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Abstract

This study evaluates the effectiveness of adsorbent films for the adsorptive removal of
organic dyes, particularly methylene blue (MB) from aqueous solutions. The adsorbent
films consist of solvothermally synthesized metal-organic framework (MOF)/crystalline
nanocellulose (CNC) composites, supported on a cellulose acetate (CA) substrate. Three
adsorbent films were fabricated, i.e. CA-supported MOF-5/CNC (1), CA-supported Cu-
BDC/CNC (2), and CA-supported Ni-BDC/CNC (3). This composition results in water-
stable adsorbent films, which are recyclable with minimized secondary contamination.
The successful preparation of the adsorbent films was verified by several characterization
techniques such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), energy dispersive X-ray (EDX),
thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) analysis and X-ray
photoelectron spectroscopy (XPS). Batch adsorption experiments were carried out for the
decontamination of MB from aqueous solutions under different conditions including
varying pH, contact time, initial MB concentration, and temperature. The optimum
adsorption conditions were at pH 11, at 360 minutes, at an initial MB concentration of 6
mg/L, and at 25 °C. Under these conditions, the adsorbent films achieved adsorption
capacities between 2.79 - 4.29 mg/g, with corresponding maximum % removals between
77 - 85 %. The adsorption isotherms and kinetic models revealed multilayer chemical
adsorption on the surface of film 1 as indicated by the experimental results which were
best described by the Freundlich isotherm and pseudo-second-order kinetic models. On
the surfaces of films 2 and 3, the isotherms and kinetic models revealed monolayer
chemical adsorption according to the Langmuir isotherm and pseudo-second-order
kinetic models. Thermodynamic parameters showed the adsorption processes were
exothermic in nature and feasible. The films showed good recyclability, after five
adsorption cycles, film 1 maintained 76% of its original adsorption capacity, film 2
maintained 73%, and film 3 67%. The films showed pH-dependent selectivity,
demonstrating preferential affinity for anionic methyl orange (MO) at acidic pH and a
preference for cationic MB at alkaline pH. The practical applicability of the adsorbent films

was assessed in the treatment of real textile industry effluent where the films achieved
vii
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between 20 - 45 % effluent removal. The economic assessment of the adsorption
processes was conducted by considering the cost of chemicals and the energy cost of
the adsorption process. The adsorption costs for films were calculated to be between
USD 43.60 and 53.00. These findings suggest that cellulose derivatives and MOFs have
the potential to perform synergistically to result in stable, recyclable, versatile, and cost-

effective adsorbents for the removal of organic dyes from polluted water.
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CHAPTER 1

1.0 INTRODUCTION

1.1 Background

Organic dyes are compounds capable of absorbing light and imparting color to materials.
Primarily composed of carbon structures, these compounds typically have conjugated
systems that allow for electron delocalization, enabling them to absorb light and produce
vibrant colors. They can be categorized based on their chemical structures and
chromophores, which are groups of atoms and electrons in organic compounds that
interact with light to generate color [1]. Azo dyes are organic compounds distinguished by
one or more azo groups (R-N=N-R') [2]. These synthetic dyes are crucial in industries
such as food and textiles, accounting for 60-70% of all dyes used. Examples of azo dyes
include methyl orange, Congo red, and methylene blue [3]. Another class of dyes,
identified by the anthraquinone structural unit are the anthraquinone dyes, known for their

stability and vivid colors [4]. These dyes are primarily used in the textile and ink industries.

Other categories of organic dyes include nitroso and nitro dyes, characterized by NO and
NOz2 functionalities. The indigo structure defines indigo dyes; and phthalocyanine dyes,
recognized by their macrocyclic ring, are often complexed with metals [4]. Each class of
organic dyes is characterized by unique properties that make them useful in various
applications. Overall, organic dyes play a significant role in industries and everyday life.
In the textile industry, these dyes are essential for coloring clothes and fabrics [5], while
the food industry uses specific dyes as colorants for food and beverages [6]. In biomedical
research, organic dyes are used to visualize cells and tissues [6], and in solar cells, such
as dye-sensitized solar cells, organic dyes are used to generate energy from the sunlight
[7]. The cosmetics industry employs dyes in lipstick and nail polish to achieve vibrant
colors while other industries utilize organic dyes for functions such as color-coding

printing and coating paper [8].
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Despite their benefits, the use of organic dyes contributes to environmental pollution,
particularly in water bodies. The dye industry ranks among modern civilization's top three
most polluting sectors [9]. Each year, the textile industry releases approximately 200,000
tons of organic dye waste to the environment, mainly due to the dyes' inability to fully
adhere to fabrics, leading to significant pollution [10]. The textile industry accounts for
55% of dye pollution, while the dye, paint, and pulp industries contribute 21%, 8%, and
9%, respectively [11].

These industries discharge effluents into the environment, causing water bodies to
become polluted, and threatening both aquatic and terrestrial life. Moreover, organic dyes
are highly toxic and capable of causing cancer and other severe health issues in humans
and animals [12 — 14]. Azo, nitro, and anthraquinone dyes can induce mutations and are
known to be genotoxic, cytotoxic, and capable of damaging DNA [12 — 13]. Some organic
dyes, such as phthalocyanines, contain heavy metals, which, when released into the
environment and consumed by humans and animals, can lead to kidney failure,
neurotoxicity, brain damage, and gastrointestinal diseases [14]. In addition to their harmful
effects on humans and animals, organic dyes negatively impact the environment by
altering the pH, chemical composition, and water turbidity. The presence of these dyes in
water blocks sunlight penetration, ultimately affecting vital underwater processes such as

algae photosynthesis [15].

As highlighted above, organic dyes are crucial to the economy however, when improperly
discharged, they pose significant risks to humans, animals, and the environment.
Therefore, it is essential to implement measures to decontaminate dye-containing waste.
Numerous studies have investigated methods for removing organic dyes from aqueous
solution, which include flocculation, coagulation, membrane filtration, photodegradation,
and adsorption [15 — 16]. However, some of these methods have drawbacks, for instance,
flocculation and coagulation have high operational costs and produce sludge.
Membranes, while effective, require significant energy input to pump water through the
membrane. Photodegradation is less effective in highly polluted water because the high
turbidity and suspended solids obstruct the light required for the process to occur, and
this technique can also generate toxic and harmful intermediate compounds [17 — 19].

© University of Pretoria



In this study, adsorption was selected as the preferred decontamination method due to its
advantages over the other techniques. Adsorption features a simple setup and operates
without energy input. Many adsorbents are inexpensive, making the process cost-
effective. A significant benefit of adsorption is the ability to modify the adsorbent surface
to enhance selectivity towards the target pollutant, thereby improving the efficiency and
overall effectiveness of the adsorbent [18 — 19]. In the design and development of
effective and efficient adsorbent for water remediation, nanomaterials have emerged as
promising candidates due to their high surface area, modifiable surface chemistry, and
controllable porosity, collectively improving the removal of contaminants from water.
Metal-organic frameworks (MOFs), a class of materials consisting of a metal ion or a
cluster of metal ions, referred to as nodes, coordinated to an organic ligand to form one-
dimensional (1D), two-dimensional (2D), or three-dimensional (3D) structures, have been
used in water treatment for the removal of contaminants from water. MOFs are
characterized by high surface area, abundant active sites, and tunable surface chemistry
making them ideal adsorbents for organic dyes and many other pollutants [20]. Figure 1.1
shows a general structure of a 3D MOF, highlighting the network connection of nodes and

organic linkers.

Figure 1.1: Structure of a metal-organic framework network array (image retrieved from:
https://www.eurekalert.org/multimedia/892666).

Liu et al. (2024) reported the simultaneous removal of the azo dyes Congo red and
methylene blue from aqueous solutions using a UiO-66 MOF adsorbent, achieving a
maximum adsorption capacity of 585 mg/g for Congo red removal and ~150 mg/g for
methylene blue [21]. This adsorbent contains Zr-O coordination providing good structural

stability which is favorable in the adsorption of organic dyes from aqueous solutions.
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Mogharbel et al. (2023) showed that the FesOs@Ag-MOF adsorbent achieved an
adsorption capacity of 856.06 mg/g for the removal of the triphenylmethane dye Gentian
violet from aqueous solutions. The Fe3O4@Ag-MOF adsorbent showed good reusability

for five cycles [22].

MOFs typically exist in powder form, to enhance the practical use of MOF-based
adsorbents and to reduce secondary contamination, MOFs are supported on polymeric
substrates [23]. This approach results in adsorbent films that are easy to handle and use
[23 — 27]. Most MOFs have poor wetting stability and aggregate in aqueous solution
resulting in a reduced overall surface area [28]. Composite formation with mechanically

stable materials can reinforce MOFs and make them useful in water purification.

Several support materials have been used for MOFs employed in water purification and
these include polyethylene glycol (PEG), polyacrylonitrile (PAN), and polyethyleneimine
(PEI). PEG demonstrated an adsorption capacity of 747.4 mg/g when used as a support
for NH2-MIL-125(Ti) MOF for the removal of methylene blue [29]. The adsorbent could be
easily handled and recovered from aqueous solutions for recycling. Abundant, cheaper,
and biodegradable supports such as cellulose have gained popularity for their green
nature. Cellulose acetate (CA), a cellulose derivative, has the capacity to improve the
practical application of MOFs by supporting MOF particles in their structure, resulting in
a film-like material that can be recycled. This capability was demonstrated when CA@Ti-
MIL-NH2 was used for the adsorptive removal of paracetamol, demonstrating good
reusability [30]. Nanocellulose (NC) materials such as crystalline nanocellulose (CNC),
bacterial nanocellulose (BNC), and cellulose nanofibers (CNF) can minimize the
aggregation of MOFs when employed as MOF/NC composites. Zhu et al. (2022) used
CNFs to disperse ZIF-8 MOFs resulting in a porous functional filter for water purification.
[31]. NC materials are mechanically stable and can impart stability to MOFs in aqueous

solutions [32].
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1.2 Problem statement

The discharge of organic dyes into water bodies, primarily from the textile industry
continues to be a global environmental issue. The presence of organic dyes in
ecosystems poses risks to both wildlife and human health. These dyes disrupt aquatic
ecosystems by blocking sunlight and hindering photosynthesis, while also posing severe
health risks to humans including cancer and kidney diseases. Addressing this challenge
requires the development and implementation of effective dye removal technologies to

mitigate ecological and health impacts.

1.3 Research aims and objectives

This study aims to develop and evaluate the effectiveness of metal-organic frameworks
embedded in cellulose as adsorbent materials for the removal of a model organic dye
(methylene blue) from aqueous solution. The study will focus on optimizing the synthesis
of the MOF/NC composite, characterizing the structural and chemical properties, and
assessing its adsorption capacity and efficiency in removing methylene blue from

aqueous solution. The end goal is to advance water purification technologies.

1.3.1 Objectives

a) To synthesize MOF-5, Cu-BDC, and Ni-BDC using a solvothermal technique and
characterize the MOFs. The characterization techniques used in this work include
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), energy dispersive X-ray (EDX), and
thermogravimetric analysis (TGA).

b) To synthesize CNC using sulfuric acid hydrolysis and characterize the CNC.

c) To synthesize MOF/CNC composites using a solvothermal process and
characterize the composites.

d) To fabricate CA-supported MOF/CNC adsorbent films through a drop-casting
method and characterize the composites.

e) To determine the adsorption capacity of the CA-supported MOF/CNC adsorbent

films as a function of adsorption parameters.
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f) To investigate the adsorption mechanisms of the adsorption films using isotherm
and kinetic models.
g) To determine the recyclability of the adsorbent films, the cost-effectiveness, and

their ability to remove real industry dye effluents.

1.4 Research hypothesis

The research project hypothesizes that embedding metal-organic frameworks onto
cellulose derivatives will enhance the adsorption capacity for removing organic dyes from
aqueous solution compared to pristine MOF due to the synergistic effect of MOFs high

surface area and the hydrophilic nature of cellulose.

1.5 Thesis layout

This thesis comprises five chapters. Chapter 1 introduces the study, providing
background information and an overview. It highlights the significance of the study by
establishing the problem statement, motivation, and objectives. Chapter 2 is a literature
review that offers a comprehensive overview of the topic, providing context and
background. It examines the current state of research, analyzing trends, patterns, and
key publications, and discusses advancements in materials and methodologies used in

the study.

Chapter 3 presents the first manuscript titled "Cellulose Acetate Supported MOF-
5/Crystalline Nanocellulose Composite Film as an Adsorbent Material for Methylene Blue
Removal from Aqueous Solutions." It begins with an introduction to organic dye pollution
and the effectiveness of MOF-5, CNC, and CA in purification, followed by the motivation
for using CA-supported MOF-5/CNC adsorbent film for MB adsorption. The chapter
details the experimental work, listing all chemicals, instruments, and equations used, as
well as the synthesis methodology, characterization, and MB adsorption procedure. The
results and discussion section provides a detailed analysis of measurements and results,
evaluating the efficiency and practical applicability of the adsorbent film. It also discusses

the economic feasibility by considering the costs of chemicals and energy consumption.
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The chapter compares the adsorption performance of the adsorbent with other reported
adsorbents.

Chapters 4 and 5 follow a similar structure to Chapter 3 but focus on the adsorbents CA-
supported Cu-BDC/CNC and CA-supported Ni-BDC/CNC, respectively. The final chapter,
Chapter 6, concludes the study by acknowledging the performances and synthesis
techniques of the adsorbents. It compares the performances of the adsorbent films,
identifies the best-performing adsorbents, and provides possible explanations. The

chapter also highlights the successes of the study and offers future recommendations.
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CHAPTER 2

2.0 LITERATURE REVIEW

2.1 Water pollution

Water pollution is the contamination of water bodies such as rivers, lakes, oceans, and
groundwater due to human activity or natural phenomena. It occurs as a result of harmful
substances such as chemicals and microorganisms being released into these
ecosystems, leading to a decline in water quality. Human activities that cause water
pollution include untreated sewage, industrial wastes, and agricultural run-off [1]. Natural
forms contributing to water pollution include volcanic eruptions, fluorine salts, and
microbiological contamination. The type of water pollution can be categorized into point-

source and non-point-source water pollution [2 — 3].

Point-source water pollution occurs when contaminants are released into water bodies
from a single, identifiable source, such as through a pipe or channel from factories,
sewage treatment plants, power plants, and agricultural run-off [4 — 5]. Due to its
identifiable nature, this type of pollution can be manageable and regulated efficiently.
Common pollutants associated with this pollution include heavy metals, organic dyes,
pesticides, and pharmaceutical wastes [4 — 5]. The second category, non-point-source,
refers to water pollution that does not originate from a single, identifiable source, however,
comes from multiple, widespread sources making it challenging to control and regulate [6
— 7]. Non-point-source water pollution includes pesticides from agricultural run-off, street
debris from urban run-off, and pathogens from animal waste or improperly maintained

septic systems [7].

Table 2.1 lists pollutants and their sources, categorized under point-source and non-point-

source water pollution.

12

© University of Pretoria



Table 2.1: Point-source and non-point-source water pollutants

Point-source water pollution Non-point-source water pollution
Source Pollutants Source Pollutants
Industrial facility Heavy metals, | Agricultural run-off | Pesticides,
Organic dyes, herbicides,
pharmaceuticals, fertilizers, etc.
etc.
Wastewater Nutrients Urban run-off Oil, debris, grease

treatment plants

Power plants Particulate matter Forestry activity Nutrients
Oil refineries Ammonia, sulfides | Atmospheric Nitrogen and sulfur
deposition compounds

Water pollution is a significant environmental issue with devastating consequences on
the ecosystem, wildlife, and human health. Contamination of water can disrupt the natural
balance of aquatic ecosystems. This can occur when excessive nutrients from fertilizers
and agricultural runoff deposit in water bodies, triggering algal bloom which in turn
depletes oxygen in water, threatening aquatic life [8]. Crucial aquatic habitats such as
coral reefs and wetlands can be damaged, reducing biodiversity and disturbing the
ecosystem [9]. Pollutants pose a threat to aquatic organisms, causing them to migrate,
which disrupts the balance of the aquatic ecosystem and interferes with the food chain [8
— 9]. Pollutants may also lead to health complications, including reproductive

complications and death [9 — 11].

2.1.1 Water purification techniques
Contaminated water brings about serious chronic and water-borne diseases such as

cholera, hepatitis, and gastrointestinal infections in humans [1, 12]. These negative
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impacts imposed by pollutants on the environment, animals, and humans highlight the

need to decontaminate pollutants at the point source of pollution.

To improve the quality of freshwater, several treatment technologies have been employed.
These treatment technologies are divided into three categories; chemical, physical, and

biological treatment, as shown in table 2.2.

Table 2.2: Water purification technologies.

Chemical techniques Physical techniques | Biological techniques

Coagulation and Flocculation | Membrane filtration Anaerobic digestion

Photodegradation Distillation Activated sludge process

Adsorption UV radiation Biofiltration

Chemical techniques for water purification employ chemical agents or chemical reactions
for the removal of pollutants from water for safe consumption and environmental
discharge. Several chemical techniques have been employed for decontamination of a
wide range of pollutants from water. Coagulation and flocculation are two processes that
are used together for waste decontamination. Coagulation occurs when chemical species
called coagulants are added to polluted water to neutralize the charge on suspended
particles, reducing repulsion and allowing the suspended particles to clump into larger
aggregates [13]. Coagulants that are typically used for this role are aluminum sulfate, iron
chloride, and polymers. The subsequent step, flocculation, follows when the small,
destabilized clumps are aggregated into larger and easily removable flocs through gentle
mixing. These larger flocs are removed through physical techniques such as filtration and

sedimentation.

Photodegradation is a chemical purification technique that uses a photocatalyst exposed
to light, usually UV or visible light, for water purification [14]. During this technique, a
photocatalyst such as titanium oxide, zinc oxide, or silver nanoparticles, is exposed to
light, leading to the excitation of electrons from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO), resulting in electron/hole (e-

/h*) pairs. The e and h* migrate to the surface of the photocatalyst reacting with oxygen
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and water molecules to produce reactive oxygen species such as hydroxyl radicals (*OH),
superoxide radicals (O2¢), and hydrogen peroxide (H202), capable of degrading

pollutants into less harmful substances [14].

Adsorption is a chemical technique that involves the adhesion of pollutants onto the
surface and the pores of a solid material, thereby recovering pollutants from water. During
this process, the adsorbent is the solid material, and it attracts the adsorbate, which is the
pollutant being removed from water [15]. This process occurs through surface interactions
whereby the pollutants in water come into contact with the adsorbent and adhere to the
surface through chemical interactions such as electrostatic interactions and these
adsorbents are called chemisorbents. Adsorption can also occur through physical
interactions such as through van der Waals forces and such adsorbents are referred to

as physisorbents. Common adsorbents include activated carbon, zeolites, and clay.

Physical techniques for water purification involve the use of physical processes to
decontaminate pollutants from water. A physical method used for the purification of water
is membrane filtration, which is a technology that employs a semi-permeable membrane
to selectively allow substances to pass through while blocking others on the basis of their
sizes and shapes [16 — 18]. Membranes are classified based on their pore sizes, as

shown in table 2.3.

Table 2.3: Membrane classification

Membrane Pore size
Microfiltration Membrane 100 nm — 10 um
Ultrafiltration Membrane 10 —100 nm
Nanofiltration Membrane 1-10nm
Reverse osmosis Membrane 0.1—-1nm

Microfiltration is typically a pretreatment technique for other membrane filtration
processes. Microfiltration employs membranes with pore diameters between 100 nm to
10 um, useful for the removal of large colloids and bacteria [18]. Ultrafiltration uses

membranes with pore diameters in the range of 10 — 100 nm to separate pollutants such
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as viruses, colloidal particles, and macromolecules from water [18]. Nanofiltration uses
membranes with pore sizes between 1 and 10 nm for softening and purifying water by
removing organic molecules and multivalent ions such as calcium (Ca?*) and magnesium
(Mg?*) ions [18]. Reverse osmosis membranes have pore sizes between 0.1 to 1 nm,
capable of purifying water from monovalent ions such as Na*, dissolved salts, and organic

species [18]. This technique practically removes all contaminants from water.

Distillation is a physical technique for removing contaminants by heating polluted water
at temperatures above the boiling point, leading to evaporation [19]. The resulting water
vapor is condensed through cooling, yielding purified water. This method is useful for the
removal of salts and heavy metals from aqueous solutions. UV radiation is useful for
disinfecting water by killing or inactivating microorganisms [20]. This technique is not

useful for removing particles from water.

Biological purification methods leverage natural processes to treat and purify water.
These approaches utilize microorganisms, plants, or other biological systems to clean
water [21]. One example is anaerobic digestion, where microorganisms break down
organic material in an oxygen-free environment, resulting in the production of biogas as
a byproduct [21]. Another method is the activated sludge process, which requires oxygen
to facilitate the decomposition of organic matter into a sludge that can be readily
separated from water [22]. Biofiltration is a biological purification technique that involves
passing polluted water through a filter containing a layer of microorganisms that break

down organic matter into less toxic substances [23].

2.2 Composite and bio-based adsorbents in water purification

Adsorption has been reported as the most effective method for water purification
applications, offering several advantages such as ease of operation, no energy input, and
cost-effectiveness [15]. The use of composite adsorbent materials further enhances the
potential for adsorption. Adsorption using composites has demonstrated high adsorption

efficiencies, with the ability to remove contaminants by up to 100 % [15].
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Another advantage of adsorption and composite adsorbents is their versatility, leading to
more selective and tunable adsorbents that are favorable for a wide range of applications.
This technology can decontaminate trace contaminants from aqueous solutions, and

using composites improves the limit of detection [24].

Composite adsorbents are characterized by their high surface area, high porosity, tunable
surface chemistry, and abundant adsorption active sites. These properties enable
excellent performance in removing pollutants such as organic dyes, heavy metals, and

pharmaceutical wastes [25].

Biosorbents are biological adsorbents derived from natural materials such as plants,
bacteria, and fungi, capable of adsorbing and accumulating contaminants from water onto
their surfaces [26 — 27]. These adsorbents are progressively favored over traditional
adsorbents due to their non-toxic nature, environmental friendliness, biodegradability, and
recyclability [28 — 29]. Bio-based adsorbents are grouped into several categories as

shown in table 2.4.

Table 2.4: Biosorbent classifications

Bio-sorbent categories Examples

Agricultural waste Rice husk, sawdust, corncob, sugarcane

bagasse, etc.

Biopolymers Chitosan, cellulose, and its derivatives
Biochar Rice husk, softwood, sewage sludge
Fruit and vegetable wastes Peels

Adsorbents based on agricultural waste, which include rice husks, sawdust, and corncobs
are capable of removing pollutants such as heavy metals and dyes from water. A low-cost
agricultural waste biosorbent, sugarcane bagasse, showed a removal percentage of
81.90 % for direct red 28 dye in aqueous solutions [26]. Biopolymers such as cellulose
and chitosan have demonstrated good capabilities in the adsorptive removal of pollutants
from wastewater. Salama (2023) showed that using a cellulose derivative yields a
sustainable and environmentally friendly biosorbent for the removal of anionic methyl
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orange (MO) and cationic methylene blue (MB) dyes from water [27]. This novel
biosorbent produced maximum adsorption efficiencies of 135 and 106 mg/g for MB and
MO, respectively. Biochar-based sewage sludge presents an environmentally friendly and
efficient method for the removal of pollutants from water, as demonstrated by Ravindiral
et al. (2023) achieving adsorption efficiencies of 99.32% and 94.28% for the
decontamination of Acidic Blue 210 and Acidic Blue 7 from aqueous solutions [28]. Fruit
and vegetable wastes make useful and environmentally friendly adsorbents. Banana
peels used by Yhon et al. (2023) showed removal efficiencies of 20.11 mg/g for MB
adsorption [29]. These findings show that bio-based adsorbents are increasingly used as
replacements for traditional adsorbents due to their non-toxic nature, effectiveness, and

environmental friendliness.

