of 427 MPa. However, the biofilm with the greatest ability to stretch before breaking
contained 1.0% BCNW, with an elongation at break of 22%. Additionally, the addition of BCNW
significantly increased the size of the crystalline structures within the biofilm, reaching a peak
crystallinity of 30.7% when BCNW was 2.5% of the material. Furthermore with the increase in
BCNW content, tensile strength of the composites reduced gradually. The literature also presents
biodegradable composites using other polymers, like polyacrylamide/TEMPO-oxidized cellulose
nanofibril [114], Poly(e-caprolactone)(PCL) /cellulose fibers [115], Polyhydroxybutyrate (PHB)
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reinforced with natural fibers [116], and natural renewable polymers like starch-based composites
[117].

2.6. Performance Enhancement of PVA Polymer by Cellulosic Micro and Nano

Reinforcement

The PVA structure has many hydroxyl groups attached to its carbon backbone, which allows
other substances to be incorporated into it through hydrogen bonding. Over last years, the
productions of the PVA based composite using cellulosic fibers from different lignocellulosic
biomass have been reported by several research groups as shown in Table 2-4. Previous studies
have shown that adding reinforcing fillers to a polyvinyl alcohol matrix can improve its water
resistance, mechanical properties, and thermal stability. Some of the fillers that have been studied

include graphene oxide [118], montmorillonite [119], bamboo charcoal [120], and cellulose [121].

Natural fibers offer a more environmentally friendly approach to strengthening composite
materials. Cellulose, the primary component of these fibers, is inherently robust due to its highly
ordered structure and the strong bonds between its molecules. The obtained cellulosic structures
are usually at the micro or nano scale, and can demonstrate special properties when used as

reinforcement in polymer composites
2.6.1. Cellulosic micro - reinforcement

As discussed above, by reinforcing PVA with natural fibers, it is possible to improve its strength,
stiffness, and toughness. Chakraborty et al. [122], investigated the impact of micro-fibrillated
cellulose (MFC) on the tensile strength of PVA composites. They found that adding 5% MFC
significantly improved the composite's strength. However, exceeding this amount led to MFC
fiber clumping, reducing the strengthening effect. The researchers concluded that MFC's superior
strength and shape made it an effective reinforcement. In another study, Qiu and Netravali
enhanced the properties of MFC/PVA composites by chemically linking MFC and PVA with
glyoxal [3]. This crosslinking boosted the composite’s mechanical strength, thermal stability, and
glass transition temperature. However, the composite's melting point and crystallinity decreased.
In a study by Santi et al. [123], PVA/MCC composites were prepared using mechano-chemically

activated MCC. Six different formulations were developed, with increasing ratios of MCC
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content (from 0% to 55% w/w) in PVA. The composites were then extruded using a co-rotating
twin-screw extruder. The PVA/MCC composites exhibited a good stress—strain behavior, as well
as a close correlation between MCC content and tensile, thermal, and degradation properties. The
results showed that the addition of MCC to PVA can improve its mechanical properties, thermal
stability, and biodegradability. In another study, Hasan et al. [124] developed PVA composite
films using MCC derived from jute fiber. They oxidized the jute fiber with ammonium persulfate
to introduce carboxylic groups. The composite films were produced in varying ratios of MCC and
PVA. The researchers found that the composite films exhibited improved thermal stability,

suggesting their potential as flame-retardant materials.
2.6.2. Cellulosic nano - reinforcement

Asad et al., [42] used TEMPO-oxidized nanocellulose (TONC) suspension from oil palm empty-
fruit-bunches (OPEFB) to reinforce PVA polymer with varying weight percentages from 0.5 to
6% (w/w) using the casting method. They found that the 4% (w/w) TONC content reinforced
nanocomposite had the highest tensile strength and modulus, increasing by 122% and 291%
respectively, compared to neat PVA. However, the elongation at break decreased by about 42.7%.
The thermal stability of PVVA-based nanocomposite films was also improved.

Table 2-2 Tensile strength, Modulus and Elongation at break of PVA/TONC composite with
increasing TONC content [42]

Weight percentage Tensile strength (MPa) Modulus (GPa) Elongation at break

of TONC (%) (%)
0 63.2 0.9 6.2
0.5 121 2.1 5.4
1 125 2.75 45
2 137 3.3 4.25
4 140.3 3.9 3.65
6 130 3.7 3.5
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Table 2-2 demonstrates that the tensile strength and modulus of the nanocomposite films
increased with increasing TONC content, while the elongation at break decreased. This suggests
that the TONC reinforcement improved the strength and stiffness of the films, but decreased their
ductility. These findings suggest that TONC reinforcement enhanced the films' strength and
stiffness while compromising their ductility, as shown in Table 2-2. The thermal stability of the
films was also improved with increasing TONC content. These findings demonstrate the
effectiveness of TONC in reinforcing PVA polymer, leading to the creation of films with not only
enhanced mechanical strength and stiffness but also superior thermal stability.

In 2018, Wang and his team [125] produced cellulose nanofibrils (CNFs) from steam-exploded
rice straw fibers using a TEMPO-mediated system. They then used these CNFs to prepare
reinforced PVA composite films by solution casting. The resulting films demonstrated improved
flexibility, transparency, and heat tolerance compared to the original PVA films. However, they
also showed weaker water resistance due to the existence of more polar groups in the rice straw

CNFs. Here is a table (Table 2-3) summarizing the results of the study:

Table 2-3 Mechanical properties, transparency, and thermal stability of rice straw CNFs/PVA
composite films at 3% CNF content and pure PVA films [125].

Rice straw CNFs/PVA composite

Property Pure PVA films films at 3% CNF content
Tensile strength (MPa) 40 60
Elongation at break (%) 150 110
Thermal stability (Tmax (°C)) 255 270
Water resistance (% water 118 108

absorption)

The data presented in Table 2-3 shows that composite films made from rice straw cellulose
nanofibers (CNFs) and PVA are significantly stronger than pure PVA films. The researchers

explain that this improvement in strength and stiffness is due to the CNFs' long, thin shape. These
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nanofibers create a reinforcing network within the PVA material. Additionally, the inclusion of
CNFs also enhanced the composite films' resistance to heat. The CNFs acted as a barrier to heat,
preventing it from reaching the PVA matrix. Furthermore the PVA composite films are more
water-resistant than pure PVA film. Increasing the cellulose fiber content in these composites
further reduces their water absorption. The authors concluded that the rice straw CNFs/PVA
composite films could be used as a potential alternative to conventional materials in a variety of
applications, such as packaging, membranes, and composites. However, they noted that the weak
water resistance of the films would need to be addressed before they could be used in applications

where water resistance is important.

In other research work, Spagnol et. al., [126] have demonstrated the successful isolation of highly
crystalline cellulose nanowhiskers (CW) from cotton. These nanowhiskers were then incorporated
into PVA films at varying concentrations (3, 6, and 9%). The resulting nanocomposite films
exhibited significant enhancements in both tensile strength (up to 33%) and elastic modulus (up to
140%), with the degree of improvement dependent on the specific chemical treatment of the
nanowhiskers and their concentration within the film. The authors of the study attributed the
improved mechanical properties of the CW-reinforced PVA films to the high aspect ratio of the
CWs, the good dispersion of the CWs in the PVA matrix, and the chemical modification of the
CWs. The authors concluded that CWs are a promising reinforcement material for PVA polymer.
They suggest that further research is needed to optimize the processing conditions and CW
loading to achieve the best possible mechanical properties. Focusing on mechanical properties,
Table 2-4 presents a comparative analysis of PVA composites reinforced with various cellulose
fibrils, identifying their optimal fiber loading percentages for achieving superior mechanical

properties.

37



Table 2-4 Summary of studies on mechanical properties of PVA-based composites reinforced by

cellulose fibrils from different fiber sources with their optimum fiber loading.

Formulation Fiber source MCC/NC extraction Tensile Elongation Ref.
str.(MPa)
method (%0)
PVA/6% CNF Wood chips ultrasonication 57 e [127]
PVA/6 % CWMA  cotton fibers Concentrated HCI (37%) 33%  --—---- [126]
Increment
PVA/4% TONC oil palm pulp TEMPO-oxidization 140.3 3.75 [42]
PVA /3% CNF Rice straw TEMPO-oxidization 60 110 [128]
PVA/7.5% CNC sugarcane Acid hydro. (60%) H,SO, 60 180 [129]
bagasse
PVA/5%NC MCC Acid hydro. (95%) H,SO, 82 - [130]
PVA/7.5%MCC Rice straw alkali-bleaching treatment 31 15 [90]
PVA/2.5%cellulose Palm Fruit Acid hydro. 36.09 119.96 [131]
Bunch
(H2S0y)
PVA/ 1%MCC sago seed shell ~ ------ 22.5 [132]

* TONC = TEMPO-oxidize nanocellulose, CWMA=cellulose whiskers modified by maleic anhydride

Overall, PVA's diverse character is defined by its flexibility, water solubility and remarkable

chemical resistance against oils, greases, and solvents. Additionally; PVA is also biodegradable,

making it an environmentally friendly choice. However, its highly hydrophilic nature and poor

mechanical strength limit its wider application. The above studies clearly demonstrate that natural

fibers such as MCC and NCC enhance the mechanical, thermal, and degradation properties of

PVA. This holds immense potential for developing sustainable and high-performance materials.
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Further research can optimize PVA's utilization for specific applications within automotive,
construction, packaging and medical industries. Thus, in this study, PVA is selected as a polymer

matrix for biodegradable composite preparation.
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2.7. Conclusions

Significant studies have been conducted in recent decades on the conversion of lignocellulosic
biomass into cellulose derivatives. This review provides an overview of different techniques used
to extract microcrystalline cellulose from various materials. It also explores how MCC is used to

create composite materials and their current applications.

Solid waste disposal is a major problem facing modern society. Among the solid wastes,
agricultural residues are produced in large quantities in Ethiopia and other countries. Using
agricultural residues as starting materials to synthesize various compounds can help to solve the
disposal problem and also provide a value-added product. MCC is one such product that can be
obtained from various lignocellulosic biomass wastes. Typically, it is produced by subjecting
alpha cellulose to an abundance of mineral acids. MCC has gained significant attention as a
promising material for industrial, technological, and biomedical applications. The source of the
cellulose and extraction methods can affect the particle size, crystallinity, surface area, moisture
content, and porous structure of the MCC. These properties can in turn affect the MCC's

performance in different applications.

Microcrystalline cellulose is currently made from various plant-based materials. To reduce
production costs, researchers are exploring the use of alternative sources like grasses, aquatic
plants, and agricultural waste products. While many materials can be used to produce MCC,
agricultural waste is particularly attractive due to its potential economic benefits. This is because
these residues are often available at low or even negative cost, and they can be used to produce
cellulose without the need for additional processing. Compared to other sources, agricultural
residues have additional benefits: lower hemicellulose and lignin content. This means that they
require less chemicals and energy to bleach, making them a more sustainable source of cellulose.

As a result, agricultural residues are a promising source of cellulose.

Ethiopia’s crop agriculture continues to be dominated by the country’s numerous small farms,
which cultivate mainly cereals for both their own consumption and sales. Due to the country's
extensive farming activities, a massive quantity of agricultural residue is produced. Teff is

versatile and sustainable crop, and the straw from Teff crop is a valuable agricultural residue that
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has a variety of potential uses. Therefore, this research will focus on the production and
characterization of MCC from TS as a bio-filler for enhancing the mechanical and thermal

properties of biopolymers.

To extract microcrystalline cellulose from lignocellulosic materials, the first step is to remove
lignin and hemicellulose. The goal of pretreatment is to break down the complex structure of
lignocellulose and make the cellulose more accessible to acid hydrolysis. Alkali-bleaching
treatments are preferred over classical chemical treatments for cellulose fiber purification because
NaOH/KOH, sodium chlorite, and acetic acid are readily available in limited conditions. A
saponification reaction during alkaline pretreatment causes the cleavage of the intermolecular
ester linkages between hemicelluloses and lignin. This results in the solubilization of lignin and
hemicellulose fragments in the alkaline solution. After lignin solubilization, the lignin no longer
acts as a protective shield to the cellulose. This exposes the cellulose crystals for further
processing, and more susceptible to other treatments. Additionally, alkaline pretreatment is more
effective for low lignin content biomass, such as agricultural residues. The conditions, such as
temperature, time, and concentration of the alkaline solution, should be optimized to achieve the
desired results.

Once lignin and hemicellulose have been removed, a controlled hydrolysis treatment is
performed. Sulfuric acid is the most widely used acid because it is easily obtainable and relatively
cheap. The process is relatively simple and can be scaled up to produce large quantities of MCC.
Unfortunately, the sulfated cellulose produced by sulfuric acid hydrolysis has low yield and less
thermal stability than the starting material. Further research is needed to develop methods for
mitigating these drawbacks and to improve the efficiency of the acid hydrolysis process.
Recently, transition metal salts have taken on a new role as acidic catalysts for efficient cellulose
hydrolysis. Transition metal salt catalysts offer a number of advantages over conventional
methods for cellulose hydrolysis. They are more efficient, selective, environmentally friendly, and
cost-effective. As a result, they are a promising option for the production of high-quality MCC.

The main motivation for developing bio-composites is to create a new generation of composites
that are environmentally friendly in terms of manufacturing, application, and recycling. The

development of continuous native cellulose fibers is an emerging technology that is believed to be
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important when bio-composites with light weight and targeted properties are required. MCC plays
a vital role in the development of bio-composites, which combine MCC with a polymer. It can
improve the strength, stiffness, and toughness of these materials. Polyvinyl alcohol is the most
readily biodegradable of vinyl polymers. This odorless and tasteless material excels in film
formation, and adhesion, while demonstrating flexibility, and barrier properties against oxygen
and aromas. Moreover, the PVA structure has many hydroxyl groups linked to its carbon
backbone, enabling the integration of other substances through hydrogen bonds. These versatile
attributes make PVA a compelling alternative for disposable and biodegradable plastics.

However, its highly hydrophilic nature and poor mechanical strength limit its wider application.

In conclusion, the path towards utilizing Teff straw as a sustainable source of MCC and its
incorporation into bio-composites is laden with possibilities. More research and development are
crucial to optimizing extraction methods, exploring diverse sources of cellulose, and evaluating
the performance of these bio-composites across various applications. By embracing this novel
approach, we can not only address waste management concerns but also pave the way for a future

driven by environmentally responsible and high-performance materials.
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CHAPTER 3: VALORIZATION OF ABUNDANTLY AVAILABLE
ETHIOPIAN TEFF (ERAGROSTIS TEF) STRAW FOR THE ISOLATION
OF CELLULOSE FIBRILS BY ALKALINE HYDROGEN PEROXIDE
TREATMENT METHOD

Based on the published paper: Assefa, E.G., Kiflie, Z. & Demsash, H.D (2023). Valorization of
Abundantly Available Ethiopian Teff (Eragrostis Tef) Straw for the Isolation of Cellulose Fibrils
by Alkaline Hydrogen Peroxide Treatment Method. J Polym Environ 31, 900-912.
https://doi.org/10.1007/s10924-022-02646-4

Abstract

Teff is the main cereal crop in Ethiopia, where Teff straw is the solid residue after the grain is
harvested. Therefore, the valorization of such abundant agricultural residue for isolating cellulose
could be a viable fiber source. This study characterized cellulose fiber isolated from TS by
alkaline and chlorine-free bleaching treatments for bio-filler applications. During the alkali
treatment, three independent variables [i.e. temperature (60-95 °C at the interval of 10°C except
for the last level (at 5°C interval)), time (30-150 minute at the interval of 30 min), and NaOH
concentration (2-8 wt. % at the interval of 1.5 wt. %)] were examined to predict their effect on
lignin decomposition and fiber yield. Chemical composition analysis showed that the raw Teff
straw has 40.44%, 29.44%, and 18.05% of cellulose, hemicellulose, and lignin respectively.
Based on the single-factor alkali treatment results the percentage of lignin removal and the yield
of cellulose were influenced by the NaOH concentration, treatment time, and temperature of the
treatment. Furthermore, the final bleached fibers had cellulose, hemicellulose, and lignin contents
of 85.5%, 11.98%, and 2.52 % respectively, which confirmed the significant decrease in the
percentage of non-cellulosic components. As a result, the isolated cellulose has high crystallinity
(65.51%) and thermal stability (Ton (255 °C) and Tmax (365.5 °C)). SEM images of the obtained
cellulose showed a long rod-like structure with an average diameter of 4.5 um. Overall, the results
of this study indicated that Teff straw is a promising new source of raw material to produce

cellulose, which could be used as a bio-filler in bio-composite preparation.

