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ABSTRACT

The increased development of industrial, urban, and agricultural activities around the
world is primarily responsible for the remove of different contaminants, including
hazardous heavy metals, nutrients, dyes, etc., into aquatic environments. This study
focused on the synthesis and characterization of nanocellulose derived from Khat stems,
which was then impregnated with magnetite to form composite materials. The aim was to
investigate the removal of methylene blue (MB) dye from aqueous solutions using these
composite adsorbents. Magnetite impregnated nanocellulose composite (MNC) was
synthesized by the coprecipitation method of nanocellulose with two iron oxides (FeCl,
and FeCls) and characterized using phase transitions by Differential Scanning
Calorimetry (DSC), crystallography by X-ray Diffraction (XRD), Functional groups by
Fourier Transforms Infrared (FTIR), morphology by Scanning Electron Microscopy
(SEM), and Surface area by Brunauer, Emmett and Teller (BET). The MNC was more
thermally stable than nanocellulose. The XRD spectra of MNC exhibited peaks at 26 16.6°
and 22.6° which are supposed to represent the typical cellulose | structure and at 26 of
18.4°, 30.4°, 35.5°, 43.2°, 53.9°, 57.2°, 62.8°, and 74.2° indicating the structure of
magnetite iron oxide nanoparticles. The BET multi point surface area, average pore size,
and total pore volume of MNC were 511.74 m?/g, 0.619 nm, and 1.335 cc/g, respectively.
Batch adsorption experiments were conducted to examine the influence of various
parameters, including pH, contact time, adsorbent dose and initial dye concentration, on
the sorption of MB dye. The maximum MB dye removal efficiency was 97%, which was
achieved at a pH of 8, an initial MB dye concentration of 10 mg/L, an adsorbent dosage of
0.07 g/100mg/L, and a contact time of 80 minutes. The adsorption mechanisms were more
closely aligned with Langmuir isotherm model than Freundlich model, demonstrating a
maximum adsorption capacity of 102.35 mg/g and a R® of 0.996. The kinetics of the
adsorption process was well described by the pseudo second order kinetic model, which
achieved a high R? of 0.996. The reusability test was investigated using a single sample
weighing 0.07 g/100mL for five cycles, and up to 88.97% of methylene blue was
eliminated. It has been observed that magnetite impregnated khat stem based
nanocellulose composites has great adsorption capabilities for removing MB dye from an

aqueous solution.

Keywords: Adsorption, Aqueous Solution, Composite, MB Dye, Magnetite,

Nanocellulose, Magnetite Impregnated Nanocellulose
Xiv



CHAPTER ONE

1. INTRODUCTION

1.1. Background

Globally, one of significant environmental problems is water pollution (Tsade et al., 2021).
Numerous companies release wastewater that contains colors and heavy metals, which
severely harms the aquatic ecosystem (Kamaraj et al., 2020). Because of their toxicity,
trophic chain movement, chemical stability, and challenges to purification, the heavy
metals and organic dyes found in wastewater have been identified as hazardous to the
ecological system (Jaishankar et al., 2014). Many synthetic organic dyes are derived from
petrochemical sources and can have significant negative environmental and health impacts.
Some organic dyes are persistent, bioaccumulative, and toxic, posing risks to aquatic
ecosystems and human health if improperly managed or disposed of (Ismail et al., 2019).

In particular, it is well established that methylene blue (MB) dye, which is found in
polluted water from numerous industries such as textile, dyeing, printing, cosmetics, paper
making, and food coloring, is carcinogenic and detrimental to living organisms. Despite the
significance of this dye in science, it can cause dangerous effects on living things and the
environment because of water solubility nature of MB dye. These causes include
mutations, allergic dermatitis, cancer, and irritation of the skin (Tsade et al., 2021; Senthil
Kumar et al., 2014). Therefore, it is crucial to remove these types of dyes that produce

toxins from the aqueous system before the wastewater is discharged into the environment.

Conventional methods for dye removal, such as chemical precipitation, membrane
filtration, and biological treatment, have had limited success, particularly when dealing
with recalcitrant dyes like methylene blue (Zhou et al., 2019). Adsorption is the most
powerful methods for removing dyes. The main downside of this approach was the high
cost of the adsorbents used. However, with the development of low cost adsorbents that are
equally effective, adsorption now becomes a cost effective way to remove dyes across the
globe (Katheresan et al., 2018). Among various processing technologies, adsorption is
widely regarded as the superior choice due to its cost-effectiveness, flexibility, simple
design, ease of operation, and ability to handle hazardous pollutants (Sardar et al., 2021).

This process is highly efficient, cost-effective, and can achieve high removal rates
1



compared to traditional techniques. Ongoing research is focused on developing advanced
adsorbent materials and optimizing adsorption conditions to further enhance the

remediation of methylene blue dye.

Nanocellulose is a natural polymer material, with at least one of its dimensions falling
within nanoscale range. It can be obtained in substantial quantities from the natural
environment, as it derived from different cellulosic materials like wood, agricultural waste
and certain type of bacteria. It is biodegradable, has low density, low porosity, and a higher
surface area. Additionally, it is fairly inexpensive to manufacture, making it a cost efficient
option for different applications. Nanocellulose, which is derived from cellulose fibers,
lacks inherent magnetic properties, due to this properties it need modification. when NC is
combined with magnetite, it possess unique magnetic properties (Nypeld, 2022). Magnetite
impregnated with nanocellulose composites has unusual magnetic characteristics, making
it a versatile and promising material for a wide range of applications. These include
environmental cleanup, such as the removal of heavy metals and dyes from water;
biomedical engineering, such as medication delivery and tissue engineering; and
electronics, where it is employed in magnetic sensors and data storage devices (Kumar et
al., 2021).

The magnetite on the nanocellulose increases the magnetic properties, strength, reusability,
and surface area of the nanocellulose materials (Zhao et al., 2020). To prevent pollution of
the environment, renewable natural resources are attracting a lot of attention nowadays for
the production of recyclable and/or biodegradable items. One of the most significant
natural resources for the synthesis of biopolymers or value added materials is
lignocellulosic material (Arevalo Gallegos et al., 2017). Khat stem is one of the
agricultural wastes that can be used for the preparation of nanocellulose (Gabriel et al.,
2021). To the knowledge of the author, no research work was reported on the preparation
and characterization of a khat stem based nanocellulose magnetite composite used for the
removal of methylene blue dye from an aqueous solution. This thesis was focused on the
preparation and characterization of a magnetite impregnated nanocellulose composite

adsorbent for the removal of cationic MB dye.



1.2. Statement of the Problem

In Ethiopia, from the increasing human population, uncontrolled urbanization and
inadequate sanitation infrastructure cause serious quality degradation of surface waters.
Although rapid industrial expansion is viewed as an indicator of economic progress, they
are greatly associated with environmental degradation, particularly due to the discharge of
untreated wastewater into the aquatic environment. There are several industries found in
Ethiopia such as, tanneries, textiles, metals, minerals, glass, beverages, etc. Among these,
especially, the operation of tanneries and textiles are causing severe environmental
pollution due to the disposal of untreated effluent on land and in water bodies in large
amount (Yohannes & Elias, 2017).

MB is one of the most thoroughly studied dyes due to its both positive and negative
aspects. It has extensive and broad applications as coloring and staining agent in the textile
and pharmaceutical sectors, respectively. However, MB has attracted serious attention due
to its hostile nature, which poses inharmonious effects on the environment and human
health. High blood pressure, irritation of the skin with redness and itching, irritation of
throat, mouth, esophagus, and stomach, gastrointestinal pain, nausea, vomiting, diarrhea,
dizziness, headache, and fever are some general problems associated with this dye
(Mashkoor & Nasar, 2020). The elimination of colors from wastewater effluents can be
achieved by various techniques (Yuan et al., 2019). For the removal of methylene blue
(MB) dye, the adsorption method is considered the most suitable approach, as it is cost-
effective, simple to operate, and sensitive in removing toxic and polluting substances
(Mashkoor & Nasar, 2020).

Nanocellulose is a cellulose substance that has been treated down to the nanoscale
(Dufresne, 2019). Nanocellulose is a promising nanomaterial derived from cellulose with
numerous potential applications in fields such as electronics, sensors, and energy storage.
However, a key limitation of nanocellulose is its inherent lack of intrinsic magnetic
properties. The absence of magnetic functionality in nanocellulose restricts its use in
certain applications that require materials with the ability to interact with magnetic fields.
This poses a challenge to fully leverage the unique structural, mechanical, and
biocompatible properties of nanocellulose in a wider range of technological innovations.
Developing strategies to impart magnetic behavior to nanocellulose, without compromising
its other desirable characteristics, is an important research objective. Potential approaches

3



to addressing this problem may involve the incorporation of magnetic nanoparticles or the
chemical modification of nanocellulose to induce permanent or induced magnetism. The
magnetic properties of magnetite-impregnated nanocellulose allow for easy separation and
recovery of the dye-laden material using an external magnetic field, reducing the time and
cost associated with traditional filtration or centrifugation methods. By developing
magnetite-impregnated nanocellulose as an effective adsorbent for methylene blue dye,
aim to address the challenge of efficient dye removal and recovery, ultimately contributing
to the development of sustainable and environmentally friendly wastewater treatment
technologies (Hokkanen & Sillanpéa, 2020).

1.3. Objectives
1.3.1. General Objective

The main objective of this study was removing MB from an aqueous solution using

magnetite impregnated khat stem based nanocellulose composite.
1.3.2. Specific Objectives

% To synthesis nanocellulose derived from the khat stem extracted cellulose
suspension.

% To synthesize magnetite impregnated nanocellulose composites.

% To characterize the prepared cellulose, nanocellulose, and magnetite impregnated

nanocellulose composite by using FTIR, DSC, SEM, BET, and XRD

techniques.

R/
L X4

To investigate MB dye removal efficiency of the MNC composite adsorbent.

K/
L X4

To investigate the adsorption isotherm and kinetics.

DG

» To investigate the reusability of MNC.

1.4. Significance of the Study

The core significance of this thesis work lies that use of a low-cost adsorbent facilitated the
removal of methylene blue (MB) dye from aqueous solutions, thereby contributing to the
production of clean water and the betterment of the overall environment. Also, khat stem
and related wastes are becoming an environmental burden in urban areas as these wastes

are disposed of on the roadside and drainage lines. In order to reduce this burden, this



study could play a significant role by converting the khat stem into nanocellulose and

MNC, which can be used for the adsorption of dye pollutants from an aquatic system.
1.5. The Scope of the Study

This thesis work was done on an aqueous solution that contains MB dyes prepared at the
ASTU laboratory. The khat stems were collected from Adama Town. This study
investigated the use of nanocellulose from the khat stem and it’s impregnated with
magnetite nanocomposites as an adsorbent for the removal of methylene blue (MB) dyes
from aqueous solutions. Adsorbent was characterized using X-ray diffraction, DSC, FTIR,

SEM, BET, and UV-visible spectroscopy.



CHAPTER TWO

2. LITERATURE REVIEW

2.1. Water Pollution

The distant past of human control and utilization of freshwater resources is intimately
associated with the growth of human civilization (Banaduc et al., 2022). Every living thing
depends on water, but unfortunately, industrialization and increased urbanization have a
negative effect on clean water sources (Hassan Rashid et al., 2018). Numerous things have
the potential to pollute water. Either people and animals are at risk due to these harmful
substances, which include toxic metals, surfactants, insecticides, herbicides, dyes, and
chlorophenols (Rathi et al., 2021). Numerous health hazards, such as irritation of the skin,
eyes, respiratory system, sore throat, and asthma, can result from exposure to organic dyes
(Chung, 2016).