Many biosorbents face significant challenges in water treatment applications, including
limited understanding of molecular-level interactions with contaminants and poor
reusability. Cellulose offers a distinct advantage as a biosorbent platform due to its well-
defined adsorption mechanisms, extensively studied at the molecular level. This in-depth
understanding facilitates targeted chemical and physical modifications, such as grafting,
crosslinking, and functionalization, to improve adsorption capacity, selectivity, and
reusability. By exploiting these properties and versatility for modification, cellulose-based
materials hold potential to overcome the limitations of traditional biosorbents and provide

more effective and sustainable solutions for water decontamination.

2.3 Cellulose

2.3.1 Structure, properties and applications

Structure

Polysaccharides have become a significant focus in material science, with cellulose
standing out as the most studied polymer due to its abundance, with plants producing
approximately 10" tons of cellulose annually [30]. Cellulose is a linear polymer and
polysaccharide, with the chemical formula (CeH10Os5)n, and structural characterization

reveals it comprises ~ 45% carbon, 6% hydrogen, and 48% oxygen. This polysaccharide
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is a homopolymer, consisting of hundreds to thousands of D-anhydroglucopyranose units
connected by B(1—4) glycosidic linkages forming between the C1 and C4 carbon atoms
of adjacent glucose units, with the C1 anomeric carbon in the p-configuration [31]. Each
glucose unit rotates approximately 180 degrees relative to the next, creating a repeating
cellobiose disaccharide unit. The D-anhydroglucopyranose ring exists in a pyranose form,
adopting the 4C1 conformation. The length of a cellulose chain varies depending on its
source and extraction method [30 - 31]. Hydrogen bonds between adjacent glucose units
hold the linear chains together, forming cellulose bundles known as microfibrils. These
microfibrils are critical components of the plant cell wall, providing stability and rigidity
[30].

Properties

Cellulose makes up 90% of cotton, 40-50% of wood, and 57% of hemp [32]. This organic
polymer is hydrophilic, durable, biodegradable, possesses a high surface area, and is

insoluble in water and most solvents due to hydrogen bonds between its chains [33].

A cellulose chain contains three equatorially positioned hydroxyl groups located at
positions C2, C3, and C6, which are susceptible to chemical modification, and they
influence cellulose chemical reactivity [34]. Due to these hydroxyl groups, cellulose
materials exhibit two types of hydrogen bonding: intermolecular, which links cellulose
chains within a microfibril, and intramolecular, occurring among hydroxyl groups on a

single cellulose strand [34].

Intramolecular hydrogen bonds form between the hydroxyl groups at C2, C3, and C6, and
the endocyclic oxygen of adjacent glucose units of a single cellulose strand, while
intermolecular hydrogen bonds occur between the hydroxyl group at C3 of one cellulose
chain and the C6 hydroxyl group of an adjacent chain [33 — 34], as shown in figure 2.1.
Intramolecular hydrogen bonds maintain the rigidity of the cellulose chains, enhancing
crystallinity and strengthening the mechanical properties. The ordered regions of intra-
and intermolecular hydrogen bonds compact the cellulose chains, limiting the accessibility

and reactivity of the hydroxyl groups, and reducing solubility [33 — 34].

19

© University of Pretoria



UNIVERSITEIT VAN PRETORI
IVERSITY OF PRET
NIBESITHI YA PRETORI

co

Y

Cellulose stiffness is also a consequence of hydrogen bonding as well as the chair
conformation of the glucose subunits. The terminals of the cellulose chain are different in
the sense that one end, C1, has a hydroxyl group forming part of an aldehyde group which

has a reducing activity, enhancing chemical reactivity [35]. The other end has an

unmodified hydroxyl group at C4, known as the nonreducing end [35].

Figure 2.1: Intra- and intermolecular hydrogen bonding of cellulose (Pinkert, 2009).

As previously stated, cellulose is a linear chain made of glucose units linked by glycosidic
bonds. These linear chains are held together by hydrogen bonding, which gives rise to
the supramolecular structure of cellulose. Determined by the intra- and intermolecular
hydrogen bonding in cellulose, the supramolecular structure of cellulose contributes to
the unique properties of cellulose and its structure. Intermolecular hydrogen bonding
interactions which cause cellulose chains to align themselves side by side strengthen and
stabilize the structure of cellulose and give rise to the other important aspect of the

supramolecular structure of cellulose, which is cellulose microfibrils [36].

Microfibrils are cellulose bundles that result when cellulose chains align themselves side
by side, in a parallel manner, as a result of hydrogen bonding. These structures occur
when aligned cellulose chains further aggregate into thicker and larger structures. The
robust intra- and intermolecular hydrogen bonds maintain the integrity of the microfibrils,
preventing them from separating and forming a highly organized and strong network with

significant mechanical strength [36 — 37]. Microfibrils may further interact with each other
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through additional hydrogen bonding resulting in macrofibrils, also known as cellulose
fibre [36]. The collective hydrogen bonding at various organizational levels contributes to
the macroscopic properties of cellulose, such as its strength, stability, and insolubility in
water and other solvents [37]. These properties are essential for the structural integrity of

plant cell walls, where microfibrils and macrofibrils play a crucial role.

The supramolecular structure of cellulose consists of a complex arrangement of individual
cellulose chains, leading to a hierarchical organization. This organization results in the
formation of two distinct regions within cellulose fibres: the crystalline and amorphous
regions as shown in figure 2.2. The crystalline regions are characterized by a high level
of organization and molecular order due to their repetitive pattern, which is maintained by
hydrogen bonding between adjacent cellulose chains. These regions are stable and rigid,
contributing to the mechanical stability and stiffness of cellulose-based materials, thereby
enhancing their strength. The strong intermolecular hydrogen bonds make the crystalline
regions of cellulose fibres relatively insoluble in water, providing resistance to
environmental factors [38]. Additionally, the highly organized nature of these regions
makes cellulose resistant to enzyme degradation, ensuring a longer lifespan for cellulose

materials in moist environments [38].

In contrast, the amorphous regions of cellulose fibres exhibit structural disorder. Unlike
the crystalline regions, these areas lack a regular repeating pattern and have cellulose
chains arranged in a disordered and random manner [38 — 39]. The amorphous regions
are very flexible and deform easily, which makes cellulose beneficial for applications
requiring materials that can bend or stretch without breaking. However, these regions are
more susceptible to enzyme degradation, and breaking down cellulose fibres in these
areas is relatively simple. The less restrictive nature of the structure of the amorphous
region of the cellulose fibres makes them vulnerable to water absorption, leading to

moisture affecting the mechanical properties of cellulose materials [38].
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Figure 2.2: lllustration of amorphous and crystalline regions of cellulose fibers [40]

Control on how to balance between the amorphous and crystalline regions of cellulose

fibres allows for tailoring of the cellulose material based on the desired applications. When

cellulose is employed for structural applications, it will be beneficial if the proportion of

crystalline regions is higher than amorphous regions. Conversely, if cellulose is employed

for flexible materials’ application, it will make sense to tailor the supramolecular structure

to have a higher ratio of amorphous regions. Furthermore, a higher proportion of

amorphous regions in cellulose will result in a more biodegradable material [41].

The polymorphs of cellulose play a role in the supramolecular structure of cellulose.

Different arrangements of cellulose chains result in four cellulose polymorphs: cellulose

I-1V, as shown in table 2.5 [41].

Table 2.5: Cellulose polymorphs

Polymorph | Cellulose chains arrangement

Allomorphs

Cellulose | Parallel Cellulose la and Ip
Cellulose Il Anti-parallel
Cellulose lll | Parallel and anti-parallel Cellulose Il and Iy

Cellulose IV | Parallel

Cellulose Vi and IV

© University of Pretoria
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Cellulose | is the native form of cellulose, and cellulose Il is the regenerated form of
cellulose |. These two polymorphs, shown in figure 2.3, are the most common forms of
cellulose. They differ based on the orientation of the cellulose chains in the crystal

structure [42].

Cellulose | Cellulose I

AN I I A
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05 . °
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R ¢ *x7 3 1

Parallel Anti-parallel

Figure 2.3: The parallel chains of cellulose | vs. antiparallel chains of cellulose Il
(Serizawa. 2021).

Cellulose | has a parallel arrangement of cellulose chains, resulting in intermolecular
hydrogen bonding occurring between hydroxyl groups at C3 of one cellulose chain and
C6 of the adjacent cellulose chain while cellulose Il has the carbon chains in its crystal
structure arranged in an antiparallel manner, resulting in intermolecular hydrogen bonding
of this cellulose to occur between the hydroxyl group on C3 and the oxygen atom of the

adjacent cellulose chains [41].

The glucopyranose ring structure in cellulose | is parallel to the plane in which hydrogen
bonding occurs between cellulose chains, referred to as the b-c plane of cellulose. The
chains of cellulose | situated in crystalline regions exist in two allomorphs: cellulose l« and
cellulose g, differing based on their crystalline structure and properties [41]. Cellulose |«
exhibits a triclinic crystalline structure, while cellulose Ig has a monoclinic crystalline

structure. These differences arise from the varying arrangements and hydrogen bonding

23

© University of Pretoria



patterns of the cellulose chains within the crystal lattice. Cellulose l« is mainly a product
of bacterial synthesis and is mostly found in algae, and is less stable, while cellulose Ig is

primarily produced by higher plants and marine life and has high stability [41].

Swelling native cellulose or treating it with alkali leads to cellulose Il. These processes
disrupt hydrogen bonding in cellulose | and allow the chains to reorganize themselves in
an anti-parallel fashion, resulting in cellulose 1l. Compared to cellulose |, it is less stable
in water. Intramolecular hydrogen bonding in cellulose Il is similar to that of native
cellulose. However, intermolecular hydrogen bonding is more complex because, despite
the backbone of the two adjacent chains having similar conformations, the hydroxymethyl
C6 conformations differ [33 — 37]. At the origin of the chains, the hydroxymethyl group
has a gauche-trans conformation and forms the intermolecular hydrogen bonds between
hydroxyl groups at C6 and C2 of respective cellulose chains; meanwhile, at the center of
the chain, the C6 group adopts a trans-guache conformation leading to hydrogen bond
occurring between hydroxyl groups at C6 and C3 [41]. This cellulose is amorphous as it

lacks long-range order, leading it to be water-soluble.

Immersing cellulose | in ammonia or amine solution leads to its impregnation and
expansion, forming a complex structure. Other solvents often used for this impregnation
are N’-methylmorpholine-N-oxide or dimethyl sulfoxide. Washing the swollen cellulose
fibrillar structure leads to the cellulose material shrinking and converting to cellulose Il
polymorph [41 — 42]. This polymorph can also be obtained when cellulose | is subjected
to high temperature and pressure. The transformation of cellulose | alters the crystal
structure and results in the cellulose chains adopting a different arrangement. The
cellulose Il obtained from cellulose | is referred to as cellulose llli, and similarly, if it is
obtained from cellulose I, it is referred to as cellulose Illi, as shown in figure 2.4 [35 —
37].
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Figure 2.4: Cellulose Illl vs Cellulose Il (Gasper. 2019).

Despite cellulose Il being synthesized from cellulose |, the hydrogen bonding pattern is
different, however, it exhibits cellulose chains closely packed parallel to each other with
no staggering of the hydroxyl groups at the C6 in the direction of the cellulose chain. The
intermolecular hydrogen bonds occur between hydroxyl groups at C3 of one cellulose
chain and C6 of the other cellulose chain. Distinct from cellulose Illi, cellulose llli has
chains arranged anti-parallel to each other, similar to cellulose Il. This antiparallel
arrangement rearranges the hydrogen bonds, making it distinct from cellulose Illi. The
cellulose IV polymorph is obtained by subjecting regenerated cellulose fibres such as
cellulose 1l to water baths while stretching them. Its lattice structure resembles that of
cellulose 1. Its allomorphs, cellulose Vi and IV, originate from cellulose | and I,

respectively, as highlighted in figure 2.4 [41 — 42].

Applications

Cellulose has diverse applications across various industries. It is a crucial raw material
for paper production, where it is extracted from wood through chemical pulping, a process
that removes lignin and other components, leaving cellulose fibres suitable for making
paper. These fibres form the structural framework of paper, enhancing its strength and
durability [43]. In the textile industry, cellulose is utilized in the form of cotton fibre, which

is obtained from cellulose present in cotton plants. Cotton is widely used in textile
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manufacturing for producing clothing, tents, and bedding sheets. Furthermore, cotton has

an absorbency of 25-30 times its weight [44].

Native cellulose plays a crucial role in the bioenergy industry as it can be converted into
biofuels for renewable energy generation [45]. It serves as a feedstock for bioethanol
production, which involves breaking down cellulose into individual sugars through
enzymatic hydrolysis, followed by fermentation to produce bioethanol. Additionally,
burning cellulosic biomass generates energy. Ongoing research is exploring the potential

of cellulose for producing biofuels beyond bioethanol [45].

In the food industry, native cellulose is incorporated into foods to increase fibre content
and can be used as a fat substitute. Due to its biodegradability, cellulose is also utilized

in packaging, producing biodegradable bags [46].

Further research into native cellulose has shown its potential as an adsorbent in water
treatment technologies. Hadid et al. (2021) reported the sorption properties of native
cellulose and its derivatization for MB removal [47]. Further studies by Mostafa et al.
(2023), showed that introducing new functional groups on native cellulose improves
adsorption efficiency. Research into cellulose derivatives for water purification shows

promise with improved adsorption capacity [48].

2.3.2 Cellulose derivatives

Cellulose derivatives can be produced through chemical and physical modifications of
cellulose. One common method is esterification, where the hydroxyl groups on the
cellulose chain are replaced with ester groups by treating cellulose with a carboxylic acid
or an acid catalyst [40]. This process typically yields cellulose acetate, a widely used
cellulose derivative. Another modification method is etherification, which involves
replacing the hydroxyl groups with ether groups, resulting in derivatives such as
methylcellulose and ethyl cellulose. Moreover, carboxymethylation is the introduction of

carboxymethyl groups to the cellulose chain, producing carboxymethyl cellulose [49].

Treating cellulose fibrils with a strong acid such as H2SO4, a process known as acid

hydrolysis, breaks the glycosidic bonds in the amorphous regions, resulting in shorter
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cellulose segments. The products of cellulose hydrolysis include crystalline nanocellulose
and cellulose nanofibers [50]. Chemical modification of native cellulose can also be
achieved through oxidation, using 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-

mediated oxidation, which produces oxidized fibres that disperse individually in water [51].

Physical modification procedures, which do not alter the chemical composition of
cellulose, include mechanical swelling, surface adsorption, and grinding. These methods
produce regenerated forms of cellulose (cellulose IlI) and result in derivatives such as
cellulose nanofibers, crystalline nanocellulose, and microcrystalline cellulose [33, 50, 52
- 53].

Nanocellulose (NC) materials are significant derivatives obtained from both chemical and
physical treatments [50]. Nanocellulose materials are advanced derivatives of cellulose,
often referred to as cellulose at the nanoscale. The breakdown of long cellulose fibers
into smaller components results in nanocellulose materials with nanoscale dimensions.
These materials exhibit superior properties compared to native cellulose, making them
highly versatile and promising for various applications. They have a higher surface area,
allowing contaminants easy access during adsorption processes, and possess improved

mechanical strength and enhanced chemical stability due to their crystalline nature [53].

Nanostructured materials are produced by subjecting native cellulose to chemical,
physical treatment, or microbial fermentation. The three primary forms of nanocellulose
are bacterial nanocellulose (BNC), cellulose nanofibrils (CNF), and crystalline
nanocellulose (CNC), as shown in table 2.6. These materials are utilized in water

purification, biomedical applications, optoelectronics, and flexible electronics.

Table 2.6: Nanocellulose classification

Nanocellulose Source Main treatment
Bacterial nanocellulose Microorganisms Bacterial fermentation
Cellulose nanofibers Plant Mechanical fibrillation
Crystalline nanocellulose Plant Acid hydrolysis
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2.3.3 Bacterial nanocellulose

Bacterial nanocellulose is a type of nanocellulose that is produced by certain bacteria
through fermentation. This form of nanocellulose possesses distinct properties compared
to plant-derived cellulose. BNC materials consist of 3D nanoporous fibers with diameters
ranging from 30-50 nm, which are thinner than plant-based nanocellulose fibers [49 — 50,
53 — 54]. Additionally, BNC is free of lignin and hemicellulose, components commonly
found in plant-based cellulose, resulting in higher purity and crystallinity [54]. BNC's ability
to retain water within its structure makes it highly desirable for biomedical applications.
Furthermore, BNC is non-toxic and biocompatible, expanding its potential applications.
The fine fibers produced through bacterial synthesis exhibit a high degree of
polymerization, leading to a mechanically robust material. Another key feature of this high
surface area material is its versatility, which allows it to be modified for specific

applications [53].

BNC can be produced by various bacterial species, including Acetobacter, Azotobacter,
and Pseudomonas, through a fermentation process involving inoculation, fermentation,
and harvesting [54]. Inoculation involves introducing bacteria into a culture medium
containing carbon sources, typically glucose, and other nutrients. During fermentation,
the bacteria oxidize glucose, resulting in the formation of cellulose. The final step involves

harvesting and purifying the synthesized cellulose to obtain BNC.

BNC has found applications in numerous fields, its biocompatibility and water retention
capabilities make it valuable for biomedical applications. In the food industry, BNC serves
as a thickening agent and as a capsule for bioactive compounds. Its excellent mechanical
properties make it suitable as a reinforcing component in nanocomposites [54]. BNC has
been reported in water purification technologies as a mechanical support structure
because of its porosity and high surface area as in the case of hybrid aerogels of BNC
and MoS: [55]. A study by Radhakrishnan et al. (2022) showed that when Pd/Graphene
oxide/BNC (Pd/GO/BNC) was used as a composite adsorbent, the hydroxyl groups on
the surface of BNC were responsible for the removal of pollutants from water [56]. Table

2.7 shows a few adsorbents that incorporate BNC as a support material.
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Table 2.7: Bacterial nanocellulose composite adsorbent material.

AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

Material Pollutant Adsorption Reference
efficiency
BNC/MoS:2 Methylene blue 96 % [55]
Cré* 88 %
Pd/GO/BNC Methyl orange 99.3 % [56]
PEI/BNC Congo red 515.46 [57]
Keratin/DCNC Crystal violet 1166.67 [58]
BNC-GO-NBC Rhodamine B 0.1150 [59]
Acridine Orange 0.1749
BNC@MOF Congo Red 3518.6 [60]

BNC has insufficient adsorption sites and needs to be modified to increase surface
functionality. Polymers such as polyethyleneimine (PEI) have been used to impart amine
groups on BNC to remove anionic dyes such as Congo red [57]. BNC can be derivatized
to dialdehyde cellulose nanocrystal (DCNC), this together with keratin forms a
biocomposite that can remove Cd?* and Crystal violet from water [58]. A composite of
graphene oxide (GO) and BNC results in a mechanically stable nanobiocomposite (NBC)
called BNC-GO-NBC which has a combination hydrophilic and hydrophobic properties,
promoting 1T-1T interactions and hydrogen bonding to boost the adsorption of Rhodamine
B and Acridine orange [59]. MOFs have been incorporated into BNC forming BNC@MOF

composites that show ultra-high adsorption for Congo red [60].

2.3.4 Cellulose nanofibers

The morphology and properties of cellulose nanofibers (CNF) vary depending on the
cellulose source. CNF fibers typically have widths from 4 to 50 nm and lengths between
0.5 and 2 um, resulting in a high aspect ratio. Measuring the mechanical properties of
CNF is challenging due to their small size, but previous studies have shown that CNF
possesses high mechanical stability, making it an excellent support material in
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composites. Additionally, its high strength and light weight make it suitable for this

purpose.

CNF is characterized by a high surface area, biocompatibility, biodegradability, and
thermal stability, making it ideal for various applications, including water purification, either

alone or as part of a composite [61].

CNF is naturally synthesized from plant cell walls. During purification, non-cellulose
components such as hemicellulose, lignin, and pectin are removed, leaving only cellulose.
These non-cellulose materials inhibit fibrillization, the formation of cellulose fibers, and
thus hinder CNF formation. CNF synthesis methods can be categorized into three types:

mechanical, chemical, and enzymatic [51, 61].

Mechanical treatments to produce CNF include high-pressure homogenization,
microfluidization, and grinding. High-pressure homogenization breaks down cellulose into
nanofibers under pressure, shearing and reducing the fibers to nanoscale dimensions.
The cellulose suspension is passed through the homogenizer 10 to 15 times to ensure
complete disintegration. This method has been used to synthesize uniform CNFs with an

average diameter of 27 £ 8 nm and a yield of 81% [51].

Increasing pressure and the number of cycles in the high-pressure homogenization
synthesis of CNF improves the aspect ratio and dispersion stability of the CNFs [61].
Moreover, the mechanical properties and hydrophilicity also improve. Combining
ultrasonication with high-pressure homogenization has been reported to yield high-quality
CNF [51, 61 —62].

Microfluidization is similar to high-pressure homogenization, but instead of using a high-
pressure chamber, cellulose suspensions are forced through microchannels with
diameters between 200 to 400 um. This process leads to the fragmentation of cellulose
microfibers into cellulose nanofibers (CNFs). CNFs produced via microfluidization tend to
have uniform sizes compared to those obtained from high-pressure homogenizers. This
method produces CNFs with diameters between 2 nm to 6 nm with crystallinity increasing

as the number of microfluidization cycles is increased. However, both high-pressure
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homogenization and microfluidization are energy-intensive and are prone to clogging [51,
61].

Another mechanical method for synthesizing CNFs is the grinding method, also known
as ultrafine friction grinding. This technique involves subjecting cellulose materials to
high-speed grinding and shearing. The grinding method offers advantages such as high
efficiency, large capacity, lower energy consumption, and is not prone to clogging.
Reports indicate that this method produces CNFs with high crystallinity (81%), excellent
thermal stability (above 350°C), and improved dispersion stability. Additionally, the CNFs

produced have been shown to enhance the mechanical stability of composites [61 — 62].

Chemical methods for CNF synthesis include acid hydrolysis, oxidation, and solvent-
assisted treatments. Acid hydrolysis involves using a strong acid to decompose cellulose
microfibers into CNFs. The standard procedure involves adding cellulose to a strong acid
solution and quenching with water. Previous studies have demonstrated that strong acids
effectively break down the amorphous regions of cellulose fibers, leaving behind the
crystalline regions that can be isolated to produce CNFs. This method has been employed
to generate CNFs with high crystallinity, high aspect ratio, and significant thermal stability
[61-62].

The second chemical treatment method is cellulose oxidation, essential for breaking down
cellulose into cellulose nanofibers. A well-known procedure is 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-assisted oxidation, which selectively oxidizes
primary hydroxyl groups into carboxyl groups with TEMPO catalyzing the reaction.
Common oxidizing agents include NaClO or NaClOg, typically used in alkaline conditions
with NaBr [63 — 64]. The process begins by mixing cellulose with TEMPO under alkaline
conditions, then adding oxidizing agents to form cellulose fibrils with carboxyl groups.

These fibrils are fibrillated into CNF through homogenization.

TEMPO-mediated oxidation combined with mechanical treatments such as counter-
collision can produce high-quality CNFs with widths between 15.1 nm and 22 nm [61 —
62]. The degree of carboxylic group functionalization can be controlled by varying the

concentration of oxidizing agents and catalysts [64]. Cellulose oxidation is a reliable

31

© University of Pretoria



AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

technique for producing high-quality CNF materials, allowing control over properties such

as crystallinity, thermal stability, and nanofiber size.

CNFs exhibit great potential as adsorbents for removing contaminants from aqueous
solutions. CNF has a high surface area, which enhances its ability to effectively capture
contaminants. The material surface hydroxyl groups can adsorb pollutants, and further
functionalization of these groups can increase selectivity and affinity for specific
contaminants, making CNF highly effective for adsorption. Additionally, CNF's
biodegradability makes it environmentally friendly for adsorption applications. Despite
their small size, CNF materials are mechanically strong and chemically stable, preventing
collapse in aqueous environments and enabling their use as reinforcements in composite
adsorbents [51, 61, 63]. Moreover, CNF is cheap and sustainable. These properties have
led researchers to explore CNF's potential as an adsorbent for removing contaminants

from water [62].