Keywords: Teff straw; Biomasses valorization; Cellulose isolation; Chlorine-Free Bleaching;
Characterization.
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3.1. Introduction

Being environmentally friendly, natural fiber-reinforced polymers have been significantly used in
many applications, such as automobiles, packaging, and the furniture industry as alternatives to
synthetic polymers which pollute the environment. Cellulose, primary component of natural
fibers, plays a vital role in providing mechanical strength and structural support [133]. It has
excellent mechanical properties, and thermal resistance, as well as degradability, which is
unobtainable in synthetic fillers. This makes it an excellent bio-filler for both synthetic and
natural polymer matrices [134-136]. Cellulose is a natural, partially crystalline material made up
of repeating glucose units linked together in a specific pattern. It's the most common organic
compound on Earth and can be produced sustainably from a variety of living things [137, 138].
Plant fibers vary widely in their makeup and structure based on factors such as the plant type, its
age, which part of the plant it comes from (root, stem, or leaf), where it was grown, and the local
climate [139-141]. Consequently, cellulose derived from different sources and growing
conditions exhibits distinct chemical, mechanical, and thermal characteristics. Therefore, the
isolation and characterization of cellulose fibrils from different lignocellulose sources in different
geological regions for various applications is a major area of study to compare and efficiently

exploit these resources.

Due to the increasing demand for cellulose fibers, alternative sources such as agricultural residues
are currently being investigated. Furthermore, agricultural sources are particularly promising
because they usually have lower lignin and higher holocellulose contents compared to wood
materials [142]. For this reason, delignification and fiber purification of such agricultural residues
may require lower energy and chemical consumption. The cultivation of Teff as a cereal crop
produces a large quantity of TS annually as discussed in the previous chapters. Physically, Teff is
a tufted annual grass where its culm is fine, and erect that reaches a height of 150-200 cm at
maturity [102, 143]. Recently, different studies have been reported on TS valorization such as for
activated carbon, bio-silica, and bio-char preparation [144-147]. Gabriel et al. [148] also isolated
cellulose from TS and other plant by-products using three stages of chemical treatments at
different NaOH concentrations. However, this work did not study the effects of process variables
like reaction time and temperature on alkali-treated fiber yield and lignin removal, which are
crucial factors when the yielded fiber is to be used for reinforcement application.
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So far, different methods for isolating cellulose from lignocellulosic materials have been reported:
mechanical, biological, chemo-mechanical, and chemical [149-154]. The main purpose of these
treatment methods is to break down the carbohydrate polymers of the biomass, reduce the
proportions of hemicellulose and lignin, accompanied by a greater cellulose proportion [155].
Among these, chemical methods have been widely used for isolating cellulose as they are cheaper
and more efficient. Chemical methods such as alkali and acid hydrolysis are often considered
cheaper for cellulose isolation due to simpler equipment needs, faster processing times, and
potentially higher yields [156]. Compared to mechanical or biological methods, they often require
simpler equipment. setting up and maintaining complex machinery like grinders or bioreactors
can be expensive, making chemical methods more cost-effective. Additionally, chemical methods
boast faster processing times, leading to lower energy consumption and reduced operational costs.
Furthermore, these methods can achieve higher cellulose yields from the raw material compared
to some alternatives. This translates to needing less starting material for the same amount of

cellulose, ultimately resulting in cost savings.

Alkali treatment increases cellulose content by removing the outer non-cellulosic layers,
hemicelluloses, and lignin from the raw fiber. Additionally, alkali treatment removes residual
waxes, as well as pectin [157]. Alkali-based methods are particularly effective for processing
lignocellulosic biomass with a lower lignin content, like that found in agricultural residues [158].
In the literature, alkali treatments of different lignocellulosic biomass at different process
conditions have been reported. For instance, Gu, J., & Hsieh, Y. [74], successfully isolated
cellulose from rice straw by alkali treatment with 4%, 6%, and 8% (w/v) of NaOH at 70 °C for 5
to 120 min treatment time, to find the optimal conditions. Yue, Yiying, et al. [69], treated energy
cane bagasse with NaOH under different conditions (10 wt.% for 1.5 h, 20 wt.% for 1.5 h, and 20
wt.% for 10 h) at 98 °C. Similarly, in the study of Aurelia, et al. [76], dried jack bean skin was
treated with NaOH solution in several concentrations (4, 6, 8, 10, and 20%) at 100 °C for 3 h to
extract cellulose. All the above studies report different optimal conditions for cellulose yield as
well as lignin removal efficiency from the lignocellulosic biomass. Moreover, the three
parameters (reaction temperature, time, and NaOH concentration) are the main factors in the

alkali treatment of biomass for cellulose isolation.
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An alkali hydrogen peroxide treatment was chosen for this study as it is an inexpensive and
effective method to isolate cellulose fibers [159, 160]. Additionally, the use of hydrogen peroxide
bleaching treatment has less environmental impact compared to the chlorine-containing bleaching
agents. Alkaline treatment strips away some of the hemicellulose, lignin, wax, and oils on the
outside of the fiber cell. Following this, bleaching breaks down and dissolves the colored parts of
the remaining lignin and any natural dyes within the fiber [75]. The conditions of the alkali and
bleaching treatments, including the strength of the sodium hydroxide solution, treatment duration,
and temperature, significantly impact the quantity and purity of the cellulose fiber produced.

Therefore, this study aims to isolate and characterize cellulose fibrils from TS using alkali
hydrogen peroxide treatment and investigate the effect of alkali treatment conditions on the yield
and percentage of lignin removal on the obtained fiber. All samples at each stage of treatment
were characterized through chemical composition, X-ray diffraction, Thermogravimetry, and

Scanning electron microscopy analysis.

3.2. Materials and Methods

3.2.1. Materials

Teff straw was collected from a local farm in the northern part of Ethiopia, Amhara region, near

Bahir Dar city, Ethiopia.

The chemical reagents used were sodium hydroxide (NaOH, 98%), and sulfuric acid (H,SOy,
98%) (HiMedia, Mumbai, India), hydrogen peroxide (H,O,, 30%), (Fisher Scientific,
Loughborough, UK), glacial acetic acid, ethanol (98%) (Research-Lab, Mumbai, India), and
Nitric acid 65% (Loba Chemie, Mumbai, India). All chemical reagents were of analytical grade.

3.2.2. Experimental Methods
3.2.2.1. Isolation of Cellulose Fibers
a) Sample preparation

The preparation of cellulose fibers from natural fibers requires the removal of extractives, lignin,
and hemicellulose. The existence of extractives in natural fibers reduces the penetration of the

alkali solution as they shield the fibers’ reactive functional groups. Thus, size reduction and
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extractive removal are performed to increase the delignification efficiency. Extractive removal is
mainly performed through treatment with a mixture of benzene/ethanol, toluene/ethanol, or hot
water. Due to environmental and economic considerations, this study utilized hot water to extract
and remove components including waxes, fats, resins, tannins, gums, sugars, and starches that

were not chemically linked to the material [68].

The collected TS was washed several times to remove dirt and sand before being milled. It was
then placed under sunlight drying for about 3 days to remove the excess moisture. After sun
drying, it was milled using a cutter mill (Fritsch, D-55743, Germany) to reduce the size of fibers
to a size that could pass the 850 um sieve size and retained in the 250 pum sieve. 10 g of milled TS
fiber (dry weight) was soaked in 500 ml of distilled water and stirred for 120 min at 70 °C as per
the method used by Yue, Yiying, et al. [69]. Then, the slurry was filtered and washed with
distilled water repeatedly to remove soluble extractives. Finally, it was dried in a hot air oven
(PH-030A, China) to constant weight.

b) Alkali and bleaching treatment

Among various purification methods, alkali hydrogen peroxide (AHP) treatment is a preferred
chemical treatment method for the purification of cellulose fibers. NaOH and H,O, are widely
available in the industry at a reasonable cost and have lower environmental impact. Different
solid to liquid ratios (g/ml) in alkali/bleaching treatment of biomass have been reported in the
literature [54, 70, 93, 161]. It is essential to make the treatment at high solid concentration since
on an industrial scale higher solid loadings are desirable as they lead to lower production costs.
However, the higher fiber content might increase the viscosity, which hinders the mixing
procedure. Whereas, lower fiber content might cause wastage of chemicals and lower the
cellulose fiber yield due to chemical degradation [162]. Based on the preliminary experimental
work results of this study (Appendix Al), the solid-to-liquid ratio of 1:30 (g/ml) was used

throughout the alkali and bleaching treatments.
e Alkali treatment

In this study alkali treatment of the obtained hot water-treated TS was carried out using sodium
hydroxide on a hot plate under a constant magnetic stirring (magnetic stirrer hotplate, Stuart

Scientific, UK). In order to investigate the effect of reaction temperature, reaction time, and
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NaOH concentration on the yield and lignin removal efficiency of the fiber from TS, the treatment
was conducted under different process conditions, as shown in Table 3-1 with a one-variable-at-a-
time approach. Preliminary work at a higher temperature (100 °C) resulted in the drying of the
working solution, causing the fibers to burn before the reaction was complete. Consequently, the

temperature was reduced in 5 °C intervals from level 4 to 5.

At the end of each reaction, the mixtures were filtered using vacuum filtration and washed with
distilled water repeatedly. Then, the obtained residue was rinsed with distilled water and mixed
manually with a dilute acetic acid solution using stirring rods to neutralize any alkali solution
attached to the fiber. Chemical treatment creates pores in lignocellulosic fibers by removing
lignin. These pores, filled with water in a wet state, collapse upon drying due to fiber shrinkage.
This structural change reduces porosity and hinders subsequent treatments. Oven drying at lower
temperatures is a common approach to minimize shrinkage. Based on literature, in this research
work drying at lower temperature (60 °C) was chosen for alkali and bleaching treated fibers
drying. Thus, the samples were oven-dried at 60 °C till constant weight. Finally, the yield and

residual lignin content were then determined for each sample.

Table 3-1 Process parameters and levels for the alkali treatment

Level
No. Factor
1 2 3 4 5
1 Reaction temperature (°C) 60 70 80 90 95
2 Reaction time (min) 30 60 90 120 150
3 Sodium hydroxide concentration (%) 2 35 5 65 8

= Bleaching treatment

This study utilized hydrogen peroxide under alkaline conditions for oxidation because it offers a
more environmentally sound and chlorine-free bleaching process [163]. The alkali-treated fiber
was bleached using a preheated mixture of hydrogen peroxide (20%) and sodium hydroxide (5%)

to remove the remaining lignin and hemicelluloses using a hot plate under constant magnetic
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stirring. Based on the preliminary experimental work results (Appendix A2) and literature
surveys, bleaching treatment was conducted at a temperature of 65 °C for 90 min. The remaining
material, high in cellulose, was filtered and repeatedly rinsed with pure water until neutrality.
Previous studies indicate that bleaching treatment by H,0, at alkali conditions needs repeating the
process to provide a higher level of lignin removal because the lignin does not readily withdraw
from the first stage of bleaching. Thus, the bleaching process was repeated twice to produce purer
cellulose. Finally, it was oven dried at 60 °C and milled to powder using a high-speed universal
disintegrator (FW100, China) as shown in Figure 3-1.
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Fig. 3-1 Schematic flow diagram for the isolation of cellulose from Teff straw.
3.2.2.2.  Characterization

a) Chemical composition analysis

The chemical conformations of raw and chemically treated TS fibers were investigated using the
National Renewable Energy Laboratory (NREL) protocol (for ash, extractive, and lignin content)
[164-166], and the Kurschner-Hoffer method (for cellulose content) [167]. The amount of

50



extractive was determined by the water/alcohol treatment method [165], and the amount of
inorganic material (ash) content was determined by placing the sample in a muffle furnace at 575
°C based on the NREL [164] laboratory analytical procedure.

= Determination of lignin content

The lignin content of the samples was determined based on the NREL method using a two-step
acid hydrolysis [166]. The water/ethanol isolated dried raw biomass was weighed (0.3 g) and
placed in glass test tubes onto which 3 ml of 72 % H,SO, was added. Then, the sample was
placed in a water bath (CU — 420, China) set to 30 °C for 60 min. The sample was manually
stirred every five minutes using a stirring rod. Following this initial acid hydrolysis process, the
sample was mixed with 84 milliliters of pure water. The second hydrolysis stage was carried out
in a pressurized autoclave (portable autoclave, Sentwin, RKB-496B, India) for 60 min at 121°C to
ensure complete breakdown of the material. The resulting mixture was then cooled and filtered to
separate the solid residue. The amount of insoluble lignin was determined determined by drying
the residues at 105 °C and accounting for ash by incinerating the hydrolyzed samples at 575 °C in
a muffle furnace (Nabertherm, LT 3/12/B180, Germany), while the amount of soluble lignin was
measured by analyzing the liquid portion using a UV spectrophotometer (PerkinElmer lambda 35,
USA) at 320 nm. The lignin content of the samples was then calculated as the summation of acid-

insoluble lignin and acid-soluble lignin.

To determine the lignin content of the chemically treated fibers, firstly the obtained fiber from
each process treatment was ground to powder and then soaked in distilled water in a 250 ml
Erlenmeyer flask. Drops of 5 % acetic acid were added and stirred manually with stirring roads
for 15 min to adjust the pH of the suspension to below 4 to neutralize any remaining alkali
attached to the fiber. Then, it was washed with distilled water to neutrality, and finally oven-dried.
The dry powder was then used to determine the lignin content using the NREL procedure.

= Determination of cellulose content

The cellulose content was determined using Kurschner-Hoffer gravimetrical method [167]. A
sample of the dry fiber free of extractives (water/ethanol extracted) was weighed (2 g) and placed
in a 250 ml Erlenmeyer flask containing 100 mL of a solution, prepared from nitric acid: ethanol

20:80 v/v [168]. The flask was equipped with a reflux condenser and boiled for 60 min. After
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boiling, the contents of the flask were filtered and washed with distilled water. The same process
was repeated for 60 min with the same mixture. Subsequently, impurities were removed by
filtering, and the substance was cleaned with distilled water. Finally, the prepared cellulose from
the Kirschner—Hoffer was dried in an oven at 1053 °C until reaching constant weight. The

cellulose content was calculated according to equation 3-1 shown below.

%Cellulose :\%*100 (3-1)

0

Where W is initial dry sample weight and W,dry sample weight after the treatment
= Determination of hemicellulose content

The hemicellulose fraction was calculated by the difference between ash, extractive, cellulose,

and lignin content.

%hemicelluloses =100%—%Lignin —%Cellulose — % Extractives — % Ash (3-2)

b) X-Ray Diffraction (XRD)

Lignocellulosic fibers consist of two types of components: amorphous components (lignin,
hemicellulose, and extractive fractions) and crystalline components (cellulose). XRD analysis has
been widely used to identify crystalline components by determining the parameters, such as the
percentage of crystalline, nature of cellulose polymorphism, and size of crystallites of
lignocellulosic fibers before and after treatment [169]. Thus, in this study, X-ray diffraction
analysis was conducted to evaluate the degree of crystallinity of the raw TS, alkali-treated, and

the yielded cellulose fibrils.