Dyes are colorful substances designed to give materials such as fabrics, papers, or any
colorable materials a hue (Abd-Elhamid et al., 2020). The colorful aromatic chemical
molecules identified as dye are what give objects that are visible their color by absorbing
light region. different dyes are employed for numerous reasons in a broad range of
industries, such as the food, paper, plastic, cosmetic, and pharmaceutical (VTD Alencar et
al., 2020). These companies produce huge quantities of wastewater that pollute water with
hazardous and carcinogenic dyes, unsafe intended towards use by humans (Pandey et al.,
2020). Textile dyes are exceptionally complex substances that have several structural
groups used in the textile industry. more than any other industry (Fong et al., 2020). MB is
one among the dyes usually used to color silk, wool, cotton, and pulps trade (Derakhshan
etal., 2013).

2.1.1. Methylene Blue Dye

Dyes can be classified into cationic and anionic dyes. Anionic dyes depend on a negative
ion. Anionic dyes includes many compounds from the most varied classes of dyes, which
exhibit characteristic differences in structure (e.g., azoic, anthraquinone, triphenylmethan
and nitro dyes) but possess as a common feature, water-solubilizing, ionic substituents. The

anionic dyes also include direct dyes, and from the chemical standpoint the group of

6



anionic azo dyes includes a large proportion of the reactive dyes (Amran et al., 2011).
Cationic dyes are widely used in acrylic, wool, nylon and silk dyeing. These dyes include
different chemical structures based on substituted aromatic groups. This group of dyes is
considered as toxic colorants and can cause harmful effects such as allergic dermatitis, skin

irritation, mutations and cancer (Tripathi, 2019).

Cationic dyes carry a positive charge in their molecule, furthermore it is water soluble and
yield colored cations in solution. Cationic functionality is found in various types of dyes,
mainly in cationic azo dyes and methane dyes, also in anthraquinone, di- and tri-
arylcarbenium, phthalocyanine dyes, various polycarbocyclic and solvent dyes. The
anthraquinone dyes are expensive and weak while the azo dyes have good properties,
strong thus reducing cost (Amran et al., 2011). Cationic dyes were used intensely as a
model in dye adsorption studies such as Crystal violet, Methylene blue, Basic blue 41 and
Basic red 46 (Amran et al., 2011). Methylene blue is an important basic dye and widely
used in the textile industry. Methylene blue dye is a solid green powder at room
temperature. When it's mixed with water, it forms a blue solution (Chakraborty et al.,
2016).

MB exhibits solubility in methanol, 2-propanol, water, ethanol, and acetone and ethyl
acetate (Salimi & Roosta, 2019). At 25°C, it dissolves in water at an amount of 43.6 g/L
(Pham et al., 2020). Since practically all calculations in photo degradation and adsorption
investigations rely on the material's UV-visible spectra, UV analysis of MB is critical. The
strongest absorption peak in the MB absorption spectra the spectrum exhibits two main
peaks, a peak around 664 nanometers (nm) corresponds to a single molecule (monomer) of
the Methylene Blue (MB) dye. A secondary peak, located at about 612 nm, is associated
with MB molecules paired together (dimer). Additionally, in the ultraviolet (UV) region,
two more bands are observed with peaks at 292 nm and 245 nm. These UV bands are
likely linked to aromatic ring structures containing a single carbon atom substitution
(substituted benzene rings (Mondal et al., 2017).
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Figure 1: Structure of methylene blue
2.1.2. Application of Methylene Blue

MB dye has many potential applications in the textile, pharmaceutical, paper, dyeing,
printing, paint, medicine, and food industries. It is the most common dye in the textile
industry, and is considered one of the most popular clothing colorants. MB firmly adheres
in the interstitial spaces of cotton fibers and is fixed firmly on fabric in the textile industry
(Khan et al., 2022). MB is used to estimate rock swelling, which is used as a quick test to
assess the quality of foundry sand in foundries. MB dye is also used as a photosensitizer,
an oxidation-reduction indicator, an optical redox indicator in analytical chemistry and in
the trace analysis of anionic surfactants. It is also used as a potential material in dye-

sensitized solar cells, capacitors, sensors, microbial fuel cells, etc. (Khan et al., 2022).

MB is a versatile molecule with a range of properties that make it valuable in biological
applications. Historical significance as synthetic antimalarial used against all forms of the
disease in the late 19th and early 20th centuries, MB also serves as effective medicinal
drug treating conditions like Barrett's esophagus and anemia. Furthermore, MB possesses
the additional ability to sensitize the body to chloroguine (Shi et al., 2018; Schirmer et al.,
2003). Methylene blue dye is employed in the treatment of cancer through photodynamic
therapy (M. K. Uddin & Nasar, 2020). It is widely employed to photosensitize plasma for
the treatment of photodynamically inactivating RNA viruses, including hepatitis B, HIV,
and hepatitis C (Saha et al., 2018). From current studies, MB could enhance memories and

prevent Alzheimer's disease (Ye et al., 2024).



2.1.3. Toxicity of MB Dye

Dyes are widely used in various industries, such as textile, paper, plastics, and cosmetics,
which can lead to their release into the environment. The presence of dyes in water bodies
can be detrimental to aquatic ecosystems, as they can reduce light penetration and affect
photosynthesis, ultimately disrupting the food chain (Gayathri et al., 2015). Additionally,
many dyes, including methylene blue, are known to be toxic and can have adverse effects
on the health of living organisms. Methylene blue is a synthetic dye commonly used in
various applications, including as a coloring agent, a medication, and a redox indicator.
However, the improper disposal of methylene blue-containing wastewater can pose
significant environmental and health risks. Exposure to methylene blue can cause skin
irritation, eye irritation, and respiratory problems in humans, and it has also been linked to
more severe health issues, such as cardiovascular and neurological problems (Abdelrahman
etal., 2019).

In addition, it results in accelerated heart rate, methemoglobinemia, tissue necrosis, nausea,
vomiting, diarrhea, cyanosis, shock, gastritis, jaundice, and premature cell death in tissues
(Khan et al., 2022). Furthermore, methylene blue is a persistent pollutant that is not easily
degraded in the environment. It can accumulate in soil and sediments, leading to long-term
contamination and potential bioaccumulation in the food chain (Ebi Ebi et al., 2018). The
presence of methylene blue in water bodies can also interfere with the treatment of
drinking water, making it a concern for public health. Its enormous molar absorption
coefficient (~8.4 x 104 L mol™ cm™ at 664 nm) affects the biological community's
diversity and attractiveness, sunlight transmittance, oxygen solubility, and aquatic life's
ability to photosynthesis (Khan et al., 2022).

2.2. Nanocellulose (NC)

Plant fibers are mostly made of cellulose, which considered the most abundant natural
polymer and is responsible for providing rigidity to plants. Humans have utilized cellulose,
for a variety of building applications. It is mostly utilized as paper and board, undamaged
wood, and textile fibers like cotton and flax (Olsson & Westm, 2013). Additionally,
cellulose provides a flexible platform for a variety of chemical processes (Klemm et al.,
2005). Cellulose is the common polysaccharide by nature and a higher substitute for a

number of products since it is a nontoxic, biodegradable, and chemically stable polymer
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(Jonoobi et al., 2015). Cellulose is a linear biopolymer made up of B-D-glucopyranose
units that are connected by B-glucosidic bonds (B 1-4), with intramolecular interactions
taking place between the adjacent cellulose units. Three hydroxyl groups and six carbons
make up each glucose unit. These units can create fibril cellulose, which is composed of
both amorphous and crystalline areas, cellulose chains, and supramolecular cellulose layers
constructed by crystalline cellulose (Olsson & Westm, 2013; Roa et al., 2021). The

structural chain of cellulose will be presented in Figure 2.
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Figure 2: The cellulose polymer structural chain.

Nanocellulose is gaining popularity in the area of nanotechnology due to its effectiveness
and energy efficiency. Nanocellulose’s advantages make it a popular choice for large-scale
production. It serves as a building block for crucial components in various industries,
including food, paints, textiles, and pharmaceuticals (Mishra et al., 2018). Nanocelluloses
are classified into two types:, cellulose nanofibrils and cellulose nanocrystals (CNCs),
sometimes referred to as nanocrystalline cellulose and cellulose nanowhiskers sometimes

called nano-fibrillated cellulose (Omran et al., 2021).

In addition to their larger surface area, biocompatibility, and reactive OH group in the
surface CNCs are suited for varies advanced functional applications, including tissue
engineering, medication administration, strengthening of materials, waste water treatment,
and others qualities (Jorfi & Foster, 2015). The high density of hydroxyl groups in
cellulose molecules makes them less soluble in water, but these linkages also facilitate the
formation of cross-linked hydrogen networks. The adsorbent activity is related to this type
of impact. improve removal of specific contaminants, the hydroxyl groups of cellulose
can be replaced with specific functional groups, such as carboxyl, sulfonic, and
cyclodextrin groups (Cova et al., 2021). Cellulose can be derived from a diverse range of

sources, including trees, annual plants, microbes, and animals (Jonoobi et al., 2015).
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2.2.1. Khat Stem as Source of cellulose

The Middle East and the Horn of Africa are home to the evergreen shrub known as "khat,"
or Catha edulis Forsk. Catha edulis, the plant commonly referred to as khat, is found all
throughout the African horn, and people chew its leaves to get high (Olani et al., 2023).
Khat is a plant that was mostly grown in Ethiopia and Yemen until recently, where it
continued to grow for a very long period (Gebissa, 2010). But in recent years, cultivation
of it has begun, spreading to most of eastern Africa, as well as to Madagascar, South
Africa, and Afghanistan in the west (Getasetegn, 2016).

Due to its euphoric and psychostimulant effects, millions of people chew fresh leaves of
khat plant every day as a recreational drug (Nichols et al., 2015). Ethiopia is the leading
global producer of the khat, which is currently the commodity with the quickest rate of
growth for exports (Rameshwar & Argaw, 2016). For many years, people from various
walks of life used khat, including kids, expectant mothers, pregnant women, and those
taking medication (Bedada et al., 2018). Because of economic attractiveness, khat
cultivation by local farmers is extending with a rapid decreasing in annual crop production
(Gessesse Dessie, 2013). On more than 250,000 hectares of land, more than two million

farmers grow khat (Wuletaw, 2018).

Older leaves and branches from the khat plant are disposed of as solid garbage after the
young leaves are harvested for chewing locally and exported. Cities and towns with
significant amounts of solid khat waste have lost part of their aesthetic appeal and have
turned into havens for certain rodents and vectors. Additionally, the garbage encourages
some people to dispose of more, which exacerbate the cities' and towns' poor sanitation.
Due to the massive amount of trash produced, appropriate disposal methods are required
(Rameshwar & Argaw, 2016). Such waste material could be turned into valuable products
like cellulose and its derivatives, which would address a number of socioeconomic issues
and provide a more environmentally friendly way to use waste by addressing ecological

and economic cases like avoiding deforestation and environmental pollution.

Chemists used early, fascinating research on the khat plant to identify the primary
psychotropic component, cathinone (Lo Faro et al., 2020). This plant's leaves and roots
contain a wide variety of compounds that fall into different chemical classes. These include

cathedulins, flavonoids, sterols, triterpenes, monoterpenes, volatile aromatic compounds
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also, the alkaloids of phenylalkylamines (Aklillu & Engidawork, 2021). The chemical
composition of untreated khat waste (KW) is cellulose (39.4 £ 0.38), hemicellulose (12.75
+ 0.52), and Klason lignin (28.67 + 2.46) (Gabriel et al., 2021). Untreated khat can be
treated in a variety of ways, increasing the amount of cellulose. Khat's cellulose content

can reach 88% after treatment with formic and acetic acids (Gabriel et al., 2021).