CNF has shown excellent performance in adsorbing heavy metals and inorganic
contaminants from water. Ultrafine CNF prepared through chemical, physical or a
combination of the two methods has demonstrated good performance in this regard.
These methods produce CNF aerogels with high adsorption efficiencies for lead, copper,
and zinc [65].

CNF materials are effective adsorbents for organic dye removal from water, as shown in
Table 2.8. CNF decorated with carboxylic groups through oxidation of bleached cellulose
pulp from bagasse (TPC-CNF) showed improved affinity for methylene blue (MB),
achieving a maximum adsorption capacity of 502 mg/g compared to 409 mg/g for
TEMPO-oxidized CNF (T-CNF) [68]. This novel functionalization route yielded an effective
adsorbent with high MB affinity. Porosity enhances adsorption by allowing contaminants
to reach internal active sites. 3D porous CNF-based hydrogels (CNF-HG) functionalized
with acrylic acid and acrylamide demonstrated promise for MB removal due to their
porous structure, enabling diffusion to inner surfaces and access to more active sites [69].
These hydrogels exhibited good cellular compatibility and low toxicity, preventing

secondary contamination in water purification technologies.
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Melanized-cationic cellulose nanofiber (melanized-C-CNF) demonstrated effective
removal of organic dyes, particularly crystal violet, with good recyclability [70]. Composite
formation of CNF with other adsorbents can enhance adsorption performance through
synergistic effects. CNF/carbon nanomaterial hybrid aerogels achieved maximum
adsorption capacities of 1178.5 mg/g for MB and 505 mg/g for Congo red (CR),
surpassing the capacities of the individual parent materials and unlocking the potential

for effective dye removal from water [71].

Table 2.8: Cellulose nanofiber composite adsorbent materials.

Material Pollutant Adsorption Reference
capacity
TPC-CNF methylene blue 502 mg/g [68]
TEMPO-oxidized CNF | methylene blue 409 mg/g [68]
PAMPS-CNF methylene blue 4535 mg/g [69]
melanized-C-CNF crystal violet dye 425.53 mg/g [70]
CNF/carbon methylene blue 1178.5 mg/g [71]
CNF/carbon Congo red 505 mg/g [71]

2.3.5 Crystalline nanocellulose

Crystalline nanocellulose (CNC) is characterized by widths between 2-30 nm and lengths
extending to several hundred nm. These materials are produced by isolating cellulose
crystallites from cellulose sources through hydrolysis with strong acids like sulfuric acid,
which degrades the amorphous regions of cellulose fibrils. These regions act as defects,
and their removal leads to the breakdown of fibrils, allowing for the isolation of

nanocrystals.

CNC can be derived from various cellulose sources such as microcrystalline cellulose,
rice straw, hardwood pulp, and softwood pulp [61 — 62]. During hydrolysis, the strong acid

degrades the most accessible parts of the cellulose fibrils, starting with the amorphous
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regions, followed by the reducing end, and finally the crystalline section. Controlling the
degree of hydrolysis requires careful management of acid concentration, reaction time,
and temperature [61]. Longer reaction times result in complete hydrolysis, while shorter
times maintain a higher degree of polymerization with undispersed fibrils. The purified
CNC, obtained through dialysis, forms nanoscale rod-like particles known as CNC
nanowhiskers. While sulfuric acid is commonly used, other acids like hydrochloric,
phosphoric, and hydrobromic acid can also be effective. Sulfuric acid hydrolysis breaks
the glycosidic bonds in the amorphous regions and can esterify crystalline surface
hydroxyl groups to sulfate groups, enhancing crystallinity and functionalizing CNC with

sulfate groups.

Research indicates that nanocellulose materials are effective adsorbents for removing
methylene blue, other organic dyes, heavy metals, biological contaminants, oil, and
various organic compounds (including phenols and organic solvents) from the
environment [61 — 62]. These materials exhibit high adsorption efficiencies and can be
reused multiple times for adsorption without compromising structural integrity. The

effective use of CNC in composites as adsorbent materials is shown in table 2.9.

Table 2.9: Crystalline nanocellulose composites as adsorbent materials for water

purification.
Material Pollutant Adsorption Reference
capacity

Graphene-CNC Aspirin 99 mg/g [72]
acetaminophen 76.34 mg/g

Cu-BTC/CNC Congo Red 43 mg/g [73]

aerogel

MIP-NC Pb?* 27.55 mg/g [74]
Hg?* 161.31

MCNC Doxycycline 61.2 mg/m? (70 %) | [75]

PAA-CNC diclofenac 396.8 mg/g [76]
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Ogunleye et al. (2023) incorporated CNC into graphene resulting in an adsorbent that did
not aggregate in water [72]. Furthermore, CNC serves as a scaffold, reinforcing the
adsorbent while increasing the surface area, improving the adsorption of aspirin from
61.73 mg/g to 99 mg/g and acetaminophen from 20.41 to 76.34 mg/g. CNC when used
in combination with MOFs has been found to overcome limitations inherent with powdered
MOFs such as Cu-BTC, which include difficulty in handling and mass transfer limitations.
Trapping Cu-BTC in a CNC aerogel to obtain a Cu-BTC/CNC aerogel for the removal of

Congo red resulted in a sufficiently good adsorption efficiency of 43 mg/g [73].

Molecularly imprinted polymers (MIPs) based on CNC form a mechanically stable and
higher surface area adsorbent. MIP-NC had adsorption capacities of 27.55 mg/g and
161.31 mg/g for the removal of Hg?* and Pb?*, respectively [74]. A one-pot synthesis
approach was used to prepare a functionalized magnetic cellulose nanocrystal (MCNC)
composite adsorbent. The presence of CNC enhanced the efficiency due to the high
surface area and presence of carboxyl, sulfate, and phenyl groups, leading to the
adsorbent achieving 61.2 mg/m? (70 %) for doxycycline removal [75]. A hydrogel prepared
by forming a composite of CNC and poly(acrylic acid) (PAA), CNC/PAA, demonstrated
good adsorption efficiency for diclofenac (396.8 mg/g). The presence of CNC resulted in
a mechanically stable adsorbent with abundant hydroxyl and sulfate groups to facilitate

adsorption [76].

2.3.6 Cellulose acetate

Cellulose acetate, CA, is a synthetic derivative of cellulose and is considered the most
important ester of cellulose, having some of its surface hydroxyl groups replaced with
acetate groups [77], as shown in figure 2.5. The esterification of surface hydroxyl groups
is achieved by reacting cellulose with acetic acid or acetic anhydride in the presence of
sulfuric acid, and the degree of substitution affects the properties of CA. The most
common form of CA has acetate groups substituting 2-2.5 hydroxyl groups out of 3 and
is soluble in most common solvents rendering it simple to process into 2D or 3D materials.

CA can be processed into various forms such as films, fibres, membranes, and beads,
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allowing it to be applied in applications such as textiles, water purification, and medical
industries [77 — 79].

Figure  2.5:  Esterification  of cellulose to form cellulose acetate
(https://commons.wikimedia.org/wiki/File:Formation_of Cellulose acetate V1.png)

The transparency or opacity of cellulose acetate can vary based on the synthetic method
and extent of substitution. This variability is significant when CA is utilized for optical
applications. Additionally, its flexibility, solubility, and relatively low melting point are

advantageous for processing in diverse applications.

CA is well-suited for water purification purposes such as adsorption and membrane
technologies due to its strong tensile strength and resistance to water damage. For water
purification, CA is mainly used in the manufacturing of membranes [78]. Cellulose acetate
has been applied in reverse osmosis, ultrafiltration, and nanofiltration, performing well for
the separation of contaminants from water [78 — 79]. The performance of CA in water
purification can be improved by decorating CA membranes with inorganic materials such
as metal oxides and metal nanoparticles, including TiO2, FesOs4, MOFs, and zeolites.
Functionalization with these materials can minimize fouling, improving permeability and

selectivity [79].

CA has been used as a substrate for adsorbents in wastewater purification technologies.
This is due to the hydrophilic nature of CA that maximizes interaction with water, speeding

up the adsorption of contaminants. Furthermore, the biocompatibility of CA makes it eco-
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friendly, and safe for water applications, and its porous structure aids in maximizing

adsorption efficiency [78 — 79].

Most adsorbents are in powdered form, making them difficult to handle and separate after
adsorption. This can lead to secondary contamination. CA has been used as a support
material for powdered adsorbents such as MOFs and these composites have shown high

selectivity for pollutants and demonstrated good reusability [80], as shown in table 2.10.

The presence of CA in CA/metal-organic framework-derived porous carbon (MOFDPC)
promoted the reusability of the adsorptive membrane while achieving a high removal
efficiency of 98.2% for MB removal [81]. UiO-66 was combined with FesOs4 and
functionalized with third-generation hyperbranched poly(amidoamine) dendrimer
(PAMAM), to form a composite with good chemical stability and good adsorption
efficiency. The composite was electrospun on CA, resulting in a reusable adsorbent that
achieved an adsorption capacity of 940.76 mg/g, maintaining 80.76 % of the adsorption
capacity after 4 adsorption cycles [82]. A chitosan-decorated CA adsorbent showed great
structural stability in water, as evidenced by its performance over eight adsorption cycles
of chromium ion removal in water [79]. The structural stability, thermal resilience, and
adsorption efficiency make CA composite adsorbents highly promising materials for water

pollution treatment.

Table 2.10: Cellulose acetate as a substrate for adsorbent materials.

Adsorbent Pollutant Efficiency Reference
CA/MOFDPC MB 98.2% [81]
CA/Fes04/Ui0-66 | MB 940.76 mgl/g [82]
CA/Chitosan Crb* 51.6 mg/g [79]
CA/MOF-DPC MB 41.36 mg/g [80]
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2.4 Metal-organic frameworks

2.4.1 Introduction, properties and applications

Metal-organic frameworks (MOFs) are crystalline structures that can be one-dimensional
(1D), two-dimensional (2D), or three-dimensional (3D). These frameworks are formed by
the covalent bonding of metal ions or clusters with organic linkers/ligands. MOF materials
are highly ordered, crystalline materials, characterized by a regular arrangement of metal
ion nodes and organic ligands in a repeating pattern, resulting in high surface area and
clearly defined pores and channels. MOFs are known for their high surface area, porosity,
numerous active chemical reaction sites, and customizable surface chemistry [82]. More
than 86 different metal ions have been identified as suitable for constructing MOFs, and
over a thousand organic ligands have been reported to be capable of forming MOFs. The
selection of metal ions and corresponding organic ligands determines the diversity of
MOFs, resulting in various frameworks with distinct pore structures, surface areas, and
properties [82]. Common metal ions used in MOF synthesis include zinc, zirconium, iron,
nickel, and copper, which act as coordination centers. Frequently used organic ligands
include 1.4-benzene dicarboxylic acid (terephthalic acid), bipyridine and its derivatives,
2,5-dihydroxyterephthalic acid, benzene-1,3,5-tricarboxylic acid (BTC), and 2-

aminobenzenedycarboxylic acid [82 — 87].

The careful selection of metal ions and organic ligands allows for the regulation of pore
sizes, making MOFs suitable for a wide range of applications. Due to their high porosity
and organized channels, MOFs can form host-guest interactions with various substances,
molecules, and particles [83]. These materials are used in catalysis, photodegradation,
and other processes due to the catalytic activity exhibited by metal centers in MOFs with
accessible coordination sites [83 — 84]. Their large surface area makes them ideal for
adsorption in gas capture, storage, and water purification [82 — 83]. MOFs are used in
catalysis, drug delivery, environmental sensing, and gas sensing. MOFs have also found
application in membrane technologies due to their functionalizable adsorption-active sites
[82 — 83]. Additionally, their high surface area and tunable surface chemistry have led

MOFs to be used for energy storage applications.
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2.4.2 MOF synthesis strategies
Several strategies are used for the synthesis of MOFs, the choice is governed by the
desired structure, properties, and intended application of the MOF material. Table 2.11

shows different synthetic strategies used for MOFs.

Table 2.11: Synthesis strategies for MOFs

Temperature Solvent usage Speed

Procedure

Solvothermal Moderate to High High (organic solvents) | Slow
(120-250°C)

Hydrothermal Moderate High (water-based) Slow
(100-200°C)

lonothermal High Low (ionic liquid as | Moderate
(150-300°C) solvent)

Microwave-assisted | Moderate to High Moderate to High Very fast
(120-250°C)

Slow evaporation Ambient to Moderate | High (organic solvents) | Very slow
(20-80°C)

Diffusion Ambient to Moderate | High (multi-solvent | Slow
(20-80°C) system)

The most common synthesis strategy is the solvothermal/hydrothermal method, which is
shown in figure 2.6. During this process, the building blocks (the metal ion source and the
organic ligand) are reacted in a closed vessel at high temperature and pressure [88]. The
solvent, ligand, and metal are combined and heated under pressure above the boiling
point of the solvent. Temperature ranges for these reactions are between 50 °C and 260
°C, or higher. The elevated temperatures are required for forming bonds of the framework
as well as ensuring proper crystallization. Varying the synthesis temperature has been
observed to have an impact on the morphology of the MOF crystal. Shen et al. (2022)
synthesized Ni-based MOFs at different temperatures (60 — 120 °C) and found the MOF

prepared at 80 °C to have a larger specific surface area, a cross-network structure, and
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was the best performing MOF for the selected application i.e. supercapacitor [85]. Kamal
et al. (2020) used the solvothermal synthetic procedure for MOFs and found the washing
procedure as the drawback of this method and they developed an optimized washing
method [86]. The best solvents for MOF synthesis are high boiling points such as N'N'
dimethylformamide (DMF), diethylformamide (DEF), water, methanol, and ethanol.

Transfer to
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Figure 2.6: A depiction of the solvo/hydrothermal synthesis process for MOF crystals [88].

lonothermal synthesis is classified as a subcategory of solvo/hydrothermal synthesis.
This synthesis method involves the use of ionic liquids as substitutes for solvents, and it
is more environmentally friendly. Azbell et al. (2023) showed that combining an organic
linker with a low-melting metal dihalide or hydrate salt without the addition of a solvent
yields high-quality MOFs. The authors concluded that the MOFs synthesized under
ionothermal conditions have properties comparable to those of MOFs synthesized by the
traditional solvothermal procedure. This environmentally friendly method is more
sustainable and scalable compared to traditional techniques, capable of reducing organic

solvent usage [87].

MOFs can be produced through microwave-assisted methods. This technique is rapidly
evolving, and its main advantage is its ability to fast-track the synthesis of MOF crystals.
Microwaves are used to irradiate the reaction mixture of the metal source and the organic

linker, accelerating the chemical reaction and leading to faster nucleation and crystal
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growth [89]. The target MOF structure and properties dictate the optimization of
parameters, such as temperature, reaction time, and microwave power [82]. The
synthesized MOF is isolated by centrifugation or filtration, and the resulting powder is
washed and dried to produce the MOF crystal. This procedure synthesizes MOFs with
high purity and better-defined crystals, as a result of the uniform heating during the
irradiation process [82, 89]. Better control over the crystallite size is found with this
method. Additionally, the presence of a modulator, which is small organic molecules such
as carboxylic acids and amines, is added to the preparation method to control
morphology, porosity, and other properties of MOFs, increasing MOF yield and crystal
size [90].

MOFs can be synthesized through slow evaporation and diffusion methods [91]. These
are two closely related synthesis techniques. The benefits that come with these methods
are that they require no energy input and are conducted at room temperature. The slow
evaporation method ensures controlled formation of the crystal structure. The first step of
this procedure is choosing a metal precursor and the organic ligand, followed by
dissolving them together in the solvent of choice and stirring to ensure the mixture is
homogeneous, as shown in figure 2.7. The homogeneous mixture is left to slowly
evaporate leaving behind crystals when the critical concentration is reached [90]. The
critical concentration is the concentration that favors nucleation and crystal growth. The

solvent for this procedure is a mixture of low boiling point solvents.

During diffusion, the metal salt and the organic ligand are dissolved in separate solvents.
Polar solvents are used for the metal source and less polar solvents are used to dissolve
organic ligands. The two solutions are layered on top of each other with the metal solution
at the bottom and the ligand solution added at the top, separated by an intermediate layer,
usually a less polar solvent to retard mixing. The metal ion and the organic ligand slowly

diffuse to the intermediate layer and mix and self-assemble into the desired MOF.
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Figure 2.7: An illustration of the slow evaporation method [88]

The challenges in MOF synthesis, such as limited control over their shape and size, the
high energy demands of traditional methods, the reliance on potentially harmful solvents,
and the difficulty of scaling up production, have driven the exploration of innovative
synthetic approaches. Future research will likely focus on developing greener and more
sustainable methods, including the use of alternative solvents and renewable energy
sources. Simultaneously, advancements in techniques like microwave-assisted synthesis
and 3D printing will allow greater control over the MOF structure. Furthermore, the
integration of high-throughput screening methods with the power of artificial intelligence
and machine learning will accelerate the discovery of new MOFs and optimize their
synthesis conditions. These combined efforts will unlock the full potential of MOFs for

diverse applications.

2.4.3 Copper-based MOFs as adsorbents for water purification

Copper-based MOFs consist of copper ions or clusters that serve as the node,
coordinated to an organic ligand referred to as the linker. The choice of the ligand and its
coordination with copper determine the structure of the MOF and its properties [92 — 96].
There is a wide range of structural diversity with copper as the node, which can be
coordinated with many different organic ligands. This structural diversity results in several
copper-based MOFs with different properties such as crystallite size, pore size,
morphology, shape, and surface chemistry. This results in copper-based MOFs being
useful in many applications including water purification, gas sensing, gas storage,

catalysis, and drug delivery [92].
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Copper-based MOFs have been reported to be useful in the adsorptive removal of
contaminants from aqueous media. The success of these MOFs in water purification is
attributed to their notable characteristics such as high surface area, high porosity,
availability of abundant adsorption active sites, tunable surface chemistry, and pore
structure [92 — 97]. As a result, these materials have been used as adsorbents for the
removal of contaminants such as organic dyes, heavy metals, volatile organic
compounds, and pharmaceutical wastes [96 — 102]. The working principle of the
adsorption of contaminants on the surface of the Cu-MOF adsorbent involves several
mechanisms. The adsorption process can occur through physical adsorption, chemical
adsorption, or a synergistic combination of both mechanisms, as shown in table 2.12.

Table 2.12: Adsorption mechanisms for Cu-based MOFs

Physical adsorption Chemical adsorption

Pore filling m — 1 interaction

Size exclusion hydrogen bonding

Van der Waals interactions coordination interaction
Lewis acid-base interactions

Examples of physical methods of adsorption are pore-filling, size exclusion, and van der
Waals interactions. Pore-filling results when contaminants in aqueous solutions become
trapped in the pores of the MOF and are ultimately removed from these solutions.
Depending on the target contaminant, the pore structures of the materials can be tailored
to have specific sizes and shapes, for better adsorption of contaminants from aqueous
solutions [96 — 97]. Size exclusion also involves tailoring the pore structures and occurs
when the size and shape of the pore are engineered to exclude certain substances from
passing while allowing others to pass through. With this procedure, contaminants are
excluded from passing through and only pure water is allowed to pass through, resulting

in decontamination [97].

Van der Waals interactions are physical interactions that MOFs use for the adsorption of

contaminants. This mechanism involves intermolecular interactions between MOFs and

43

© University of Pretoria



the contaminants, aiding in adsorption. This form of interaction occurs due to the
polarization of the electron distribution of the MOF and the pollutant [103]. Cu-MOFs have
shown great capabilities for the removal of pollutants from water, as illustrated in table
2.13.

Table 2.13: Cu-MOFs for the removal of pollutants from water.

Adsorbent Pollutant Efficiency Reference
Cu-BTC-Th Pb2* 732.86 mg/g [96]
Cu-DPA Cré* 96.7 % [98]
Cd?* 99.5 %
Pb2* 99.5 %
Cu-BTC Pb2* 958.37 mg/g [99]
Cu-BDC Sunset Yellow FCF | 80 % [100]
Tartrazine 90 %
Orange Il 93%
Methyl orange 85%
Cu-BTC@Algal/FesOs4 | Rhodamine B 200 mg/g [101]
2D Cu(Il)-MOF Methylene blue 96.5 % [102]
Methyl orange 95.3 %
methyl red 93.0%

Zhong et al. (2022) developed a copper-based MOF by functionalizing Cu-BTC with 4-
thioureidobenzoic acid (Th), resulting in Cu-BTC-Th [96]. 4-thioureidobenzoic acid was
introduced to selectively adsorb Pb2* from aqueous solutions. The functionalization
significantly enhanced Pb?* adsorption capacity from 634.09 mg/g to 732.86 mg/g. The
addition of Th boosted the electrostatic attractions between Cu-BTC-Th and Pb?*,
contributing to increased adsorption capacity. However, the primary mechanism for the
adsorption process was identified as the ion exchange of Cu?* for Pb2?*, followed by
electrostatic interactions due to the strong affinity of -NH, and -C=S groups on the surface
of Cu-BTC-Th for Pb?*ions.
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Haso et al. (2022) synthesized copper (Il) diphenylamine MOF for the simultaneous
adsorptive removal of Cr*, Cd?*, and Pb?* ions in aqueous solutions [98]. The adsorbent
reported a maximum removal efficiency of 96.7 %, 99.5 %, and 99.5 % respectively for
these heavy metals, demonstrating the potential of this adsorbent to effectively remove
toxic heavy metals from aqueous solutions simultaneously, indicating its practical
applicability. Lee and Choi (2022) fabricated Cu-BTC MOF adsorbents via a solvothermal
procedure for the removal of Pb?* ions from aqueous media [99]. The major driving force
for this adsorption was determined to be ion exchange between the Cu?* of the Cu-BTC

and Pb?* contaminant, achieving the highest adsorption capacity of 958.37 mg/g.

Copper-based MOFs have been used as adsorbents in the removal of organic dyes from
aqueous solutions. Chernomorova et al. (2023) evaluated the performance of copper
benzenedicarboxylate (Cu-BDC) for the removal of sunset yellow FCF, tartrazine, orange
Il, and methyl orange, with the adsorbent observed to perform better than traditional
materials such as activated carbon [100]. The high organic dye recovery exhibited by Cu-
BDC showed that this MOF has the potential to be applied efficiently as a reusable

adsorbent for the removal of organic dyes from contaminated aqueous solutions.

The incorporation of Cu-BTC MOF onto Alginate-coated nano-iron oxide combined with
copper-based solvothermal conditions resulted in a novel, environmentally friendly
composite, Cu-BTC@Algal/Fe3sO4 whose adsorptive performance was reasonable for the
removal of Rhodamine B (RhB) dye from wastewater [101]. This study coupled adsorption
with photocatalysis, achieving an adsorption capacity of 200 mg/g and 97 % RhB removal.
Raza et al. (2021) synthesized a 2D copper-based MOF with aminobenzoic acid as the
organic linker at room temperature under solvothermal conditions [102]. Both techniques
yielded identical MOFs as confirmed by several characterization techniques. The MOF
was applied for the removal of methylene blue, methyl orange, and methyl red from
contaminated water. The adsorbent achieved a high adsorption rate of the organic dyes
as within the first minute of the adsorption process, >90 % of the organic dyes were
adsorbed. Mechanisms responsible for this adsorption process were electrostatic

attractions, hydrogen bonding, m — m interactions, and coordination interactions. The
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synergistic effect of all these mechanisms was responsible for the adsorption of the
organic dyes by the copper-based MOF.

2.4.4 Zinc-based MOFs as adsorbents for water purification

Most Zn-based MOFs use ZnO or ZnO clusters as their metal nodes. Coordination of
these Zn metal nodes with different organic ligands results in MOFs having a variety of
pore sizes and pore shapes [103 - 107]. This further extends the surface area, stability,
and other general properties of these materials. The properties of Zn-based MOFs, or
any MOF, can be expanded through calcination, and this expands the scope of

application of these materials. [103 — 104].

Zn-based MOFs have been used for the adsorptive removal of heavy metals from

contaminated water, and some studies are listed in table 2.14.