XRD data were collected using an X-ray diffractometer (D2 phaser, Bruker, Germany) equipped
with Cu Ka radiation operated at 30 kV and 10 mA to investigate the XRD spectra of the
cellulosic sample. Samples were placed on the specimen holder and scanned over the range 20
=10° - 40° with a step interval of 0.02° and a scanning speed of 1°/min. The crystallinity of the
samples was then calculated from the diffraction intensity data by using the empirical Segal’s
method [169] according to the following equation.

Crl (%) = Jaw = lan 10 (3-3)

I 200
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Where I represents to the maximum peak intensity at the lattice diffraction (200) of the
crystalline regions and I,y is the minimum value between planar reflections (200) and (110),

which refers to reflection intensity of the amorphous parts of the samples.

¢) Thermogravimetry Analysis

Fundamental information regarding the thermal stability of the fibers can be obtained from
Thermogravimetry analysis. Thermal Gravimetric Analyzer (HCT-1, BJHENVEN, China) was
used to characterize the thermal stability of the samples. 8 mg of the samples were placed in a
crucible, and then the operating temperature was elevated from room temperature to 700 °C with
a constant heating rate of 20 °C/min. To prevent the rapid breakdown and oxidation of the

cellulosic materials, all experiments were conducted in a nitrogen environment.

d) Scanning Electron Microscopy

Surface morphology changes of the samples were characterized by a scanning electronic
microscope (JEOL JSM-6010 LV, Japan). To prepare the samples for examination, a thin coating
of gold and palladium alloy was applied using a specialized machine (JEOL JFC-1300 Smart
Coater, USA) in a vacuum chamber. This coating prevented the samples from becoming
electrically charged when exposed to the electron beam during the analysis process. The diameter
of the bleached fiber from the SEM images was analyzed using ImageJ software. A minimum of

100 measurements was taken to plot the size distribution curve of the bleached fiber.

3.3.  Results and Discussion

3.3.1. Chemical Compositions Analysis

The chemical compositions of untreated and chemically treated TS fibers were investigated. Ash,
extractive, lignin, cellulose, and hemicellulose content of the untreated and chemically treated TS
fibers are listed in Table 3-2, where the average values were calculated from the data of three
samples. The results showed that the raw fibers contained 40.44% cellulose, 29.44%
hemicellulose, and 18.05% lignin that indicates cellulose, hemicellulose, and lignin are the main
components of Teff straw fiber. The cellulose content in the untreated TS (40.44%) obtained in
this study was higher as compared to khat waste (39%) [170], however, lower than the cellulose

content of garlic straw residues (41%) [171], sugarcane bagasse (43%) [69], and cotton stalk
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waste (54%) [17]. Whereas, the lignin content (18.5%) of TS determined in this study (Table 3-2)
is much lower than reported in other studies elsewhere, such as 28.67% for khat waste [170],
24.5% for cotton stalk waste [17], and 24.09% for sugarcane bagasse [69].

After treatment with 5% NaOH for 90 min at 80 °C, the lignin and the hemicellulose contents
were reduced to 7.02% and 21.4%, respectively, as compared to the raw TS (Table 3-2). The
extractives content was also extremely low because of the treatments. In contrast, the cellulose
content increased from 40.44% to 68.59 after alkaline treatment. Other studies also reported a rise
in the cellulose content following chemical processing of the raw lignocellulosic materials.
However, from the alkali treatment alone, it was found that hemicellulose and lignin could not be
thoroughly removed by the NaOH-treated. Hence, to further eliminate the residual lignin, the
NaOH-treated samples were subjected to a hydrogen peroxide treatment under alkaline
conditions. As a result, the bleaching treatment of the fiber increased the cellulose content and
decreased other components, with the final bleached fibers having cellulose, hemicellulose, and
lignin contents of 85.5, 11.9, and 2.52%, respectively. The second stage of bleaching was
expected to remove the remaining lignin completely. Despite the completion of the bleaching
process, traces of lignin persisted. Lignin has a tendency to bind tightly with other carbohydrate

molecules, creating intricate structures that are nearly impossible to eliminate entirely [172, 173].

Figure 3-1 shows, the photograph of the raw, alkali treated, and bleached TS fiber. As can be
observed from Figure 3-1, after NaOH treatment, the color of the TS fiber was changed from
brown to yellow, which indicates the reduction in the amount of lignin. Similarly, after the
repeated bleaching treatment, the fiber color is changed to pure white on the produced fiber. This
suggests the removal of most of the initial non-cellulosic components that remained after the

NaOH treatment stage, which is in agreement with the composition analysis results.

In conclusion, the TS fibers had a high amount of holocellulose and relatively low lignin content,
which could be viewed as a potential source of cellulosic fibers for the production of fiber-

reinforced composite materials.
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Table 3-2 Chemical composition of the untreated and treated TS and other lignocellulosic fibers

(wt. % on dry matter)

Fiber  Sample Composition (%)
source _ : :
Lignin Cellulose ~ Hemicellul  Extractives Ashes Ref.
ose
Teff R 18.05+0.2 40418 29.4+1.6 5.8+0.25 6.3t0.4  Thiswork
straw
7.02+0.7 68.6+3.01 20.8+35 nd 3.6 £0.13

PCF 2.50.5 855436  11.9+3.3 nd 0.1£0.03
Wheat AT 1742 44 +0.5 36+ 0.5 7.2+0.05 [159]
Straw

PCF 8+ 0.5 79+1.0 14+ 1.0
Rice AT 30.9 53.02 22.77 4.2 12.00 [150]
Straw

PCF 1.03 84.90 12.50 1.3 0.27
Khat AT 28725 394+04 128+05 14.7+0.35 3.4+£01 [170]
Waste PCF 109+021 827+14 5805 2.3+0.13 1.3+£0.2
Palm AT 21 33+ 1.0 17 [138]

PCF 738+10 -
Napier AT 21.6 47.1 31.2 [174]
grass

PCF 34 935 2.9

*nd, not detected: R, raw: AT, alkali treated: PCF, purified cellulose fiber
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3.3.2. Effect of Process Parameters of Alkali Treatment on Lignin Removal and Cellulose
Yield

This experiment was performed to observe the influence of process variables (temperature, time,
and NaOH concentration) on the responses (the lignin removal and fiber yield) based on a single
factor effect. Each individual variable has its effect on lignin decomposition (lignin removal).
Time and temperature are necessary to make the fiber swell, and alkali concentration is a must to
decompose the non-cellulosic components from the fiber [175]. In this study, the variation of
these parameters has shown their effect on the percentage of lignin removal and fiber yield during

the alkali treatment of Teff straw, as presented in Figure 3-2.

Figure 3-2 (a) shows the effect of treatment time on lignin decomposition and alkali-treated fiber
yield where the reaction time varies from 30 min to 150 min, and the other factors (temperature
and sodium hydroxide concentration) were maintained at constant values of 80 °C and 5%,
respectively. From the obtained results, at lower time durations (30 min), lignin removal was
found poor, which could be due to the alkali treatment does not have enough contact time to
attack and decompose the lignin. The raw TS fiber requires some time to swell so that the alkali
reagents can enter the fiber. The improvement in the extent of delignification reached its
maximum at 120 min duration (64.44%). This result could imply that the reaction had reached its
completion and any further increase in reaction time would only lead to a little or negligible effect
on the extent of TS delignification. In addition to the reaction time, other factors (the reaction

temperature and NaOH concentration ) play a role in the isolation of cellulose fiber.
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Fig. 3-2 Effect of (a) time , (b) temperature, and (c) NaOH concentration on lignin removal and

cellulose yield from TS

The influence of treatment temperature on the percentage of lignin removal can be seen in Figure
3-2 (b). The reaction temperature varied from 60 to 95 °C, and time and sodium hydroxide
concentration were kept at constant values of 90 min and 5%, respectively. The degradation of
lignin by NaOH on the fiber was very slow at 60 °C, which is in agreement with the previously
reported studies at lower temperatures below 70 °C [175]. When the reaction temperature
increased from 60 to 80 °C the lignin removal was increased. However, as the reaction
temperature further increased from 80 to 95 °C a reduction in lignin removal was observed. This
is because at higher temperatures (>80 °C) the suspension becomes viscous jelly, which might

cause incomplete lignin decomposition.
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Likewise, Figure 3-2 (c) shows the influence of NaOH concentration on lignin decomposition
when the NaOH concentration changed from 2% to 8%, and time and temperature were kept at
constant values of 90 min and 80 °C, respectively. At 2% NaOH concentration, the percentage of
lignin removal was found to be slightly lower (58.63%). This could be because the alkali was not
efficient in decomposing the lignin and other impurities from the fiber. Increasing NaOH levels
from 2% to 5% led to increased lignin extraction. High alkalinity promotes the deterioration of
lignin and the breakdown of hemicelluloses [176, 177]. However, with a higher concentration
(greater than 6.5%) of NaOH, a slight decrease in the lignin removal was observed.

The variations in process parameters also affect the yield of alkali-treated TS fiber. In all
conditions yield of fiber decreases with an increase in the process parameters which implies the
decomposition of the macromolecules present in the straw. From Figure 3-2 (a), when the time of
the reaction was increased from 30 min to 90 min, the alkali-treated fiber yield decreased.
However, a further increase in treatment time to 150 min had a negligible effect on fiber yield.
Likewise, from Figure 3-2 (b), a profound effect was observed as the temperature further
increased from 80 °C to 95 °C where the yield decreased severely. This might be due to the
cellulose was also decomposed at this treatment temperature. The increase in NaOH concentration
from 2 to 6.5 (wt. %) also decreased alkali-treated fiber yield, as shown in Figure 3-2 (c),
confirming the removal of non-cellulosic components from the raw TS fiber. However, a further

rise in NaOH concentration had a negligible effect on cellulose yield.

There is an inverse relationship between cellulose yield and lignin removal up to a certain point,
as observed in Figure 3.2. However, beyond this point, both lignin removal efficiency and yield
decrease. This effect is particularly observed during higher temperature processing (>80°C). At
higher temperatures, the solution becomes viscous after some time of reaction, which might
reduce the contact between the lignin and the alkali. This in turn causes incomplete lignin
decomposition as discussed above. However, at this reaction temperature, the cellulose structure
weakens and breaks down into smaller molecules, such as sugars [178]. This reduces the overall

yield of cellulose, even though some lignin is successfully removed

In conclusion, the delignification process requires balancing lignin removal with minimizing

cellulose degradation. Finding the optimal temperature for a specific biomass and process is
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crucial to achieve a good balance. From the responses, effective lignin decomposition (i.e. higher
percentage of lignin removal) without affecting the cellulose of TS fibers was obtained in 90 min,
80 °C, and 5% of treatment time, temperature, and NaOH concentration, respectively. Further
optimization study using RSM could be conducted to observe the synergistic effect between

process pretreatments on the delignification efficiency of the alkali pretreatment on Teff straw.

3.3.3. Thermogravimetry Analysis

The characterization of cellulose is important for determining its appropriate applications. The
thermal stability of cellulose samples is one of the parameters to be considered to evaluate their
applicability in new formulations that require high-temperature processing, such as new
composite materials. Furthermore, the thermal stability of cellulose depends on various factors,
such as crystallinity, and intra/intermolecular hydrogen bonding. Those factors in turn depend
upon the starting materials and processing techniques. Fundamental information regarding the
thermal stability of the fibers is obtained from Thermogravimetry analysis. In this study, the TGA
and DTA data of each sample (raw TS, alkali treated, and cellulose fiber) were used to determine
the starting (Ton) temperature and the maximum degradation temperatures (Tmax) Of the samples.
Figure 3-3 shows the obtained TGA and DTG curves of the raw, alkali-treated fiber and the
bleached cellulose fibers from TS. The details of major thermal degradation data and the

corresponding percentage of weight losses are tabulated in Table 3-3.

The thermal degradation of raw fiber shows several stages, indicating the presence of different
components that decompose at different temperatures. All samples experienced a slight weight
reduction between 45 and 130 °C due to the removal of moisture. As illustrated in Table 3-3, the
treated fibers absorbed less moisture compared to the untreated original material. This suggests
that hydrophilic substances like hemicellulose and lignin were successfully removed during the
treatment process. The degradation of raw TS observed in the temperature range of 220 to 300 °C
could be due to the thermal decomposition of hemicelluloses and some portions of lignin. This
stage of degradation is not seen on the alkali-treated and bleached fiber. However, because of the
existence of phenyl groups, the decomposition temperature of lignin occurs in a wide range below
200 °C and up to 700 °C [179].
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Table 3-3 Onset temperature (Ton), mMaximum decomposition temperature (Tmax), and

corresponding percentage of weight losses of the raw, alkali treated, and bleached fiber

First thermal

Sample degradation range (°C) WL (%) Ton (°C) Tmax (°C) WLnax, (%0)
Raw TS 45-110 5.8 230 356 46.1
Alkali treated  50-130 5.2 274 371 46.2
Bleached 60-120 4.8 255 365.5 65.1

Table 3-3 reveals that raw, alkali-treated, and pure cellulose fibers primarily degrade between
260-375°C, 285-390°C, and 290-395°C, respectively. The manufactured fiber demonstrated
stability up to 255°C. This thermal resilience makes cellulose suitable for various industrial uses,
particularly in the plastics industry, where processing often exceeds 200°C [180]. Furthermore,
the onset temperature, i.e., the temperature at which cellulose starts to degrade, for untreated TS
fiber, was found to be at around 230 °C. However, the onset temperatures of the produced
bleached fibers were significantly higher than that of the untreated TS fiber as shown in Table 3-
3. This is a result of the removal of non-cellulosic components which degrade at lower

temperatures.

Similarly, the DTG curve shows a decomposition peak for the untreated TS at 320 °C, which is
the decomposition temperature for hemicellulose (Appendix A3). This peak disappeared as
expected after the alkali and bleaching treatments which imply the elimination of hemicellulose
from TS. Nevertheless, as presented in Table 3-3, the Tnax Of the bleached cellulose fiber is
slightly lower than the alkali-treated fiber which implies the bleached cellulose fiber has lower
thermal stability compared to the alkali-treated fibers. This could be due to repeated chemical
treatments in the bleaching process, and the removal of the residual lignin from alkali-treated
fiber after bleaching.
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Fig. 3-3 TGA and DTG curve of TS fibers before and after treatments
3.3.4. X-ray Diffraction Analysis

Figure 3-4 shows the X-ray spectra for the raw, alkali-treated, and cellulose fibrils. All samples
showed consistent crystalline structures with primary diffraction peaks at 16°, 22°, and 34°
degrees. These peaks indicate a typical cellulose | crystal arrangement, corresponding to
crystallographic planes of 110, 200, and 040, respectively. The miller indices were assigned to the
diffraction peaks according to the recent theoretical calculations as reported in the literature
(Appendix A4) [181, 182]. The intensity level at 18° is due to the amorphous component.
Moreover, similar X-ray diffraction patterns for all samples demonstrated that the alkali bleaching

treatment kept unchanged the crystal polymorphism of isolated cellulose.