2.3. Pretreatment Method of Cellulose

Extraction of cellulose may involve many methods based on the biomass source,
production type, and anticipated cellulose grade (Brinchi et al., 2013). Various methods for
extracting cellulose have been actively explored, with some of them patented. However,
the majority of the technologies have three primary processes: biomass conditioning,
pretreatment to remove lignin and hemicellulose, and purification or bleaching to remove
remaining lignin and hemicellulose (Abolore et al., 2024). Biomass conditioning consists
of washing to remove dirt and pigment matter, size reduction, refluxing with ethanol and
deionized water to remove extractives, drying, and sifting (Abolore et al., 2024). The
advantages of biomass pretreatment include the disruption of the lignin structure and the
increase in available surface area for subsequent chemical, microbial, and enzymatic
processes. Following biomass pretreatment, the dried biomass is often subjected to further
processing to solubilize the lignin and hemicellulose components, with the goal of isolating

the cellulose fibers.

Acid-based and alkaline-based pulping are the most common biomass pretreatment
methods employed for this purpose. Subsequently, the cellulose is bleached to remove the
colored lignin and degraded chemicals remaining from the cellulosic material. This
bleaching process involves the oxidation of the water-insoluble lignin using bleaching
agents like hypochlorite and peroxide, which breaks specific bonds and generates water-
soluble molecules such as aromatic aldehydes and carboxylic acid (T. Wang & Zhao,
2021). Bleaching chemicals accelerate the removal of lignin and hemicellulose is achieved
by disrupting the linkages between these components. To ensure complete elimination of
all binding agents, the bleaching process is typically repeated multiple times until white

cellulose fibers are produced, indicating the successful completion of the bleaching.

Additionally, recent research has focused on the delignification of lignocellulosic materials

using a combination of low-boiling carboxylic acids, such as formic and acetic acids, along
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with water (Demesa et al., 2020). It has been stated this method utilizing low-boiling
carboxylic acids and water can operate at relatively low temperatures under atmospheric

pressure conditions.

Additionally, the solvents involved can be recycled, and the extracted lignin and
hemicelluloses can be recovered for various applications. The hemicelluloses produced
through this approach have been employed for biofuel generation and animal feed, while
the lignin extracted using the formic acid/acetic acid/water mixtures has demonstrated
promising applications in the manufacture of phenoplast and aminoplast resins, adhesives,
and polyurethane products (Assonfack et al., 2023). The combination of formic acid and
acetic acid for cellulose pretreatment can be beneficial. Formic acid and acetic acid have
distinct mechanisms of action. Formic acid dissolves hemicellulose and lignin, whereas
acetic acid increases accessibility and selectively dissolves hemicelluloses. When used
simultaneously, they can enhance delignification and cellulose accessibility. Acetic acid is
useful in the removal of lignin, although formic acid alone may not be sufficient. The
combination can result in enhanced delignification (Huang et al., 2020). While formic acid
recovery can be costly, combining acids allows for lower concentrations of each,

potentially lowering overall costs.
2.4. Methodologies for the Synthesis of nanocellulose

Plants, agricultural waste, and other materials having a high proportion of cellulose are
utilized valuable materials in a huge of applications because their low cost, environmental
friendliness, biodegradability, and other beneficial features (Daifullah et al., 2003).
Nanocellulose isolated by different ways, such as: enzymatic, mechanical, chemical, and
physicochemical procedures (Thomas et al., 2019). Before selecting a certain extraction
method, several critical characteristics are considered, including the material's surface area,

porosity, crystallinity, and chain length (Phanthong et al., 2018).

2.4.1. Chemical methods of isolation

Alkaline pretreatment, involves use of alkaline chemicals to disrupt lignocellulosic
structure and increase the accessibility of cellulose. separation techniques are among the
chemical techniques used to separate nanocellulose from nanocellulosic materials (Thakur
et al., 2021). The alkaline technique to delignification necessitates a pre-treatment with
alkalis like, NaOH, KOH, Ca(OH),;, NH3 and Na,CO; (J. S. Kim et al., 2016). This
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approach allows the alkali reagent to be easily retrieved once the reaction is completed at a
significantly lower temperature and pressure. However, it has substantial disadvantages in
the isolation process due to the requirement for highly concentrated alkaline reagents and
the extended reaction time (Sarkar et al., 2012).

On the other hand, the acid method uses concentrated and diluted acids, like HCI (H. Wang
et al., 2010), H3PO, (Y. P. Zhang et al., 2007), for the isolation of nanocellulose. Because
concentrated acids are dangerous and corrosive, the acid technique has a major
disadvantage (Li & Knierim, 2010). The extraction of nanocellulose is also accomplished
by solvent extraction pretreatment, which involves the application of several solvents, such
as ethers, ketones, benzene (Cg¢Hg), triethylene glycol (C¢H140,4), butanol (C4;HyOH),
methanol (MeOH), ethanol (EtOH), and so on (Tixier et al., 2003). The expensive cost of
organic solvents, the need for an instrument setup, and the volatile organic solvents limit
the pretreatment method's demand for industrial applications are some of its primary
disadvantages (Ko et al., 2009).

2.4.2. Enzymatic methods of isolation

Nanostructured cellulose is produced by pretreating bleached cellulose using an enzyme
process. A combination of celluloses is needed to break down cellulose; hence it cannot be
done with only one type of enzyme (C13H3,016) to disintegrate cellulose ((C¢H10Os)n).
Compared to alternative chemical methods, the enzymatic pretreatment offers significant
benefits like higher yields, environmental friendliness, increased selectivity, lower energy
costs, and softer reaction conditions (S. Sun et al., 2016). The two main disadvantages of
this approach, according to Pedersen and Meyer, are the elevated cost of enzymes and the
extended processing time necessitated for cellulose disintegration pose challenges (Weiss
etal., 2013).

2.4.3. Mechanical methods of isolation

Pretreatment using mechanical means High pressure homogenization, sonication, and
cryocrushing techniques are some of the isolating processes utilized to produce fine fibers
(Jonoobi et al., 2015). With the high pressure homogenization approach, nanocellulose can
be effectively isolated without being treated with hazardous organic solvents (Thakur et al.,
2021). Sugarcane bagasse was isolated using high pressure homogenization pretreatment,

as demonstrated by wang et al (Y. Wang et al., 2017).
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2.4.4. Physicochemical methods of isolation

The natural fibers undergo a two-step pretreatment process. First, they are chemically
pretreated, likely using one of the methods mentioned previously, such as alkaline, acid, or
oxidation-based treatments. Then, the chemically pretreated fibers are mechanically
processed using techniques like sonication or homogenization. techniques in the
physicochemical way, which combines the chemical and mechanical procedures (Brodeur
et al., 2011). According to Wang and Sain, CNFs were isolated from a soybean source via
chemo-mechanical treatment, in which the cellulosic material first undergoes chemical
processing before being subjected to mechanical processing (refining and pounding) (B.
Wang & Sain, 2007).

2.5. Iron Oxide Nanoparticles

The second-most common element on Earth is iron. Magnetite (Fe304), also known as
ferrous ferric oxide, is one of the two main types of iron oxide. It is widely used in many
different applications and exhibits superparamagnetic properties. The oxidized form of
magnetite is called maghemite (y-Fe304) (Baabu et al., 2022). Applications for iron oxide
nanoparticles include targeted drug administration, magnetic particle imaging, and
biomedical imaging. Chemical processes are catalyzed by iron oxide nanoparticles. In
terabit magnetic storage devices, they have a function. They cause localized hyperthermia,
which is utilized as a cancer treatment. Biomolecules can be separated by iron oxide
nanoparticles. They are investigated for contaminant removal and water purification.
Additionally, dietary supplements have been made with iron oxide nanoparticles (Ali et al.,
2016).

2.5.1. Magnetite Nanoparticles

Magnetite, a prevalent magnetic iron oxide, has a cubic inverse spinel crystalline structure,
where iron cations are situated in both tetrahedral and octahedral positions, and the oxygen
atoms form a face-centered cubic close packed lattice (Darcheville, 2021). Magnetite has
been widely employed in variety of industries, including water purification, chemical
production, pharmaceutical applications, and magnetic separation and storage (ElI-Gendy &
Nassar, 2021). Magnetite nanoparticles are very desirable for a variety of applications
because of their nanoscale size, well defined surface form, and natural magnetic properties

(Wallyn et al., 2019). There are different methods to synthesis magnetite. A common
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technique for creating magnetite (Fe;O4) nanoparticles is coprecipitation. Under extremely
basic circumstances, ferric (Fe*") and ferrous (Fe?") ions precipitate from a solution
simultaneously in coprecipitation (John, 2017). lron ion hydroxides that precipitate
combine to generate magnetite nanoparticles. Numerous benefits occur with the
coprecipitation technique. Because of its large yield of nanoparticles, it can be
manufactured on an industrial range. This process also simple and isn't necessary for a lot
of sophisticated apparatus or extremely hot temperatures. Because common chemicals are
used, it is an inexpensive method. Coprecipitation minimizes the impact on the

environment because it happens in mild conditions (Yildiz et al., 2016).

2.6. Magnetite Nanocellulose

Magnetite (Fe3O4) nanoparticles have recently attracted scientists' attention due to their
exceptional performance, which includes ability to exhibit superparamagnetic behavior
with high saturation magnetization when an external magnetic field is applied, as well as
their small size, good biocompatibility, low toxicity, and favorable physicochemical
stability (Xu & Lee, 2021). Nanocellulose combined with magnetite has unique magnetic
characteristics. This means that the material can be attracted to or repelled by an external
magnetic field, allowing for simple manipulation and separation in magnetic fields (Sriplai
& Pinitsoontorn, 2021). Because of its magnetic properties, this material is versatile for a
varieties applications, including environmental cleanup, medical engineering, and also
electronics (Kumar et al., 2021). Also, very useful for applications like magnetic separation
of pollutants from water or tailored medication administration in medical applications
(Kumar et al., 2021). The magnetic characteristics of nanocellulose coated with magnetite
result in rise surface area and adsorption capacity. Presence of magnetite nanoparticles
allows the composite to effectively capture and retain target molecules or pollutants (Y.
Zhao et al., 2020). It also allows the material to be easily retrieved and reused during
adsorption studies. Separating the composite from solution using external magnetic field
allows for rapid regeneration and several cycles of use. This reusability property enhances
the material's sustainability and economic effectiveness in a variety of applications
(Hokkanen & Sillanpaa, 2020).
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2.7. Dye removal techniques

As industrialization progresses, the detrimental effects of various enterprises' effluent

emissions represent a serious threat to a range of life forms, pollutants must be removed

before wastewater is released into the environment due to its enormous environmental

impact and increased public awareness of environmental protection issues. There are

currently several ways available for removing colors from industrial effluents. However,

not all treatments are equally effective, and each has limitations due to the wide range of

colors available and the complexity of the effluent. Treatment procedures are generally

grouped three distinct categories: chemical, biological, and physical (Yuan et al., 2019).

The common advantage and disadvantage of conventional and advanced techniques are list

in table 1.