Table 2.14: Zn-MOF adsorbents for water purification

Adsorbent Pollutant Efficiency References
IUST-2 Pb2* 97 % [107]
Hg?* 87 %
PUC7 We+ 476.2 mglg [108]
Vo* 460.8 mg/g
Zn-AHMT Hg?* 802.8 mg/g [109]
Zn(BDC) Aniline blue 55.34 mg/g [110]
Orange |l 10.01 mg/g
Methylene blue 2.63 mg/g
Zn(CPA)(DMF) Methylene blue 925 % [111]

Hossiene and Tadjarodi (2023) synthesized Zn2(DPTTZ)(OBA)z2, referred to as IUST-2,
through a solvothermal procedure, using 2,5-di(4-pyridyl) thiazolo [5,4-d] thiazole
(DPTTZ) and 4,4-oxy bis(benzoic acid) (OBA) as organic ligands [107]. Upon evaluation
of the adsorption performance, the Zn-based MOF achieved 97 % and 87 % removal of
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Pb?* and Hg?* ions in aqueous solution, respectively. Zn-based MOFs demonstrate good
reusability as this study showed that upon desorbing Zn2(DPTTZ)(OBA)2 with EDTA.2Na
solution, it further attained good adsorption efficiencies, highlighting its reliability and

economic nature.

A highly luminescent and porous Zn-based MOF, PUC7, was synthesized in a mixture of
DMF and methanol using 1,2-di(4-pyridyl) ethylene and 2-aminoterephthalic acid as the
organic ligand. The MOF was used to detect Wé* and V°* ions and achieved low detection
limits of 0.17 uM and 0.22 uM, for W¢* and V°* ions, respectively [108]. The recyclable
MOF further displayed efficient removal of these heavy metal ions from aqueous
solutions, achieving 476.2 mg/g and 460.8 mg/g adsorption capacity for Wé* and V°* ions,

respectively.

Zeng et al. (2021) evaluated Zn-AHMT, a Zn-based MOF, with 3-amino-3-hydrazine-5-
mercapto-1,2,4-triazole (AHMT) as the organic linker for the removal of Hg?* from
aqueous solutions. The adsorbent achieved an adsorption capacity of 802.8 mg/g through
chelation between Hg?* and -NH: and ion exchange between Hg?* and -SH [109]. This
adsorbent was further reported to selectively adsorb Hg?* ions in an aqueous solution

containing Hg?*, Ni?*, Co?*, Mg?*, Mn?*, AI**, and Cr3* ions.

A Zn-based MOF with terephthalic acid (BDC) as the organic linker was evaluated for the
adsorption of aniline blue (AB), orange Il (O(1)), and methylene blue (MB). The adsorbent,
Zn(BDC) MOF, achieved adsorption capacities of 55.34 mg/g, 10.01 mg/g, and 2.63 mg/g
for the adsorption of AB, O(ll), and MB, respectively [110]. The Zn(BDC)-MOF
demonstrated strong stability after undergoing five adsorption-desorption cycles,
maintaining its functional groups and framework without any alterations showing Zn-
MOFs as effective adsorbents. Another Zn-based MOF with a 2.5-bis(4’-carboxyphenyl)
aniline ligand displayed good performance when used for the removal of MB from
aqueous solutions, achieving a removal efficiency of 92.5 % [111]. The same adsorbent
further adsorbed nitrobenzene in DMF at a limit of 2.09 x 10~ mol/L while exhibiting high
selectivity and sensitivity for Hg?* and Cr®* ions highlighting the versatility and practical

applicability of Zn-based MOFs. Zn-based MOFs have photocatalytic activity, due to their
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metal component. This property improves adsorption efficiency upon light irradiation [91,
105].

These studies highlight the effectiveness, versatility, and reliability of Zn-based MOF
materials for the removal of organic dyes from aqueous solutions. Zn-based MOFs are
highly effective for the adsorptive removal of contaminants from water due to their unique
properties and structural characteristics. These MOFs exhibit excellent
adsorption/desorption properties, ensuring good reusability and cost-effectiveness.
Reused Zn-based MOFs maintain high adsorption efficiencies, making them a promising

solution for water purification.

2.4.5 Nickel-based MOFs as adsorbents for water purification
Nickel-based MOFs have nickel ions or clusters coordinated with organic ligands that

serve as anchors or connectors.

Owing to the coordination environment at the nodes, Ni-based MOFs have been reported
to exhibit catalytic activity. The coordination environment enables the MOF material to
engage in Lewis acid-base reactions with certain molecules to facilitate catalysis [112 —
113]. Additionally, these materials can catalyze various reactions through redox and
coordination processes, demonstrating their versatility and effectiveness as catalysts
[114 — 116]. Furthermore, the magnetic properties of Ni ions provide an opportunity to
impart magnetism to the MOF structure, making them suitable for applications such as
magnetic sensing. The functional groups on the organic linkers can serve as additional

catalytic active sites.

Ni-based MOFs have been reported as adsorbents for the removal of contaminants from
aqueous systems. Adsorption mechanisms involved in this decontamination procedure
mainly stem from the Ni environment in the node. In a typical adsorption process, the Ni
ions serve as the adsorption active centers. Ni ions facilitate the adsorption of
contaminants through several mechanisms such as coordination interactions whereby,
the contaminant acts as the ligand and forms a coordination complex with the metal ion

[117]. Additionally, the Ni?* ion's positive charge density attracts anionic contaminants
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through electrostatic interactions, also, the metal ion may act as a Lewis acid and interact
with contaminants that are capable of behaving as Lewis bases through Lewis acid-base
interactions [118]. The Ni ions are also capable of facilitating the adsorption process

through ion exchange reactions [119].

The organic ligands contribute to the adsorption performance and can serve as
adsorption active sites, capable of interacting with a wide variety of contaminants in
aqueous solutions through a wide range of adsorption mechanisms [117]. Almost all
organic linkers have benzene rings in their structures, unlocking the capacity to interact
with contaminants that have benzene rings through = — m interaction [116 — 117]. Organic
linkers can be functionalized with functional groups with different charge densities to alter
the surface charge of Ni-based MOFs, enabling them to interact with contaminants
through electrostatic attractions. Certain functional groups such as -NH2, -OH, and -
COOH can facilitate hydrogen bonding between the MOF and the adsorbates, leading to
enhanced adsorption [117, 120 — 121]. All these adsorption mechanisms aid in selectivity

during the adsorption process.

Ni-based MOFs have been reported to effectively remove heavy metals and other

contaminants from aqueous solutions, as demonstrated in table 2.15.

Table 2.15: Ni-based adsorbents for the adsorption of pollutants from water.

Adsorbent Pollutant Efficiency References
Ni-MOF-74 Pb2* 370.37 mg/g [120]
Ni-MBI Hg?* 328.8 mg/g [121]
Ni-BDC MOF@GO | Methylene blue 222 mgl/g [122]
Ni-MOF Coomassie brilliant | 19.9 mg/g [123]

blue.

Ni-MOF-74 consisting of 2,5-dihydroxyterephthalic acid as the organic linker evaluated
for the adsorptive removal of Pb?* ions from aqueous solutions demonstrated good
adsorption capabilities [120]. The adsorbent achieved an adsorption capacity of 370.37

mg/g through chemisorption. The performance exhibited by Ni-MOF-74 was attributed to
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the presence of surface hydroxyl groups as they increase adsorption active sites. A Ni-
based MOF with 2-mercaptobenzimidazole (MBI) as the organic linker had an adsorption
capacity of 328.8 mg/g for the removal of Hg?* ions in agueous solution. The bimetallic
MOF, Zn/Ni-MOF, showed a higher adsorption capacity of 744.4 mg/g, indicating the

synergistic benefits of the two metals for Hg?* removal [121].

Ahsan et al. (2020) enhanced a Ni-based MOF by integrating it with graphene oxide and
carbon nanotubes to create a nanocomposite hybrid material, which was tested for its
ability to adsorb MB from water [122]. This hybrid nanocomposite demonstrated strong
interactions with MB due to the synergistic effects of its components. It had an adsorption
capacity of 222 mg/g which was significantly higher than that of the individual parent
materials. The high adsorption capacity was attributed to the increased surface area of
the MOF in the nanocomposite, as well as the unique morphological properties of the
MOFs within the composite. Addai et al. (2024) developed a mesoporous Ni-based MOF
using 2-methylimidazole as the organic linker for the adsorptive removal of Coomassie
brilliant blue from aqueous solutions [123]. This adsorbent achieved an adsorption
capacity of 19.9 mg/g with physisorption determined as the primary adsorption

mechanism.

These studies illustrate the properties of Ni-based MOFs that make them effective in
water purification technologies. Their versatility enables them to absorb contaminants

through multiple mechanisms, allowing for the removal of a wide range of pollutants.

2.5 Nanocellulose and MOF (CelluMOF) Composites

MOF materials make good adsorbents based on their remarkable properties which
include high surface area, high porosity, and abundant adsorption active sites. However,
their practical application as adsorbents in water purification technologies is limited by
several shortcomings, such as aggregation, poor hydrolytic stability, poor handling, and
processibility [82 — 83]. The combination of MOFs with other materials to mitigate these

shortcomings can result in an ideal adsorbent for the removal of contaminants from water.
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Nanocellulose has notable properties that can complement those of MOFs during
adsorption, such as hydrolytic and mechanical stability. Furthermore, nanocellulose
materials can assist MOFs by preventing aggregation in aqueous media, thereby
maximizing MOF surface area. This will result in a composite adsorbent that will be stable

and perform favorably in adsorption processes [124 — 125].

CelluMOF composites can be fabricated using ex-situ growth methods, meaning the MOF
is synthesized prior to the formation of the composite. An example is the direct mixing
procedure, which involves combining the pre-synthesized MOF with nanocellulose. This
preparation method utilizes ultrasonication and stirring to reduce aggregation and
precipitation of the MOF within the composite [124 — 125]. The other fabrication method
is referred to as an in-situ growth procedure where synthesis is a one-pot method or a
layer-by-layer process [124 — 125]. The advantage of the ex-situ preparation procedure
is the loading of MOFs can be controlled, and the advantages of the in-situ procedure are

that the loading of MOFs is uniform, and MOF aggregation is minimized.

CelluMOF composites have been shown to be effective for the adsorption of pollutants

from water as shown in table 2.16.

Table 2.16: CelluMOFs as adsorbents in water purification

Adsorbent Pollutant Efficiency Reference
CelloZIF-8 Co?* 328 mg/g [126]
CelloZIF-8 Methylene blue 100 % [127]
MIL-100(Fe)@CP Paracetamol 37.88 mg/g [128]
Cu-BTC/CNF Congo red 39 mg/g [129]

CelloZIF-8, a combination of TEMPO-oxidized cellulose nanofibers (TOCNF) and ZIF-8
MOF, showed a good adsorption capacity of 328 mg/g for the removal of Co?* ion in
aqueous solution with good reusability, highlighting the synergy of cellulose and MOFs
as adsorbents [126]. TOCNF and ZIF-8 CelloMOF further showed 100 % adsorptive
removal of methyl blue from aqueous solution, stressing the benefits of using CelluMOFs

for water remediation [127]. Fe(lll)-based metal-organic framework-coated cellulose
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paper (MIL-100(Fe)@CP) showed CelluMOFs as useful adsorbents with an adsorption
capacity of 37.88 mg/g for the removal of paracetamol from water [128]. Cu-BTC/CNF
had an adsorption capacity of 39 mg/g for the removal of Congo red from aqueous
solutions [129]. The use of nanocellulose aerogel (CNF) provided a matrix to trap the Cu-

BTC to increase adsorption.

The research highlights the synergetic effect of combining MOFs with nanocellulose
materials for enhanced adsorption performance. MOFs have exceptional properties
making them promising candidates for water purification; however, their practical
application are hindered by limitations including poor hydrolytic stability, aggregation and
poor handling and processing. Nanocellulose materials offer compelling solutions to these
challenges including high mechanical strength, improved adsorption through the
presence of functional groups and biocompatibility. These collectively can enhance the
performance of MOFs. These studies also show CelluMOF composites as effective
adsorbents for water purification, where MOF participates actively in the adsorption
process and the nanocellulose boosts their practical application by improving general

stability and eliminating aggregation of the particles.

This review highlighted the issue of water pollution and explored various remediation
strategies, emphasizing the role of biosorbents in water purification. While acknowledging
the potential of various biosorbents, the review established cellulose as a preferred
candidate due to its favorable properties. Recognizing the exceptional adsorption
capabilities of MOFs, the review focused on the synergistic potential of combining MOFs
with cellulose derivatives, forming CelluMOFs. However, several knowledge gaps remain
that hinder the widespread application of CelluMOFs in water purification. Understanding
the long-term stability of MOFs in diverse aquatic environments, including variations in
pH and temperature, and developing efficient and sustainable methods for regenerating
used CelluMOFs are important. Furthermore, developing scalable and cost-effective
methods for synthesizing high-quality CelluMOF composites is crucial for large-scale
water treatment applications. An assessment of the overall economic feasibility of using
CelluMOFs in water treatment is necessary, considering factors such as energy
consumption, material costs, and regeneration costs. Finally, testing of CelluMOF-based
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water treatment systems in real-world environments is needed to evaluate their
performance, durability, and environmental impact. Addressing these knowledge gaps is

necessary for unlocking the full potential of CelluMOFs as sustainable and effective
solutions for water purification.
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ABSTRACT: In this study, a novel, low-cost, and efficient adsorbent film was fabricated by a solvothermal method. The adsorbent
film was developed to be hydrolytically stable, not vulnerable to aggregation in aqueous environments, and not prone to secondary
contamination. The adsorbent consists of cellulose acetate (CA) as a support embedded with a MOT-5/crystalline nanocellulose
(CNC) composite material. The CA-supported MOT-$/CNC film was characterized using a variety of techniques, including X-ray
diffraction, thermal gravimetric analysis, scanning electron microscopy, X-ray photoelectron spectroscopy, and Fourier transform
infrared spectroscopy, which revealed hydroxyl and carbonyl functional groups on the adsorbent film. The film was evaluated for the
adsorptive removal of methylene blue (MB) from an aqueous solution. Adsorption was characterized by a rapid increase in MB
adsorption during the first hour with equilibrium achieved within 4—5 h into the adsorption process. The maximum adsorption
capacity was determined to be 4.29 mg/g and the maximum dye removal efficiency was 77%. The MB adsorption process best fitted
the Freundlich isotherm and pseudo-second-order kinetic models. Thermodynamic studies showed that the adsorption was
exothermic and feasible. The adsorbent film showed admirable regeneration ability, demonstrating its cost-eflectiveness and its
potential as a promising material for wastewater treatment.

B INTRODUCTION tion.'” The most preferred method among these has been
The textile industry has been listed as one of the emerging physical adsorption using solid materials, as it is highly efficient
contributors of CQ, emissions and, unfortunately, the textile in the removal and treatment of contaminants in waste-
sector is also among the largest contributors of wastewater with water,"' "% This low-cost technology is a scparation process
an annual worldwide dyestull production of over 7 X 10° that concentrates molecules (contaminants) on the surface of a

tons.”” One of the ways in which dye effluents enter
waterbodies such as rivers and lakes is due to the inability of
dyc mixtures to completely attach to intended textiles.”
Synthetic dyes are toxic by nature,* <tablc,; and pose a risk
to the environment and human health.®

The removal of organic dyes from aquatic systems is crucial

solid adsorbent."* Various materials have been employed as

adsorbents with activated carbon being the most common

15-17

commercial adsorbent. Despite being the most estab-

lished adsorbent, activated carbon is expensive and has high

in climinating harmful cffects from reduced sunlight pene- Received:  February 6, 2024
tration caused by dye pollution, which often leads to a decrease Revised:  July 1, 2024

in photosynthesis. Methylene blue (MB) is frequently used in Accepted:  August 9, 2024
the textile industry to print cotton and dye leather. Several dye Published: August 27, 2024

removal techniques have been reported and these include
membrane separatian,8 coagulation/ flocculation,” and ozona-
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reactivation costs, and this suggests the need for cheaper,
efficient, and reusable adsorbents."*™*!

Metal—organic frameworks (MOFs) are reported to play an
important role in the adsorption of organic pollutants due to
their high surface area, high porosity, and biocompatibil-
ity.vrz'4 Zr-based MOFs have been reported to have high
adsorption capacities for the removal of organic dyes.'*>*~*"
These MOFs are stable in aqueous media and can withstand
harsh chemical environments, moisture and temperature
changes.28 However, their high cost of synthesis makes them
uneconomical as adsorbents for organic dye removal; as a
result, there is a need for cheaper MOF alternatives. One of the
major challenges that cheaper MOFs encounter when applied
in water remediation technologies is poor hydrolytic stabi]ity.”
To increase water stability, high oxidation metals have been
incorporated in the MOF structure with linker groups such as
pyrazole to increase the metallinker bonding strength.*®
Coating of the MOFs’ internal or external surface with
hydrophobic materials has also been shown to increase
hydrolytic st;ﬂbi]ity.31 It was previously demonstrated that the
external surface hydrophobization of MOFs has the potential
to lower surface area and enhance water stabi]ity.32 Ding et al.
developed a polymerization approach to coat the surface of
HKUST-1, ZIF-67, and MIL-12S with 2,2,2-trifluoroethyl
methacrylate and 3-methacryloxypropyltrimethoxysilane to
synthesize water-stable MOF composites without significant
change of their pore features.*® The incorporation of styrene to
MOFs has been shown to improve the hydrolytic stability of
MOFs, and their performance34 hence, it is important to
fabricate a MOF-based material with hydrolytic stability
without compromising functionality. While these modifications
improve hydrolytic stability, they do not address potential
aggregation, which might minimize surface area for adsorption
and cause secondary contamination. To manage these
challenges, MOFs have been embedded in membrane support
materials,”**™%7 and they have been incorporated in the
matrix of polymeric materials.”® This approach was found to
address secondary contamination; however, MOF particles
could still aggregate on the membrane support.”™? Aggrega-
tion on polymer membrane supports occurs due to the
attraction of MOF particles to one another coupled with poor
MOF adhesion to most polymers. Duan et al. reported MOF
aggregation on polymeric membrane surfaces when using an
adsorption-filtration technique for MOF immobilization,
resulting in secondary contamination.”*

This study explores the use of MOF-§ as an adsorbent
material for the removal of MB from aqueous solutions. MB
was selected as a model contaminant, as it is frequently used in
the textile industry and is an abundant pollutant in the aquatic
system. Its cationic nature enables it to interact and penetrate
the negatively charged cellular membranes of marine animals
and human beings and this can lead to bioaccumulation of MB,
which can cause illnesses such as cancer.>” In this work, MOE-
S was used as an active material for the adsorptive removal of
MB from water due to its relatively high surface area, which
provides active sites for adsorption, it is cheaper compared to
most MOPFs, can be used multiple times for adsorption, and
can be tailored to have high affinity for cationic dyes. The
drawbacks of using MOPFs for water remediation are that they
have low water stability, they aggregate in aqueous solution, are
sensitive to acidic/alkaline environments, and are hard to
recycle. The functionalization of MOFs with various materials
has been shown to overcome some of these challenges. To

maximize the strength of the adsorbent, crystalline nano-
cellulose (CNC) was combined with MOF-S to form a
powdered-crystalline composite (MOF-S/CNC) for improved
hydrolytic stability. The MOF-5/CNC was embedded in a
cellulose acetate (CA) matrix to form an adsorbent film (CA-
supported MOF-§/CNC) to avoid secondary contamination
when it was applied for the adsorptive removal of MB from
water. The multi-component film also acts to eliminate
aggregation suffered by MOFs and renders the film recyclable.
The impact of initial concentration, pH, contact time, and
temperature on the adsorption process was examined. The
adsorption isotherms and adsorption kinetics were evaluated
by using models.

B EXPERIMENTAL SECTION

Materials. Acetone (99.9%), N,N-dimethylformamide
(DMF, 99.9%), chloroform (CH,Cl, 99%), and sulfuric acid
(H,S0,, 98%) were purchased from Radchem. Zinc nitrate
hexahydrate (Zn(NO,),-6H,0, 98%), microcrystalline cellu-
lose (MCC, 11 wt %), CA (39.3—40.3%), MB (98%), and
terephthalic acid (BDC, 99%) were purchased from Sigma-
Aldrich.

Synthesis of a CA-Supported MOF-5/CNC Adsorbent
Film. Pristine MOF-5 was prepared following a reported
method.*® Briefly, 6.5 g of zinc nitrate hexahydrate and 1.2 g of
BDC were dissolved in 180 mL of DMF, and the mixture was
stirred for 30 min. Thereafter, the mixture was heated in an
oven at 105 °C for 24 h. After being cooled to room
temperature, the white powder was washed with DMF and
repeatedly washed with chloroform. The product, MOF-S, was
vacuum-dried at 60 °C for 12 h.

CNC was synthesized using a reported procedure.41 MCC
(1 g) was added to 30% H,SO, under vigorous stirring for 1 h.
Distilled iced water was used to quench the mixture, and the
solution was sonicated for 10 min followed by centrifugation
for 30 min. The aqueous supernatant was discarded, and fresh
distilled water was added to the pellet, followed by ultra-
sonication before further centrifugation. This washing process
was repeated until the pH of the supernatant was neutral. The
resulting pellet was freeze-dried to yield powder CNC.

14.7 wt % MOEF-5/CNC was synthesized by adding 1.2 g of
BDC to 90 mL of DMF. The mixture was stirred for 10 min,
and CNC (50 mg) was added to the reaction mixture. In a
separate reaction vessel, S g of Zn(NO,),-6H,0 was added to
90 mL of DMF. The mixtures were stirred separately for 1§
min, followed by ultrasonication for 15 min. The mixtures were
combined, and the resulting mixture was stirred for 1S min,
followed by ultrasonication for 15 min and heating at 50 °C
under vigorous stirring for 2 h. The solution was cooled to
room temperature and centrifuged to isolate the solid material.
The product was washed with DMF and vacuum-dried at 60
°C for 6 h to yield MOF-5/CNC.

The synthesized MOF-5/CNC composite was supported on
CA by dissolving 7.5 g of CA in 76 mL of DMF followed by
stirring for 18 h at room ternperature,“‘ The solution was
degassed with nitrogen at room temperature overnight. In a
separate reaction vessel, MOF-5/CNC in DMF was stirred and
sonicated for 10 min. Thereafter, 3.3 mL of CA solution was
added to the reaction vessel, and the resulting mixture was
stirred vigorously for 1 h, followed by sonication for 30 min to
obtain a viscous gel. The gel was drop-cast on a glass slide until
a thickness of 0.2 mm was obtained. The coated glass slide was
placed in a water bath at 6 °C for 4 h. The coated glass slide
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was removed from the water bath, and another glass slide was
placed on top of the newly formed mat; subsequently, a force
of 50 N was exerted on the film for 30 min. The film was air-
dried overnight.

Adsorption Experiments. Solutions of MB (1-6 mg/L)
were prepared from a 400 mg/L stock solution. The adsorbent
mats (7 mm X 1S mm) were immersed in 3 mL of MB
solutions and agitated in a bath shaker for 6 h. The adsorption
behavior of the material at different parameters, such as contact
time, solution pH, temperature, and initial MB concentration,
was investigated. The percentage of MB removal was
calculated using eq 1 and adsorption capacity, g, was
calculated using eq 2:

C,—C
9%MB removal = — < x 100%
G (1)

m (2)

where C, is the initial concentration of MB solution (mg/L), C,
is the equilibrium concentration of MB solution (mg/L), q, is
the equilibrium adsorption capacity (mg/g), Vis the volume of
the solution (mL), and m is the mass of the adsorbent (g).

To assess the reusability of the film, recyclability tests were
performed. The adsorbent film was removed from the MB
solution after an adsorption cycle and immersed in methanol
to desorb the dye. The desorption solvent (methanol) was
shaken for 4 h, and the film was removed to air-dry for 1 h,
ready for the next adsorption cycle.