The crystallinity index (Crl) is a parameter that measures proportion of crystalline material within
a sample. The Crl value for all prepared samples was calculated using the Segal formula in Eqg.
(3-3), and the results are showed in Table 3-4. XRD analysis revealed a gradual enhancement in
crystallinity index (Crl) following alkali and bleaching processes. In addition to this, the A
diffraction peak appearing at 22° has become sharper after the treatments, which shows an
increase in the crystallinity of the bleached fiber. Although the crystal structures were not altered,

the Crl varied significantly among the samples due to the chemical treatment process.
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Fig. 3-4 XRD patterns for the treated and untreated TS fibers

The significant increase in Crl is caused by the extensive removal of lignin and hemicellulose,
which were previously bound to the cellulose. Raw lignocellulosic material is a mix of ordered
(crystalline) and disordered (amorphous) regions. In contrast, cellulose, due to its structure
formed by tightly bonded glucose chains, has a highly organized, crystalline, thread-like
appearance [183]. The increased crystallinity observed in the bleached sample compared to the
raw material suggests that the non-cellulose substances, such as hemicellulose and lignin, which

were primarily located in the disordered parts of the raw material, have been effectively removed
during the bleaching process [184].

Table 3-4 Crystallinity index values of raw, alkali treated, and bleached fibers

Samples Crystallinity index (%)
Raw 50.58
Alkali treated 65.48
Bleached 65.51
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3.3.5. Morphology Change Analysis

The morphology of Teff straw fibers was examined using a scanning electron microscope both
before and after processing. From Figure 3-5, there is an obvious difference between the
morphologies and size of the raw, alkali-treated, and bleached TS fibers. The raw TS fibers have a
rigid and smooth surface with an average diameter of 135 pum due to the lignin and hemicellulose
where they shield and bind to harden and strengthen the plant cell wall (Figure 3-5a). However,
the morphology of the raw TS was changed where the cell walls partially collapsed after the alkali
treatment, as shown in Figure 3-5b. Moreover, the average diameter of the fiber bundles after the
alkali treatment was 11 um, which was much lower than that of the diameter of original TS fibers.
This change in morphology and decrease in the diameter of the fiber indicates that NaOH can
dissolve the lignin and disrupt the initial fiber structure, which causes the disaggregation of

micro-fibrils from their neighboring fibers [185].

After a further bleaching treatment, the fibers are broken down in both their radial and axial
directions, leading to an individualized and more uniform fiber distribution. The histogram of the
size distribution for the obtained bleached fibers is presented in Figure 3- 6. The diameter of 80%
of the bleached fibers falls within the 2 to 6 micrometer range centered around 4.5 micrometers.
Furthermore, the final cellulose fibers showed round, fine, and long characteristics as seen in
Figure 3-5c.
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Fig. 3-5 SEM images of the raw and treated Teff Straw fibers

Therefore, this significant decrease in the diameter and change of Teff straw fiber indicates that
with alkali hydrogen peroxide treatment the entire components that bind the fibers were removed,
thus enabling the bundles of fibers to separate into individual fibers. The findings were consistent
with the chemical and X-ray analyses, indicating the successful removal of hemicellulose and

lignin binding the cellulose fibers.
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Fig. 3- 6 Size distribution analyses of bleached cellulose fibers
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3.4. Conclusions

In this research, cellulose was successfully prepared from TS using alkali and bleaching
treatments. Chemical examination confirmed that the bleached fiber contained a higher proportion
of cellulose and a lower proportion of non-cellulose components. Furthermore, among the alkali
treatment parameters, the temperature has a significant effect on fiber yield. In all samples, the
XRD curves show that the crystal lattice of cellulose | was maintained while the crystallinity of
TS fibers was increased from 50.58 to 65.51% after the chemical treatments. Additionally, from
the TGA curve, the thermal stability of the yielded cellulose was found to be higher than that of
untreated TS fiber. However, compared to the alkali-treated fiber, the thermal stability of the
bleached fibers showed a slight decrease due to the repeated bleaching treatments as well as the
higher lignin content on the alkali-treated fiber. Furthermore, microscopic examination of the
isolated cellulose revealed distinct, elongated structures resembling rods, with an average
diameter of 4.5 micrometers. Consequently, the successful extraction and analysis of cellulose
from Teff straw in this study highlight its potential as a raw material for producing cellulose-based

biofillers for polymer composites.
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CHAPTER 4: TRANSITION METAL SALTS ASSISTED DILUTE ACID
HYDROLYSIS FOR  SYNTHESIS OF MICROCRYSTALLINE
CELLULOSE FROM TEFF STRAW

Based on the published paper:

Assefa, E.G., Kiflie, Z. & Demsash, H.D. Transition metal salt assisted dilute acid hydrolysis for
synthesis of microcrystalline cellulose from Teff Straw. Cellulose 30, 6289-6301 (2023).
https://doi.org/10.1007/s10570-023-05270-0

Abstract

The application of agricultural residues for value-added products has the potential to contribute to
a cleaner environment. This research aimed to examine microcrystalline cellulose extracted from
Teff straw in a multi-step method that included alkaline treatment, alkaline hydrogen peroxide
bleaching, and catalyzed dilute acid hydrolysis. FT-IR, SEM, XRD, and TGA were used to
characterize changes in the chemical and physical properties of samples. FT-IR results indicated
the elimination of non-cellulosic components, while the X-ray diffraction showed a significant
increase in crystallinity during pretreatment and the subsequent catalyzed acid hydrolysis. The
crystallinity index values for the prepared microcrystalline celluloses (Cr(l11), Fe(Il)Cl, and
Fe(ll) catalyzed MCCs) were 73.34 %, 67.58 % and 66.69 % respectively. Additionally, from the
TGA analysis, the obtained MCCs showed Ton, and Tnax Values of (285, 359), (273, 340), and
(275, 335) °C for the Cr(ll1), Fe(1INCI, and Fe(lll) catalyzed MCCs, respectively. The results
imply that Cr(NO3); catalyzed dilute acid hydrolysis produces MCC with the highest crystallinity
and best thermal stability. The results of this study showed that TS could be used as a new source
to obtain MCC. Furthermore, the preparation method used in this study could also be a

preferential method over the conventional mineral acid hydrolysis.

Keywords: Teff straw; Pretreatment; MCC isolation; Characterization.
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4.1. Introduction

Microcrystalline cellulose is a pure, white, odorless powder with a crystalline structure. It is
created by breaking down the non-crystalline part of cellulose into smaller units [94]. The
important characteristics of MCC make it a very promising material as a bio-filler for polymer
composite materials. Recent scientific and technological research has motivated on the
exploitation of agricultural residues for the extraction of MCC. Agricultural residues such as
cotton stalk waste [17], tea waste [93], sugarcane bagasse [186], rice husk [96], were previously
exploited for the preparation of microcrystalline cellulose.

As reported in chapter 3, TS has a chemical composition of approximately 40, 29, and 18 wt. %
of cellulose, hemicellulose, and lignin, respectively [187], showing higher cellulose content than
those of corn stover (36.5), rice straw (32), wheat straw (29-35), and banana waste (13.2) [188,
189], and lower than sugarcane bagasse fibers (45) [20]. Thus, TS could be investigated as a
viable alternative cellulosic material for microcrystalline cellulose production. The preparation of
MCC from cellulose is mainly performed through acid hydrolysis. It produces MCC with high
crystallinity index as the amorphous phase of cellulose is readily hydrolyzed when exposed to the

mineral acid.

Many previous studies indicated that concentrated mineral acids have been used for the
preparation of MCC from various biomass sources. Hachaichi et al.[91] extracted MCC from
Palm fibers using 64 wt. % of sulphuric acid solution at 45 °C for 30 min. Asif et al.[94] also
isolated MCC from Lagenaria siceraria fruit pedicles with 40% H,SO, at 95 °C for 40-50 min.
The acid hydrolysis method is a simple and rapid process for microcrystalline cellulose
production; nevertheless, the procedure is normally associated with several restrictions, such as
corrosion of equipment, the need for a large amount of water, the difficulty of acid recovery, and
over-degradation of cellulose. In certain instances, scientists have utilized acid hydrolysis
alongside other methods to facilitate the disintegration of cellulose. Ismail et al. [190] prepared
MCC using steam-assisted acid hydrolysis from palm empty fruit bunch fiber.

Transition metal salt catalysts have been widely and effectively employed in various types of
chemical reactions. They are Lewis acids and have received use as acid homogenous catalysts for

the cellulose hydrolysis. Studies have shown that the metal ion catalyst speeds up the breakdown
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of cellulose. It does this by making the reaction easier to initiate through a reduction in activation
energy, thereby improving the overall efficiency of the process [87]. Moreover, the use of metal
salts enhances the breakdown of cellulose in biomass by selectively attacking the C-O-C and C-H
linkages [88]. Furthermore, the metal salts are less corrosive, show less severity conditions, and

can be recovered through ultrafiltration process as compared to the strong mineral acids.

Based on literature studies, iron and chrome-based catalysts were found to contain Lewis acid
sites and can perform the hydrolysis of cellulose efficiently. Lu’s group has prepared
nanocellulose through ultrasonication-assisted FeCls-catalyzed hydrolysis from bamboo pulp
[191]. Their research findings indicate that Fe** can selectively diffuse into the amorphous
regions of cellulose and promote the cleavage of glycosidic linkages of cellulose chains into
smaller dimensions. Catalysts made from chromium-based metal salts have also proven
exceptionally successful at breaking down the cellulose structure by severing the glycosidic bonds
and disrupting the hydrogen bonding network [24, 26, 192]. Furthermore, the valence state of the
transition metal ion plays a significant role in hydrolysis efficiency [193]. A greater valence state
results in increased hydrogen ion generation, which plays a crucial role in accelerating the acid
hydrolysis reaction in the presence of metal ions. Chen’s research group studied the effect of
Fe(NO3)s-, Co(NO3),- and Ni(NO3),-metal salts, and the results showed that crystallinity index of
the prepared nanocellulose hydrolyzed with the trivalent Fe** catalyst was higher than cellulose

treated by the divalent Co?* and Ni? catalyst under same hydrolysis condition [194].

Hence in this study, iron and chrome-based metal salt with trivalent ions (Chromium (I11) nitrate
[Cr (NOg3)3]), Iron (I1I) chloride [FeCls], and Iron (I1I) nitrate [Fe (NOgz)s]) were selected as
catalysts to depolymerize a pretreated Teff straw fiber into microcrystalline celluloses. On the
other hand, during sulphuric acid hydrolysis, negative surface charges are generated on the
surface hydroxyl groups of cellulose crystals which provide more stable suspensions. Hence, the
presence of the acidic medium (H,SO,) could have a synergistic effect during the transition metal

ions-catalyzed acid hydrolysis process.

Since Teff is cultivated on a large scale in Ethiopia, the successful preparation of MCC from this
plentiful source could provide valuable crystalline cellulose material with the possibility to be

used as green filler in bio-composite applications. To date, no published studies have been
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reported on the preparation of microcrystalline cellulose from TS by acid hydrolysis with

transition metal salt catalysts.

Thus, the objective of this study were to extract and analyze microcrystalline cellulose from Teff
straw via transition metal salts catalyzed dilute acid hydrolysis. The effects of three trivalent
transition metals salts, Chromium (I11) nitrate [Cr(NO3)3]), Iron (111) chloride [FeCls], and Iron
(1) nitrate [Fe(NOs)3] used as catalysts were investigated. Furthermore, changes in crystallinity,

morphology, particle size and thermal properties of the obtained MCC were studied.
4.2.  Materials and Methods
4.2.1. Materials

The chemical reagents used were Sulfuric acid (H,SO4, 98% purity), Sodium hydroxide (NaOH,
98%), Hydrogen peroxide (H,0,, 30%), Glacial acetic acid, Nitric acid (HNOs, 69%), Perchloric
acid (HCIOg4, 70%), Ethanol, Chromium (I11) nitrate (Cr(NQOg3)3, 99.5%), Iron(l11) chloride (FeCls,
97%), and Iron (I11) nitrate (Fe(NO3)s, 98%). All chemical reagents were of analytical grades.

4.2.2. Experimental Methods
4.2.2.1. Pretreatment

The pretreatment of TS was conducted mainly through a three-step process — namely hot water,
alkali, and bleaching treatments, as discussed in the previous work [187]. Firstly, TS was
collected from a local farm, cleaned thoroughly, sun-dried for 72 h, and milled. It was then boiled
in distilled water (liquor ratio of 1:50 g/mL) at 70 °C for 2 h under constant stirring. The sample
thus treated was filtered and washed with cold distilled water to remove water-soluble extractives,
and left overnight for drying in a hot air oven at 60 °C. This sample was labeled as hot water-

treated TS and stored in an airtight plastic bag to prevent fungal development.

The hot water-treated TS (5 g) was then treated with 150 mL of sodium hydroxide solution (5 wt.
%) at 90 °C for 1.5 h under strong stirring to remove lignin and hemicelluloses from TS. The
resulting sample was cooled to room temperature and filtered to separate the liquid fraction from
the solid one. Following filtration, the solid material was washed using distilled water and oven-
dried at 60 °C. Subsequently, bleaching treatment was done by adding the obtained alkali treated
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and dried fiber in a preheated mixture of H,O, (20 wt. %) and NaOH (5 wt. %) at 65 °C under
continuous stirring for 1.5 h. At the end of the reaction, the sample was filtered and washed with
distilled water several times until the pH became neutral. This bleaching treatment was repeated
two times. Finally, the residue was dried in an oven at 60 °C until a constant weight was reached
and pulverized into powder resulting in pure white colored cellulose fibers. In these alkali and

bleaching treatments, the fibers to liquor ratios were kept at 1:30 (g/mL).

4.2.2.2.  Synthesis of Microcrystalline cellulose (MCC) by metal salts assisted dilute acid
hydrolysis

Microcrystalline cellulose was prepared from the pretreated TS fiber by three transition metal salt
catalysts assisted dilute acid hydrolysis process. 15% sulfuric acid and 0.6 M of each catalyst (Cr
(NO3)3, FeCls and Fe (NOgs)3) were mixed separately at a ratio of 1:1 (v/v), to obtain three types
of dilute acid solutions. Then, 5 g of pretreated TS sample was added to the prepared mixed acid
solution at solid cellulose to liquor ratio of 1:40 g/mL. The hydrolysis was performed in an atlas
reactor at 60 °C for 1.5 h to hydrolyze the amorphous domains of the obtained cellulose fibers.
Following the completion of the hydrolysis, the suspension was diluted with excess (100 ml) cold
distilled water to stop the reaction. This suspension was then filtered and washed using distilled
water repeatedly until neutral pH was achieved. Finally, the sample was dried at 50 °C in a
vacuum oven to constant weight and pulverized to powder using a high-speed universal
disintegrator (FW100, China). Figure 4-1 shows the process flow diagram for the isolation of
microcrystalline cellulose from TS. The raw, pretreated and the obtained products are labeled as
Raw - TS, Pretreated - TS, Cr (lll) - MCC, Fe(llI)CI - MCC, and Fe(lll) — MCC, respectively

where the obtained MCC are labeled depending on the type of catalyst used during the extraction.

The yield (%) of microcrystalline cellulose was estimated gravimetrically based on its dry weight

before and after the MCC synthesis according to Eq. (4-1) below:

yield, .. (%) = — e g (4-1)

Pretreated TS

Where Mycccs Is the dry mass of the obtained microcrystalline celluloses, and Mpretreated Ts 1S the

dry mass of the pre-treated Teff straw residue.
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Fig. 4-1 Schematic representation for the isolation of MCC fiber from TS via catalyzed dilute

acid hydrolysis

4.2.2.3.  Composition Analysis

The detail of the chemical composition determination of the raw and pretreated TS fiber was
presented in the previous work [187]. The amount of extractives was calculated by water/alcohol
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extraction method using the NREL/TP-510-42619 method [165]. Whereas, inorganic material
(ash) amount was determined by placing a measured sample in a furnace at 575 °C based on the
NREL/TP-510-42622 procedure [164]. For lignin content determination, a two-step acid
hydrolysis based on NREL/TP-510-42618, method was used [166]. Similarly, cellulose content
was determined by hydrolyzing with a mixture of nitric acid and ethanol according to the
Kurschner-Hoffer gravimetrical method [167]. Finally, the hemicellulose percentage of TS (%
w/w) was determined indirectly by subtracting the combined weight percentages of extractives,
lignin, cellulose, and ash from the total weight.