Table 1: Advantages and disadvantage of different dye removal techniques

Methods Advantages Disadvantages Reference
Advanced Proficiently degrades the dyes  High maintenance and (Gupta &
oxidation at ambient pressure and operation cost, not flexible Suhas,
process temperature, organic pollutants 2009)
are oxidized to carbon
dioxide
Chemical Simple, inexpensive, handle Involves large numbers of  (Crini &
precipitation high contaminant loads, chemicals, excessive Lichtfouse
easiness in handling, integrated sludge generation , 2019)
physio-chemical process, a
substantial decrease in COD
lon No sludge generation, Performance is highly pH- (Crini &
exchange consume less time, produce sensitive, not effective for  Lichtfouse
high quality water, effective all dyes, expensive in , 2019)
decolorization technique. recharging and generation
of large
sludge
Electrochem Chemicals are either not high maintenance charges, (Gupta &
ical required or at least minimized, high electricity cost, Suhas,
method fast process, suitable for sludge generation and also  2009)
insoluble and soluble dye with  pollution from heavy
the lessening of COD metals and chlorinated
organics owing to indirect
oxidation
Oxidation Complete degradation of dyes, Maintenance of pH, (Holkar et
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reaction time is short catalyst require for al., 2016)
effective treatment,
expensive
Ozonation Fast, effective disinfection, Short half-lifetime, (Collivign
easy installation of equipment  expensive method, arelli et
generation of noxious al., 2019)
intermediates and by-
products, careful pH
maintenance of the
effluent
Biological The cost-effective, eco- Less biodegradability of (Holkar et
methods friendly, non-hazardous end the dyes, highly depends  al., 2016)
(aerobic product on reaction conditions,
and and complete mineralization inflexibility in design and
anaerobic) operation, the requirement
of large land area,
requisite of longer time
for decolorization
Coagulation  Most widely used Recycling of costly (Singh &
and physiochemical method for chemicals is not viable, Arora,
flocculation  dyes removal, coagulating not suitable for highly 2011)
agent remove completely from  water-soluble dyes,
the treated generation of colored
wastewater, effective, easy coagulated solid waste,
operation, complete production of toxic
decolorization sludge, increase in TDS in
treated wastewater, not an
Environmentally
sustainable technique
Adsorption  Simple, highly effective, easy  Efficacy rely on the nature (Collivign
and wide applicability, the of adsorbents, chemical arelli et
admirable capability to remove modification of adsorbent  al., 2019)

an extensive range of
contaminants, economic,
adsorbents may be prepared
from

wastes, the possibility of
adsorbent regeneration

is required to improve
their adsorption capacity,
some adsorbents are very
costly

2.7.1. Adsorption

Adsorption, which is a surface-based process, adsorbate molecules or ions whether from a

liquid or gas phase, accumulate and concentrate on the surface of a solid material.
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Adsorption is the process by which molecules or particles adhere to and accumulate on the
external surface of a solid material, or its internal surface if the substance is porous, in a
thin layer. Adsorbents are solid materials that adsorb a pollutant or target substance, while
the target substance is also known as an adsorbate. The adsorption of dye molecules onto
the surface of an adsorbent can occur through a range of forces, such as hydrogen bonding,
electrostatic interactions, van der Waals forces, hydrophobic interactions, and others.
Adsorption processes are generally divided into two types: physisorption and
chemisorption (Berger & Bhown, 2011).

Adsorption is a highly effective and versatile technique for the removal of methylene blue
dye from aqueous environments. One of the primary advantages of adsorption is the high
adsorption capacity that can be achieved, with studies reporting capacities ranging from
100 to 500 mg/g for various adsorbent materials (Hameed et al., 2007). Additionally, the
adsorption process exhibits rapid kinetics, allowing for efficient dye removal within a short
contact time, typically less than an hour (Gao et al., 2013). Another notable benefit is the
ease of separation and recovery of the dye-laden adsorbent, which can be facilitated
through the use of magnetic or gravitational separation methods. This simplifies the post-
adsorption treatment and enables the potential reuse and regeneration of the adsorbent

material, promoting sustainability and cost-effectiveness (Jodeh et al., 2018).

Furthermore, adsorption-based techniques are generally environmentally friendly, as they
can utilize renewable and biodegradable materials, aligning with the principles of green
chemistry and sustainable waste management. The adsorption process presents an
attractive and effective alternative approach for the removal of dyes from wastewater (R.
Rashid et al., 2021). The key factors that govern the performance of most adsorption
processes are typically the initial dye concentration, solution pH, temperature, contact time,
and adsorbent dosage. Optimization of these conditions is crucial for the development of
an effective industrial-scale dye removal treatment process. The following discusses some

of the key factors affecting the adsorption of dyes.

1. Effect of solution pH

The pH of the solution is a crucial factor in determining the adsorbent's ability to remove
dye. The adsorption efficiency is dependent on the solution pH, as changes in pH can alter
the degree of ionization of the adsorbate molecule as well as the surface properties of the

adsorbent (Yagub et al., 2014). The interaction between the adsorbent and adsorbate is
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governed by the surface charge of the adsorbent, which is in turn determined by the pH
level of the solution. The impact of pH on dye adsorption by any adsorbent can be
attributed to two potential mechanisms; the electrostatic interaction between the protonated
or deprotonated groups of the adsorbent and the dye molecules, as well as the chemical
reaction between the adsorbate and the adsorbent. The adsorption of other ions is affected
by the solution pH, because the hydrogen and hydroxyl ions tend to be adsorbed more
quickly. Adsorptive process is impacted by pH variation because they cause functional
groups of the adsorbent's active sites to dissociate. Therefore, the equilibrium properties of
adsorption process and the reaction kinetics change. It is a well-known fact that surface
actively attract cations at a higher pH levels because of deposition of OH" ions, but it also
positively adsorbs anions at lower pH levels because of presence of H* ions (Yagub et al.,
2014).

2. Effect of adsorbent dose

The adsorbent dosage is a critical process parameter for determining the capacity of an
adsorbent for a given amount under the specified operating conditions. In general, the
removal effectiveness increases with higher adsorbent dosage, as the number of sorption
sites on the adsorbent's surface grows proportionally with the amount of adsorbent used.
The effect of adsorbent dosage provides insight into the ability of dye sorption to be
absorbed using the minimum amount of adsorbent, allowing one to recognize the capacity
of the adsorbent from an economic perspective (Sartape et al., 2017).

3. Effect of Interaction time

The time pollutants spend in contact with the adsorbent material (contact time) is crucial
for wastewater treatment using adsorption. Effective adsorbent materials quickly capture
pollutants and reach a state of balance (equilibrium) within a short timeframe. This is
especially true for physical adsorption, where most pollutants attach to the adsorbent
surface relatively quickly. However, if there's a strong chemical attraction For the system
to reach a stable state (equilibrium) where pollutant capture is balanced, a longer contact
time might be required, especially when there's a strong attraction between the pollutant
and the adsorbent material. Initially, the rate of pollutant capture appears steady because
there are many empty spaces (vacant surface sites) on the adsorbent for pollutants to attach

to. However, over time, these empty spaces become harder to fill due to repulsive forces
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between the captured pollutant molecules on the adsorbent's surface and the remaining
pollutants in the water (bulk phase) (Nasr et al., 2017).

4. Dye concentration

The amount of dye present at the start (initial dye concentration) strongly influences how
much dye needs to be captured (adsorbed) for removal. This is because there's a direct link
between the dye concentration and the number of "parking spaces™ (adsorption sites)
available on the adsorbent's surface. Generally, as the initial dye concentration increases,
the percentage of dye removed decreases. This likely happens because the "parking spaces”
on the adsorbent get filled up (saturated). Interestingly though, a higher initial dye
concentration can also lead to the adsorbent grabbing more dye overall (increased
capacity). This might be because there's more "dye traffic" (mass transfer driving force)
pushing the dye towards the adsorbent when there's a lot of dye present initially
(Yagub et al., 2014).

2.7.2. Dye Adsorption by NC and MNC

Dyes are a type of contaminant that is commonly employed in the textile industry and can
be detected by the human eye. Their applications include tannery, medicines, paper, paints,
plastics, and cosmetics (VTD Alencar et al., 2020). For a variety of reasons, nanocellulose
is the best adsorbent. It is made from cellulose, the most prevalent organic biopolymer on
Earth. It can be generated from numerous renewable materials such as wood, plants, or
agricultural waste, making it a cost-effective adsorbent material (Kanmani et al., 2017). It
possesses a huge specific surface area due to its nanoscale size, which boosts its adsorption
capability (Voisin et al., 2017). Nanocellulose surfaces are intrinsically hydrophilic,
allowing them to interact with polar adsorbates the chemically and mechanically pretreated
natural fibers can then be utilized for the adsorption and removal of various pollutants,
such as heavy metal ions and dyes. The hydrophilic nature of the cellulose fibers resulting
from the pretreatment process improves their adsorption capacity towards these types of
contaminants capacity and selectivity. Nanocellulose is also biodegradable and does not

produce hazardous byproducts during its life cycle (Peter et al., 2022).

The adsorption kinetics using the pretreated natural fibers were found to be rapid, with
equilibrium typically achieved within 1-2 minutes of contact time. For example, cellulose

nanofibers (CNF) prepared from kenaf core using an acidified chlorite bleaching method,
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followed by high-speed blender disintegration, were effective in adsorbing methylene blue,
a cationic dye. The study investigated the effects of disintegration time and acid treatment
on the defibrillation of the holocellulose. The maximum adsorption capacity was around
123 mg/g, achieved at a temperature of 200°C and pH 9. In this case, just 1 minute of

contact time was sufficient to reach equilibrium.

Furthermore, the CNF adsorbent could be regenerated by treatment in an acidic medium.
However, the adsorbent was observed to be exhausted after six cycles of adsorption-
desorption (Chan et al., 2015). Compared to the previous study using cellulose nanofibers
(CNF), a similar investigation utilized cellulose nanocrystals (CNCs) prepared via sulfuric
acid hydrolysis of cellulose fibers as the adsorbent for methylene blue (MB) removal from
aqueous solutions. The adsorption equilibrium data for the CNC adsorbent was found to fit
both the Langmuir and Freundlich isotherm models. The maximum adsorption capacity
achieved with the CNC adsorbent was 118 mg/g at 25°C and pH 9. Interestingly, when the
CNCs were further modified via TEMPO-oxidation, the adsorption capacity increased
significantly to 769 mg/g CNC (Batmaz et al., 2014).

Magnetite nanocellulose (MNC) is a promising adsorbent material that has gained
significant attention in recent years due to its excellent adsorption capacity, ease of
separation, and environmentally friendly nature. The adsorption of MB by MNC involves
the interaction between the dye molecules and the surface of the MNC, which is influenced
by various factors such as pH, temperature, contact time, and initial dye concentration.
Several studies have been conducted to investigate the adsorption of MB by MNC. For
example, a study by Jodeh et al., (2018) reported that MNC exhibits a high adsorption
capacity for MB, with a maximum adsorption capacity of 196 mg/g. The authors attributed
the high adsorption capacity to the synergistic effect of the cellulose and magnetite
components, which provide a large surface area and magnetic properties for efficient

separation.

Another study by Melhem, (2017) explored the kinetics and thermodynamics of MB
adsorption on MNC. The results showed that the adsorption process followed a pseudo
second order kinetic model and was endothermic in nature, indicating that the adsorption
was spontaneous and favorable at higher temperatures, and also Langmuir adsorption
isotherm was more fit than the Freundlich model. Furthermore, X. Sun et al., (2022)

investigated the effect of surface modification of MNC on the adsorption of MB. The
22



authors found that the modification of MNC with polyethyleneimine (PEI) significantly
improved the adsorption capacity and used for the adsorption of heavy metals and dyes. In
conclusion, magnetite nanocellulose is a promising adsorbent material for the removal of
methylene blue dye from wastewater. The adsorption process is influenced by various
factors, and the high adsorption capacity of MNC can be attributed to its unique properties
and the potential for surface modification. Further research is needed to optimize the
adsorption process and explore the potential applications of MNC in real-world wastewater

treatment scenarios.
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1. Materials

3.1.1. Equipment and Instruments

The following equipment and instruments were used to perform the study. Different size
beakers, micropipettes, stirrer, volumetric flasks, funnels, measuring cylinders, test tubes,
thermometers, refrigerator, stopwatches, ovens, plastic bags, different sizes Erlenmeyer
flasks, filter papers, shaker, source materials (khat stem), aluminum foil, cuvette, electrical
balance, XRD (Shimadzu XRD-7000), FTIR, DSC, SEM, BET, UV-Vis spectroscopy, pH

meter, centrifuge and scissors.