Adsorption Isotherms. Adsorption isotherms were used
to establish the effectiveness of the adsorption process and
assess the affinity of the adsorbent for the adsorbates, thus
describing the interactions between the adsorbent and the
adsorbates. In this study, the adsorbents were analyzed using
Langmuir and Freundlich isotherms. The Langmuir isotherm
operates under the assumption that the adsorption process is
monolayer adsorption and occurs on a homogeneous surface
while the Freundlich isotherm assumes the adsorption process
is multilayer and occurs on a heterogeneous surface. Equations
3 and 4 show the linearized Langmuir and Freundlich
adsorption isotherm models, respectively:

1 1 1
= Sy oo
% Kilpu G Guu ®

log(g,) = log(Ks) + (—-)log(C.) -

From the equations, ¢,,,, is the maximum adsorption capacity
of the adsorbent (mg/g), and K is the Langmuir constant,
which is related to adsorption affinity. The larger the values of
Kj, the stronger the interactions between the adsorbent and
adsorbate. Ky is the Freundlich isotherm constant. The
gradient of the linear form of the equation, 1/#, is a function
of the strength of the adsorption process. The normal
adsorption process occurs when % > 1. When % > 1,

cooperative adsorption is taking place. Ry is a separation

factor and is calculated using eq S below:
el
1+ KG (5)

where K is the Langmuir constant and C is the initial
adsorbate concentration. The adsorption nature is not favored

when R > 1, linear when Ry = 1, favorable when 0 < Ry < 1,
and irreversible when Ry = 0.

Adsorption Kinetics. Adsorption kinetics provide a
platform to understand the adsorption mechanisms, such as
mass transfer and chemical reactions during adsorption. In this
study, the kinetic data obtained was analyzed by pseudo-first-
order and pseudo-second-order models, using eqs 6 and 7,
respectively:

In(q, — q,) =1In(q,) — kit (6
1 1 1

—=— 4+ —t

q. Ky, 4, €]

where g, is the adsorption capacity at equilibrium, . (mg/g) is
the adsorption capacity at time f, # (minutes) is the contact
time, k, is the first-order equilibrium constant, and k, is the
second-order equilibrium constant. The diffusion mechanisms
of the adsorption process were studied using the intraparticle
diffusion rate equation, eq 8:

q =kt + T ®)

where ki is the intraparticle diffusion rate constant (mg/g:
min~%) and I is the thickness of the boundary layer. The
Bangham diffusion model was studied to understand the
adsorption mechanism using eq 9:

@ k
loglog - = log| L2 + alog|t
C—gq, 2.303V ©)

where ky and « are constants. The pore diffusion model, the
Boyd model, was employed to identify the rate-limiting step
using eq 10:

B, = —0.4977 — In(1 = F) (10)

where F represents the fraction of MB adsorbed at any time ¢
(min) and is calculated by eq 11:

q, (11)

Statistical Test. The nonlinear chi-square (y°) statistic test
was performed in addition to the correlation coefficient (R) to
discriminate the best model fit to the experimental data. A
small y* value demonstrates similarity between the modeled
and experimental data, while a larger y* demonstrates disparity.
i was calculated using eq 12:

(9, - 2.0
Decd (12)

where ¢, is the experimental equilibrium adsorption capacity
and g, is the model equilibrium adsorption capacity.
Characterization Techniques. X-ray diffraction (XRD)
analysis was conducted by using a Bruker D2 PHASER-e
diffractometer using Cu-Ke radiation (0.15418 nm). Scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) were carried out on a cross-beam 540
FEG SEM microscope from Zeiss. UV—vis absorption
measurements were conducted on a CARY 100 BIO UV—vis
spectrophotometer. Fourier transform infrared spectroscopy
(FTIR) spectroscopy was done on a Brunker Alpha Fourier
transform spectrometer with platinum attenuated total
reflectance sampling accessory. Thermal gravimetric analysis

=X
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(TGA) was done using an SDT Q600 V20.9 Build 20 Module
DSC-TGA Standard. N, absorption/desorption isotherms
were acquired using autosorb iQ model:7, ASiQWin version
5.2% at —196 °C, operating within a relative pressure (P/P,)
range of 0—1.0. Prior to measurement, the samples were
predegassed at 130 °C for 18 h under vacuum. The Brunauer—
Emmett—Teller (BET) and Barrett—Joyner—Halenda models
were utilized to determine surface area and pore volume. X-ray
photoelectron spectroscopy (XPS) was conducted on a
Thermo model: ESCAlab 250Xi using a monochromatic Al
Ka X-ray source.

B RESULTS AND DISCUSSION

Material Characterization. XRD. Figure la illustrates the
reference XRD pattern of MOE-$; Figure 1b shows the XRD
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Figure 1. XRD patterns of (a) reference MOF-5, (b) MOF-S, (c)

CNC, (d) MOF-5/CNC, (e) CA, and (f) CA-supported MOF-5/
CNC.

pattern of the synthesized MOF-S with peaks matching the
reference XRD. The synthesized MOF-§ pattern is also
consistent with the previously reported MOE-S diffraction
pattern.43 The diffraction pattern exhibits peaks at 2-theta =
~8.5° 9.9° 14.9°, 15.8° 17.8° and 19.3° which are
characteristic of MOF-§ confirming successful synthesis of
the material.**™** The crystallite size of MOF-S was calculated

using the Scherrer equation, shown in eq 13:
= K
Pcost (13)

where D is the crystallite size, K is the Scherrer constant with a
value of 0.9, f is the full width at half- maximum, and & is the
peak position. The size was calculated using peaks at 26
positions 9.9°, 14.9°, 17.8°, and 19.3° and an average of 30.82
nm was considered the crystalline size of MOF-5.

Figure lc shows the XRD pattern of CNC. This XRD
pattern was observed to be consistent with 7previous reports
and in line with JCPDC file no. 03-0226.*%*” The diffraction
pattern exhibited peaks at 2-theta = 15.2°, 16.7°, 22.6° and
34.4°. These peaks are indexed as (110), (110), (200), and
(004), respectively. Figure 1d depicts the MOF-5/CNC
composite. This diffraction pattern exhibits a mixture of
peaks from both the MOEF-§ diffractogram and the CNC

diffractogram, which is desired, as it suggests that the two
materials coexist within the composite. The figure displays
peaks at 2-theta = 9.9°, 14.9°, and 28°, which belong to MOE-
S; and the peaks at 15.2° and 22.6° belong to CNC. This
observation suggests that the phase and the crystal structure of
the individual materials are maintained during the formation of
the composite. No new phases or crystal structures were
observed when the two materials were combined. Figure le
shows the XRD pattern of the highly amorphous CA material,
with no well-defined peaks. The XRD pattern of the CA-
supported MOF-5/CNC (Figure 1f) displayed broad peaks at
10° and 22.8°, which are characteristic of CA and the MOE-5/
CNC nanocomposite.

FTIR. The synthesized materials were characterized by using
FTIR spectroscopy. Figure 2a shows the CNC spectrum with

Transmittance (%)

(a)

4000 3000 2000 1000
Wavenumber (cm™)

Figure 2. FTIR spectra of (a) CNC, (b) MOF-$, (c¢) MOF-5/CNC,
(d) CA, and (e) CA-supported MOF-5/CNC.

functional group vibrations consistent with previous reports for
CNC 404 The peak at 1634 cm ™ is due to C=0 stretching
while the vibrations of the C—O-C pyranose ring are
responsible for the peaks at 1430, 1374, and 1313 cm™. The
peak observed at 892 cm™ is because of glycosidic C,—H
deformation within the ring, which is characteristic of
glycosidic linkages linking glucose monomers in the cellulose
polymer. The FTIR spectra of MOE-S (Figure 2b) show two
peaks at 1381 and 1573 cm™ due to asymmetric and
symmetric stretching of carboxylate groups, respectively. The
peak observed at 450 cm™ is due to Zn—0 stretching. The
peaks observed at 743 and 815 cm™' are due to C—H
vibrations of the benzene ring. This FTIR spectrum coincides
with MOEF-S spectra from previously reported studies
confirming the successful synthesis of the material. *** Figure
2¢ shows the spectrum of the MOF-5/CNC composite with
peaks characteristic of CNC at 1648, 1310, and 1024 cm™.
The peaks characteristic of MOF-$ are observed at 1583, 1364,
819, and 742 cm™. Figure 2d,e shows the FTIR spectra of CA
and the adsorbent film, respectively. The peak at 1737 cm™" in
Figure 2d is due to carbonyl (C=0) stretching, and the peaks
at 1028 and 1219 cm™ are due to C—O—C symmetrical and
asymmetrical vibrations, respectively. For the adsorbent film
only peaks arising from CA are exhibited, this has been
previously observed for CA nanocomposi'res.42 The carbonyl
(C=0) stretch in Figure 2e was shifted to 1740 cm™,
indicating interaction between the MOF-5/CNC and the CA.

https://doi.org/10.1021/acsomega.4c01150
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Figure 3. SEM images of (a) MOE-5, (b) CNC, (¢) MOF-S/CNC, (d) CA-supported MOE-5/CNC film surface, () CA-supported MOE-5/
CNC film cross-section, and (f) EDX spectrum of CA-supported MOF-5/CNC film.

SEM. The surface morphology of the materials was studied
by using SEM. Figure 3a shows MOF-S as mostly cubic crystals
with particle sizes under 2 pm, consistent with previous
reports.”*™* The SEM image of CNC showed rod-like
structures or nanowhiskers, which was the expected morphol-

gy.7* The nanowhiskers have lengths of ca. 300 nm with
diameters between 10 and 20 nm. The SEM image of MOE-5/
CNC (Figure 3c) shows that the cubic crystals of MOF-S were
maintained; however, they appear to be coated with a thin
layer of CNC. Figure 3d,e shows the SEM micrographs of the
CA-supported MOF-5/CNC surface and cross-section,
respectively. The surface of the adsorbent film is porous, and
the adsorbent exhibits an irregular cross-section structure of
dense skin layers and finger-like microcavities, which has been
reported for CA-supported materials and membranes.'>"’ The
film was synthesized via phase inversion, which results in a
porous top layer and a finger-like sublayer. The film was
measured to be 131.5 pm thick. Figure 3f shows the EDX
spectrum of the film, and the elements observed, Zn and S, are
from MOF-§ and CNC further confirming the successful
synthesis of the adsorbent film.

37625

TGA. TGA was used to assess the thermal stability of the
adsorbent film. For all the materials (Figure 4a—d), the weight
loss at 100 °C was attributed to loss of adsorbed water, and
weight loss due to the removal of DMF occurred between 150
and 260 °C. The decomposition of the MOF-S framework is
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Figure 4. TGA curves of prepared (a) MOF-5, (b) CNC, (c) MOEF-
5/CNC, and (d) CA-supporled MOF-5/CNC film.
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shown in Figure 4a with weight loss in the range of 410—500
°C corresponding to the decomposition of the bridge between
the Zn,O carboxylate and the BDC ligand leaving a $1% zinc
metal weight content. The CNC TGA curve shown in Figure
4b exhibits a second mass loss between 260 and 320 °C due to
the pyrolysis of cellulose and hemicellulose. Further break-
down of the intermediates occurred beyond 340 °C until all
the organic material was completely degraded. Figure 4c shows
the weight loss of MOF-5/CNC. The weight loss between
410-500 °C is due to the decomposition of the composite,
and 27% of zinc metal remains. The TGA curve of the CA-
supported MOF-S/CNC film (Figure 4d) is slightly similar to
the CNC curve since CA is a derivative of cellulose.
Decomposition of the MOF-S framework occurred between
360 and 500 °C, revealing a 5% zinc metal content.

BET and XPS. Figure S shows the N, adsorption—desorption
isotherm of the adsorbent film. It can be observed that a type I
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Figure §. N, adsorption/desorption isotherm for the CA-supported
MOEF-5/CNC film.

adsorption—desorption isotherm was exhibited, and the
specific surface area was determined to be 19.87 mz/g. This
renders the adsorbent microporous with a pore volume of 0.27
cm®/g and a pore diameter of 1.17 nm. The elemental
distribution of the adsorbent surface was studied by XPS. The
presence of the O and C elements and their electronic state in
the film are shown in Figure 6a. Figure 6b shows the
deconvoluted carbon region depicting five peaks at 284.9,
2842, 286.2, 2862, and 287.5 eV assigned to sp*>hybridized
C-C, sp*hybridized C—-C, C-0O, and C=0O bonds,
respectively. The oxygen deconvoluted into two peaks at
$31.9 and $32.9 eV (Figure 6c) assigned to C—O and C=0
respectively.

Effect of pH on Adsorption of MB. The point of zero
charge (Pszc) was used to determine the pH at which the net
surface charge of the adsorbent film is zero. Figure 7 shows the
plot of pH vs pH, for the adsorbent and this study helps in
understanding the surface chemistry involved during adsorp-
tion when the film interacts with MB. The figure shows the
pHpsc of the film to be 7.0. This means that the surface of the
adsorbent film has a net positive charge in acidic pH and a net
negative charge in alkaline pH.

Figure 8a shows the effect of pH on equilibrium adsorption
capacity (q,), and Figure 8b shows the effect of pH on % MB
removal. pH has been observed to be a controlling parameter
in the adsorption of MB.*® The adsorption efficiency generally
increases with increasing pH because, at an acidic pH, the

surface of the adsorbent is positively charged, resulting in
electrostatic repulsions between the cationic adsorbent and the
cationic MB, minimizing adsorption. In addition, at low pH,
there are excess H" ions that compete with the cationic MB
dye for adsorption sites making adsorption unfavorable. This is
true at pH §; however, there is an anomaly at pH 3. The error
limit of pH 3 is within the error limit of pH §, and as a result,
the actual adsorption behavior is valid from pH § and above.
At pH > pH,,, the negatively charged adsorbent is
electrostatically attracted to the cationic MB, and this favors
adsorption. This adsorbent is versatile, as it has the ability to
adsorb cations or anions depending on the application. In this
study, the analyte of interest is cationic, and the highest
adsorption efficiency was observed at pH 11.

Effect of Contact Time on MB Adsorption. The
optimized contact time was determined at optimum pH and
at initial concentrations (1—6 mg/L). Figure 9 shows the effect
of contact time on the adsorption capacity and percentage of
MB removal. Adsorption occurred in three phases; the first
hour was the initial phase, where adsorption took place at a
relatively high rate as illustrated by the sharp increase in
equilibrium adsorption capacity and percentage removal.
Similar behavior has been observed for dyes on biosorbents.*
This occurs because of the availability of vacant active sites on
the adsorbent film. The second phase occurs when contact
time increases to 4—S h; at this stage, adsorption happens at a
lower rate due to the gradual saturation of active sites on the
surface of the adsorbent film, and adsorption equilibrium is
reached after § h. The adsorption capacity at equilibrium was
4.29 mg/g, and this corresponds to a percentage removal of
77.4%.

Effect of Initial Concentration on MB Adsorption. The
dependence of equilibrium adsorption capacity and % MB
removal on initial MB concentration was studied at pH 11,
contact time of 6 h, at 25 °C. Figure 10a shows the equilibrium
adsorption capacity increases (q,) linearly with initial
concentration from 0.75 to 4.29 mg/g, while the % MB
removal (Figure 10b) decreases in a parabolic fashion from 75
to 71.6%. The increasing MB adsorption at higher initial
concentrations was influenced by mass transfer, these
conditions result in the saturation of active sites causing a
reduction in % MB removal. From these results, the initial
concentration of 6 mg/L was considered as the optimal
concentration.

Effect of Temperature on MB Adsorption. The
influence of temperature on ¢, and % MB removal was
investigated under the optimized conditions, which include the
initial concentration of 6 mg/L. When the temperature was
increased from 25 to 45 °C equilibrium adsorption efficiency
decreased from 4.29 to 3.02 mg/g (Figure 11a) and the % MB
removal dropped from 71 to 51% (Figure 11b). The results
show that MB interacts less with the adsorbent film as the
temperature increases. This decrease in activity implies that the
adsorption process was exothermic in nature.

Adsorption Isotherms. Langmuir's and Freundlich's
adsorption isotherm models were used to determine the
adsorption parameters for the adsorption process. Figure 12
illustrates the linear plots, and Table 1 lists the resulting
parameters along with correlation coefficients (R*) and
nonlinear chi-square (i) values. This study provides insight
into the adsorbate and adsorbent surface interaction during the
adsorption process. The Langmuir isotherm model, shown in
Figure 12a, assumes the surface of the adsorbent is
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Figure 7. Plot of ApH vs pH,.

homogeneous, and the maximum adsorption process occurs
when monolayer coverage is achieved.®! From Table 1, the R*
value of the isotherm was 0.9738 and the y* value was 0.011.
The Langmuir constant, Kj, is dimensionless and represents
the affinity of the adsorbent for the adsorbate. The K value in
this study was 0.25, which is relatively high, suggesting that the
interaction between the adsorbate and the adsorbent’s surface
is strong, implying that the adsorption process is favorable. The
maximum adsorption capacity, ¢, was calculated to be 13.23
mg/g and the separation factors, Rj, for all the initial
concentration values, as illustrated by Figure 12¢, was between
0 and 1 indicating a favorable adsorption process. The
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Figure 6. (a) XPS survey and (b) C 1 s and (c) O I s spectra of the CA-supported MOF-5/CNC adsorbent film.
5 Langmuir model showed a decent fit of the experimental
4 data; however, the maximum monolayer capacity over-
estimated (13.23 mg/g) the experimentally determined
3 equilibrium capacity value of 429 mg/g. The Freundlich
L2 isotherm model assumes adsorption occurs on heterogeneous
L active sites with varying surface energies while following a
[ \ multilayer coverage (Figure 12b). The R” value of the isotherm
Jn:_ ° 1 12 14 was 0.9674, and the y* value was 0.031. From this curve, the
A heterogeneity factor, 1/n, was between 0 and 1, indicating
2 favorable adsorption. The Freundlich constant Kz was
determined to be 2.77, and the equilibrium solid phase
3 concentration was calculated using eq 14 to be 4.39 mg/g,
4 which was closer to the experimental value (4.29 mg/g):

/
q, = K" (19

The Freundlich constant presented a higher value compared
to that of the Langmuir constant; this suggests that the
adsorption mechanism may be described by the Freundlich
isotherm. This indicates that the adsorption of MB on CA-
supported MOF-5/CNC may conform to a mechanism
involving multilayer coverage on a heterogeneous surface.
Similar results have been observed on cellulose-based
adsorbents for MB removal, showing better fitting with
Freundlich isotherm.”*™

Adsorption Kinetic Models. Kinetic studies were used to
investigate the potential rate-controlling step, as well as the
adsorption mechanism. The adsorption kinetics are governed,

37627 https://doi.org/10.1021/acsomega.4c01150
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Figure 10. Plots of (a) equilibrium adsorption capacity vs initial concentration and (b) % MB removal vs initial concentration.

among various steps, by reaction processes and diffusion.”
The adsorption data were fitted to the linearized pseudo-first-
order kinetic model, and Figure 13a shows it was not
applicable over the whole contact time and the calculated g,
was determined to be 13.21 mg/g. In most cases, the first order
applies to the initial phase of the adsorption process and not to
the rest of the contact time Figure 13b shows the
experimental data fitting favorably over the whole adsorption
range for the pseudo-second-order kinetic model. The
calculated ¢, from the pseudo-second-order model was
determined to be 5.65 mg/g, which was closer to the
experimentally obtained g, (4.29 mg/g). The adsorption
reaction can be described by pseudo-second-order kinetics

with chemical interactions dominating the adsorption proc-
ess.””*® The kinetic parameters and corresponding R* and *
values are listed in Table 1. Adsorption can proceed through
various pathways, including external diffusion, intraparticle
diffusion, and pore diffusion.’® The intraparticle and/or pore
diffusion typically influence the overall rate of the adsorption
process. Figure 13c—e shows the fitting of experimental data
for the diffusion models. The Weber—Morris plot (g vs /%) in
Figure 13c shows that the plot is linear with R* > 0.9 and 4* <
0.05, indicating that intraparticle diffusion is a possible
pathway for MB adsorption. For this model the linear fit has
to pass through the origin; this suggests that intraparticle
diffusion is not the only controlling mechanism in this

httpsi//doi,org/10.1021 /acsomega4c01150
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Figure 12. (a) Langmuir and (b) Freundlich isotherms of MB adsorption onto CA-supported MOF-5/CNC, and (c) Ry values from the Langmuir

isotherm.

Table 1. Parameters for MB Adsorption on a CA-Supported MOF-5/CNC Film

pseudo-second-

Langmuir Freundlich pseudo-first-order order intraparticle diffusion model Bangham model
e (Mg/g) 1323 q, (mg/g) 439 q. (mg/g) 1321 q. (mg/g) 5.65 kyy 02073 Kp 0.098
K (L/mg) 025 Kz (mg/g) 277k, 0.00005 k, 0.0021
R? 0.9738 R? 0.9674 R? 0.9201 R? 0.9864 R? 0.9709 R? 09726
X% 0011 X2 0.031 X 0.036 X2 0.023 32 0.028 32 0.044
37629

pore diffusion
1st segment slope 0.008
2nd segment slope 0.04
1st intercept —0.31
2nd intercept —7.67

httpsi//doi.org/10.1021 /acsomega4c01 150
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Figure 13. (a) Pseudo-first-order, (b) pseudo-second-order, (c) intraparticle, (d) pore diffusion, and (e) Boyd model plots of the experimental data

for MB adsorption on the CA-supported MOF-5/CNC adsorbent film.

adsorption study but that the adsorption is a combination of
multiple adsorption processes.s‘s”58 The intercept of the
Weber—Morris plot has been reported to serve as an indicator
of the thickness of the boundary layer, ie., a large intercept
implies a large boundary 1ayer.55’59 The Bangham plot shown
in Figure 13d was used to check the possibility of pore
diffusion as the rate-limiting step. The plot was found to be
linear with R* > 0.9 and 4 < 0.08, implying pore diffusion
governs the adsorption process. The Boyd plot (Figure 13e)

37630

was used to assess pore diffusion, and it shows multilinearity.
The multilinearity represents succeeding adsorption pro-
cesses.”” Figure 13e can be described as two segments, the
first between 60 and 180 min with an intercept close to zero;
this indicates that adsorption in this period could be described
by pore diffusion. In the second segment, the intercept
suggests that other mechanisms described above have taken
over the adsorption process.

httpsi//doi.org/10.1021 /acsomega4c01 150
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Adsorption Thermodynamics. The Arrhenius equation,
eq 15, was used to gain more insight into the type of
adsorption:

EA
RT (13)

where k is the rate constant, A is the Arrhenius factor, E, is the
activation energy for the adsorption process, R is the gas
constant (8.314 J/K.mol), and T is the temperature in Kelvin.
The activation energies for physisorption are categorized
between § and 40 k_]/ mol and are between 40 and 800 kJ/mol
for chermsorptlon The slope of Figure 14 was used to

Ink =

' y=-4959 x + 10
R? = 0.9749

0.00315 0.00320 0.00325 0.00330 0.00335

1T (1/K)

Figure 14. Plot of In k vs T": for the estimation of activation energy,
E.

determine E,, which was found to be 41.2 kJ/mol for the
adsorption of MB on the adsorbent film, indicating
chemisorption. Similar values have been observed for cellulose
composites used for dye adsorption. .

Thermodynamic parameters which include standard entropy
(AS°), standard enthalpy (AH®), and standard free energy
(AG®) were determined to assess the thermal nature of MB
adsorption on the adsorbent film according to previous
reports.®”” AS° and AH® were calculated from the van't
Hoff plot as depicted in Figure 1S according to eq 16:

AS°  AH°

InkK =
ST TR T RT (16)

AG® was determined using eq 17:
AG° = —RTh K;, (17)

Table 2 shows thermodynamic parameters derived from
Figure 15. The AG® values became less negative with
increasing temperature, indicating the occurrence of saturation
on the adsorbent surface at increased temperatures; however,
the process was thermodynamically spontaneous at higher
temperatures. Furthermore, AS° was negative, and AH® was
negative, signifying an exothermic adsorption process.