4.2.2.4.  Microcrystalline cellulose characterization

The types of chemical groups in the samples were determined using Fourier Transform Infrared
Spectroscopy (FT-IR, JASCO FT/IR- 6600) analysis. The spectra were recorded between 500 and
4000 cm'rs with a precision of 4 cm ™. The X-ray diffraction profiles of the different samples
were obtained using an X-ray diffractometer (D2 phaser, Bruker, Germany) with CuKa. radiation
(A = 0.15406 nm), and operated at 30 kV and 10 mA. The samples were analyzed using X-ray
diffraction at room temperature within an angle range of 10 to 40 °, gradually increasing the angle
at a steady pace of 1°/min. The resulting data was used to determine the crystallinity of the
samples following a standardized method outlined by Segal and colleagues [169].

Crl (%) oo = lan g (4-2)

200

Where Crl is the relative degree of crystallinity, 1,00 represents to the highest peak intensity at the
lattice diffraction (200) of the crystalline regions and lay, is the minimum value between planar
reflections (200) and (110), which refers to reflection intensity of the amorphous parts of the

samples.

The average crystallite size (D) of the microcrystalline cellulose fibers was estimated using

Scherer equation [195].

KA

- pcosd (4=3)
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Where « is a Scherrer constant (0.89), A= is the x-ray wavelength of the radiation which is
constant (A = 0.15406 nm), B = full width at half-max of the XRD peak, and 6 is diffraction angle

in radians.

Thermogravimetric analysis of the raw TS, pretreated TS fiber, and the microcrystalline cellulose
prepared by three different catalysts was examined using a thermal analyzer (HCT-1,
BJHENVEN, China) to determine the thermal decomposition of fibers in the temperature range of
20-700 °C at a constant heating rate of 20 °C/ min under a nitrogen environment. The surface

morphologies were analyzed using scanning electron microscope (JEOL JSM-IT 100, Japan).

The AAS used for the analysis of the metals was PG Instruments (AA500 spectrophotometer,
England) equipped with deuterium lamps and hollow cathode lamps with air-acetylene flame. The
wavelength was set at 357.9 and 248.3 nm for chrome (Cr (I11)) and iron (Fe (I11)) concentration
determination, respectively. Such technique of elemental analysis requires aqueous samples.
Thus, solid samples were converted into solutions. Nitric— perchloric acid sample digestion

method was used for the dissolution of MCCs samples as described elsewhere [196].

Briefly, 0.5 grams of samples were weighed and mixed with 5 ml of concentrated HNOj3 in a 125
ml Erlenmeyer flask. The mixture was boiled on a hot plate for 40 min. After cooling, 2.5 ml of
70% HCIO, was added and the mixture was boiled until dense white fumes appeared. After
cooling and filtration, the solution was transferred quantitatively into a 50 mL volumetric flask for
analysis.
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4.3. Results and Discussion
4.3.1. Chemical Compositions Analysis

In a previous study [187], the chemical compositions of the raw TS was investigated and the
results showed that the raw fibers contained 40 % cellulose, 29 % hemicellulose, and 18 wt.%
lignin. However, the chemical composition of raw TS was changed after the chemical treatments.
The cellulose amount raised from 40 to 68.5 wt. % while, hemicellulose and lignin contents were
reduced to 21 and 7 wt. %, respectively after the alkali treatment. The significant decrease in
lignin content from the raw TS was due to the disruption and breaking of hydrogen bonds through
NaOH treatments. To further eliminate the residual lignin, the NaOH-treated samples were
subjected to a hydrogen peroxide treatment at alkaline conditions where the celluloses content
was further increased to 85.5 wt. % with lignin and hemicellulose contents of 2.5 and 12 wt. %,
respectively. Furthermore, the obtained pretreated fiber was pure white suggesting the elimination
of most of the non-cellulosic components from the TS (Figure 4-1).

4.3.2. FTIR Analysis

Figure 4-2 presents the FTIR spectra of the raw TS, pretreated fibers, and microcrystalline
cellulose isolated by catalyzed diluted acid hydrolysis. The figure clearly shows that all samples
exhibit similar peaks at 3410, 2900, 1430, 1382, and 890 cm* which are related to the cellulose |
characteristic absorption peaks. As reported elsewhere [197], the peak at around 3400 cm™ is
characteristic of the O-H stretching intermolecular hydrogen bonds; while the peak at 2900 cm™
corresponds to the C-H symmetrical stretching group present in the carbohydrates of cellulose.
Likewise, the typical spectral bands observed at 1430, and 897 cm™* are attributed to the
symmetric bending of CH, and pB-glycosidic linkages between glucose units of cellulose,
respectively. In addition, the vibration peak detected at 1382 cm in all samples has been
associated with the C—H bending in the cellulose. Furthermore, a peak at around 1644 cm™ which
is attributed to the O—H bending due to water adsorbed in the fibers is observed in all samples.
The fact that the cellulose | characteristic peaks remain in the MCCs indicates that the
pretreatment and the hydrolysis processes have not changed the main chemical structure of
cellulose [182].
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However, in the FTIR spectra of the raw TS fiber, there appear some peaks that are not observed
in the spectra of the pretreated fiber and synthesized MCCs. These include the peak at 1730 cm™
which correspond to C-O stretching vibration for the acetyl and ester linkages in lignin and
hemicellulose, and the peaks at 1502 and 1250 cm™* which are attributed to the C=C stretching
vibrations of the aromatic rings and C-O out-of-plane stretching due to the aryl group in lignin,
respectively [198]. Presumably, the disappearance of these absorption peaks in the FTIR spectra
of pretreated fiber and synthesized MCCs is related to the successful removal of lignin and
hemicellulose as a result of the pretreatment and catalyzed dilute acid hydrolysis processes. This

observation is in agreement with similar investigations reported in the literature [195].
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Fig. 4-2 FTIR spectrum of (a) Teff Straw, (b) chemically purified cellulose, and (c) the obtained
MCCs

Furthermore, a peak at 1110 cm™, which is associated with the C—O-C stretching of
hemicellulose, is observed in the FTIR spectra of the raw TS indicating the presence of

hemicellulose. However, this peak gradually disappeared in the isolated MCC spectra, suggesting
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that hemicellulose was successfully removed because of hydrolysis. On the contrary, the peaks at
1164 and 897 cm™ which are attributed with the C-O-C stretching of cellulose and C—H
deformation of glycosidic linkages between glucose units in cellulose [199], have increased in
intensity after the pretreatment and catalyzed dilute acid hydrolysis of TS.

Overall, The FTIR spectra of our samples match the typical patterns found in other

lignocellulosic materials as described in previous studies.

4.3.3. Thermogravimetry Analysis (TGA)

Understanding how well microcrystalline cellulose withstands heat is crucial for deciding if it can
be used to strengthen bio-composites. The thermal degradation characteristics of the untreated TS,
pretreated fiber and the prepared microcrystals are presented in Figure 4-3. The degradation onset
temperature (Ton), the maximum degradation temperature (Tmax), and the maximum weight loss

(WLmax) for raw, pretreated TS, and obtained MCCs are summarized in Table 4-1.

Figure 4-3 illustrated an initial small mass loss in the temperature range of 45-120 °C which may
be due to the evaporation and removal of bound water and loss of extractives existing in the
fibers. This is in agreement with the FTIR analyses results which indicate the presence of
absorbed water in the fibers. Furthermore, when examining weight loss in this specific area across
various samples, the MCC samples consistently experienced less weight reduction compared to
the untreated raw TS. This suggests that the MCCs contained slightly less moisture than the raw
TS fibers. This difference might be attributed to the addition of sulfate groups to the MCCs' outer

layer during the acid treatment process.

The second degradation occurs between 250 and 320 °C, primarily due to the thermal breakdown
of hemicellulose and a portion of lignin. The presence of acetyl groups might have made
hemicellulose more susceptible to thermal degradation than cellulose. The thermal decomposition
peak for hemicellulose which is shown on the DTG graph of the raw TS has disappeared, as

expected, in the prepared MCCs.
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Table 4-1 Onset temperature (Ton), mMaximum decomposition temperature (Tmax), and

corresponding percentage of weight losses of the raw, pretreated fiber, and obtained MCCs

Sample Code First thermal WL  Ton DTG WL max
degradation (%) (°C) (%)
range (°C) Tmax

(°C)

Raw fiber Raw - TS 45-110 5.8 230 356 46.1

Pretreated TS Pretreated — TS 60-120 4.8 255 365.5 65.1

Cr(NOg3)3 treated  Cr(l1l) - MCC 56-106 501 285 359 73.52

FeCl; treated Fe(IlNCl-MCC  50-110 389 273 340 67.45

Fe(NOs)s treated  Fe(l1l) - MCC 56-107 476 275 335 72.27

The final and most substantial phase of decomposition occurs between 300 and 390 °C. This is
attributed to the breakdown of cellulose into its individual sugar components. From the TGA
analysis, the T, values of TS, Cr(l11) - MCC, Fe(l11)CI - MCC, and Fe(l1l) - MCC were 230, 285,
273, and 275 °C, respectively (Table 4-1). The observed increase in the T,, of MCCs might be a
result of the elimination of hemicellulose and lignin components which were present in the raw
TS. The hemicellulose and lignin components had low thermal degradation temperatures, and the
degradation of one of these components could initiate the thermal degradation of the surrounding
cellulose fibers [200].
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Fig. 4-3 TGA and DTG curve of raw TS fibers, pretreated TS fiber and the prepared MCCs

The higher T, values of the MCCs show the higher thermal stability of these fibers. However, it
is worth to note that the Cr (NOs); catalyzed and extracted MCC has exhibited the highest T,
value of 285 °C, which is 55 °C higher than that of the raw TS.

Furthermore, in the same high temperature degradation range, differences in maximum
degradation temperatures (Tmax) are observed among the different samples. In this regard, the
pretreated cellulose fiber shows a higher maximum degradation temperature (Tmax) than the
MCCs (Table 4-1). This might be related to the smaller particle sizes of the MCCs (increase in
specific surface area) which have facilitated the thermal degradation to occur at lower
temperatures [201, 202]. Fe (NOs3); - treated microcrystalline cellulose exhibited the lowest Tax
value of 335.0 °C, which was 21.0 °C lower than that of raw TS.

Overall, the higher thermal stability (higher T,, and Tmax values) of the isolated MCC could be
attributed to the higher crystallinity of the obtained MCC as well as to the removal of
hemicellulose and lignin from these fibers [27, 203]. These results are highly consistent with the
information provided by XRD and FTIR spectroscopic techniques. Therefore, from the TGA, it
can be concluded that MCCs prepared from TS by using transmission metal salts assisted dilute
sulfuric acid hydrolysis exhibit higher thermal stability. The high processing temperatures
typically required for thermoplastics (above 200 °C) make the stability of these MCCs crucial for
their industrial applications [201].
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4.3.4. X-Ray Diffraction Analyses (XRD)

The crystalline structure of cellulose is a result of its molecules being held closely together by
powerful hydrogen bonds and weaker VVan der Waals forces [50]. This property makes it different
from other components in the lignocellulosic biomass. Moreover, the crystallinity of the extracted
microcrystalline cellulose has a direct influence on the strength of biocomposite materials with
MCC as fillers [204]. However, since the crystallinity and the size of the crystallites of MCC
could be affected during the MCC isolation processes, X-ray Diffraction analyses were conducted

to observe the crystalline behavior of the three MCCs obtained from TS.

Figure 4-4 shows the X-ray diffraction patterns for the samples studied. The XRD patterns in this
figure reveal that all samples exhibit the three distinct peaks of cellulose at 20 values of 16.3°,
22.4°, and 34.5°, confirming that the cellulose-I allomorph is well-maintained after the dilute acid
hydrolysis process [199, 205].

Cr(I1I)-MCC
Fe(I11)CI-MCC
Fe(II1)-MCC
Pretreated -TS

Intensity (%)

L 1 v I . 1 . I s 1
10 15 20 25 30 35 40
20 (Degree)

Fig. 4-4 XRD diffraction patterns of pretreated TS fibers, and the prepared microcrystalline

celluloses
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Further information can also be obtained from the Crl and the average crystallite sizes as
presented in Table 4-2. As can be observed from this table, all treated samples (PTS, Cr(l1l)—
MCC, Fe(I11)CI-MCC and Fe(111)-MCC) show significant increases in the Crl values with respect
to raw TS. As Crl measures the proportion of crystalline substance in a sample, the results suggest
that the MCCs contain a higher percentage of crystalline material. Similar findings have been
reported elsewhere [195]. Table 4-2 also shows that the MCCs have higher yield, and larger
crystallite sizes as compared to the raw TS.

Table 4-2 Crystallinity index values and Crystallite size of raw TS, pretreated TS fiber, and
obtained MCCs

Sample Code Yield (%) Crystallinity Crystallite size
index (%o) (D=nm)

Raw TS Raw-TS - 50.58 1.03
Pretreated TS Pretreated — TS ~  --—---- 65.51 2.99
Cr(NOg); treated Cr(ll) —=MCC 84 73.69 3.14
FeCl; treated Fe(l11)CI - MCC 82 67.58 2.72
Fe(NOs)s treated Fe(lll) - MCC 76 66.69 2.83

This was primarily resulted from the elimination of lignin and hemicellulose, alignment of the
crystalline domains into more ordered conformation, and subsequent release of individual
crystallites in the MCC samples [24, 192]. Among the prepared microcrystalline celluloses, Cr
(1IN-MCC sample shows higher crystallinity (Table 4-2) as compared to Fe (I11)Cl - MCC and
Fe(lll) - MCC samples which suggests Cr (I11) ion was more effective for selective hydrolysis of
the amorphous region of the fiber. In addition to the Crl, the crystallite size is also supportive for
the description of crystallinity of the yielded microcrystalline celluloses. From Table 4-2, the
crystal size of the isolated microcrystalline celluloses, Cr(l1l) - MCC, Fe(lI)CI — MCC, and
Fe(Ill) - MCC calculated by Scherer equation (eq. 4-3) was found to be 3.14, 2.72, and 2.83 nm,
respectively. Comparable results for MCCs isolated from coconut husk fiber and rice husk have

been documented in previous research [206].

81



4.3.5. Morphological Investigation

Figure 4-5 shows SEM images of the raw pulverized TS (a), the alkali treated fiber (b), the
pretreated fiber following the elimination of lignin and hemicellulose (c) and finally, the
microcrystalline cellulose isolated by transition metal salts catalyzed dilute acid hydrolysis of the
pretreated fiber (d, e, and f). SEM analysis revealed substantial alterations in shape and size
following the treatment. The morphology of the raw TS fiber (Figure 4-5 (a)) had a regularly
arranged, homogenous structure, and bound closely together because of the binding materials
around the cellulose fibrils such as hemicellulose, lignin, and other none cellulosic components

which help in the formation of compact structure [207].

Furthermore, the raw TS fiber's surface, as depicted in Figure 4-5(a), appeared smooth because of
the wax and oil coating. After subsequent alkali and bleaching treatments, defibrillation of the
raw TS fibers occurred whereby the diameter of the resulting fibrils significantly decreasing
because of the removal of the binding materials. Thus, the bleaching process makes it suitable for

the subsequent acid hydrolysis process to produce MCC.