3.1.2. Chemicals and Reagents

The study was conducted using analytical graded chemicals and reagents. Hydrogen
peroxide (30%, Fine Chemical Central Trading) was used to bleach the cellulose. Solution
of sodium hydroxide (99%, LABKEmical) and hydrochloric acid (35-38%, Alpha
chemika) were used for adjustment of pH, and distilled water (DW) used to prepare stock
solution; tap water was also used to wash the khat stem, and sulfuric acid (98%, LOBAL
Chemie Laboratory reagent and fine chemicals) was used for nanocellulose synthesis.
Formic acid (98%, Sisco Research Laboratory Pvt. Ltd.), and acetic acid (99.5%, LOBAL
Chemie laboratory reagent and fine chemicals) were also used for cellulose extraction.
Methylene Blue Trihydrate, C1H1sCiN3S-3H,O (99%, (Samir Tech-Chem, PVT, LTD)
was selected to prepare a representative dye pollutant. The sources of iron used to create
MNC and magnetite nanoparticles were FeCl,.4H,O (99%, Sigma-Aldrich) and
FeCl3.6H,0 (97%, Sigma-Aldrich). MNCs and magnetite nanoparticles were washed using
ethanol (96%, Fine Chemical Central Trading).
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3.2. Methods

3.2.1. Cellulose Extraction

The khat wastes (KWs) were collected from Ethiopia's Adama Special Khat Shop around
Dipo. Then 100 g KWs were washed, dried using sunlight, chopped into smaller pieces,
and crushed using a grinder. Cellulose fibers have been extracted from the khat waste,
according to Gabriel et al., (2021). 50 g of KW in 500 mL of solution was soaked with
80% w/v of formic acid and 80% w/v of acetic acid at volume ratios of 70/30 in a water
bath at 90°C for 90 minutes. Following repeated washing and filtration steps, the pulp
material was then treated with a 2.5% sodium hydroxide (NaOH) solution in a 500 mL
volume for one hour. Subsequently, a 500 mL solution mixture comprising 20% formic
acid, 20% acetic acid, and 7.5% hydrogen peroxide in a 2:1:2 ratios were added. This
mixture was then heated in a water bath maintained at 90°C for 1.5 hours. This was
followed by continuous washing of the material with hot water. A bleaching process was
then carried out using a 10% hydrogen peroxide solution in an alkaline medium, achieved
by adding 20 grams of sodium hydroxide. This was done at a 1:10 fiber to solution ratio at
room temperature. After the bleaching treatment, the pulp material was continuously rinsed
with hot distilled water. The washed pulp was then dried in oven maintained at 80°C for 24
hours and stored as cellulose fibers for further uses. The percent of yield was calculated
according to above equation 1.

. Initial —Final
percent ofyleld _ nitial mass—Final mass « 100% (1)

Initial mass
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Khat stem Powder of KW Treated with FA and AA NaOH Treated with
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at 80°C Filter

Figure 3: Scheme of cellulose extraction from khat stems methodology.

3.2.2. Synthesis of Nanocellulose

The cellulose-based suspension was then transformed into nanocellulose through an acid
hydrolysis process., according to Wulandari et al., (2016) with some modifications. 10 g of
cellulose suspension was transferred to a beaker then 100 mL of a 50% aqueous solution of
H,SO4 was added. The resulting mixture was allowed to soak at room temperature for 90
minutes. The acid hydrolysis reaction was quenched by introduction of ice cold distilled
water into the mixture (500 mL) and washed until a pH reached 7. The resulting colloidal
suspension was centrifuged, and washed five times using a centrifugation process (1000
rpm, for 10 min). The produced NC was dried at room temperature, weighted and kept in
the refrigerator for further analysis. The percent of yield was calculated according to above

equation 1.

26



gg_ A0 °

Cellulose suspension Treated with Centrifuging
H,SO,

Dried at room Filter
T

Figure 4: Scheme of nanocellulose preparation method.

3.2.3. Synthesis of Magnetite Impregnated Nanocellulose Composites (MNC)

MNC were synthesized according to Amiralian et al., (2020) with some modifications. 2.3
g sample of the produced NC was added to 200 mL of distilled water, and stirred in
magnetic stirrer for 30 minutes at 25%. Next, FeCl,.4H,0 and FeCls.6H,0 at 1:2 M were
added and stirred at a speed of 700 rpm for one hour. Following, 1 M of sodium hydroxide
solution was added until a pH of the solution reached 11. The solution quickly changes the
color from light brown to black. This process confirms the formation of nanocellulose
magnetite nanocomposite (MNC). The prepared MNC was washed with ethanol and
distilled water repeatedly. Finally, the MNC was dried in an oven for one dye at 50°C, then

ready for characterization and adsorption application.
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Figure 5: Scheme of magnetite impregnated nanocellulose synthesis methodology.

3.3. Preparation of MB dye Stock Solutions

A stock solution of methylene blue (MB) dye was prepared by dissolving 1 gram of MB in
1000 mL of distilled water, resulting in 1000 mg/L concentrations. The working
concentrations (10 — 200mg/L) were then prepared from this stock solution using Equation
1.

CiVi=G Vs 2

The concentration of the methylene blue (MB) dye was measured using a UV-visible
spectrometer at 664 nm. A calibration curve was then plotted, relating the absorbance to
the concentration of the dye solution, in order to obtain the absorbance-concentration
relationship.
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3.4. Characterization of prepared materials

3.4.1. Differential Scanning Calorimetriy (DSC) Analysis

Differential scanning calorimetry (DSC) is a thermal analysis technique that measures the
temperature and heat flow associated with material transitions as a function of temperature
and time. These measurements provide quantitative and qualitative data on the physical
and chemical changes occurring in the sample, such as endothermic/exothermic processes
or variations in heat capacity. Specific data that can be acquired include glass transition
temperature, melting temperature, and the thermal stability of samples (Fatahi et al., 2022).
The DSC machine was calibrated using voltage in uW versus temperature. Approximately
8 mg of sample (NC and MNC) was used for analysis and heated from 33-550°C at rate of
10°C/min under N, environment against vacuumed reference pan. This analysis was

conducted at Addis Ababa Science and Technology University, central laboratory.
3.4.2. X-ray Diffraction (XRD) Analysis

XRD used to analyze structure of the synthesized cellulose, FesO4, NC, and MNC. The
XRD analysis was to determine if the produced materials were crystalline or amorphous.
The Debye Scherer formula was used to get the average crystalline size (Muswareen et al.,
2023).

094 @3)
~ PBCosb

Where: Where the X-ray source wavelength & = 1.54 A°, crystallite size (D), full width at
half maximum (FWHM) of a peak (B), and peak position (0). The Department of Material
Engineering at Adama Science and Technology University performed XRD investigation
on produced materials. The Shimadzu XRD-7000 X-ray diffractometer was used to draw
the X-ray diffraction patterns of the dried powder of the synthesized samples. The X-ray
source used was copper emission, with a nickel filter and a wavelength of 1.5418 A. The

samples were scanned within a 26 range between 10 and 80 degrees.
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3.4.3. Fourier Transform Infrared spectroscopy (FTIR) Analysis

In order to identify functional groups of khat stem, cellulose, NC, and MNC FTIR
spectroscopy was utilized. The Chemical Department at Addis Ababa Science and
Technology University conducted an FTIR analysis on the produced materials. The dried
powder of the produced materials was examined to get FTIR spectra in the 4000-400 cm™

range.

3.4.4. Scanning Electron Microscopy (SEM) Analysis

The scanning electron microscope (SEM) is a versatile instrument that belongs to the
electron microscope category that is often used to examine very large-dimensional
subsurface samples or surfaces with polished or rough surfaces (Wallyn et al., 2019). The
Adama Science and Technology University biology department was performed the SEM
analysis on the NC and MNC, providing direct imaging of exterior morphological
information. A small amount of powder was used. Due to their less conductive nature, NC
and MNC need coating with a conductive substance using a sputter coater, taking a gold

alloy as a coater.

3.4.5. BET Surface Area, Pore Volume, and Pore Size Analysis

Multipoint BET approach was used to determine NC, magnetite, and MNC surface areas.
N, adsorption measurements are used in the Brunauer-Emmett-Teller (BET) method to
estimate the surface area of synthetic materials (Mohan et al., 2020). The analysis was

conducted in the Department of Chemistry at Bahirdar University.

3.4.6. Determination of Concentration of MB by UV-Vis Spectrophotometer

UV-Vis spectrophotometer was used to determine the concentration of methylene blue dye
in solution. Solutions with gradually increasing concentrations from 2 to 10 mg/L were
prepared, and their absorbance wavelength (664 nm) was measured to build the calibration
curve. A linear graph of absorbance against concentration was developed, and the straight-
line's equation was identified. The data obtained from UV-visible spectrophotometry
experiments were used for optimization parameters (adsorbent dose, contact time, solution
pH, and initial concentration) at maximum wavelength of the MB in the batch adsorption

studies.
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3.5. Batch Adsorption Studies

The adsorption experiment for methylene blue (MB) dye on MNC was performed using a
magnetic stirrer. The experiment utilized 100 mL of an aqueous MB dye solution with an
initial concentration of 10 mg/L. 0.1M HCI or 0.1M NaOH was used to adjust the pH of
solutions. In all studies, the flasks were covered by aluminum foil to prevent any reactions
during the experiment. After allowing the solutions to reach equilibrium by shaking the
flasks, the adsorbents were separated from the supernatant solution through filtration. The
concentration of the filtered MB solution was then analyzed using a UV-visible
spectrophotometer, which measured the changes in absorbance at the wavelength of
maximum absorbance. To investigate the effects of various parameters on the adsorption of
MB dye on MNC, all other parameters were maintained at constant and optimized values
during the individual parameter studies. For all the parameters, a percent of adsorption (%)

was calculated using the following equation:

C,—C 4
Percent of adsorption (%) = — %100 “)
(0]
Adsorption capacity was calculated by equation 4:
_ (Co—Ce)V (5)

M
Where:
v Co: Concentration of methylene blue dye in the sample solution before adsorption
v Ce: Concentration of MB, dye in the sample solution at equilibrium
v Q- dye adsorption capacity (mg/g)
v V- volume of the solution (L)
v' M- amount of adsorbent (g).

3.5.1. Effect of contact time

Contact time effect on the cationic MB dye removal efficiency was determined by varying
the contact time in the range of 15-120 minutes and in 100 mL of MB solution while
keeping other parameters initial concentration (10 mg/L), solution pH=8 and adsorbent

dosage of 0.03 g at constant value. Solution was stirred for different contact times at 300
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rpm, once the reaction had finished, the resulting mixture was meticulously. Ultimately,

measurement of MB solution was carried out using a UV-VIS spectrometer.

3.5.2. Effect of adsorbent dose

Effect of adsorbent dosage on cationic MB dye removal was determined by changing the
amount of MNC in range of 0.01-0.1 g in a 100mL of solution through keeping other
parameters (initial concentration at 10 mg/L, and solution pH=8) at constant and contact
time at optimized value. The solution was stirred for 80 minutes at 300 rpm, then after the
reaction was completed, it was carefully filtered. Ultimately, the measurement of MB
solution was carried out using a UV-VIS spectrometer.

3.5.3. Effect of solution pH

To investigate how pH affects MB dye adsorption, 0.07 g/100mL of MNC was added to 10
mg/L of MB dye initial concentration at a constant value. Then, a pH of solutions was
varied between 2, 4, 6, 7, 8, 9, and 10 while maintaining optimized values for contact time,
and adsorbent dose. Following an 80 minutes stirring period at 300 rpm, then the solution
was thoroughly filtered. Ultimately, the measurement of MB solution was carried out using

a UV-VIS spectrometer.