Proposed Adsorption Mechanism and Reusability
Studies. The interaction of MB molecules with CA-supported
MOE-5/CNC can be understood by using Figure 16. The
presence of functional groups on the adsorbent film guarantees
intermolecular interactions with dye molecules. The proposed
adsorption mechanism of MB on the surface of the adsorbent
occurs through several ways. FTIR showed the presence of
hydroxyl and carbonyl groups on the adsorbent film. These

y=41426 x- 12.96
R? = 0.8946

0.00315 0.00320 0.00325 0.00330 0.00335
1T (1/K)

Figure 15. van’t Hoff plot for MB adsorption on the CA-supported
MOF-5/CNC adsorbent film.

Table 2. Thermodynamic Parameters for MB Adsorption on
the CA-Supported MOF-5/CNC Adsorbent Film

NG AH® AS® q/ actwatmn en (E,)
T/K  (KJ/mol) (kJ/mol) Kmol™) |'nol§y
298 —221838  —34.44158 —107.749 412
308 —1.05112
318 —0.03525

| + |
filereh
—
N
Q Dipole-
‘_ﬂgl_g_, Hbond oy,

@ OJKCH, °ﬁ/
JCE Q

Figure 16. Adsorption mechanisms of CA-supported MOF-5/CNC
to MB.

groups can interact electrostatically with MB.> The inter-
actions include ion-dipole forces, dipole—dipole, hydrogen
bonding, and 7—7 interactions, similar mechanisms have been
proposed in the literature for MB adsorption.”® During
adsorption, since pH > pH,,,, the negatively charged adsorbent
is electrostatically attracted to the cationic MB, and this favors
adsorption. In addition, the hydrogen atom from the hydroxyl
groups can form hydrogen bonds with the nitrogen from MB
as illustrated in Figure 16. 7—7 interactions can also occur
betwe4en the cellulose polymer chain and the MB aromatic
rin;

gdsorption efficiency was evaluated, as seen in Figure 17.
Cycle 1 represents MB adsorption with a fresh adsorbent and
cycles 2—5 represents the times the adsorbent has been
desorbed in methanol and readsorbed in fresh MB solution. A
7% drop in the adsorption capacity was observed from cycle 1
to cycle 2. A 13% decrease in adsorption capacity was observed

httpsi//doi,org/10.1021 /acsomega4c01150
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§ determined to be 8.35. Figure 19 shows a decrease in the
I absorption spectra for MB post adsorption. The % removal of
44
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Figure 17. MB uptake over five adsorption/desorption cycles on CA-
supported MOF-5/CNC.

for cycle 3 followed by a 20% decrease for cycle 4. These
results support the thermodynamic data that allude to MB
adsorption being driven by chemisorption resulting in reduced
removal efficiency. There was no significant decrease after the
fourth cycle (21% decrease for cycle S), suggesting the binding
sites were relatively fixed after the fourth cycle.
Simultaneous Adsorption of Methylene Blue and
Methyl Orange (MO) and Treatment of Dye-Containing
Wastewater. Dye-containing wastewater constitutes a
complicated mixture of dyes, which include neutral, cationic,
and anionic dyes. The simultaneous adsorption of anionic and
cationic dyes is important for remediation hence the CA-
supported MOF-5/CNC film was evaluated for the simulta-
neous adsorption for MB and MO at varied pH. As shown in
Figure 18, MO had better adsorption under acidic conditions

[

3 5 7 9 1"

pH

Figure 18. Simultaneous adsorption of MB and MO on the CA-
supported MOF-5/CNC adsorbent film.

with the highest adsorption capacity of 2.65 mg/g obtained at
pH 3. pH 11 remained the optimum pH for MB adsorption for
the adsorbent film with an adsorption capacity of 2.9 mg/g,
and MO had an adsorption capacity of 1.86 mg/g at this pH.
The MB g, values were lower than those reported without
MO, this shows the influence of competing species for active
sites.

The efficiency of the adsorbent film for wastewater
treatment was examnined by using domestic-industrial effluent
spiked with MB. The pH of the wastewater sample was

450 500 550 600 650 700

A (nm)

Figure 19. Adsorption of MB in domestic-industry effluent spiked
with MB.

MB in the real water sample was determined to be 42%. The
reduced efficiency was due to other contaminants interfering
with the adsorption process.

Economic Assessment. In the development of any
technological method applied in wastewater treatment, it is
important to provide information about the cost of the
treatment process. Depending on the treatment method, cost
analysis is generally done by considering the costs of energy
and material as major cost items.®® For a material for which the
purpose of the study is to investigate its efficiency in the
removal of a dye, the simplified approach used in this study is
considered sufficient.

In calculating the operating cost (OC), eq 18 was used:

OC(L:?) = 6Cpagy + PComics

(18)

where Cepnergy and Cepemicais are the energy consumed (in kWh/
m®) and the chemical consumption (in kg/m?), respectively.
The letter a is the electrical energy price USD 0.105 kWh for
the South African market as of March 2024, and the letter b is
the price of the chemicals used in the preparation of the
adsorbent film material (USD/kg or USD/m?).

In this study, the synthesized material could treat 0.030 L of
wastewater in the first cycle; however, the calculated operating
cost was done on the basis of treating 1 m® of the synthesized
aqueous solution containing methylene blue following a
reported approach.66 The study considered the power rating
in watts for all of the equipment used and the duration for
which it was operated as well as the cost of the chemicals.
Therefore, the total energy consumption was 110.8 kWh/m?,
which equates to USD 11.67/m? and the total chemical cost
was USD 31.93/m® The operating cost was calculated to be
USD 43.60. The operating cost for Cpicai Was 2.8 times more
expensive than that of C,p.q,

Comparison with Other Adsorbents. A comparison of
the maximum adsorption capacities for MB adsorption of
MOF-cellulose composite adsorbents is shown in Table 3. An
adsorbent based on MOF-derived porous carbon (MOF-DPC)
nanoparticles supported on CA had a g, value of 41.36 mg/g at
an initial MB concentration of SO mgL™' at 65 °C* A
cellulose aerogel fabricated from CA and ZIF-8 had a q, value
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Table 3. MB Maximum Adsorption Capacity of MOF-
Cellulose-Based Adsorbents

adsorbent q. (mg/g) ref
CA/MOF-DPC 41.36 42
ZIF-8 (CA@ZIF-8) 90.18 67
C-BZ-1000 227 68
CA-supported MOF-5/CNC 429 this study

of 90.18 mg/g.”” The MOF was grown in situ on the surface of
the adsorbent. A g, value of 227 mg/g was determined from
nitrogen-doped carbon aerogels fabricated from the carbon-
ization of bacterial cellulose@ZIF-8 composite aerogels.*®
While these adsorbents show better g, values, the fabrication
processes require extreme temperatures that may affect the
overall cost-effectiveness of the adsorbent.

B CONCLUSIONS

A CA-supported MOF-5/CNC adsorbent film was successfully
fabricated by using solvothermal and ultrasonication methods
for methylene blue adsorption in aqueous media. The film
showed a porous morphology with a measured film thickness
of 131.5 ym. The integration of CNC and MOEF into the CA
support was confirmed by FTIR, SEM-EDX, TGA, and XPS.
The CNC provided the adsorbent with hydrolytic stability,
while the CA support secured the MOF. Various factors that
influence MB batch adsorption were assessed, and the
maximum adsorption capacity and % removal were determined
to be 4.29 mg/g and 77.4%, respectively, at 25 °C, at an initial
concentration of 6 mg/L, at pH 11 and at 14.7 wt % MOF
loading. The adsorption process was spontaneous and
exothermic as indicated by negative AG® and AH° values.
The Freundlich and pseudo-second-order models were the
best-fit adsorption isotherm and kinetic models, respectively,
and the activation energy was consistent with chemisorption.
Electrostatic interactions, such as dipole—dipole, z—7z inter-
actions, and hydrogen bonding, were proposed as chemical
interactions between methylene blue and the film to influence
adsorption. After being regenerated five times, the film
maintained 79% activity, indicating its value for reusability.
The cost analysis for the adsorption was established. There was
a 42% removal of MB when the film was applied for the
treatment of wastewater. Overall, this work established a
simple synthetic route for a MOF adsorbent film for water
remediation.
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CHAPTER 4

4.0 ADSORPTION OF METHYLENE BLUE ON WATER-STABLE CU-BDC
MOF/CELLULOSE COMPOSITE FILM

Lebogang Manamela and Nolwazi Nombona

University of Pretoria, Department of Chemistry, Private Bag X20, Hatfield 0028, Gauteng, South
Africa

4.1 Abstract

We report the synthesis of an effective and economical adsorbent film using a solvothermal
process, aimed at removing methylene blue (MB) from water. The adsorbent uses cellulose
acetate (CA) as a substrate for a composite material consisting of Cu-based MOF (Cu-BDC) and
crystalline nanocellulose (CNC). The film is water-stable, recyclable, and customizable for
selective adsorption through pH adjustment. Characterization techniques, including X-ray
diffraction (XRD), thermal gravimetric analysis (TGA), scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) analysis, and Fourier transform
infrared spectroscopy (FTIR), confirmed the successful synthesis of the film. The Cu-BDC
adsorbent showed rapid adsorption within the first 2 hours, reaching equilibrium by 5 hours with a
maximum adsorption capacity of 3.60 mg/g and a dye removal efficiency of 84%. Experimental
data closely fitted the Langmuir isotherm and pseudo-second-order kinetic models, with
thermodynamic studies indicating exothermic and feasible adsorption. The adsorbent was applied
to real industrial dye effluent where it achieved 20% effluent removal. The adsorbent film showed
good regeneration capability, emphasizing its cost-effectiveness. The selectivity and versatility of

the CA-supported Cu-BDC/CNC film make it practical for wastewater treatment applications.
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4.2 Introduction

Dyes are the most common pollutants released from industries and are often an indicator of
contamination in aquatic environments [1-3]. Organic dyes are made of auxochromes that make
them water-soluble. Most organic dyes are classified as carcinogenic and are a risk to aquatic and
human life [1, 4-7]. The adsorptive removal of toxic pollutants from aquatic systems is regarded
as an efficient decontamination process [8-10]. Zeolites, porous carbons, bio-adsorbents, and
metal nanoparticles have been commonly used for the adsorption of pollutants from water [11—
14]. However, over the past decade, metal-organic frameworks (MOFs) have gained popularity as
adsorbent materials due to their high surface area, porosity, tuneable chemical properties, and
customizable structure [15-18]. MOFs are organic-inorganic hybrid materials consisting of a metal
ion, or a cluster, bridged by organic linkers to form 1D, 2D or 3D network arrays. The tuneable
structure of MOFs allows for functionalized forms which include hybridization or coating of the
pristine MOF leading to the development of novel materials with enhanced and preferable

characteristics [18-22].

MOF composites such as MOF/organic polymers, MOF/metal oxide, and carbon/MOFs are
materials that have shown improved performance compared to individual materials when used as
adsorbents [23]. They achieve enhanced performance by leveraging unique properties brought by
individual materials in the composite. In most MOF-based composites, MOFs remain the integral
material for selectivity and adsorption, and the other materials provide mechanical support and

promote their handling for improved recyclability.

Cellulose derivatives have emerged as potentials to form composites with MOFs for several
reasons [24—-27]. These materials improve the hydrolytic stability of MOFs, as hydrophilic cellulose
behaves favourably in water. Cellulose chains, as observed from plant cell walls, are very stable
in water and will enhance the composite's overall stability. Zhou et al. (2023) showed that
nanocellulose (NC) materials in MOF@NC composites act as support structures to improve
strength and promote recyclability [28]. The study further revealed that cellulose materials can
effectively prevent agglomeration of MOF materials. Hou et al. (2021) demonstrated that CNC was
the dispersing agent for the core-shell magnetic FesO4/CNC@MOF catalyst [29]. Zang et al. (2021)
showed the ZIF-67/cellulose hybrid had good structural stability in aqueous environments when
employed for the degradation of MB in water [30]. Additionally, cellulose has adsorption active

sites, -OH groups, on its surface that can contribute positively to the adsorption process [31 — 32].

The choice of MOF is crucial for every intended application. Copper-based MOFs offer advantages

in organic dye adsorption due to their high surface area and versatile coordination chemistry. The
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copper ion center of the MOF acts as an adsorption active site, forming stronger interactions with
organic dyes in aqueous solutions, leading to higher affinities and enhanced adsorption efficiencies
[33 - 34].

In this work, Cu-BDC was embedded into cellulose-based supports. CNC was used to form a
composite with Cu-BDC, to impart hydrolytic stability. CA was used to provide mechanical support
and aid in the recyclability of the Cu-BDC/CNC composite. The absorption behaviour of MB on the
CA-supported Cu-BDC/CNC adsorbent film was investigated.

4.3 Methods and materials

4.3.1 Materials

Ethanol (99.9 %), N, N-Dimethylformamide (DMF, 99.9 %), chloroform (CHsCl, 99 %), and sulfuric
acid (H2SO4, 98 %) were procured from Radchem. Copper nitrate trihydrate (Cu(NO3)2¢3H20,
98%), microcrystalline cellulose (MCC, 11 wt %), cellulose acetate (CA, 39.3 % - 40.3 %),
methylene blue (MB, 98%) and terephthalic acid (BDC, 99 %) were bought from Sigma-Aldrich.

4.3.2 Synthesis of 18 wt% CA-supported Cu-BDC/CNC

Cu-BDC MOF was synthesized using a previously reported procedure with modifications [35].
Initially, 1 g of terephthalic acid and 4 g of Cu(NOs3)2*3H20 were dissolved in a 2:1 ratio of DMF
and ethanol mixture (50 mL:25 mL) and the mixture was stirred for 1 hour, followed by sonication
for 30 minutes. The resulting solution was transferred to a Teflon-lined autoclave and kept in an
oven at 120 °C, for 12 hours. The obtained solid product was washed with DMF and water, and
vacuum dried at 80 °C, yielding powdered Cu-BDC MOF.

The preparation of the Cu-BDC/CNC composite was done by the addition of 0.1 g of Cu-BDC to
100 mL of distilled H20 followed by stirring for 30 minutes then sonication for 30 minutes. In a
separate reaction vessel, 0.1 g crystalline nanocellulose synthesized through H2SO4 hydrolysis
[36], was added to 100 mL of distilled H20 and stirred for 30 minutes. The CNC solution was added
to the Cu-BDC mixture followed by stirring for 1 hour, then 30 minutes of sonication, to yield a
homogeneous solution. The resulting solution was vacuum-dried at 70 °C overnight, yielding a
powdered Cu-BDC/CNC composite.
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CA-supported Cu-BDC/CNC adsorbent was synthesized by stirring 18 wt% Cu-BDC/CNC in DMF
for 30 minutes followed by 30 minutes of sonication. In a separated reaction vessel, 4 g of CA was
dissolved in 40 mL DMF and stirred overnight. The CA solution was degassed with N2 gas for 12
hours. The CA solution (3.3 mL) was added to the Cu-BDC/CNC solution and the mixture was
stirred and sonicated for 1 hour. The resulting mixture was drop-cast on a glass slide, submerged
in a water bath to facilitate phase inversion for 4 hours. The resulting film was air-dried to yield CA-
supported Cu-BDC/CNC adsorbent film.

4.3.3 Adsorption of MB by CA-supported Cu-BDC/CNC film

The adsorption process was conducted using batch experiments. The CA-supported Cu-
BDC/CNC adsorbent mats of dimensions 7 mm x 15 mm (3 mg) were immersed in 3 mL MB
solutions with initial concentrations ranging from 1 mg/L to 6 mg/L which were agitated in a bath
shaker for 6 hours. The varied parameters also include contact time, solution pH, and solution
temperature. The MB removal percentage was calculated using equation (4.1), and the equilibrium

adsorption capacity, ge, was calculated using equation (4.2):

% MB Removal = <=5 x 100 (4.1)

4

go = lex v (4.2)

m

where Ci is the initial concentration of MB solution (mg/L), Ce is the equilibrium concentration of
MB solution (mg/L), ge is the equilibrium adsorption capacity (mg/g), V is the volume of the solution

(L), and m is the mass of the adsorbent (g).

Reusability experiments were conducted such that after each adsorption cycle, the adsorbent film
was removed from the MB solution, placed in 10 mL methanol, and shaken for 4 hours to desorb
the MB dye. The film was then taken out and air-dried for 1 hour and ready for the next adsorption

cycle.
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4.3.4 Adsorption isotherms

Adsorption isotherms are used to describe the interactions between the adsorbent and the
adsorbates. The data acquired from the adsorption process in this study was expressed using
Langmuir and Freundlich isotherms. Langmuir isotherm assumes the adsorption process follows
a monolayer coverage on a homogeneous adsorption surface, whereas Freundlich isotherm
assumes adsorption follows multilayer coverage on a heterogeneous surface. The two isotherms
were used to model the adsorption process using their linearised equations, equations (4.3) and
(4.4)

1 1 1 1

—= X—+
de Kiqmax Ce dmax

(4.3)

log(q) = log(Kr) + (log(Ce) (4.4)

where gmax IS the maximum adsorption capacity of the adsorbent (mg/g), and K is a Langmuir

constant related to adsorption energy. When K is high, the interaction between the adsorbent and

adsorbate is strong. Kr is the Freundlich isotherm constant. The heterogeneity factor, 111 Is a function

of the strength of the adsorption process. Normal adsorption occurs when 0 < % < 1 and when % >
1, cooperative adsorption is taking place. RL is the separation factor and is calculated using
equation (4.5):

1

RL =
1+ K;C;

(4.5)

where Ci is the initial adsorbate concentration. The adsorption process is unfavorable when R; >

1 linear when R, = 1, favorable when 0 < R, < 1 and irreversible when R, = 0.

4.3.5 Adsorption kinetics

Kinetic studies are important as they assist in understanding adsorption Behaviour and
mechanisms such as mass transfer and chemical reactions. In this work, the kinetic data obtained
were analyzed using the pseudo-first-order and pseudo-second-order rate equations, represented

by equation (4.6) and equation (4.7):
In(qe — qr) = In(qe) — kqt (4.6)
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1 1 1
Z“_ k2q§+;t (47)

where ge is the equilibrium adsorption capacity, q: is the adsorption capacity at time t, t is the
contact time, ki is the first-order equilibrium constant, and k2 is the second-order equilibrium
constant. To investigate intraparticle diffusion, the experimental data was fitted to the Webber-
Morris model using equation (4.8):

q: = kidtl/z + 1 (48)

where, kid is the intraparticle diffusion rate constant (mg/g-min~?), and | is the thickness of the
boundary layer. The Bangham diffusion model was studied to investigate the adsorption

mechanism using equation (4.9):

kbm
2.303V

loglog(q%h) = log(=2") + alog(t) (4.9)

where kp and a are constants. The Boyd model, a pore diffusion model, was investigated to identify

the rate-limiting step using equation (4.10):
B, = —0.4977 — In(1 — F) (4.10)
where F represents the fraction of MB adsorbed at time t (min) determined by equation (4.11):

Pt (4.11)

4.3.6 Statistical tests

To find the best model fit for the experimental data, a nonlinear chi-square (x?) statistical test was
performed in addition to the correlation coefficient (R?). When the model and experimental data
closely match, the x? value is low; when it is greater, there is a disagreement. Equation (4.12) was
utilized in the computation of x2.

_ 2
Xz = ZM (412)

Gecal

From equation (4.12), ge is the experimental equilibrium adsorption capacity and geca is the model
equilibrium adsorption capacity.
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Characterization techniques

X-ray diffraction (XRD) was conducted on a Bruker D2 PHASER-e diffractometer using Cu-Ka
radiation (0.15418 nm). Scanning electron microscopy (SEM) was conducted using a crossbeam
540 FEG SEM microscope from Zeiss. Energy-dispersive X-ray spectroscopy (EDX) was carried
out on a crossbeam 540 FEG SEM microscope from Zeiss. UV-vis absorption measurements were
carried out on a CARY 100 BIO UV-Vis spectrophotometer. FTIR spectroscopy was carried out
using Brunker Alpha Fourier transform spectroscopy with platinum attenuated total reflectance
(ATR) sampling accessory, 4 cm resolution. Thermal gravimetric analysis was carried out using
SDT Q600 V20.9 Build 20 Module DSC-TGA Standard. Brunauer—-Emmett-Teller (BET) analysis.
N2 adsorption/desorption isotherms were obtained using the Autosorb iQ model:7, ASIQWin
version 5.2x, at -196 °C, covering a relative pressure (P/Po) range from 0 to 1.0. Before the
measurement, the samples underwent pre-degassing at 130 °C for 18 hours under vacuum. The
BET and Barrett—-Joyner—Halenda (BJH) models were employed to determine the pore volume and
surface area. X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo model:

ESCAlab 250Xi using monochromatic Al ka X-ray source.

4.4 Results and Discussion

4.4.1 Materials Characterisation

X-ray diffraction (XRD)

Figure 4.1 displays the XRD patterns of the synthesized materials. Figure 4.1a shows the reference
diffraction pattern of Cu-BDC and figure 4.1b shows the synthesized Cu-BDC pattern, exhibiting
peaks that correspond to those observed in the reference pattern [37]. The diffraction pattern of
Cu-BDC aligns with prior studies, featuring peaks at 2-theta values at 8.5°, 10.5°, 12.4°, 17.3°, and
19.9°, confirming the successful formation of Cu-BDC [37-38]. The crystallite size of Cu-BDC was
determined using the Scherrer equation, presented in Equation (4.13).

KA
- LCos6

(4.13)

From this equation, D is the crystallite size, K is the Scherrer constant with a value of 0.9, 8 is the
full width at half maximum (FWHM), and @ is the peak position. The crystallite size was calculated

to an average of 15.8 nm using peaks at 26 positions 8.5°, 10.5°, 12.4°, 17.3°, 19.9° and 25°.
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Figure 4.1c shows the diffraction pattern of CNC with peaks at 20 values at 15.2°, 16.7°, 22.6°,
and 34.4°, indexed as (110), (110), (102), (200), and (004) respectively. These indices are
consistent with previous reports and match the JCPDS file number 03-0226, confirming the
successful synthesis of CNC [39-40]. The XRD pattern of Cu-BDC/CNC (figure 4.1d), shows a
combination of peaks from Cu-BDC and CNC, indicating the preservation of their respective
structures in the composite material. Peaks corresponding to Cu-BDC are observed at 8.5°, 17.3°,
and 25°, while those of CNC appear at 15.2° and 22.6°. This suggests that the crystal structures
of both materials were retained during the formation of the composite. The XRD pattern of CA
(figure 4.1e), showed no distinct peaks, indicative of its amorphous nature. Figure 4.1f shows the
diffraction pattern of CA-supported Cu-BDC/CNC revealing several peaks from the composite with
reduced sharpness and quality, indicating the successful preparation of the CA-supported Cu-
BDC/CNC adsorbent film.
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Figure 4.1: XRD patterns of (a) reference Cu-BDC, (b) Cu-BDC, (c) CNC, (d) Cu-BDC/CNC
composite, (e) CA and (f) CA-supported Cu-BDC/CNC adsorbent film.
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Fourier-transform infrared spectroscopy (FTIR)

The FTIR analysis of the prepared materials is presented in figure 2.2. The Cu-BDC MOF (figure
2.2a) exhibited characteristic peaks at 3600 cm, 1640 cm™, 1500 cm?, 1390 cm, and 1010 cm-
! corresponding to O-H stretching, C=0 stretching, —-C=0- stretching, C—C stretching, and C-O
stretching vibrations, consistent with prior findings [37-38, 41]. Bands between 766 cm™ and 663
cm? are attributed to the terephthalic acid ring, while bands at 730 cm* and 488 cm* arise from

Cu—0 bending and stretching, respectively.

The CNC spectrum shown in figure 2.2b was consistent with literature [36, 39—40]. A band at 3300
cm?® represents the O—H stretching of hydroxyl groups on the CNC surface as well as adsorbed
moisture. The band at 1634 cm* corresponds to C=0 stretching within the molecule, and bands
at 1430 cm?, 1374 cm, 1313 cm, and 1163 cm™ correspond to CH2 scissoring, C-H bending,
CH2 rocking, and anti-symmetrical bridge C-O stretching, respectively. The glycosidic Ci—H
deformation within the ring, characteristic of glycosidic linkages between glucose molecules in

cellulose, is represented by the band at 892 cm™2.