Additionally, as can be observed in Figure 4-5(c), the resulting pretreated fiber was long in
length. This is due to the fact that natural cellulose fibers are composed of multiple, tiny
microfibers bundled together. With further acid hydrolysis treatment, the transition metal, and the
hydronium ions generated during the hydrolysis had broken down the fibers into smaller pieces
and further reduction of its diameter. Figures 5(d), (e), and (f) shows a SEM image of the MCC
fibers ( Cr (1I1) - MCC, Fe (I1I) — MCC, and Fe(lI1)CI - MCC ), respectively. Additionally, the
average diameter for TS, and microcrystalline celluloses (Cr (111) - MCC, Fe (Il1l) - MCC, and
Fe(IINCI — MCC) measured using the ImageJ software was 135.7, 3.67, 5.08, and 4.97 um,
respectively proving that the average diameter of fibers was tremendously reduced throughout the
chemical processes.
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Fig. 4-5 SEM morphologies of the raw TS fibers, pretreated TS fibers, and prepared

microcrystalline celluloses

! The obtained MCCs are labeled depending on the type of catalyst used during the extraction process:
e Cr(Ill) - MCC: MCC obtained after treating pretreated teff straw fibers using Cr(NO3)3 catalyzed dilute
acid hydrolysis.
e Fe(lCI - MCC: MCC obtained after treating pretreated teff straw fibers using FeCI3 dilute acid
hydrolysis.
e Fe(lll) - MCC: MCC obtained after treating pretreated teff straw fibers using Fe(NO3)3 dilute acid
hydrolysis.
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4.3.6. Atomic Absorption Spectrometer (AAS) Analysis

Atomic absorption spectroscopy (AAS) analysis was applied to investigate the presence of
chrome (Cr (I1I)) and iron (Fe (I11)) ions in the prepared MCCs. Before the determination of
chromium and iron in the real sample, four series of standard chromium and iron solutions in
different concentrations were prepared. After determining the absorbance for all the standard
solutions, a calibration curve was constructed (Appendix B1). The absorbance of the prepared
samples was then compared against the calibration to obtain the corresponding concentrations.

The levels of metal ions in each MCC samples were presented in Table 4-3 below.

Table 4-3 Elemental analysis for the prepared MCC samples using AAS

Samples Code Metal ion  Concentration (ppm)

Cr(NOg); treated Cr(ll) —=MCC Cr(l1) 0.348
FeCl; treated Fe(lII)CI - MCC  Fe(lll) 1.144

Fe(NOs)s treated  Fe(lll) - MCC  Fe(lll) 0.865

The prepared MCCs are intended to be used as a biofiller in the creation of bio-composites for
packaging purposes. European Union(EU) and United States(USA) sets out a maximum limit of
100 ppm for heavy metals or their compounds in packaging or a packaging component [208, 209].
This implies that the results of this study (Table 4-3) were much lower than the maximum
permissible limit set by the EU and USA. In conclusion, the metal ion contamination in the

synthesized MCCs was significantly reduced through efficient washing post-hydrolysis.
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4.4. Conclusions

Microcrystalline cellulose was successfully prepared from an abundant and low-cost Ethiopian
Teff straw via alkali and bleaching pretreatments followed by transition metal salts catalyzed
dilute acid hydrolysis. Each transition metal catalyst showed different effects on the crystallinity,
crystallite size, surface morphology, and thermal stability of the obtained microcrystalline
cellulose. Microscopic observation showed the influence of chemical processes on the surface of
the TS. The XRD and TGA analyses respectively showed that the MCCs have higher crystallinity
and thermal stability, respectively. Among the prepared MCCs, the Cr(l11) ions synthesized MCC
rendered relatively the highest crystallinity and thermal stability, reflecting its better hydrolysis
selectivity as compared to Fe(lI1)CI and Fe(lll) - metal ions. Furthermore, all MCCs exhibited
degradation temperatures higher than typical processing temperatures of polymeric materials,
making them suitable for the preparation of polymer-based bio-composite materials. Thus, it can
be said that the method followed in this work has been successful in extracting MCCs from TS
and the obtained MCCs can be used as green and sustainable fillers in bio-composite materials

preparation.
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CHAPTER 5: EFFECT OF TEFF STRAW (ERAGROSTIS TEF) BASED
MICROCRYSTALLINE CELLULOSE ON ENHANCEMENT OF
THERMO-MECHANICAL AND MICROSTRUCTURAL PROPERTIES
OF PVA BIO-DEGRADABLE POLYMERS

Based on the published paper:

Assefa, E. G., Kiflie, Z., Demsash, H. D., & Habtu, N. G. (2024). Effect of Teff Straw (Eragrostis Tef)
Based Microcrystalline Cellulose on Enhancement of Thermo-Mechanical and Microstructural Properties
of PVA Bio-Degradable Polymers. Waste and Biomass Valorization, 1-12. https://doi.org/10.1007/s12649-
024-02553-w

Abstract

This study investigated the potential of microcrystalline cellulose fibers, extracted from Teff straw
using a chemical treatment with metal catalysts, as reinforcement for polyvinyl alcohol films. The
effects of MCC type (derived from different metal catalysts) and loading (0, 2, 5, and 8 wt. %) on
the physico-mechanical properties (including thermal stability) of PVA films, were investigated.
The incorporation of MCCs significantly improved the films' mechanical strength. Compared to
neat PVA, the tensile strength increased by up to 49%, 71%, and 67% when incorporating Cr(l11)-
MCC, Fe(llI)CI-MCC, and Fe(ll1)-MCC, respectively, at a 5% loading level. The thermal
stability of the PVA/MCC composites also improved, with a higher onset degradation temperature
compared to neat PVA. For instance, The T, for the neat PVA, Cr(111)-MCC, Fe(lI1)CI-MCC,
and Fe(l11)-MCC-based PVA films were 295, 305, 308, and 303 °C at a level of 5% MCC
content, respectively. Scanning electron microscopy (SEM) analysis revealed good dispersion of
MCC fibers within the PVA matrix, indicating strong interaction between the materials. Overall,
TS MCCs show promise as low-cost, bio-based reinforcement for producing biodegradable films
with enhanced mechanical properties and thermal stability, making them suitable for various

applications like food packaging.

Keywords: Teff straw; microcrystalline cellulose; biodegradable films; polyvinyl alcohol;

characterization
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5.1. Introduction

The environmental concerns associated with polymeric waste management have led to academic
research into the development of green composites for applications that currently use synthetic
polymers. Although biodegradable polymers address environmental concerns, they have
drawbacks in terms of their performance, such as difficulty in withstanding heat, barrier
properties, and mechanical strength. Many approaches with different reinforcing fillers have been
considered to improve the physical characteristics of biopolymers. For instance, adding bio-fillers
to polylactic acid (PLA) not only makes the resulting material fully biodegradable but also
substantially enhances its physical and thermal properties [210, 211]. Gbadeyan et al.[210]
investigated the use of bio-nano calcium carbonate as a filler to reinforce a PLA biopolymer
matrix. Here it is reported that the obtained PLA with nano-CaCO3; showed enhanced properties
than pure PLA films.

Polyvinyl alcohol is a semi-crystalline and non-toxic polymer that is a good candidate for the
production of green composites. Furthermore, PVA shows excellent film-forming properties due
to the presence of hydroxyl groups. However, it has limitations such as low mechanical properties
and poor thermal stability. To use PVA in the packaging industry, these must be significantly
enhanced without damaging its valuable properties. A wide range of reinforcing filler materials,
including cellulose, clay, graphene oxide, carbon nanoparticles, and polypropylene fibers, have
been demonstrated to effectively improve the mechanical and thermal properties of PVA [212—
216]. Recently, Gbadeyan et al. [217] optimized the concentration of PVA, cellulose nanocrystals
(CNC), and snail shell nanoparticles (SSN) for the development of enhanced PVA-based bio-
plastic films.

Researchers are exploring the potential of agricultural residues by transforming them into
valuable products, particularly biodegradable composites. Tan et al. [131] prepared PVA
composite films reinforced with oil palm cellulose fiber. Tan and colleagues found that
combining cellulose with PVA to create films resulted in materials that are stronger, better at
preventing moisture loss, more heat resistant, and less transparent than films made solely from
PVA. Santi et al. [123] used commercial microcrystalline cellulose and found that the PVA/MCC

composite exhibited a good stress—strain behavior. They also noticed a close correlation between
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MCC content on tensile, thermal, and degradation properties. Likewise, according to Spagnol and
colleagues [126] , the addition of cellulose nanocrystals enhanced the tensile strength of PVA by
as much as 33% and its elastic modulus by up to 140%. The extent of these improvements varied
based on the nanocrystals' chemical composition and concentration. The characteristics of MCC-
reinforced PVA composites can change depending on the source of the MCC and the isolation

method used.

As mentioned earlier, in Ethiopia, the agricultural sector produces millions of tons of agricultural
residues each year. Teff straw, in particular, is abundant, affordable, and a readily available
agricultural residue. MCC was successfully isolated and characterized from TS using a chlorine-
free bleaching process and transmission metal salts catalyzed dilute acid hydrolysis [187, 218].
MCCs derived from Teff Straw exhibit strong crystalline structure and resistance to heat, making
them ideal for producing composite films. To the best of our knowledge, no investigations have
been carried out on the thermal stability and mechanical strength of Teff straw MCC based PVA
composite films. Thus, an overarching goal of this study is to develop a composite film of PVA
reinforced with MCC obtained from Teff straw via transmission metal salts catalyzed dilute acid

hydrolysis method.

The PVA/MCC composite films were prepared by solution casting technique. The solution
casting technique is a very easy and inexpensive method to develop films. Moreover, this method
helps to control thickness uniformity, dispersion of additives, and obtain maximum optical purity.
Previously different researchers investigated varying MCC content from different raw materials
and the highest tensile strength of the composite obtained was at 7.5% MCC [90], 1% MCC
[132], and 2.5% cellulose fiber [131]. Those results showed that at lower MCC content, the
mechanical and thermal properties of MCC-PVA composites improved successfully. Hence, in
this study 2, 5 and 8 wt. % MCC content (relative to PVA dry wt.) were used to prepare the
PVA/MCC biodegradable composite film. Moreover, PVA film without MCC was prepared for

control.

Subsequently, the physical and chemical characteristics of the Teff straw PVA/MCC composite
films were examined. In particular, the researchers focused on how the amount and type of MCC
affected the composite’s mechanical properties. This was assessed by measuring the composite’s

tensile strength, stiffness, and flexibility.
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5.2.  Materials and Methods
5.2.1. Materials and chemicals

Sodium hydroxide (NaOH, 98%) and hydrogen peroxide (H,O,, 30%) from Uni-chem Chemical
Reagents were used to pretreat the raw TS. Sulfuric acid (H,SO4, 98%), also from Uni-chem
Chemical Reagents, was used during the MCC preparation process. Chromium (II) nitrate
(Cr(NO3)3, 99.5%, Uni-chem Chemical Reagents), iron (IlI) chloride (FeCls, 97%, Alpha-
Chemika, India), and iron (l11) nitrate (Fe(NO3)s, 98%, Research-Lab Fine Chemical Industries,
India) served as catalysts during the MCC preparation. Poly (vinyl alcohol) with a purity
exceeding 95% was purchased from a chemical supplier in Addis Ababa, Ethiopia, for use as the

polymer matrix.
5.2.2. Experimental Methods

5.2.2.1. Pretreatment of Teff straw

The pretreatment and isolation of microcrystalline cellulose from TS was carried out as described
in the previous works [187, 218]. Teff straw was washed thoroughly and then sun dried. The dried
TS was ground and screened. The portion between 250 um and 850 pum sieve size was then used
for the next experiment. Initially, the cleaned and milled TS was treated with hot water under
stirring at a liquor ratio of 1:50 g/mL and 70 °C for 120 min to remove the water soluble
extractives. The resulting slurry was filtered and washed with distilled water followed by drying
in the oven at 60 °C. Alkaline treatment of the hot water treated TS fibers was performed using a
5 wt. % NaOH solution at 80 °C for 90 min under continuous stirring to remove lignin. The
resulting fibers were then filtered, washed, and dried in an air circulating oven at 60 °C to

constant weight.

The dried fibers were further processed by an environmentally friendly bleaching method. This
involved, mixing the fibers with a hot solution containing hydrogen peroxide (20 wt. %) and
sodium hydroxide (5 wt. %) to eliminate hemicellulose and leftover lignin. This process was
conducted at a constant temperature of 65 °C for 90 min while continually stirring. The resulting
material was then filtered, washed, and oven at 60 °C. To achieve the desired cellulose fibrils, this

bleaching process was repeated twice under the same conditions.
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5.2.2.2.  Preparation of TS microcrystalline cellulose

Cellulose fibers treated with alkali and bleach to produce cellulose fibrils, were then immersed in
three different acid solutions to create microcrystalline cellulose. The acid solutions were made by
combining a dilute sulfuric acid solution (15% by weight) with one of three transition metal salt
catalysts (0.6 M of each catalyst Cr (NO3)3, FeCls, and Fe (NO3)s) in equal ratio of 1:1 (v/v). The
hydrolysis was performed at 60 °C for 90 min under constant stirring to hydrolyze the amorphous
domains of the obtained cellulose fibers. Following the hydrolysis reaction, 100 mL of cold
distilled water was added to stop the reaction. The MCC suspension was repeatedly rinsed with
pure water until it reached a neutral acidity level. Afterward, the rinsed material was dried
thoroughly in a vacuum oven at a temperature of 50 °C. Once completely dry, it was pulverized

into a fine powder using a a high-speed universal disintegrator (FW100, China).

5.2.2.3.  Preparation of PVA/MCC film

After successfully isolating MCC from Teff straw, its ability to act as a reinforcing agent in PVA
polymer matrices was further explored. The solution casting method was used in this study as
shown in Figure 5-1. Different amounts of MCC were added to a 5% PVA solution to form
biocomposite with various MCC compositions. Due to hydrogen bonding between cellulose
chains in fibers, agglomeration or entanglement of fibers can occur in the polymer matrix. To
reduce this interaction between hydroxyl groups, the microcrystalline cellulose was maintained as

a 1 wt. % solid content suspension in water.

The 5 wt. % PVA solution was prepared firstly by soaking in distilled water [5 g in 100 mL] for
60 min to improve their solubility, followed by heating the solution at 80 ° C for 30 min under
constant stirring. Previously prepared aqueous MCC water suspension(1 wt. % solid content)
were then added to the 5 wt.% PVA solution at 2, 5, and 8 wt.% of MCC loadings. The resulted
mixture is then further stirred mechanically for another 90 min. stirred continuously until the
solution mixture became a homogeneous viscous appearance. Before casting, the resultant viscous
mixture was cooled at room temperature until trapped air bubbles were removed. The final mixed
solution was then cast into a polypropylene Petri dish and further kept at ambient temperature

until films were made.
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The obtained films were then dried at 50 ° C for 240 min to ensure complete evaporation of
water and then removed from the Petri dish and were kept in the desiccators. The composite films
were coded as PVA/ Cr(lll) - MCC, PVA/ Fe(lll) Cl - MCC, PVA/ Fe(lll) - MCC depending on
the type of catalyst used to prepare the MCCs.
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Fig. 5-1 PVA-MCC bio composite films preparation by using solution casting method

5.2.2.4. Characterizations

A hand-held micrometer was used to measure the thickness of composite film samples. Each film
sample was measured at ten random positions and the mean values of thickness were used in the
calculations for the mechanical properties. The structural interactions within PVA/MCC
composite films were examined using Fourier Transform Infrared (FTIR) spectroscopy. A
PerkinElmer Spectrum FT-IR Spectrometer (PerkinElmer Inc., Waltham, MA, USA) was used to
collect spectra from directly loaded film samples. Measurements were performed across a
wavenumber range of 4000-450 cm™. The resulting spectra were analyzed to understand the
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influence of Teff straw-based MCC filler on the PVA matrix. This analysis focused on identifying

changes in peak intensity and position caused by the MCC incorporation.