3.5.4. Effect of concentration

Effect of initial adsorbate concentration on MB removal was determined by varying the
amount of initial MB dye concentration in range of 10-50 mg/L by keeping other
parameters at optimized value. The solution was stirred for 80 minutes at 300 rpm, and
once the reaction had finished, the resulting mixture was meticulously filtered using filter
paper. Ultimately, the measurement of this solution was carried out using a UV-VIS

spectrometer.

3.6. Adsorption Isotherm

The adsorption isotherm depicts the correlation between the quantity of material
accumulated at a fixed temperature and its concentration in the balanced solution. The
experimental results on adsorption are described using equilibrium isotherm equations. The
data obtained from the equilibrium isotherm equation offers insights into the adsorbent's

capacity, or the amount needed to remove a unit mass of pollutant under the given system
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concentrations (M. T. Uddin et al., 2017). Langmuir isotherm and Freundlich isotherm are
the surface adsorption models most frequently utilized for single-solute systems (Al-Degs
et al., 2007). In this work, the two most common isotherm equations have been used to
assess solute equilibrium data between adsorbent and adsorbate. The insights gained from
these different adsorption models offer valuable information about the adsorption
mechanisms, the surface properties of the adsorbent, and the adsorbent's affinities. Linear
regression is commonly used to determine the isotherm that provides the best fit, and
applicability of the isotherm equations was evaluated by calculating the correlation
coefficients (Tan et al., 2008). Adsorption isotherms were conducted at an initial
methylene blue (MB) concentration range of 10-200 mg/L, a pH of 8, a sorbent amount of

0.079/100mL, for duration of 80 minutes at room temperature.

3.6.1. Langmuir Isotherm Model

Langmuir isotherm applies to adsorption of a solute from a liquid solution can be described
as a monolayer adsorption process, where the solute is adsorbed onto a surface with fixed
number of identical adsorption sites. The Langmuir isotherm model presumes the
adsorption energy is uniform across the surface, and there is no migration of the adsorbate
within the plane of the surface (Saadi et al., 2015). The experimental findings were
assessed through the linear formulation of the Langmuir isotherm model. Linear plots of
Celge VS Ce suggest that the Langmuir isotherm model is applicable for the removal of
methylene blue dye. The Slopes and intercepts of the linear plot (Ce/ge VS Ce) were used
to calculate values of ge and KL of the Langmuir adsorption isotherm (Khaled et al.,
2009). Equation 5 gives the Langmuir model (Nebaghe et al., 2016).

Ce Ce 1 (6)
_—— 4 ——
ge gm gmKL

3.6.2. Freundlich Isotherm Model

The Langmuir isotherm model presumes the enthalpy of adsorption does not depend on the
quantity of material adsorbed. In contrast, the empirical Freundlich equation can be derived
for adsorption on heterogeneous surfaces by assuming that the enthalpy of adsorption
decline logarithmically as fraction of occupied sites increase. The Freundlich equation is an
empirical model, based on adsorption on heterogeneous surfaces, it often expressed as a
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nonlinear equation. Linear plot of log ge VS log Ce yielded Kf and 1/n as intercepts and
slopes. The Freundlich model is represented by equation 6:

1 ()
Log qe = logKf + Hlog Ce

In equations 6 and 7, Ce-equilibrium concentration of MB (mg/L), ge-equilibrium
adsorption capacity (mg/g), KF-Freundlich constant related to adsorption capacity, KL-
Langmuir constant related to the free energy of adsorption (mg/L), gm-maximum

adsorption capacity (mg/g), and n-adsorption intensity.

3.7. Adsorption kinetics model

Kinetic models were employed to investigate the controlling mechanisms of the sorption
process, which include diffusion control, chemical reactions, and mass transfer. Also used
to express the adsorption mechanism chemisorption or physisorption depends on the
calculated data’s. Understanding the process rate and the factors that influence it is crucial.
To achieve this, the kinetics of the process were analyzed (Wakkel et al., 2019). The
adsorption kinetics of methylene blue (MB) on MNC were evaluated using the pseudo
second order and pseudo first order kinetic model approaches. In this study, a Kinetic
analysis of methylene blue removal was conducted to understand the behavior of the

prepared low-cost adsorbent.

3.7.1. Pseudo First Order and Pseudo Second Order Kinetic Models

The pseudo first order kinetic model presumes the rate of adsorption site occupation is
directly proportional to the quantity of unoccupied adsorption sites. The plot of In (ge-qt)
against t was found to be linear. The slopes and intercepts of In (ge-qt) against the t plots
were used to calculate values of K1 and ge with pseudo first order kinetic equations and
various parameters. The pseudo first order kinetic model, which is widely utilized to
forecast the adsorption rate based on the adsorption capacity, was employed in this study.
(Revellame et al., 2020), can be expressed by equation 8:

In(ge — qt) = Inqe — K1t (8)

Where: Where gt (mg/L)-amount of adsorbrate at time t (min), ge (mg/L)-amount of the

adsorbate at time under equilibrium conditions, and k1-pseudo first order rate constant
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(min™). When studying adsorption kinetics, the pseudo first order and pseudo second order
models are frequently employed to fit the experimental data. The linear form of the pseudo

first order model is expressed by equation 9 (Moussout et al., 2018):

t 1 1 9)
R + —
gt K2qe2 qe

Where, ge and gt are the adsorption capacities corresponding to the equilibrium and time t,
respectively with expressed units of mg/g, t is contact time (minutes), K2 is pseudo second
order constant (mg/gh), and K1 is pseudo first order constant (h™). These kinetic
experiments were carried out at optimized contact time, with an initial methylene blue
(MB) concentration of 10 mg/L, a pH of 8, an adsorbent dose of 0.03 g/100mL, and a
continuous speed of agitation at 300 rpm. The remaining methylene blue dye concentration
in solution was measured by taking samples at 15 minute intervals during the timeframe of
15 to 120 minutes. The data from the experiment was then utilized to compute the pseudo

first order and pseudo second order kinetic models.

3.8. Reusability of MNC

To investigate reusability of MNC, added a mass of 0.07 g of MNC to 100 mL of a 10
mg/L initial MB concentration at a pH of 8. The solutions were agitated for 80 minutes at
300 rpm, and after reaction was completed, the MNC was carefully collected using an
external magnate. The recovered MNC was washed 3 times with ethanol and once by
water. Afterward, the MNC was dried for duration of 24 hours. The above procedures were
repeated five times. Finally, the measurement of the MB in the solution was carried out

using UV-Vis spectroscopy.
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CHAPTER FOUR

4. RESULT AND DISCUSSIONS

4.1. Physical Properties of KW, Cs, NC and MNC

The color of cellulose fibers and nanocellulose in Figure 6 (b and c) was likely white as
compared to KW (Figure 6a), which represents removal of non-cellulosic components
from prepared materials. The removal of non-cellulosic components led to an increase in
yield of cellulose in the extracted cellulose fiber. The percent of yield of cellulose and
nanocellulose was calculated according to equation 1 and the cellulose content of the KW
increment ranges from 30% to 85%. The yield of cellulose fiber from KW in this study was
decreased as compare to the yield of Gabriel et al., (2021) from 39.4% to 30% may be due
to random and systematic or conditions where experiments was done. The purpose of using
formic acid and acetic acid in the pretreatment step was to enhance the purity of the
extracted cellulose. Furthermore, it facilitates the removal of lignin enhances the whiteness
of the pulps. Figure 6 (d) shows color of MNC was black because impregnation of Fe30;4 in

the nanocellulose suspension made it change color from white to black.

Figure 6: Scheme of prepared materials khat waste (a), cellulose (b), nanocellulose (c), and

magnetite impregnated nanocellulose (d).

4.2. Characterization of Prepared Materials

4.2.1. DSC Analysis

The DSC (Differential Scanning Calorimetry) results for NC (material) and MNC
(material) are shown in figure 7. Glass transition temperature (Tg) of NC and MNC was

observed at around 34.9% and 51.1%, respectively. This indicates that as the materials are
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heated, the amorphous regions transition from a brittle glassy state to a more flexible
rubbery state (Kalogeras & Hagg Lobland, 2012). The Tg of MNC was higher than NC,
which indicating that the amorphous regions of MNC have higher thermal stability and
require more energy to transition from a glass state to a rubbery state. The DSC analysis
revealed two endothermic peaks for both NC and MNC. The first, lower endothermic peak
observed below 300.8°C for NC and 274.7°C for MNC was attributed to the evaporation of
bound water from the respective samples. The samples exhibited more pronounced second
transition peaks at around 403.6°C and 378.5°C, which corresponded to the melting of the
nanocellulose (NC) and MNC components present in the material, respectively. The same
result was reported by S. Rashid & Dutta, (2020). Also, one exothermic peak was observed
around 370°C and 341.3°C for NC and MNC, respectively. This indicates the release of
heat from the sample. The thermal stability of NC and MNC started around 457.8°C and
410°C, respectively. After this point, there weren’t any endothermic or exothermic peaks,
which indicate that thermal stability of synthesized materials started at this point. From this
data thermal stability of MNC was higher than NC According to all of the above data;
MNC was more thermally stable than NC, which indicates that the impregnations of

magnetite nanoparticles into nanocellulose enhance the thermal stability of MNC.
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Figure 7: DSC/ (uW) plot of nanocellulose (NC), and magnetite impregnated

nanocellulose (MNC).
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4.2.2. XRD Analysis

The XRD spectra displayed peaks (as shown in Figure 8a) at 26 values of 16.6°, 22.6°, and
34.5°, which are characteristic of the typical cellulose | structure and can be assigned to the
(110), (200), and (004) crystallographic planes, respectively. The same result was reported
by Nam et al., (2016). The spectral analysis revealed the amorphous and semi-crystalline
nature of the cellulose, indicating a reduced degree of crystallinity (Kara, et al., 2021). The
XRD analysis determined the crystalline structure of the synthesized magnetite
nanoparticles based on the characteristic peaks observed. It was found that all the reflection
peaks (Figure 8b) at 20 of 18.4°, 30.4°, 35.5°, 43.2°, 53.9°, 57.2°, 62.8°, and 74.2°
assigned to (111), (220), (311), (400), (422), (511), (440), and (533) planes can be indexed
by the cubic inverse spinel structure of the magnetite iron oxide nanoparticles. The same
result was reported by Nurbas et al., (2017) and W. Kim et al., (2012). The diffraction
patterns of Fe30, NPs were found to be in good agreement with JCPDS card number 00-
019-0629, which confirms the formation of pure Fe3O4 NPs without the formation of any
secondary phase. The XRD analysis of the nanocellulose-magnetite composites revealed a
captivating diffraction pattern (Figure 8b). Distinct peaks were observed at 26 angles of
16° and 22.6°, which correspond to the (110) and (200) planes - a telltale signature of the
typical cellulose I structure. The spectrum also showcased a series of reflection peaks at 26
values of 30.4°, 35.5°, 43.2°, 53.9°, 57.2°, 62.8°, and 74.2°. These can be attributed to the
(220), (311), (400), (422), (511), (440), and (533) planes, collectively painting a vivid
picture of the crystalline structure of the magnetite nanoparticles embedded within the
nanocellulose matrix. This intriguing XRD fingerprint illuminates the successful
integration of these two captivating materials. The average crystalline size of the MNC and
magnetite was calculated in Table 2 according to equation (3). The average crystalline
sizes of MNC and magnetite were 8.02 nm and 11.75 nm, respectively. From the
calculated data, MNC has a smaller crystalline size as compared to magnetite; this is due to
the amorphous nature of nanocellulose, as observed in Figure 8 (a). However, the
amorphous nature of NC in MNC (Figure 8b) decreased due to impregnation of Fe30,.
According to El-Nahas et al., (2017), when NC was combined with magnetite, the

crystalline nature of NC increased.
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Table 2: Average Crystallite Size (D) of MNC and magnetite

MNC Magnetite
No 20 FWHM D No 20 FWHM D
Peaks Peaks
1 35.7647 | 0.895 9.75 nm 1 35.6122 | 0.7187 12.13 nm
2 22,5494 | 1.9867 | 4.26 nm 2 62.8259 | 0.835 11.65 nm
3 63.008 0.97 10.04 nm 3 30.248 | 30.248 11.46 nm
Average Crystallite Size =8.017 nm Average Crystallite Size = 11.747 nm
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Figure 8: XRD Spectrum of nanocellulose and cellulose (a), and magnetite and MNC (b).