The Cu-BDC/CNC spectrum (figure 2.2c) presents bands from both Cu-BDC and CNC, indicating
successful composite synthesis and preservation of each material's structural integrity. Figure 2.2d
illustrates the FTIR spectrum of CA, showing characteristic bands at 1738 cm, 1370 cm™, 1232
cml, and 1049 cm, corresponding to C=0 stretching, C-H vibration, C-O stretching, and C-O

stretching vibration, respectively.

Figure 2.2e shows the spectrum of the adsorbent, CA-supported Cu-BDC/CNC, with main bands
arising from CA. These bands appear shifted, likely due to hydrogen bonding between the CA
substrate and the Cu-BDC/CNC composite. The band at 1736 cm! for the CA substrate is shifted

to 1738 cm* for the adsorbent film. Similar findings have been reported previously [42 — 44].
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Figure 4.2: FTIR spectra of (a) Cu-BDC MOF, (b) CNC, (c) Cu-BDC/CNC composite, (d) CA, and
(e) CA-supported Cu-BDC/CNC adsorbent film.

Scanning electron microscopy (SEM)

Figure 4.3a shows Cu-BDC as well-defined spherical particles with diameters between 500 nm —
900 nm. The walls of the MOF spheres are composed of closely packed Cu-BDC nanoparticles.
Spherical morphology has been previously reported for Cu-BDC [45 — 46]. The SEM image of CNC
(figure 4.3b) depicts the material with nanowhisker morphology similar to previous reports [39 —
40]. The nanowhiskers have diameters between 2 nm and 20 nm, and lengths of 100 nm to 500
nm. The SEM micrograph of the Cu-BDC/CNC composite, figure 4.3c, displays clustered Cu-BDC
nanoparticles on the CNC nanowhiskers. Surface and cross-section micrographs of CA-supported
Cu-BDC/CNC are shown in figure 4.3d and figure 4.3e, respectively. The surface of the adsorbent
film is a flat highly porous sheet with pore channels running through the cross-section. The pore
sizes range between 200 nm and 1 um. The EDX spectrum of the adsorbent is shown in figure

4.3f with copper and oxygen detected on the material.
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Figure 4.3: SEM images of a) Cu-BDC MOF, b) CNC, c) Cu-BDC/CNC composite, (d) surface of
CA-supported Cu-BDC/CNC film, and (e) the cross-section of CA-supported Cu-BDC/CNC. (f)
EDX spectrum of CA-supported Cu-BDC/CNC.

Thermal Gravimetric Analysis (TGA)

Figure 4.4 shows the thermal properties of the synthesized materials. All the materials experienced
a weight loss at 100 °C, due to adsorbed moisture. The loss of adsorbed DMF occurred between
170 °C - 260 °C. The 43 % weight loss for Cu-BDC (figure 4.4a) between 260 °C - 390 °C
corresponds to the decomposition of the BDC organic linker collapsing the metal-organic
framework and leaving behind Cu metal at temperatures above 390 °C, which constitutes 49 % of
the MOF. Figure 4.4b shows the CNC TGA curve which is characterized by further weight loss
between 260 °C - 320 °C owing to the pyrolysis of cellulose and hemicellulose. The weight loss
between 320 °C and 340 °C is due to the breakdown of intermediates until the complete
degradation of CNC. The Cu-BDC/CNC composite (figure 4.4c) experienced a further weight loss
of 50 % at 360 °C due to the degradation of the organic components. Above 440 °C, 32 % of the
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total mass of the composite was maintained, which was the Cu metal. Thermal degradation
observed for the adsorbent film between 330 °C - 390 °C (figure 4.4d) shows the decomposition
of cellulose, resulting in the formation of intermediates. These intermediates were further broken
down as the temperature increased to 520 °C, leaving behind copper which constitutes 6 % of the

adsorbent film.

(a)

40 4 (C)

(d)

100 200 300 400 500 600 700

Temperature ( °C)

Figure 4.4: TGA plots of (a) Cu-BDC, (b) CNC, (c) Cu-BDC/CNC, and (d) CA-supported Cu-
BDC/CNC.

Brunauer-Emmett-Teller (BET) and X-ray photoelectron spectroscopy (XPS)

Figure 4.5 shows the adsorbent film exhibits a type | adsorption/desorption isotherm, suggesting
a uniform pore structure, characteristic of microporous material. The reversible adsorption process,
as evidenced by the mirroring adsorption and desorption curves, further supports this conclusion.
The BET surface area for the adsorbent film was measured at 19.99 m?/g, significantly lower than
that of Cu-BDC MOF. This decrease is due to composite formation, where CNC nanowhiskers
may obstruct the pores of the MOF, compounded by the embedding of the composite in the
polymeric matrix of CA [47]. Consequently, the adsorption capacity of the adsorbent film is
anticipated to be low. The determined pore diameter of 1.75 nm confirms the microporous nature
of the adsorbent film, with pore diameters below 2 nm. Additionally, the pore volume of 0.22 cm?3/g

reflects the total pore volume per gram of the sample.
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Figure 4.6 presents the XPS analysis of the adsorbent film, which is crucial for gaining insights into
its surface elemental composition and chemical bonding states. In figure 4.6a, the presence of
oxygen (O) and carbon (C) atoms on the film's surface is evident. The deconvolution of the carbon
peak is shown in figure 4.6b, revealing five peaks attributed to sp3-hybridized C-C, C-O, and C=0
bonds, detected at 281.9, 283.7, 285.2, 286.3 eV, respectively. This deconvolution confirms the
presence of the ester group characteristic of CA, indicated by the C-O and C=0 bonds. Figure
4.6¢ shows the deconvolution of oxygen, demonstrating three peaks at 530.9, 530.0, and 529.1
eV, assigned to C=0, C-O, and O-H bonds, respectively.
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Figure 4.5: N2 adsorption/desorption isotherm for CA-supported Cu-BDC/CNC film.
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Figure 4.6: (a) XPS survey of the CA-supported MOF-5/CNC. High-resolution XPS spectra of (b)
C1s and (c) O1s.

Point of zero charge (pHpzc)

The pH at which the adsorbent film's net surface charge is zero, the point of zero charge (pHpzc),
was determined. Figure 4.7 plots ApH vs. pHi for the adsorbent. The data point indicates that the
film's pHpzc is 7.0 meaning that at acidic pH, the adsorbent film's surface has a net positive charge,
and in alkaline pH, a net negative charge. At extreme pH values (pH=1 and pH=13) there is no
change in pH because at these levels there are more H* or OH" ions, respectively, in the solution

and the adsorbent film does not influence the acidity/alkalinity of the solution.
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Figure 4.7: Plot of pHr — pHi vs pHi

4.4.2 Adsorption studies
Effect of solution pH

Figure 4.8a and figure 4.8b show the effect of pH on equilibrium adsorption capacity (ge) and %
MB removal, respectively, at an initial concentration of 6 mg/L. The degree of electrostatic charges
on the adsorbent film surface changes at different pH conditions. The adsorption capacity
increases with an increase in pH, from 0.07 mg/g to 3.60 mg/g, as pH increases from 1 to 11, with
the highest adsorption efficiency observed at pH 11. MB % removal increased to 60 %, as pH was
increased to 11. At acidic pH, the surface of the adsorbent film is positively charged, this impedes
the adsorption of cationic MB dye which is electrostatically repelled by the cationic surface of the
adsorbent. Adsorption efficiency was enhanced when the solution pH was alkaline due to
electrostatic attraction between the negatively charged surface of the adsorbent and the cationic
MB dye. This makes the adsorbent capable of adsorbing either cations or anions, depending on

the solution pH. In this work, the highest adsorption efficiency occurred at pH 11.
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Figure 4.8: The effect of solution pH on a) equilibrium adsorption capacity and (b) % MB removal

efficiency.

Effect of contact time

Figure 4.9 demonstrates the effect of contact time on MB adsorption capacity and % removal. The
adsorption process takes place in three phases. The first phase occurs during the first 2 hours of
the adsorption process and is characterized by a rapid increase in adsorption capacity owing to
the availability of the maximum amount of adsorption active sites as well as the maximum amount
of MB species in the bulk solution. The second phase occurs between 2 hours — 4 hours. At this
stage, the adsorption rate gradually slows down as fewer adsorption active sites are available for
adsorption. The last phase is observed between 5 hours — 6 hours as indicated by minimal change
in adsorption efficiency. This occurs because equilibrium has been reached. The maximum
adsorption capacity occurring at equilibrium at pH 11 is 3.60 mg/g and it corresponds to 84 % MB

removal.
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Figure 4.9: The effect of contact time on (a) qe and (b) % MB removal.
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Effect of initial concentration

The effect of initial concentration on the adsorption process was investigated under optimum
conditions as shown in figure 4.10. Figure 4.10a illustrates the equilibrium adsorption capacity (ge)
experiences a linear increase, from 0.84 mg/g to 3.60 mg/g, with increasing initial concentration.
Conversely, as depicted in figure 4.10b, the % MB removal decreases from 84% to 59%. The
increased adsorption of methylene blue at higher initial concentrations was attributed to mass
transfer effects. However, under these conditions, the saturation of active sites leads to a reduction
in percentage removal. Based on these findings, an initial concentration of 6 mg/L was identified
as the optimal concentration.

() 854 (b)
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Figure 4.10: The effect of initial concentration on (a) equilibrium adsorption capacity and (b) % MB

removal.

The effect of temperature on adsorption

Temperature is a significant factor in the adsorption process. The effect of temperature on ge and
% MB removal is shown in figure 4.11. A decrease in ge from 3.60 mg/g to 3.01 mg/g was observed
in figure 4.11a and a decrease from 60 % to 50 % was observed when the temperature was
increased from 298 K to 318 K, as shown in figure 4.11b. This shows that the adsorption process

is exothermic as confirmed under thermodynamics studies.
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Figure 4.11: Effect of temperature on (a) equilibrium adsorption capacity and (b) % MB removal.

Adsorption isotherms

Adsorption isotherms describe the adsorption process and investigate adsorption mechanisms.
The Langmuir and Freundlich adsorption isotherm models were employed to determine the
adsorption parameters governing the adsorption process. Figure 4.12 displays the linear plots, and
table 4.1 presents the derived parameters with correlation coefficients (R?) and nonlinear chi-
square (x?) values. The Langmuir isotherm model, shown in figure 4.12a, operates on the
assumption of a homogeneous surface of the adsorbent, where maximum adsorption occurs upon
achieving monolayer coverage [48]. The isotherm exhibited an R? value of 0.9972 and a x? value
of 0.021. The Langmuir constant, K., which is dimensionless, signifies the affinity between the
adsorbent and the adsorbate. In this study, the K. value was 0.40, indicating a relatively strong
interaction between the adsorbate and the adsorbent surface, implying a favorable adsorption
process. The calculated maximum adsorption capacity, gmax, was 4.34 mg/g vs the experimentally
obtained ge of 3.60 mg/g. The separation factors, R, observed across all initial concentration
values (figure 4.12c), ranged between 0 and 1, signifying a favorable adsorption process.

The Freundlich isotherm model, figure 4.12b, assumes adsorption takes place on heterogeneous
active sites with varying surface energies and follows a multilayer coverage. The isotherm
displayed an R? value of 0.9572 and a x? value of 0.045. From this curve, the heterogeneity factor,
1/n, ranged between 0 and 1, indicating favorable adsorption. The Freundlich constant, Kr, was
determined to be 2.4. The adsorption capacity measured from the Freundlich isotherm was
calculated to be 3.71 mg/g, calculated from the non-linearised form of the Freundlich isotherm.

The adsorption process showed a better fit to the Langmuir isotherm model because its R? value
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is closer to 1 and its calculated gmax is comparable to the experimental ge, meaning adsorption of

MB on the surface of CA-supported Cu-BDC/CNC may be a monolayer coverage.
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Figure 4.12: Langmuir and (b) Freundlich isotherm for the adsorption of MB by CA-supported Cu-

BDC/CNC. (c) RvL values for all initial concentrations.

Adsorption kinetics

Kinetic studies were carried out to determine the primary step governing the rate and adsorption
mechanism. The experimental data was analyzed using pseudo-first order and pseudo-second
order kinetic models, shown in figures 13a and 13b respectively. The parameters and correlation
coefficients are shown in table 1. Notably, the pseudo-second-order kinetic model exhibited a
superior fit to the experimental data as indicated by the higher R? value of 0.9879 compared to the
R? value of 0.9003 for the pseudo-first-order kinetic model. Furthermore, the pseudo-second-order
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model yielded a ge value of 4.34 mg/g, which is closer to the experimentally obtained ge value of
3.60 mg/g, in contrast to the 8.33 mg/g calculated for the pseudo-first-order kinetic model. Since
the experimental data fits the pseudo-second kinetic model better than the pseudo-first-order
model, it indicates that the adsorption process is most likely controlled by chemical interactions
between the adsorbate and adsorbent, such as chemisorption [49]. Kinetic studies can only explain
the interactions between solute and surface during adsorption processes, but they cannot explain
the diffusion mechanism between solutes and particles, hence this study used the Weber-Morris
intraparticle diffusion model, Bangham model, and Boyd model to study the diffusion models and

their plots are shown in figure 4.13c-e, respectively, and their parameters listed in table 4.1.

The diffusion models are useful in establishing the rate-limiting step. The Weber-Morris plot
displays a straight line that has an R?> 0.9 and its 2 < 0.05. The curve does not pass through the
origin and has a y-intercept, C, value of 0.55, which is a reflection of the boundary layer, meaning
that the intraparticle diffusion step is not the only rate-determining step and the external diffusion
additionally controls the rate-determining step [50 — 51]. The Bangham model has a better
correlation with the experimental data as its R? > 0.9 and its x2 < 0.05, indicating that diffusion of
MB in the pores of the adsorbent film contributes to the rate-limiting step [52]. The Boyd model
displayed a graph that had 2 segments between t = 60 — 180 and t = 240 — 300 minutes. Both
curves are not passing through the origin, indicating that film diffusion is involved in the adsorption
mechanism. The first curve has an intercept closer to 0, meaning that within that period in the
adsorption process, the pore diffusion mechanism may be the dominating step, and during the
period of the second segment, the dominating mechanism may be film diffusion [53].
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Figure 4.13: (a) Pseudo-first order, (b) pseudo-second order, (c) intraparticle (d) pore diffusion, and
(e) Boyd model plots for the adsorption process.
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Table 4.1: Parameters of pseudo-first order and pseudo-second order kinetic models for the
adsorption of MB by CA-supported Cu-BDC/CNC.

Langmuir | Freundlich | Pseudo | Pseudo | Intraparticle | Bangham | Pore
first- second | diffusion Model diffusion
order order model
Omax ge (Mg/qg) Qe Qe Kid Ks 1st
(mg/qg) 3.72 (mg/g) | (mg/g) |0.17 0.10 segment
4.34 8.33 4.34 slope
0.007
2nd
segment
slope
0.017

KL (L/mg) | Kr(mg/g) |ka ko C 1st

0.40 2.4 0.00005 | 0.0024 | 0.55 Intercept
-0.19

R? R? R? R? R? R? 2nd

0.9972 0.9572 0.9003 |0.9879 | 0.9362 0.9584 Intercept
-1.92

X? X? X2 X? X? X?

0.021 0.045 0.025 0.020 0.042 0.036

Adsorption thermodynamics

The Arrhenius equation was employed to understand the nature of the adsorption process, and it
is expressed as equation (4.14):

Ink=ImnA —— (4.14)

were K is the rate constant, A the Arrhenius factor, Ea is the activation energy for the adsorption
process, and it indicates the nature of the adsorption process between MB and the adsorbent film,
R is the gas constant (8.314 J/K.mol), and T is the temperature in Kelvin. Activation energies for

physisorption typically fall within the range of 5-40 kJ/mol, while for chemisorption, they range
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between 40-800 kJ/mol. The slope of figure 4.14 was used to calculate the activation energy (Ea)
and was determined to be 42.3 kJ/mol for the adsorption of methylene blue (MB) on the adsorbent
film, suggesting chemisorption. This further verifies the kinetic studies as they indicated that the

adsorption process occurs via chemisorption.

-4.8
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R? =0.9634
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<
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_6.0. -

0.00315 0.00320 0.00325 0.00330 0.00335

UT (LK)

Figure 4.14: Plot of Ink vs T-': for the estimation of activation energy, Ea.

Thermodynamic parameters, encompassing standard entropy (AS°), standard enthalpy (AH®), and
standard free energy (AG°), were calculated to evaluate the thermal characteristics of MB
adsorption on the adsorbent film. AS° and AH® were derived from the van't Hoff plot, as illustrated

in figure 4.15, using equation (4.15).
InK, = — — — (4.15)

AG® was determined using equation (4.16):

o

AG® = —RT InK, (4.16)

Table 4.2 shows the thermodynamic parameters obtained from figure 4.15. As the temperature
increased, the AG° values became less negative, suggesting saturation on the adsorbent surface
at elevated temperatures. The overall negative values of AG° imply that the adsorption process is
feasible. Nonetheless, the process remained thermodynamically spontaneous at higher

temperatures. The negative value of AH° indicates that the adsorption process is exothermic. The
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AS° was recorded to be negative suggesting a high degree of order at the interface between MB
and CA-supported Cu-BDC/CNC.

y = 1884 x - 5.90
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Figure 4.15: Van Hoff plot illustrating the thermodynamics of adsorption of MB on CA-supported
Cu-BDC/CNC from water.

Table 4.2: Thermodynamic parameters for adsorption of MB by CA-supported Cu-BDC from water.

T/IK A G° (kJ/mol) | AH° (kd/mol) | A S° (J/K.mol- | Ea(kJ/mol)
Y

208 -1.00 -15.66 -49.05 42.3

308 065

318 -0.02

Proposed adsorption mechanism

The manner in which MB molecules interact with CA-supported Cu-BDC/CNC can be explained
using figure 4.16. Functional groups present on the adsorbent film ensure intermolecular
interactions with dye molecules. The proposed adsorption mechanism of MB onto the adsorbent
surface operates through multiple pathways. FTIR analysis revealed hydroxyl and carbonyl groups
on the adsorbent film, capable of electrostatic interaction with MB. These interactions include ion-
dipole forces, dipole-dipole interactions, hydrogen bonding, and m —  interactions, similar to
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mechanisms proposed in existing literature for MB adsorption [54]. At a pH higher than the pHpzc,
the negatively charged adsorbent is electrostatically drawn to the cationic MB, facilitating
adsorption. Furthermore, hydrogen atoms on the hydroxyl groups can engage in hydrogen bonding
with nitrogen atoms from MB, as depicted in figure 4.16. The © — m interactions may occur between

the cellulose polymer chain and the aromatic ring of MB.
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Figure 4.16: Adsorption mechanisms of CA-supported Cu-BDC/CNC to MB.

Reusability studies

The regeneration of an adsorbent is important in its practical applicability and its economic
feasibility. The reusability of the CA-supported Cu-BDC/CNC adsorbent film was evaluated, and
the results are shown in figure 4.17. The adsorption capability was observed to be reduced with
an increase in the number of adsorption cycles. The adsorbent film was observed to be effective
after five adsorption cycles, maintaining 73 % of the equilibrium adsorption capacity observed after
the first cycle, which is a reduction from 3.6 mg/g to 2.64 mg/g. This decrease in the adsorption
efficiency may occur due to the obstruction of the adsorbent’s pores by the MB chemisorbed on

the adsorbent film which may have not been completely desorbed during the washing process.

109
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

Overall, this study confirms that CA-supported Cu-BDC/CNC can be used multiple times for the

adsorptive removal of MB from water.

—
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Figure 4.17: Reusability studies.

Simultaneous adsorption of methylene blue and methyl orange (MO) and treatment of industrial
effluent

CA-supported Cu-BDC/CNC film was assessed for the simultaneous adsorption of MB and MO
across varying pH. Figure 4.18 shows that at acidic pH, the adsorbent had a high affinity for anionic
MO, whereas a high affinity for cationic MB is observed under alkaline conditions. This supports
the pHpzc observation studies, as it was established that under acidic conditions, the adsorbent film
has a positive surface charge, making it have a high affinity for negatively charged species (such
as MO), and under alkaline conditions, the adsorbent will have a net negative surface charge and
will have a high preference for cationic species such as MB. This shows that the adsorbent film
exhibits a pH-dependent selectivity of cationic and anionic species. At pH 3, the adsorbent film
showed better adsorption for MO with a ge of 2.65 mg/g while it was determined to be 1.70 mg/g
for MB. At pH 11, a better adsorption for MB was observed with a ge of 2.9 mg/g compared to 1.9
mg/g for MO. At neutral pH, the adsorbent exhibited good adsorption efficiency for both MB and
MO, with ge values of 2.2 mg/g and 2.49 mg/qg, respectively, as the surface was neutral, and the

adsorbent was not involved in selective electrostatic adsorption and no antagonistic effect during
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simultaneous adsorption. This study showed that the adsorbent is versatile, and its surface can be

tailored to be selectively attracted to a desired group of substances.
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Figure 4.18: Simultaneous adsorption of MB and MO on CA-supported Cu-BDC/CNC adsorbent

film.

The adsorbent was employed for the adsorptive remediation of real textile industry effluent to
assess the adsorbent’s practical applicability. Figure 4.19 shows the adsorption spectra of the
effluent and it can be seen that 20 % of the textile dyes were removed. The dye wastewater
contains a mixture of dyes that are competing for the same number of adsorption active sites on

the adsorbent.

111
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBE SITHI YA PRET ORIA

(02@

3
— Industrial effluent

— industrial effluent after adsorption
=
©
N’
Q 24 Before After
&) 2 :
C L=
(U g
S 1 =
Q e
<

O L] L] L] L]

400 500 600 700 800

Wavelength (nm)

Figure 4.19: Adsorption of industrial MB solution by CA-supported Cu-BDC/CNC.

4.5 Economic assessment

The cost analysis was calculated using equation (4.17):

USD
Operation cost (OC) (?) = aCenergy T DCchemicals (4.17)

where Cenergy and Cchemicas are the energy consumed (in kWh/m?) and the chemical consumption
(in kg/m?) respectively. The symbol a represents the cost of electrical energy, which is USD 0.19
kWh for the South African market as of June 2024 and the symbol b denotes the price of the
chemicals utilized in creating the adsorbent film material, measured in USD per kilogram (USD/kg)

or per cubic meter (USD/m3).

For each run of the adsorption process, the adsorbent treats 0.003 L of MB aqueous solution,
however, the calculation of OC is based on the adsorbent treating 1 L of the MB solution.
Furthermore, all the equipment used were calculated based on their power ratings in watts and

their total operation duration. The cost of the adsorbent was calculated per kg.
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Consequently, the total energy consumption amounted to 110.8 kilowatt-hours per cubic meter
(kWh/m?), equivalent to USD 20.43 per cubic meter, while the overall chemical cost totaled USD

32.34 per cubic meter. Thus, the operating cost was calculated to be USD 52.77 per cubic meter.