The thermal stability of the film samples (both control (pure PVA) and composite) were
examined using Thermal Gravimetric Analyzer (HCT-1, BJHENVEN, China). For this, the
samples were heated in the temperature range of 25 to 700 °C, at a heating rate of 20 °C min™
under a nitrogen atmosphere. Temperature at onset of degradation (T,,), maximum degradation
temperature (Tmax), and percentage residual weight (RW) after complete degradation, were
considered as representative parameters to evaluate possible thermal differences in the composites

under investigation.

Mechanical properties of the composite films were investigated using MesdanLab strength tester
equipped with a 5 kN cell load. Sample preparations and test methods were in accordance with
the ASTM D882 standard method. The measurements were conducted at room temperature for at
least five samples from each composite film. The morphologies of neat PVA and different
PVA/MCC based composites samples were investigated using a scanning electron microscope at

an accelerating voltage of 1 kV.
5.3.  Results and Discussion
5.3.1. Films appearance and thickness variation

Figure 5-2 shows the photographs of PVA/MCC composite films. Generally, films without MCC
(control film) displayed a clear appearance as compared to other prepared films. However, as the
content of MCC increased, the films became less flexible, their softness decreased, and they
became rough.
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Fig. 5-2 Physical appearance of (a) neat PVA; (b) PVA/5% Cr(lll) - MCC; (c) PVA /5%
Fe(1I)CI - MCC; and (d) PVA /5% Fe(lll) - MCC

Furthermore, Table 5-1 shows the thicknesses of PVA/MCC composite films. MCC addition

resulted in slight increase of the film thicknesses compared to that of the neat PVA film (0.24

mm) with the highest thickness corresponding to the PVA/MCC composite films with 8 % MCC

content. This increase in film thickness might be attributed to the increased chain-to-chain

interactions that occur upon MCC addition, leading to the formation of higher-performance films

(increased tensile strength, and enhanced toughness).

Table 5-1 Thickness variation for TS MCC reinforced PVA composite films with different

amounts of MCCs

Thickness (mm)

Sample Name 0% 2% 5% 8%
PVA 0.239 £+0.004 | - - -
PVA/ Cr(Ill) - MCC - 0.267 £+0.011 | 0.284 +0.011 | 0.313 £0.011
PVA/ Fe(IIN)CI - MCC - 0.2588 +0.017 | 0.311 +0.01 | 0.342 +0.015
PVA/ Fe(lll) - MCC - 0.2586 +0.006 | 0.277 +0.011 | 0.352 +0.01

93



5.3.2. FT-IR analysis

Figure 5-3 presents the FT-IR spectra of pure PVA and PVA/MCC films containing 5% Cr(I11)—
MCC, Fe(lI)CI-MCC, and Fe(l11)-MCC. These spectra were obtained to investigate potential
chemical interactions between PVA and MCC during processing. For neat PVA, the broad band
around 3320 cm™ attributed to the stretching vibrations of O-H bonds arising from both
intramolecular and intermolecular hydrogen bonds within the PVA structure. Additionally, the
peaks at 2855 cm™ and 2920 cm™ are attributed to the symmetric and antisymmetric stretching
vibrations of C-H bonds in the PVA's alkyl groups. The spectrum also reveals a peak at
approximately 1720 cm™, confirming the presence of a C=0 stretching vibration characteristic of
acetate groups within the PVA. Additionally, peaks observed at 1097 cm™ and 1425 cm™
correspond to C-O-C stretching and CH, group bending vibrations, respectively. The observed
functional groups, as evidenced by the major peaks in the PVA spectrum, are consistent with
previous literature reports [90, 124, 219].

Transmittance (%)

—PVA

——— PVA/Cr(II)-MCC
——— PVA/Fe(I)Cl-MCC
——— PVA/Fe(IIl)-MCC

. . r . . : . . T .
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm” 1 )

Fig.5-3 FTIR spectra of pure PVA and PVA composite films containing 5wt. % MCCs
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The infrared spectra of all composite films closely resembled the neat PVA film, indicating
minimal changes in the film's functional groups due to the low (5 wt.%) MCC content and the
presence of similar functional groups in both materials [220, 221]. However, a shift can be
observed in the spectra after incorporating MCC into PVA.

Figure 5-3 show, a change in the O-H stretching vibration band from 3320 cm™ in neat PVA to
3290 cm™ in PVA-MCC films. This shift suggests a possible disruption of hydrogen bonds within
the neat PVA film and the potential formation of new hydrogen bonds between PVA's OH groups
and MCCs [132]. The infrared spectra of composite films also show a slight shift in the C=0
stretching vibration peak compared to neat PVA. The neat PVA peak at 1720 cm™ shifts to a
lower wavenumber (1708 cm™) in PVA-MCC. Similarly, the characteristic peak of pure PVA at
839 cm™ moves to a lower frequency (828 cm™) in PVA-MCC, indicating changes in the PVA's
crystalline domains. Finally, the broad peak at around 1100 - 980 cm™ in the PVA-MCC spectrum
appears to resolve into two distinct peaks at 1090 and 1030 cm™. Conversely, the neat PVA
spectrum retains a single broad peak at 1096 cm™ in this region [222]. These observations support
the possibility of new intra- or intermolecular hydrogen bonds forming, along with

conformational changes within PVA-MCC composite films.

5.3.3. Mechanical properties of pure PVA and PVA composite films

5.3.3.1.  Tensile strength and Young's modulus

A series of biodegradable composite films were prepared by reinforcing PVA with varying
amounts of MCC fibers extracted from TS. The mechanical properties of the composite films

were then characterized by tensile tests.

Figure 5-4 illustrates the mechanical analysis of the tensile strength (MPa) and Young's modulus
(MPa) of these composite films at different MCC contents. This study revealed a significant
increase in both tensile strength and Young's modulus of PVA films with the incorporation of the
prepared MCCs. Pure PVA exhibited a tensile strength of 35.83 MPa and a Young's modulus of
12 MPa. As Figure 5-4 (a-b) illustrate, incorporating just 2% of Cr(l11)-MCC, Fe(111)CI-MCC,
and Fe(111)-MCC led to respective improvements of 90%, 89%, and 59.5% in tensile strength, and
276%, 225%, and 244% in Young's modulus compared to the pure PVA film. These results

indicate that the addition of Teff straw MCC effectively improves the mechanical properties of
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PVA films. This enhancement likely results from both the excellent mechanical properties of
MCC and its good chemical compatibility with PVA. Furthermore, the increase in tensile
modulus and strength is attributed to improved adhesion between MCCs and the polymer matrix,
leading to more effective strain transfer at the interface. This finding aligns with the work of Khan
etal. [223] and Erden et al. [224].

Moreover, Figure 5-4 reveals that MCCs obtained using different catalysts (Cr(l11)-MCC,
Fe(l11)CI-MCC, and Fe(111)-MCC) showed different reinforcement effects for the PVA composite
films. As shown in Figure 5-4 (a), the tensile strength of Cr(111)-MCC-based PVA composites
improved by 90% at 2% MCC content. Further addition of Cr(l11)-MCC to the PVA matrix
improved the tensile strength by 38% and 24% with the addition of 5% and 8% Cr(l11)-MCC

content, respectively.

On the other hand, the tensile strength of Fe(I11)CI-MCC-based PVA composites increased from
35.8 to 70.8 MPa as the Fe(IlI)CI-MCC content increased from 0 to 5% (w/w), representing
97.5% enhancement. However, the tensile strength of the composites decreased with increasing
Fe(I11)CI-MCC content beyond 5%. These results indicate that the addition of Fe(111)CI-MCC to
PVA can effectively improve the tensile strength of the composite films up to a 5% Fe(lI)Cl-
MCC content. Beyond this point, the tensile strength decreases which may be due to the

agglomeration of the MCC particles.

In contrast, the tensile strength of Fe(lll)-MCC-based PVA composites showed small
improvement (59.5%) at lower Fe(111)-MCC content (2%) . However, the improvement reached
89.4% relative to pure PVA at 8% Fe(l11)-MCC content. These results show that the addition of
Fe(l11)-MCC to PVA can effectively improve the tensile strength of the composite films but at
higher Fe(111)-MCC content.

The trend of Young's modulus for the composites was similar to that of the tensile strength. As
shown in Figure 5-4(b), the Young's modulus of the composites increased with increasing MCC
content up to certain point, and then decreased. This is likely due to the same factors that affect

tensile strength, namely the agglomeration of MCC particles at higher MCC contents.
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In summary, the reinforcement effect of the prepared MCCs on PVA composite films depends on
the type and content of MCC used. Cr (111)-MCC is mostly effective for improving the tensile
strength of PVA composite films at lower content, while Fe(I11)-MCC is the most effective at
higher MCC content. Of all the composites, the 5 wt. % Fe(l11)CI-MCC-based PVA composite
had the highest increase in tensile strength and Young's modulus. This improvement may be
linked to a stronger bond between the additive and the polymer, as well as an even distribution of
the additive throughout the polymer material. Additionally, from this experimental investigation,
Cr(111)-MCC was found to be most effective in enhancing the tensile strength of P\VA composite
films at a lower content of 2%. Consequently, future research should explore even lower

concentrations (<2% of Cr(I11)-MCC) to further optimize the composite properties.
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Fig. 5-4 Tensile property of neat PVA and Teff straw MCC reinforced PVA-based composite
films: (a) Tensile strength (MPa), (b) Young’s modulus (MPa)

5.3.3.2.  Percent of elongation at break

Table 5-2 shows the decrease in elongation at break of Teff straw MCCs reinforced PVA
composite films with the addition of MCC. This behavior is common in composites with stiff
lignocellulosic fillers, like MCC [225]. The presence of MCC restricts the mobility of PVA
molecules due to strong interfacial interactions, ultimately leading to reduced ductility [226].
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Additionally, MCC agglomeration during film formation could further contribute to the decrease
in elongation at break. For example, Chin et al. [90] found that the elongation at break of the
composite decreased because the highly crystalline and rigid MCC-RS restricted the mobility of
the soft chains in the polyvinyl alcohol matrix. Santi et al. [123] also found that the addition of
MCC filler reduced the high deformability of PVA films, resulting in an increasingly brittle
behavior of the composite. Studies have shown that films tend to become brittle when
reinforcement particles are added [227]. This is also the case for cellulose fibers reinforced
biodegradable composite films [126, 223].

Table 5-2 Elongation at break for Teff straw MCC reinforced PVA composite films with different

amounts of MCCs

Elongation at break at different MCC contents (%)

Sample name 0% 2% 5% 8 %
PVA 129.12 £24.52 - - -
PVA/ Cr(ll11)-MCC - 13.3 +4.38 8.89+0.4 9.24 +1.31
PVA/ Fe(ll1)CI-MCC - 12.36 £1.31 10.32+3.63  9.96 +1.27
PVA/ Fe(lll)-MCC - 15.24 +5.24 9.24 +0.78 12.963.69

5.3.4. Thermogravimetry analysis

To investigate the thermal degradation behavior, Thermogravimetry (TGA) and Derivative
Thermogravimetry (DTG) analyses were conducted on neat PVA and MCC-reinforced PVA
composite films. All the films analyzed demonstrated a consistent three-phase breakdown when
heated between 50 and 700 °C (see Figure 5-5a). Initially (50-200°C), the films lost 4 to 9% of
their weight due to the evaporation of absorbed water. Subsequently (200-450°C), a more
significant weight loss of 64-71.5% occurred (Table 5-3), likely caused by the breakdown of PVA
molecules into smaller units through water removal, forming a polyene structure [228]. The final
weight reduction (450-500°C) is believed to result from the decomposition of the remaining
polyene components into volatile substances like aromatic hydrocarbons [220].
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Fig. 5-5 Thermogravimetric analysis results of neat PVA and 5% Teff straw MCCs reinforced

PVA composite films (a) TGA curves (b) DTG curves

The onset temperature (Ton), the maximum temperature (Tmax), and the residual weight (RW)
were obtained and summarized in Table 5-3. All PVA-MCC composites started to degrade at
higher temperatures than those of neat PVA. The addition of MCC to PVA induced a progressive
increase in degradation temperature compared to neat PVA. This is due to the formation of
hydrogen bonds between MCC fibers and PVA matrix bonds as confirmed by FTIR analysis. The
formation of hydrogen bonds restricts the movement of the polymer chains within the composite
films, creating a denser structure. This denser structure helps to prevent the PVA from breaking
down. This observation is in line with the results reported in literature [128, 225, 229]. Therefore,
the incorporation of MCC into the PVA matrix has led to the enhanced thermal stability of the
films. Moreover, the improvement in the thermal stability of PVA composite films varies with the

types of catalysts used to prepare the MCCs even for the same MCC composition (Table 5-3).

The DTG curves (Figure 5-5b) also show that during the second degradation process, the Tmax Of
neat PVA film (387.6 °C) was slightly higher than those of the PVA composite films containing
lower MCC contents (see also Table 5-3). This is likely because the presence of MCCs reduces
the polymer matrix's free volume. The free volume of a polymer matrix is the empty space
between the polymer chains, allowing them to move. MCC molecules occupy some of this space,
reducing the free volume and inhibiting the mobility of the polymer chains, potentially leading to
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a decreased Tmax [132, 230, 231]. The higher thermal conductivity of MCC could be another cause
of the decreased Tmax 0f PAV/MCC composites [226]. This is because it facilitates heat transfer

within the composite, which can enhance the thermal degradation of PVA after its addition.

However, when the MCC content is increased to 8%, the Tmax Value shows an increase relative to

pure PVA.

The residual weight was approximately 25% and above for all composites containing TS MCCs.
Pure PVA, however, exhibited a lower RW (~20%). These variations in RW could be related to

the interfacial interactions between components and the presence of sulfate groups on the surface

of MCC, which act as dehydration catalysts and facilitate char residue formation [220, 229, 230].

Table 5-3 Thermal degradation parameters of neat PVA and MCC-reinforced PVA composite

films obtained from the TGA/DTG analysis

Maximum Residual weight
Sample name Ton (°C)  Tmax (°C) Weight losses (%) (RW (%))
PVA 295 386.26 71.31 20.23
PVA/ 2 wt.% Cr(lll) - MCC 304 383.65 70.56 25.38
PVA/ 2 wt.% Fe(llI)CI - MCC 308 381.33 69.45 26.33
PVA/ 2 wt.% Fe(lll) - MCC 303 384.88 71.41 24.57
PVA/ 5 wt.% Cr(lll) - MCC 305 380.02 67.32 24.87
PVA/5wt.% Fe(llII)CI - MCC 308 382.6 68.76 25.16
PVA/ 5 wt.% Fe(lll) - MCC 303 370.0 69.01 24.54
PVA/ 8 wt.% Cr(lll) - MCC 306 390.1 67.01 25.43
PVA/ 8 wt.% Fe(l1INCI - MCC 310 391.3 67.11 26.72
PVA/ 8 wt.% Fe(lll) - MCC 306 387.6 64.16 27.40
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Overall, this study demonstrates that adding Teff straw MCC to PVA enhances the thermal
stability of the resulting films. The higher onset temperature (To,) of the MCC-PVA composite is
well-suited for biomaterial applications.

5.3.5. Surface morphology of PVA and PVA /MCC composite films

Scanning electron microscopy was used to investigate the surface topography of MCC-PVA
composite films. SEM can provide information about the presence of voids, the presence of

aggregates, and the distribution of the reinforcing phase within the polymer matrix.