4.2.3. FTIR Analysis

The information on the functional groups of KW, cellulose, NC, and before and after
adsorption of MNC adsorbents was determined by FTIR spectroscopy (Lingegowda et al.,
2013). Figure 9 (a, and b) shows FTIR spectrum of khat stem, cellulose, nanocellulose, and
MNC (before and after adsorption). From those indicated peaks, the broad absorption peak
observed approximately at 3330 cm™ (Figure 9a) indicates the presence of O-H stretches.
In Figure 9(a), due to the asymmetric stretching vibration of the CH, bond, there is a weak
band around 2899 cm™. The peak observed around 896 cm™ is attributed to the CH rocking
vibration of cellulose, which is indicative of the presence of B-glycosidic linkages. Bands

observed around 3330 cm™, 2899 , and 896 cm™ in the cellulose and nanocellulose (NC)
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spectra are characteristic of cellulose I, indicating that the chemical structure of the
cellulosic fragments was not affected by the acid hydrolysis process. The same result was
reported by Gabriel et al., (2021). The disappearance of the peak (Figure 9a) around 1735
cm’ for cellulose and NC indicates during chemical treatment of the material the cleavage
of linkages between ferulic acid or p-coumaric acid and the lignin (Reddy et al., 2013). In
Figure 9(a), the disappearance of the bands around 1228 cm™ from cellulose fibers and NC
indicates the dissociation and dissolution of lignin functional groups such as aromatic rings
(Gabriel et al., 2021). Due to the using of formic acid and acetic acid in extraction process,
the above two data shows that the disappearances of lignin and hemicellulose during
extraction of cellulose fibers. In Figure 9(b) the board absorption bands around 3350 cm™
indicate OH stretching, and weak band around 1633 cm™ represent p-glycoside bonds
(C=0). The peak (Figure 9b) around 547 corresponds to vibration of Fe-O bond, which
indicates the Fe30, phase. The same result was reported by Jodeh et al., (2018). After the
adsorption of methylene blue dye (MNC + MB), the board band around 3329 cm™, weak
band around 2902 cm™ and bending around 1029 cm™ may indicate adsorption of
methylene blue dye onto the MNC.

3350 1633
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Figure 9: FTIR spectrum of NC, cellulose and khat stem (A), and before adsorption
(MNC) and after adsorption (MNC + MB).
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4.2.4. SEM Analysis

Figure 10 (A and B) shows SEM micrographs of the synthesized nanocellulose adsorbent.
The SEM images demonstrated that the nanocellulose adsorbent had a fibrous structure and
shape, with slightly rough surface texture and a heterogeneous pore spread throughout its
matrix. The observed roughness of the nanocellulose adsorbent's surface is attributed to the
removal of impurities such as waxes and oils, as well as the removal of most of the non-
cellulosic components like lignin and hemicellulose, through the chemical treatment
process (Zamboni et al., 2023). According to the findings reported by Mokaloba & Batane,
(2014), the increased roughness of the fibers after mercerization leads to an enhancement
in the specific surface area of the fibers, which in turn results in greater adherence. The
nanoscale roughness of the cellulose surface in Figure 10 (C) was derived from Fe;O4 NPs
(Y. Zhang et al., 2019). The micrograph of the MNC composite in Figure 10(C) shows a
distribution of white and black surfaces on the composite surface. This suggests that the
nanocellulose (CN) and the iron oxide nanoparticles were dispersed within the composite,
while some agglomeration of the magnetite nanoparticles was also observed. Same result

was reported by Evans et al., (2022).

~ 1/28/2024

29/04/2024

Figure 10: SEM analysis of nanocellulose at 50 um (A), nanocellulose at 20 um (B), and

magnetite impregnated nanocellulose (C).
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4.2.5. BET Surface Area, Pore Volume, and Pore Size Analysis

The BET method was used to analysis the surface area, total pore volume, also average
pore size of the NC, MNC, and magnetite. Figure 11 shows direct linkage between quantity
adsorbed and relative pressure; as relative pressure increased, quantity adsorbed also
increased. Table 3 presents average pore size, total pore volume, and BET surface area
measurements for the prepared adsorbent materials. The average pore size of NC,
magnetite, and MNC was 1.304 nm, 0.578 nm, and 0.619 nm. The average pore size of
MNC was higher than that of magnetite and smaller than that of NC. Pore sizes of all
prepared materials were presented in Table 3; which revealed the microporous nature of
the nanocomposites. The multi-point surface area of NC, magnetite, and MNC was 536.27
m?/g, 613.67 m?/g and 511.74 m?/g, respectively. Surface area of NC was increased, but
when impregnated by magnetite, it decreased. This may be caused by the agglomerations
of magnetite in MNC, as seen in the SEM image (Figure 10 C). The NLDFT cumulative
surface area of NC, magnetite, and MNC was 123.2 m?/g, 234.5 m?/g and 154.1 m?/g,
respectively. In the current situation, the surface area of MNC was higher than that of NC.
Generally, MNC has a higher surface area and average pore size, which indicates the
MNC, is best for the adsorption of MB dyes.

Table 3: BET surface area, total pore volume, and average size.

Prepared Surface Area NLDFT Total Pore  Average
Materials Multi Point BET cumulative Volume (*10° Pore Size
(m?/g) surface ! celg) (nm)
area(m?/g)
Nanocellulose 536.270 123.2 0.919 1.304
Magnetite 613.670 234.5 1.936 0.578
MNC 511.735 154.1 1.335 0.619
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Figure 11: BET quantity adsorbed (cc/g) VS relative pressure (p/po) plot of nanocellulose,
magnetite, and MNC.
4.2.6. Determination of Concentration of MB by UV-Vis Spectrophotometer

The calibration curve was generated to figure out the concentration of methylene blue
(MB) dye in an aqueous solution using UV-Vis spectrophotometer. The calibration curve
was created by producing solutions with gradually increasing concentrations and
measuring their absorbance. MB absorbs ultraviolet Visible light at wavelength of 664 nm.
A linear graph of absorbance versus concentration was plotted, and the equation of the
resulting straight line was determined. Samples from the adsorption studies were analyzed,
and their absorbance values were measured. The concentrations of the solutions were then
determined by referring to the calibration graph. Here, Figure 12 shows the linear

calibration curve plot of MB dye.

43



1.1

1.0
R?=0.99137

09 y = 0.069x + 0.358

0.8 H

0.7 H

Absorbance(a.u)

0.6 +

0.5 H

0.4

2 4 6 8 10

Initial Concentration(mg/L.)
Figure 12: Calibration plot of methylene blue dye absorbance versus initial concentration.

4.3. Batch Adsorption Studies

4.3.1. Effect of Contact Time

Figure 13 (a and b) shows the percent removal and adsorption capacity of MNC. The
percentage of removal and adsorption capacity rise as the contact time increased, and as the
contact time increased, the reaction rate also increased. The adsorption process reaches a
point where the amount of MB desorbing from the adsorbent equals the amount being
adsorbed, resulting in a constant value beyond which no further removal occurs from the
solution. This state of dynamic equilibrium is attained after a specific duration, known as
the equilibrium time, and the quantity of MB adsorbed at this equilibrium point represents
the maximum adsorption capacity of the adsorbent under the given operating conditions. In
this study, the equilibrium was observed to be established after 80 minutes. This can be
attributed to the initially high rate of MB uptake, as all the adsorption sites were vacant and
the MB concentration was elevated. However, as the adsorption sites became occupied
over time, the uptake rate declined (H. Wang et al., 2016). Figure 16 (c and d) shows the
absorbance spectra decreased as the contact time increased and the color fade of MB as the
contact time increased, respectively. The percent removal efficiency and adsorption
capacity were calculated according to equations (4) and (5), respectively. Table 4 shows

the percent removal and adsorption capacity at different contact times.
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Table 4: Effect of initial concentration on percent removal and adsorption capacity of

methylene

blue dye

Contact Time (Min)

Removal Efficiency  Adsorption Capacity

(% removal) (mg/q)
15 67.7 22.57
30 73.45 24.48
45 78.57 26.19
60 82.1 27.37
80 87.85 29.28
100 87.9 29.3
120 87.98 29.33
- 30
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Figure 13: Effect of contact time on methylene blue dye adsorption (a) removal efficiency

(%),(b) adsorption capacity (mg/g), (c) absorbance spectrum at different contact time, and
(d) color fade of MB dye (pH = 8, amount of sorbent 0.03g/100mL, 25 °c).
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4.3.2. Effect of Adsorbent Dose

Effect of adsorbent dosage was investigated by holding all other parameters constant,
including pH = 8, initial methylene blue (MB) dye concentration = 10 mg/L, temperature =
25°C, mixing speed = 300 rpm, solution of 100 mL, and contact time = 80 minutes at the
optimized value. Effect of the adsorbent dose was examined by varying amount of MNC
from 0.01-0.1 g. The effect of the adsorbent dose on the removal efficiency and adsorption
capacity of dye is shown in Figure 14 (a and b). In Figure 14(a), with the increase in
adsorbent dose from 0.01 to 0.07 g, the sorption degree of the dye increased. The increase
in adsorbent dosage led to a higher number of available active sites for the adsorption of
the dye molecules, which resulted in the observed improvement in dye removal (Akperov
& Akperov, 2019). The adsorption equilibrium for the dye was achieved at an adsorbent
dosage of 0.07 g, and the dye removal remained largely constant above this dosage.
Therefore, 0.07 g appears to be the optimum adsorbent dosage for the process. The
adsorption capacity (Figure 14b) decreased as the adsorbent dose increased. The reason for
this is that as the adsorption process progressed, the active sites on the adsorbent became
saturated. This resulted in a decrease in the amount of dye adsorbed per unit mass of
adsorbent. This effect was likely associated with a reduction in the available surface area of
MNC adsorbent due to aggregation at the higher dosage. As a result, it can be concluded
that at a higher mass of MNC, the adsorption process may be ineffective, resulting in
increased operational costs. The same result was reported by Handayani et al., (2024).
Figure 14(c) shows the absorbance spectra decreased as the adsorbent does increased. The
percent removal efficeincy and adsorption capacity were calculated according to equitions
(4) and (5), respectively. Table 5 shows percent removal and adsorption capacity at
different adsorbent doses.
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Table 5: Adsorbent dose effect on removal efficiency and adsorption capacity of

methylene blue dye

Adsorbent Dose (g)  Adsorption Capacity Removal Efficiency (%

(mg/g) removal)
10mg/100mL 82.1 82.1
30mg/100mL 29.95 87.85
50mg/100mL 18.2 90.1
60mg/100mL 15.6 93.6
70mg/100mL 13.85 97.03
80mg/100mL 12.15 97.25
90mg/100mL 10.82 97.36
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Figure 14: Effect of adsorbent dose on methylene blue dye adsorption (a) removal
efficiency (%), (b) adsorption capacity (mg/g), and (c) absorbance spectrum at different

adsorbent dose (pH = 8, contact time = 80min, concentration of 100mL at 25°c).



4.3.3. Effect of Solution pH

To determine optimal pH for MB dyes solution, the pH was varied across a range of
values, including 2, 4, 6, 7, 8, 9, and 10. Figure 15 (a and b) shows the percent removal and
adsorption capacity of MNC at different pH values. The maximum pH was reached at a pH
of 8, and the lowest was at pH of 2. Accordingly, maximum percentage of MB removal
(97%) can be attained when the solution is at its most basic level. This explained by
predominance of negative charges on the adsorbent surface at higher pH values, which
increases the adhesion and electrostatic attraction of the positively charged methylene blue
(MB) dye molecules (Ghouti & Absi, 2020). This result is in line with research reported by
Tsade et al., (2021) on methylene blue removal from wastewater using cellulose
nanomaterials. The lower percentage dye removal observed under acidic conditions
attributed to adsorbent surface being positively charged in that pH environment. This
positive surface charge led to electrostatic repulsion between the adsorbent and cationic
methylene blue adsorbate, resulting in decreased adsorption. Percentage of removal of
methylene blue dye was increased slightly from 2-6. From pH 6 to 8, the graph indicates a
sharply increasing percentage of removal of the MB. After optimum value (pH = 8), the
percentage of removal decreased. Figure 15(c) shows the absorbance spectrum at different
pH values. The percent removal effecency and adsorption capacity were calculated
according to equitions (4) and (5), respectively. Table 6 shows the percent removal and
adsorption capacity at different pH changes.

Table 6: Effect of solution pH on removal efficiency and adsorption capacity of methylene

blue dye
Change of pH Removal Efficiency (% Adsorption Capacity (mg/g)
removal)
2 47.86 6.84
4 71.98 10.28
6 79.21 11.32
7 85.3 12.19
8 97.03 13.86
9 93.6 13.37
10 93.9 13.41
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Figure 15: Effect of solution pH on methylene blue dye adsorption (a) removal efficiency
(%), (b) adsorption capacity (mg/g), and (c) absorbance spectrum at different pH value
(contact time = 80min, amount of sorbent 0.07g/100mL at 25°).

4.3.4. Effect of Initial Concentration

Effect of the initial MB concentration on adsorption efficiency and adsorption capacity of
MNC adsorbent was evaluated by testing different adsorbate concentrations. Figure 16 (a
and b) shows removal efficiency and adsorption capacity of MNC at different initial
concentrations of the adsorbate. It is evident that the initial dye concentration is one of the
key factors influencing the removal degree of the dye from the aqueous solution. As the
initial methylene blue (MB) concentration was increased from 10 to 50 mg/L, the removal
efficiency (shown in Figure 16a) decreased from 97% to 78.8%. The decrease in removal
efficiency at higher initial dye concentrations attributed to fact that as dye concentration in

the solution increases, the number of available active sites on the adsorbent surface

49



becomes relatively scarce. This leads to a reduction in the overall degree of adsorption
(Yan et al., 2014). The highest percent of adsorption was seen at 10 mg/L. The percentage
removal of methylene blue (MB) dye decreases as the initial concentration of the dye in the
solution increases. This observation aligns with the findings reported by Rahman et al.,
(2012), who also noted that the percentage removal of MB dye decreased as the
concentration of MB dye in the solution was increased. Interestingly, while the percentage
removal decreased with higher initial dye concentrations, the adsorbent's adsorption
capacity increased, as illustrated in Figure 16b. This can be explained by the stronger mass
transfer driving force that exists at the higher initial dye concentrations (Yagub et al.,
2014). Figure 16(c) shows the absorbance spectra increased as the initial concentrations of
adsorbate increased. The percent removal effieciency and adsorption capacity were
calculated according to equitions (4) and (5), respectively. Table 7 shows the percent

removal and adsorption capacity at different initial methylene blue dye concentrations.

Table 7: Effect of initial concentration on removal efficiency and adsorption capacity of

methylene blue dye

Initial Concentration  Adsorption Capacity  Removal Efficiency (%

(mg/L) (mg/g) removal)
10 13.85 97.03
20 24.54 85
30 33.76 83.7
40 41.29 82.5
50 59.96 78.8
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Figure 16: Initial concentration effect on methylene blue dye adsorption (a) removal
efficiency (%), (b) adsorption capacity (mg/g), and (c) absorbance spectrum at different
initial concentration of MB (pH = 8, contact time = 80min, amount of sorbent
0.07g/100mL at 25%).

4.4. Adsorption Isotherm

Figure 17(a and b) shows the Langmuir and Freundlich isotherm models. The
dimensionless equilibrium parameter (RL) used to express the important characteristics of
Langmuir isotherm model. This type of isotherm is identified by value of RL, which might
be unfavorable (RL>1), linear (RL=1), favorable (O<RL<1), or irreversible (RL=0). The
value of RL in the current study ranged from 0 to 1. The RL (the separation factor) value of
0.3694 lies between 0 and 1, which confirms that the adsorption process of MB dye was
favorable on the MNC. The R? values of Langmuir isotherm and Freundlich were 0.996
and 0.967, respectively. According to the R? value, both methods were favorable in this
study. However, the R? value of the Langmuir was greater than the R? value of the
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Freundlich adsorption isotherm, for this reason, the Langmuir isotherm model fits better
than the Fredundlich isotherm model. The maximum adsorption capacity of MNC was
reported at 102.35 mg/g. Tables 8 and 9 show Langmuir and Freundlich adsorption

isotherm parameters, respectively.
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Figure 17: Plot of adsorption isotherm model a) Langmuir adsorption isotherm model, and
b) Freundlich adsorption isotherm model at different initial concentration of methylene
blue dye (10-200 mg/L), ( pH = 8, contact time = 80min, amount of sorbent 0.07g/100mL
at 25%).

Table 8: Langmuir adsorption isotherm parameters

Intercept Slope Qmax K. RL R’

0.06614 0.00977 102.35 0.01414 0.3694 0.99615

Table 9: Freundlich adsorption isotherm parameters

Intercept Slope n 1/n Kf R’

1.33872 0.33915 2.948548 0.33915 21.8132 0.97
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4.5. Adsorption Kinetics

As illustrated in Figure 18a, the R? value for the pseudo second order kinetic model is very
close to 1. This model provides a higher value of ge (30.22 mg/g) than pseudo first order
kinetic model (23.56 mg/g). Based on the R? values, the adsorption of the cationic
methylene blue (MB) dye onto MNC adsorbent fits well with the pseudo second order
kinetic model. Previous investigation have also reported by Kara et al., (2021), that
uptake of MB dye on cellulose based adsorbents was a pseudo second order kinetic model,
it is consistent with findings for the MNC adsorbent in this study. As shown in Figure 18b,
the pseudo second order kinetic model with an R? = 0.996 fits experimental data better than
pseudo first order kinetic model, which had lower R? = 0.83. Pseudo second order model
applies to external liquid membrane diffusion, surface adsorption, and intra-particle
diffusion, implying that chemical adsorption influences the adsorption process by
involving electron exchange or sharing between MB cations and functional groups on the
biomass surface. Generally, adsorption of methylene blue dye onto MNC adsorbent well
stated by pseudo second order Kinetic. This suggests that the adsorption of methylene blue
dye onto MNC characterized as a chemical adsorption process. Kinetic data for adsorption
of methylene blue onto the MNC adsorbent is summarized in Table 10. This includes
pseudo first order and pseudo second order kinetic models, also an experimentally
determined equilibrium adsorption capacity (geex) of 29.33 mg/g.
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Figure 18: curve of adsorption kinetics parameters pesudo frist order (a), and pseudo

second order (b).

Table 10: Adosrption kinetics parameters for pesudo second order and pesudo frist order

Pseudo
Second Order Intercept  Slope  qeca(mMg/g) o€’ K R®
0.14472 0.03309 30.22061 913.2853 0.007566 0.99604

Pseudo Frist
Order Intercept  Slope  geca(Mg/g) Ky R?
3.15962 -0.0573 23.56164 -0.00072 0.834

4.6. Reusability Study

Reusability of the adsorbent is a useful factor to be considered when evaluating the
practical applicability of the adsorbent for treatment of aqueous solutions. Figure (19a)
shows the removal efficiency of regenerate MNC, the efficiency of adsorbent dropped
from 97 % to 88.97 % after 5 consecutive usages. Figure (19b) shows the collecting of
MNC using an external magnetite in recycling process of the prepared materials. Overall, it

can be concluded that MNC has good regeneration and reusability potential. Table 11
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provides information about the removal efficiency of MB by MNC adsorbent after

different cycles of use.

Table 11: Removal efficiency of methylene blue dye after different cycles

No of Recycle Absorbance % Removal
1 0.078 97
2 0.132 95.2
3 0.233 91.04
4 0.26 90.1
5 0.312 88.97
98
96 -
E 044
g
=
e\o 92_
%_
88

Cycle

Figure 19: Reusability of MNC removal efficiency (a), and collect MNC by external

magnetite (b) at adsorbent dosage 0.07 g, pH=8, time 80 min, and MB dye concentration =

10 mg/L.
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5. CONCLUSION

This study was concentrated on synthesis of magnetite Impregnated nanocellulose
composites (MNC) composites using khat stem biomass as the source material. The
objective was to utilize these MNC composites for the elimination of methylene blue dye
from aqueous solutions. The MNC was synthesized via the co-precipitation method. The
prepared materials were characterized using DSC, XRD, FTIR, SEM, and BET surface
area analysis. The DSC result showed that MNC was more thermally stable than
nanocellulose (NC). The basic functional groups of prepared materials have been identified
by FTIR spectroscopy. Average crystallite size of MNC was 8.02 nm. The BET multi point
surface area, NLDFT cumulative surface area, average pore size, and total pore volume of
MNC were 511.735 m?/g, 154.1 m%g, 0.619 nm, and 1.335 cc/g, respectively, which
indicate that the MNC is best for the adsorption of MB dye. This study explored the
influence of various experimental factors including pH, initial adsorbate concentration
contact time, and adsorbent dose, in order to identify the optimum parameter values for the
adsorption process. The results showed that varying these experimental factors had an
impact on the adsorption process. The study found that maximum adsorption efficiency of
97% achieved under the following optimum conditions: pH 8, 80 minutes contact time, 10
mg/L methylene blue dye concentration, and 0.07 g/100mL of MNC adsorbent dose, all at
room temperature. Kinetic data analysis indicates pseudo second order kinetic model
provided a more fit to experimental data, with a higher R* = 0.996 compared to pseudo first
order model, this suggests that better described by a chemisorption mechanism. Langmuir
isotherm model was more fitted in this study than Freundlich isotherm model, its R? and
maximum adsorption capacity was 0.996 and 102.35 mg/g, respectively. The Khat stem
based magnetite impregnated nanocellulose composite was effective during the
recyclability test. According to the reusability test, MNC can remove methylene blue dye
at a rate of 97 to 88.97 % from cycle 1 to cycle 5. These and previous results show that
Khat stem based magnetite impregnated nanocellulose composites could potentially

remove MB dye from aqueous solutions.
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6. RECOMMENDATIONS

Previous research has investigated various alternative adsorbents for removal of methylene
blue dye from water. There are already thousands of adsorbent options available, ranging
from low-cost agricultural waste to sophisticated compounds like carbon nanotubes.
However, none of these materials are currently used in industry, and more research is
needed to develop these types of materials as industrial adsorbent. Numerous variables
must be examined before these alternative adsorbents will be developed as commercial
adsorbents to removal MB from water. Adsorption studies should be conducted on real
water (wastewater). In future investigations, recovering MB after recycling process will be

the best and most cost effective way.
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