Figure 5-6 shows FESEM micrographs of the surface of Teff straw MCC reinforced PVA
composite films at 5% MCC content and neat PVA. The pure PVA has a smooth and
homogeneous surface. However, the incorporation of MCCs changed the surface morphology and
structure of the PVA composite films. The formation of hydrogen bonds between the PVA chain
and free MCC hydroxyl groups, as confirmed with FTIR analysis, caused significant changes in
morphology. For all PVA composite films, SEM images show good dispersion of MCCs within
the PVA matrix, and the surfaces of the MCC fibers are seen to be covered with PVA polymer.
However, comparing the surfaces of PVA/ Cr(ll1I)-MCC , PVA/ Fe(lII)CI-MCC, and PVA/

Fe(I11)-MCC films, different distributions of MCCs are observed across the surfaces.

The PVA/ Fe(llI)CI-MCC film exhibits a relatively even distribution of MCCs throughout the
PVA matrix. Additionally, its surface appears smooth and homogeneous without visible
aggregates. These observations could suggest good compatibility between Fe(111)CI-MCC and
PVA. The uniform distribution of the Fe(l11)CI-MCC in the PVA matrix is likely to improve the

mechanical strength of the film.

On the other hand, compared to the PVA/ Fe(111)CI-MCC film, the PVA/ Cr(I11)-MCC and PVA/
Fe(I11)-MCC films exhibit slightly uneven distributions of MCCs, with the MCC fibers appearing
somewhat clustered in specific areas. This non-uniform dispersion could potentially impact the

films' mechanical properties.
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Fig. 5-6 SEM micrographs of PVA and 5% Teff straw MCCs reinforced PVA composite films

The study found that the enhanced mechanical and thermal properties of PVA/MCC composite
films can be attributed to changes in the material's surface structure caused by the inclusion of
MCC. The uniform distribution of MCC in the PVA matrix is expected to improve the
mechanical properties of the film, while the poor compatibility between MCC and PVA is likely
to reduce the mechanical properties of the film. Further investigation might be necessary to
optimize the dispersion process for the prepared films, as recent studies demonstrate that
ultrasonication techniques can effectively improve the dispersion of microcrystalline cellulose
particles within a PVA matrix [232].

102




5.4. Conclusions

This study achieved successful preparation of PVA-MCC green composite films through solution
casting. FTIR spectra of the MCC-PVA composite films displayed a shift in peak positions,
suggesting the formation of intra- and intermolecular hydrogen bonds between the hydroxyl
groups (OH) of MCC and PVA.

The PVA/MCC composites also exhibited higher mechanical properties, i.e., tensile strength and
Young's modulus, as compared to the neat PVA. Increasing the percentage composition of MCCs
in the PVA composite films led to different reinforcement effects compared to the neat PVA
matriX. These effects also depended on the type of catalyst used to prepare the MCCs (Cr(l11)-
MCC, Fe(lIDCI-MCC, and Fe(lll)-MCC). The addition of Cr(lI)-MCC to PVA composites
significantly enhanced their mechanical properties at low concentrations. However, for Fe(111)ClI-
MCC-based composites, the tensile strength increased only up to 5% Fe(lI1)CI-MCC content.
Beyond this point, the tensile strength decreased probably due to the agglomeration of the MCC
particles. Conversely, Fe(ll11)-MCC composites showed a slight improvement at low MCC
content, with a more significant increase compared to pure PVA at higher Fe(l11)-MCC content.
Notably, PVA with 5 wt. % Fe(ll1)CI-MCC exhibited the best performance, reaching a tensile
strength of 30.6 MPa and a Young's modulus of 2.26 GPa.

The TGA results demonstrate the improved thermal stability of PVA/MCC films. All PVA/ MCC
composites started to degrade at higher temperatures compared to neat PVA. Additionally, the
residual weight of composites was around 25% and above, while pure PVA exhibited a lower
value (~20%). Microscopic analysis revealed acceptable dispersion of MCCs within the PVA
matrix for all samples, with the PVA coating the MCC fiber surfaces. Notably, the Fe(1I1)CI-
PVA/MCC film exhibits a more even distribution of MCCs compared to other composites
prepared. This uniform distribution of Fe(l1I1)CI-MCC within the PVA matrix is expected to

enhance the film's mechanical properties.

The results of this study demonstrate that the prepared MCCs from Teff straw can be a potential
additive to enhance the properties of PVA composites. Furthermore, the improved thermal
stability of the PVA/MCC composites suggests that they could be used in applications where

high-temperature processing is required.
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CHAPTER 6: GENERAL CONCLUSIONS AND FUTURE WORKS

6.1. General Conclusions

This dissertation presents the synthesis and characterization of microcrystalline cellulose derived
from Teff straw, along with an evaluation of its effectiveness as reinforcement for polyvinyl
alcohol. While sulfuric acid hydrolysis has historically been the common method for MCC
production, its limitations prompted the exploration of an alternative approach. This work utilizes
a multi-step process involving alkali and bleaching pretreatments to obtain cellulose-rich fibers,

followed by transition metal salts catalyzed dilute acid hydrolysis for controlled MCC production.

Chemical composition analysis confirmed the effectiveness of the pretreatments in removing non-
cellulosic components like lignin and hemicellulose. Compared to untreated TS fibers, the treated
fibers exhibited significantly higher cellulose content and lower levels of non-cellulosic
components. The influence of process variables like temperature, time, and NaOH concentration
on the effectiveness of the alkali treatment was also investigated. The results revealed that these
variables significantly impacted the degree of lignin removal and the yield of cellulose fibers. X-
ray diffraction analysis confirmed that the pretreatments successfully preserved the cellulose 1
crystalline structure present in the TS. Furthermore, the crystallinity of the cellulose fibers
increased significantly after pretreatment, demonstrating an improvement in their structural order.
Thermogravimetry analysis revealed that the isolated cellulose exhibited higher thermal stability
compared to untreated TS fibers. The successful isolation of cellulose from TS with significantly
higher cellulose content, crystallinity, and thermal stability paves the way for its potential
utilization in the production of high-quality microcrystalline cellulose. This sustainable and
readily available resource offers an eco-friendly alternative to traditional sources of cellulose,

contributing to the development of more sustainable and bio-based materials.

This study also explores the transformation of alkali hydrogen peroxide-extracted Teff straw
cellulose into microcrystalline cellulose using a novel approach. MCC were prepared from the
pretreated TS fiber by three transition metal salt catalysts assisted dilute acid hydrolysis process.
Each transition metal catalyst showed different effects on the crystallinity, crystallite size, surface
morphology, and thermal stability of the obtained microcrystalline cellulose. The XRD and TGA
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analyses respectively showed that the MCCs have higher crystallinity and thermal stability,
respectively. Among the prepared MCCs, the Cr(lll) ions synthesized MCC rendered relatively
the highest crystallinity and thermal stability, reflecting its better hydrolysis selectivity as
compared to Fe(lI)CI and Fe(lll) - metal ions. Furthermore, all MCCs exhibited degradation
temperatures higher than typical processing temperatures of polymeric materials, making them
suitable for the preparation of polymer-based composite materials. This method could further
reduce the consumption of acids without compromising the thermal stability, dispersibility,
crystallinity and production yield of MCC.

The synthesized MCC effectively reinforced polyvinyl alcohol matrices, increasing tensile
strength and Young's modulus while reducing elongation at break. The influence of MCC type
and content varied, likely due to differences in particle interactions and potential
agglomeration. Notably, Fe(llI)CI-MCC at 5 wt. % achieved significant reinforcement,
highlighting the crucial role of catalyst selection and processing conditions. Furthermore, MCC

incorporation enhanced thermal stability of PVA films, indicating broader potential applications.

Overall, this study highlights the potential of Teff straw MCCs as a viable and sustainable
reinforcement for PVA composites, opening doors for the development of new and improved

materials with diverse applications.

6.2. Future works

This study has made a significant contribution to the production of microcrystalline cellulose
from Teff straw with enhanced physico-chemical properties, however further work may be
required to further investigate process parameters of the alkali pretreatment, and dilute acid

hydrolysis.

Experimental work was performed to observe the influence of process variables (temperature,
time, and NaOH concentration) on the responses (the lignin removal and fiber yield) based on a
single factor effect during the alkali treatment of Teff straw. The variation of these parameters has
shown their effect on the percentage of lignin removal and fiber yield. Further optimization study
using RSM could be conducted to observe the synergistic effect between process pretreatments on

the delignification efficiency of the alkali pretreatment on TS.
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Also in future work, the dilute acid hydrolysis needs to be optimized for pretreated TS to get
maximum crystallinity index and yield of MCC. Four independent parameters including reaction
temperature, reaction time, acid concentration (H,SO,) and concentration of transition metal salts
could generally optimize. Effects of interaction between the parameters could be examined using

the response surface method (CCD; Design Expert software package).

For optimal reinforcement with constant filler loading, enhancing microcrystalline cellulose
dispersion within the polyvinyl alcohol matrix is crucial. Ultrasonication has emerged as an
effective technique to achieve superior dispersion leading to enhanced filler-matrix interaction,
and improved tensile strength. Thus, ultrasonication is strongly recommended for incorporating
MCC into the PVA matrix. This approach optimizes reinforcement efficiency while maintaining

filler content, resulting in superior mechanical properties.

Due to constraints in funding, time, and resources, additional experiments to determine the
modulus and density of microcrystalline cellulose (MCC) were not conducted. Characterizing
these properties of the MCC obtained from TS is recommended for future research.
Characterizing co-products of this study, such as the extracted lignin, is also recommended for

future research.

Furthermore, tensile testing revealed that Cr(111)-MCC significantly improved the tensile strength
of PVA composite films at a low concentration of 2%. To further optimize composite properties,

exploring even lower concentrations of Cr(I11)-MCC (<2%) is suggested for future studies.
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APPENDIX

Appendix Al: Supplementary Data for chapter 3

Table Al Effect of solid to liquid ratio on the alkali treatment of raw fiber

Solid to liquid
Run ratio (g/ml) Yield (%) Residual lignin (%)
1 1:20 51.29 £0.541 54.255 +2.876
2 1:30 42.89 £1.317 61.15 +2.093
3 1:40 38.12 £1.58

62.43 1.095

A preliminary experimental work was conducted to observe the effects of solid to liquid ratio
(g/ml) at constant temperature (80 °C), and time (90min) on cellulose yield and lignin removal

during the alkali treatment of Teff straw.

Appendix A2: Supplementary Data for chapter 3

Table A2 The effects of the bleaching parameters on cellulose yield and residual lignin content of

the cellulose fiber

Process condition

Ratio Temperatur ~ Time Residual lignin
Run (g/ml) e (°C) (min) Yield (%) content (%)
1 1:20 65 90 92.08 £0.319 4 +0.319
2 1:30 65 90 90.595 +0.27 2.58 £0.236
3 1:40 65 90 88.56 +0.554 2.35+0.111
4 1:30 55 90 91.255 +0.298 2.945 +0.146
5 1:30 65 90 90.595 +0.27 2.58 +0.236
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6 1:30 75 90 85.97 £0.291 2.365 +0.0901

7 1:30 65 60 92.315 +0.381 3.12 +0.263
8 1:30 65 90 90.595 +0.27 2.58 £0.236
9 1:30 65 120 89.45 +0.263 2.435 +0.132

In this preliminary work, the effects of the bleaching parameters (temperature, time and solid to

liquid) on cellulose yield and residual lignin content of the cellulose fiber was observed.

Appendix A3: Supporting Information for Chapter 3
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Fig. A3 (a) TGA and (b) DTG curve for the raw, alkali treated and bleached fibers
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Appendix A4: Supporting Information for Chapter 3

The miller indices were assigned to the diffraction peaks according to the recent theoretical
calculation [182]. The presence of diffraction peaks at 20 = 16.0°, 22.0° and 34.0° indicates that
the raw Teff straw showed the cellulose-l crystal structure. Thus, The miller indices were
determined using a multi-step process where the observed peak positions, 2theta (26), were first
converted into dpg values using Bragg’s law, and the miller indices (hkl) values were then
determined using the calculated dny and predetermined parameters from the published references
using Eq. A2.

Bragg's law is formulated as
A

Ik = 2sing = AL
For 260 = 16.0°,and 1 =1.5
dhkl = 25|1n—(?30) =5.36
From geometry relation [181]
d -2 Eq. A2

- h2 k2412
2 2 2
2+|2: a :7.78

h +k =
2 2
dhkl 5.36

12412 10=2~21

2.1

Where a =7.78 for native cellulose structure from the literature [182]. Similarly, for the other 26

values, the miller indices can be determined as

For 20 =22°
15

d,  =——— =395 then
hkl  2sin(11.0)

2 2 2

h k241222 _T78 39 this implies
d2 3952
hd >

22 10+0=4~3.9
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For 20 =34°
15

d,  =——— =259 then
hkl  2sin(17.5)
2 2 2
h* k241222 =7'782=9.o
d 2.59

hki
42 10+0=8~9.0

Therefore, the determined miller indices were 110, 200, and 400 illustrated the orientation of the

cellulose crystallites along the raw fiber for 20 = 16.0, 22,and 34° respectivily [182].

Appendix A5: Supporting Information for Chapter 3

= Determination of the lignin content

The extractive free dried raw biomass will be weighed in glass test tubes and 72% H,SO,4 will be
added. Allow the sample to sit at room temperature for two hours, shaking gently every half hour
to ensure thorough breakdown of the material. Once this initial breakdown is complete, add 84
milliliters of pure water to the sample. The next phase of the breakdown process will take place in
a high-pressure steam chamber (autoclave) for one hour at a temperature of 121 °C. The mixture
was allowed to cool to ambient temperature. Subsequently, the liquid portion was separated from
the solid material by filtering it through a specialized crucible under vacuum conditions. The acid
insoluble lignin will be determined by drying the residues at 105 °C and accounting for ash by
incinerating the hydrolyzed samples at 575 °C in a muffle furnace. The acid soluble lignin fraction
will be determined by measuring the absorbance of the acid hydrolyzed samples at 320 nm.
Lignin content is determined by combining the quantities of acid-insoluble and acid-soluble

lignin.
The acid insoluble lignin (AIL) fraction will be determined as

@V AR W be hW )
%AIL = Cru.+ Cru. Cru.+as Cru. X100 qu A3

OoDW
sample

Where AIR = acid insoluble residue, W= weight of crucible, and Wy+ash = Weight of crucible

with ash.

Similarly, the acid soluble lignin (ASL) fraction will be calculated as
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Uvabs *Volume filtrate *Dilution
%ASL = x100 Eq. A4
e*ODW * pathlength
sample

Where
UVas = average UV-Vis absorbance for the sample at appropriate wavelength,
e= absorbity of biomass at specific wavelength,
ODWsample = 0ven dry weight of sample,
Path length = path length of UV-Vis cell in cm and

Volumes +Volume

Dilution — ample dilutionsolvent
Volume
sample
Weightairdr sample® % Total solids
ODW sample= ysamp
100
(We'ghtdry samp +dry pan -We'ghtdry pan)

% Total solids = x100

We'ghtsample asreceived

Therefore the total amount of lignin on an extractive free basis

% Lignin . = % AIL +% ASL Eqg. A5
extractive free

Appendix B1: Supporting Information for Chapter 4

To confirm the removal of metals from the isolated cellulose, it has been conducted metal
analysis using Atomic absorption spectroscopy. After determining the absorbance for all samples,
a calibration curve was constructed as given in Figure B1 below. It have had a linear regressions,
R =0.99926 and a linear equation y =0.0034 + 0.0215 x for iron standard curve while, R =
0.99908 and a linear equation y =0.0002 + 0.0023 x for chrome curve. The absorbance of the
prepared samples was then compared against the calibration to obtain the corresponding

concentrations.
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Fig. B1 Calibration curve (a) and (b) established after taking the absorbencies of all the standard

solutions for iron and chrome, respectively using AAS

141