4.6 Conclusions

This study focused on the solvothermal synthesis of CA-supported Cu-BDC/CNC film and its use
as an adsorbent for the removal of MB from aqueous solutions. The adsorbent film was
characterized as a semicrystalline flat porous sheet possessing pore channels through the cross-
section, consisting of carbonyl and hydroxyl functional groups on its surface responsible for the
adsorption of MB. The adsorption process followed the pseudo-second-order and the Langmuir
isotherm models implying that MB adsorbs on the surface of the adsorbent to form a monolayer
through chemisorption. The activation energy was determined to be 42.3 kJ/mol confirming that
adsorption is taking place through chemisorption. The adsorption kinetics were used to determine
the rate-determining step of the adsorption process. Electrostatic attractions were determined to
be the primary adsorption mechanism. The adsorption was feasible, spontaneous, and exothermic,
with the efficiency decreasing with increasing temperature. The maximum adsorption capacity and
% MB removal were 3.60 mg/g and 84 %, respectively, at 25 °C, at an initial concentration of 6
mg/L, at pH 11, and at 18 wt% Cu-BDC loading. The adsorbent film showed a pH-dependent
selectivity for cationic MB and anionic MO, indicating better adsorption of MO at acidic pH and
better adsorption of MB at alkaline pH. Recyclability studies showed the adsorbent can be used
multiple times, maintaining 73% of the adsorption efficiency after 5 cycles. The operation cost was
calculated, and the adsorbent film was tested for the removal of dyes from industrial effluent. This
study provides a new, recyclable, versatile, and cost-effective MOF-based adsorbent for the

removal of organic dyes from aqueous solutions.
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CHAPTER 5

5.0 NI-BDC AND CRYSTALLINE NANOCELLULOSE-BASED
ADSORBENT FILMS FOR METHYLENE BLUE REMOVAL

Lebogang Manamela and Nolwazi Nombona

University of Pretoria, Department of Chemistry, Private Bag X20, Hatfield 0028, Gauteng, South
Africa

5.1 Abstract

Several industries pollute the environment by discharging organic dyes into waterbodies, which
negatively affect humans, animals and plants. This study investigates the use of a solvothermally
synthesized adsorbent film composed of a Ni-based metal-organic framework (MOF) and
crystalline nanocellulose (CNC), supported on a cellulose acetate (CA) substrate (CA-supported
Ni-BDC/CNC) for the adsorptive removal of methylene blue (MB) from aqueous solutions. The
synthesis of the adsorbent film was verified using standard techniques such as X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
energy dispersive X-ray (EDX), thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET)
analysis and X-ray photoelectron spectroscopy (XPS). A batch-type adsorption method was used,
and the adsorbent achieved an equilibrium adsorption capacity (ge) of 2.78 mg/g and an MB
removal efficiency of 85 %. The adsorption results were better fitted to the Langmuir isotherm and
pseudo-second-order kinetic model. The adsorption activation energy (Ea) was determined to be
50 kJ/mol, confirming that MB forms a monolayer on the surface of the adsorbent film through
chemical adsorption. The adsorption process was exothermic, and the adsorbent film
demonstrated good recyclability. The adsorbent showed simultaneous cationic MB and anionic
MO adsorption while also treating real textile industry effluent, highlighting its practical applicability.
The CA-supported Ni-BDC/CNC demonstrated potential to be used as an adsorbent for

wastewater remediation.
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5.2 Introduction

The development of advanced materials is important in addressing the growing demands for
sustainability, efficiency, and functionality across various industries. Among these materials,
cellulose and MOFs (metal-organic frameworks) have gained significant attention due to their
unique properties and broad applications. Cellulose, the most abundant biopolymer on Earth,
offers advantages such as biodegradability, renewability, and good mechanical properties [1 — 3].
MOFs are gaining popularity as versatile materials in catalysis, gas storage, and separation
technologies due to their high surface area, high, porosity, and diverse chemical properties [4 — 6].
Recent advancements have enabled the creation of composites that synergistically combine
cellulose (or its derivatives) and MOFs, leveraging the structural integrity and environmental
benefits of cellulose with the functional versatility and high performance of MOFs. These
composites open up new possibilities in various applications including environmental remediation,

energy storage, and biomedical engineering.

Organic dyes are essential compounds in industries including textile, pharmaceutical, plastic, and
leather [7 — 9]. However, the uncontrollable discharge of dye-containing wastes from these
industries into the environment poses a substantial health hazard to both aquatic and terrestrial
life, with human exposure reported to result in dizziness, nausea, and cancer, [10 — 11]. This
highlights the urgent need to decontaminate organic dyes before their release into the
environment. Methylene blue (MB), a cationic, bulky molecule, is one of the most widely used dyes

in industries and serves as a model contaminant in this study.

Adsorption, the adhesion by which molecules (contaminants) adhere to the surface of a solid
material is one of the best technologies for the removal of dyes from water due to efficiency, ease
of operation, and cost-effectiveness [12 — 13]. The properties of MOFs are beneficial in adsorptive
water purification technologies. Ni-BDC, a MOF composed of nickel, and terephthalic acid as the
organic linker, has demonstrated high adsorption capacities for organic dyes, good selectivity, and
high affinity for organic molecules [14 — 15], making it a good candidate for the adsorption of MB
from water. Mohammadi et al. (2022) highlighted the use of Ni-based MOF for the removal of

organic dyes and inorganic contaminants from water [16].

Cellulose, a linear single chain composed of thousands of D-glucose units can be treated further
to obtain more versatile cellulose derivatives [17]. Crystalline nanocellulose (CNC) obtained by
treating cellulose with acid resulting in crystalline rod-like materials of diameters between 5-70 nm

and lengths of 100 — 500 nm [18 — 19], was noticed to have potential in dye removal due to
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chemical and mechanical stability, high surface area, hydrophilicity, and high surface area [20 —
21]. Theirincorporation in composites improves adsorption efficiency, wetting, mechanical stability,

and promotes dispersion [22 - 23].

Composites play a significant role in adsorption as they take advantage of properties presented by
both materials. As demonstrated above, Ni-BDC and CNC both show great potential for the
removal of MB from water. Therefore, it is hypothesized that the formation of a composite from
these materials will yield an adsorbent with a high surface area and high porosity to facilitate and
maximize the adsorption process. The resulting adsorbent will further demonstrate good stability
in aqueous applications. Furthermore, the hydrophilic nature of CNC will promote the dispersion

of MOF particles, maximizing the surface area.

In this study, a Ni-BDC/CNC crystalline powdered composite was supported on cellulose acetate
(CA) substrate to promote easy handling and mitigate potential secondary contamination that can
occur with powdered adsorbents. The adsorbent, CA-supported Ni-BDC/CNC, was tested for
adsorptive removal of MB from water. The effects of pH, initial concentration, contact time, and
temperature on the adsorbent process were studied as well as the adsorption isotherms, kinetics,

and thermodynamics.

5.3 Experimental

5.3.1 Materials

N’N’-dimethylformamide (DMF, 99.9 %), sulfuric acid (H2SOa4, 98 %), sodium hydroxide pellets
(NaOH, 97 %), and chloroform (CHsClI, 99 %) were purchased from Radchem. Nickel (1) nitrate
hexahydrate (Ni(NOz3)2°6H20, 99.99 %), methylene blue (MB, 98%), cellulose acetate (CA, 39.3 %
- 40.3 %), microcrystalline nanocellulose (MCC, 11 wt %), and terephthalic acid (BDC, 99 %) were

purchased from Sigma-Aldrich.

5.3.2 Synthesis of CA-supported Ni-BDC/CNC adsorbent film

The method used to prepare Ni-BDC was reported by Cheng et al. (2022) with modifications [24].
In this procedure, 1.5 g of terephthalic acid and 6.7 g of nickel nitrate hexahydrate were dissolved
in 60 mL of DMF followed by stirring for 1 hour at room temperature. To the mixture, 10 mL of 2 M

sodium hydroxide was added, and the mixture was stirred for 2 hours. Afterwards, the mixture was
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transferred to an autoclave and heated at 130 °C for 36 hours and the solid product obtained was

washed with DMF and water, followed by vacuum drying, to yield Ni-BDC MOF.

CNC was synthesized through hydrolysis of microcrystalline cellulose by H2SOa4 [25]. The
procedure involved a slow addition of 1 g microcrystalline cellulose into 0.1 M H2SO4 solution under
vigorous stirring at 45 °C. The sample was quenched with iced deionized water and subsequently
centrifuged to separate the newly synthesized CNC from the acidic solution. Multiple centrifugation
steps with deionized water was the process used to wash the sample until all the acid was
removed. The synthesized pellet was freeze-dried at 72 hours to yield powdered CNC.

Ni-BDC/CNC composite was synthesized by adding 100 mg of Ni-BDC in 20 mL deionized water,
followed by sonication and vigorous stirring of the mixture. In a separate reaction vessel, 50 mg of
CNC was added to 20 mL of deionized water, which was stirred, and sonicated until a solution
resulted. The resulting CNC solution was added into the reaction vessel of Ni-BDC and stirring
was continued for an hour, followed by sonication. The mixture was centrifuged to isolate the solid
product, which was Ni-BDC/CNC, and was dried at 70 °C in an oven for 24 hours.

CA-supported Ni-BDC/CNC was synthesized by dissolving 0.12 g of Ni-BDC/CNC in DMF under
vigorous stirring and sonication [26]. In another reaction vial, 4 g of CA was dissolved in 40 mL of
DMF, stirred for 24 hours, and subsequently degassed using N2. In the stirring Ni-BDC/CNC
mixture, 3.3 mL of the CA sludge was added, and stirring was continued for another hour. The
resulting sludge was drop-casted on a glass slide, submerged in an ice bath for 4 hours, then air-
dried for 24 hours to form CA-supported Ni-BDC/CNC adsorbent film.

5.3.3 Adsorption of MB by CA-supported Ni-BDC/CNC adsorbent film

This study investigated the effect of pH, contact time, initial concentration, and temperature on the
adsorption of MB on CA-supported Ni-BDC/CNC. In batch-type adsorption experiments, 7 mm X
15 mm (3 mg) adsorbent films were immersed in 3 mL MB solutions with initial concentrations
between 1 mg/L — 6 mg/L, pH values between 3 — 11, contact times from 60 minutes — 360 minutes,
and temperature from 298 K to 318 K. The solutions were agitated under specified conditions and
the absorbance before and after agitation were recorded on the UV/vis spectrophotometer to
determine the % MB removal and adsorption capacity using equations (5.1) and (5.2), respectively:

123
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

% MB removal = “= x 100 % (5.1)
Ci-Ce

where Ci is the initial concentration of MB solution (mg/L), Ce is the equilibrium concentration of
MB solution (mg/L), ge is the equilibrium adsorption capacity (mg/g), V is the volume of the solution
(mL), and m is the mass of the adsorbent (g).

In order to desorb the MB dye, reusability tests were carried out in which the adsorbent film was
taken out of the MB solution, submerged in 10 mL methanol, and shaken for four hours following
each adsorption cycle. After an hour of air drying, the film was removed and prepared for the

subsequent adsorption cycle.

5.3.4 Adsorption isotherms

To analyze the adsorption isotherms, the experimental data were fitted to the Langmuir and the
Freundlich isotherm models. The Langmuir isotherm model assumes monolayer adsorption on a
homogenous surface while the Freundlich isotherm assumes multilayer adsorption on a
heterogeneous surface. Langmuir and Freundlich isotherm models were used to model the
adsorption process using their linearised equations, equations (5.3) and (5.4), respectively.

= T

(5.3)

log(q.) = log(Kr) + (log(Ce) (5.4)

From the equations, gmax is the maximum adsorption capacity of the adsorbent (mg/g), and K is a
Langmuir constant (mg/g) related to adsorption energy. High Kp. values suggest stronger
interactions between the adsorbent and adsorbate. Kr is the Freundlich isotherm constant (mg/g).

The gradient of the linear form of the equation, % is a function of the strength of the adsorption

process referred to as the heterogeneity factor. Normal adsorption occurs when 71] < 1. When 151 >

1, cooperative adsorption is taking place. RL is a separation factor and is calculated using equation
(5.5):
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(-1

1
Ru= 17 (5.5)

where Ki is the Langmuir constant, and Ci is the initial adsorbate concentration. Adsorption is
unfavorable when R, > 1, linear when R, = 1, favorable when 0 < R, < 1 and irreversible when
RL = 0

5.3.5 Adsorption kinetics

Adsorption kinetics provide insight into mechanisms such as mass transfer and chemical reactions
during adsorption. To study adsorption kinetics, experimental data was fitted to linearised forms of
the pseudo-first-order and the pseudo-second-order rate equations, represented by equation (5.6)
and equation (5.7), respectively:

In(qe — qr) = In(qe) — ket (5.6)

1 1 1
Z‘_ k2q§+;t (5.7)

where ge is the adsorption capacity at equilibrium, gt is the adsorption capacity at time t, t is the
contact time, ki is the first-order equilibrium constant, and k2 is the second-order equilibrium

constant.

Pore diffusion mechanisms were studied by fitting experimental data to the Webber-Morris
intraparticle-diffusion model, Bangham model, and Boyd model, represented by equation (5.8) —

(5.10), respectively:

Qe = kigt'/* +1 (5.8)
loglog(=2-) = log(—2™ ) + alog(t 5.9

oglog(-——) = log (7)) + alog(t) (5.9)
B, = —0.4977 — In(1 — F) (5.10)

where kid is the intraparticle diffusion rate constant (mg/g-min~%?) and | is the thickness of the
boundary layer. The ko and a are Bangham equation constants, F is the fraction of MB adsorbed

at any time t (min) and is calculated by equation (5.11):

F = % (5.11)
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5.3.6 Statistical tests

Statistical studies were used to determine the best-fitting model using a nonlinear chi-square (x?)
statistical test and the linear correlation coefficient (R?). The R? and x? values for different models
were compared to determine the best fit for the experimental data. Models with higher R? and lower
x? values were considered to be better representations of the adsorption process. Equation (5.12)
was used to calculate x2.

x% = ZM (5.12)

Gecal

Thermodynamic studies

The temperature dependence of the adsorption process was evaluated using thermodynamics.
Thermodynamic parameters such as standard entropy (AS°), standard enthalpy (AH°), and
standard free energy (AG°) were determined using the Van Hoff plot, which provides the basis for

the calculation of (AS°) and (AH®) according to equations (5.13) and (5.14):
Ink, =55 _ A (5.13)

AG" = —RT InK, (5.14)

where KL is the equilibrium constant, R is the universal gas constant and T is temperature.

5.3.7 Characterization techniques

X-ray diffraction (XRD) analysis was conducted on a Bruker D2 PHASER-e diffractometer using
Cu-Ka radiation (0.15418 nm). Scanning electron microscopy (SEM) and Energy-dispersive X-ray
spectroscopy (EDX) were carried out on a crossbeam 540 FEG SEM microscope from Zeiss. UV-
vis absorption measurements were taken using a CARY 100 BIO UV-Vis spectrophotometer. FTIR
spectroscopy was conducted on a Brunker Alpha Fourier transform spectroscopy with platinum
attenuated total reflectance (ATR) sampling accessory, 4 cm resolution. Thermogravimetric
analysis was done using SDT Q600 V20.9 Build 20 Module DSC-TGA Standard. The Brunauer-

Emmett-Teller (BET) and Barrett—Joyner—Halenda (BJH) models’ analysis was conducted on the
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Autosorb iQ model:7, ASIQWin version 5.2x. X-ray photoelectron spectroscopy (XPS) was carried

out on a Thermo model: ESCAIlab 250Xi using a monochromatic Al ka X-ray source.
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5.4 Results and Discussion

5.4.1 Material characterization

X-ray diffraction (XRD)

Figure 5.1a shows the XRD pattern of Ni-BDC MOF displaying peaks at 9.16°, 14.44°, 16.01°,
18.14° and 25.4°. The obtained diffraction pattern corresponds to previously reported XRD
patterns for Ni-BDC and aligns well with JCPDS file number 035.1677 [27 — 28], confirming the
synthesis of the MOF. The crystallite size was calculated to be 12.67 nm using the Scherrer

equation, presented in equation (5.15):

_ KA
- LCos6

(5.15)

where D is the crystallite size, K is the Scherrer constant with a value of 0.9, B is the full width at
half maximum (FWHM), and 6 is the peak position. Figure 5.1b shows the XRD pattern of CNC
characterized by peaks at 14.5°, 16.5°, 20.6°, 22.6°, and 34.4°, indexed (110), (110), (102), (200),
and (004), respectively. The diffraction pattern is consistent with previously reported XRD results
of CNC and corresponds with the JCPDS file number 03-0226 [29 — 30]. Ni-BDC and CNC were
combined to form a composite, Ni-BDC/CNC, which was confirmed through XRD characterization,
as shown in figure 5.1c. The diffraction pattern exhibited peaks from both Ni-BDC and CNC
observed at 9.16 °, 14.44°,18.14 °, 25.4 °, and 15.01 °, 22.6 °, and 34.4 °, respectively, verifying
the formation of the composite. The diffraction pattern of CA shown in figure 5.1d, has no distinct
peaks, characteristic of the amorphous material. The diffraction pattern of CA-supported Ni-
BDC/CNC shown in figure 5.1e is more comparable to the XRD pattern of amorphous CA as it

constitutes most of the adsorbent film.
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Figure 5.1: XRD patterns of (a) Ni-BDC, (b) CNC, (c) Ni-BDC/CNC, (d) CA, and (e) CA-
supported Ni-BDC/CNC.

Fourier-transform infrared spectroscopy (FTIR)

To confirm the structure of the synthesized materials, FTIR spectroscopy was used as illustrated
in figure 5.2. Figure 5.2a shows the IR spectrum of Ni-BDC characterized by several peaks at 3600
cm?,1578 cm™ and 1372 cm™ correspond to O-H stretching, O=C stretching, and C=C vibration,
respectively. The peaks occurring at 814 cm and 740 cm™ are assigned to the in-plane bending
vibration of Ni-O and the stretching vibrations of Ni-O, respectively. A similar spectrum for Ni-BDC

has been reported elsewhere [31].

Figure 5.2b shows the spectrum of CNC with peaks at 3600 cm! and 1634 cm™ corresponding to
O-H stretching and C=0 stretching vibration. Peaks at 1430 cm™?, 1374 cm™ and 1313 cm™ are
due to C-O vibrations of the pyranose ring structure, and the reflection occurring at 892 cm,
represents the glycosidic Ci—H deformation within the ring, characteristic of the glycosidic bonds

within the cellulose chain. This spectrum is consistent with previous reports [32].

Figure 5.2c shows the FTIR spectrum of the Ni-BDC/CNC composite displaying peaks from both
Ni-BDC and CNC. Peaks at 1578 cm™, 1372 cm?, and 814 cm™ correspond to Ni-BDC, while CNC

peaks occur at 1634 cm* and 1000 cm. CA spectrum is shown in figure 5.2d and is consistent
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with previous reports. Figure 5.2e shows the spectrum of CA-supported Ni-BDC/CNC adsorbent
film showing great similarities with the spectrum of CA, consistent with reports where CA has been
used as a substrate material [26, 33]. The peak displayed at 1736 cm* for CA is shifted to 1738
cm™ for the adsorbent film. The distortion verifies the hydrogen bond interaction between the
composite and the CA substrate, confirming that the Ni-BDC/CNC composite is embedded within
the CA matrix.

(€)
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4000 3200 2400 1600 800
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Figure 5.2: FTIR spectra of (a) Ni-BDC, (b) CNC, (c) Ni-BDC/CNC, (d) CA, and (e) CA-supported
Ni-BDC/CNC.

Scanning electron microscopy (SEM)

Figure 5.3a shows the SEM image of Ni-BDC as layered flakes, consistent with previous reports
[31, 34 — 35]. The CNC shows nanowhisker morphology, with the material having rod-like particles,
with lengths between 100 nm - 500 nm and diameters in the range of 2 nm - 20 nm, also consistent
with previous findings [36 — 38]. The Ni-BDC/CNC composite (figure 5.3c) shows a layered

structure decorated by grain-like particles. The surface morphology and the cross-section of the
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CA-supported Ni-BDC/CNC adsorbent film are shown in figures 5.3d and 5.3e, respectively. The
adsorbent film exhibits a flat, perforated sheet-like morphology with pore channels running through
the cross-section of the film. The EDX spectrum of CA-supported Ni-BDC/CBC (figure 5.3f) shows
the detection of oxygen and nickel confirming the presence of Ni-BDC MOF within the adsorbent

film.
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Figure 5.3: SEM micrographs of (a) Ni-BDC, (b) CNC, and (c) Ni-BDC/CNC. (d) The surface
morphology and the (e) cross-section of CA-supported Ni-BDC/CNC. (f) The EDX spectrum of CA-
supported Ni-BDC/CNC.

Thermal Gravimetric Analysis (TGA)

TGA studies the thermal stability of materials by monitoring percentage weight change as
temperature increases and the results are shown in figure 5.4. All the materials showed a weight
loss at 100 °C associated with the removal of physically adsorbed moisture and gases. The weight
loss observed between 150 °C and 250 °C occurred due to the removal of adsorbed DMF, the
solvent used during synthesis. Ni-BDC, shown in figure 5.4a, displays a third weight loss of 52 %
between 380 °C and 480 °C indicating the degradation of Ni-BDC through the breakdown of the
framework and the decomposition of terephthalic acid, leaving nickel metal which constitutes 39
% of the MOF. CNC showed the pyrolysis of cellulose and hemicellulose resulting in intermediates
when the temperature increased from 260 °C to 320 °C, as depicted in figure 5.4b and this was
accompanied by 70 % weight loss. A temperature increase from 320 °C to 480 °C resulted in 24
% weight loss, which occurred due to a further breakdown of the intermediates signifying a total
decomposition of CNC. Figure 5.4c¢ shows the TGA plot of the Ni-BDC/CNC composite and its total
decomposition was observed at 480 °C, the 27 % that remained was the nickel metal. The
adsorbent film experiences a total decomposition at 515 °C, with the 5 % remaining being the

nickel metal.
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Figure 5.4: TGA curves of (a) Ni-BDC, (b) CNC, (c) Ni-BDC/CNC, and (d) CA-supported Ni-
BDC/CNC.

Brunauer-Emmett-Teller (BET) and X-ray photoelectron spectroscopy (XPS)

The BET measurement for the adsorbent film shown in figure 5.5, represents a type | isotherm N2
adsorption/desorption curve characteristic of microporous materials [39]. The analysis showed the
adsorbent film has a specific surface area of 19.986 m?/g, significantly lower than the expected
surface area, possibly due to the blocking of pores of the MOF during composite formation and by
the CA substrate. Consequently, the adsorption capacity of the adsorbent is expected to be lower,
however, with eliminated secondary contamination, recyclability, and water stability. The pore
geometry was analyzed using BJH analysis, demonstrating a pore diameter of 1.2 nm which is
microporous, and a pore volume of 0.264 cm?/g.

XPS was used to examine the surface chemical composition and bonding states. Figure 5.6a
shows the surface of CA-supported Ni-BDC/CNC consisting of oxygen and carbon as shown by
the Cls and Ols peaks. The high-resolution XPS spectra enabled the deconvolution of the Cls
and Ol1s, as demonstrated in figure 5.6b and 5.6c, respectively. The high-resolution spectrum of
C1ls shows the presence of four sub-peaks at 287.5 eV, 286.2 eV, 284.9 eV, and 283.4 eV,
assigned to O-C=0, C=0, C-O, and C-C, respectively. The deconvoluted Ols peak is
characterized by three peaks at 531.9 eV, 530.9 eV, and 529.6 eV, corresponding to C=0, C-0,
and O—H, respectively. Failure to detect Ni might be because the adsorbent has the Ni-BDC/CNC

embedded within the CA matrix.
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Figure 5.6: (a) XPS survey spectrum of CA-supported Ni-BDC/CNC adsorbent and the

corresponding high-resolution spectra of (b) C1s and (c) O1s.
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Point of zero charge (pHpzc)

The point of zero charge, represented by pHpzc, is the pH at which the adsorbent’s surface has a
net zero charge. The pHpzc was determined by comparing the pH of the NaCl solution before CA-
supported Ni-BDC/CNC was submerged and agitated and the resulting pH after the process. The
resulting plot of A pH against initial pH is shown in figure 5.7. The adsorbent film's pHpzc was
determined to be 6.1, implying that at pH above 6.1; the adsorbent’s surface is deprotonated by
excess OH" groups in the solution resulting in a net negative surface charge. At pH below the pHpzc,
the adsorbent’s surface is protonated by excess H* in the solution, rendering the net surface
charge to be positive. At extreme pH values of 1 and 13, there are more H* and OH- ions in the
solution, respectively, resulting in the adsorbent film having no influence on pH, hence there is little

to no change in pH.

N

le - pH;
N~

\ :l— / é 1.0 1.2 1.4
-1+ '\. pH;

Figure 5.7: The point of zero charge of CA-supported Ni-BDC/CNC.

5.4.2 Adsorption studies

Effect of pH on adsorption

Figure 5.8a shows the effect of pH on equilibrium adsorption capacity, ge, and figure 5.8b shows
the effect of pH on % MB removal. From figure 5.8 it can be concluded that adsorption efficiency
increases with an increase in pH, consistent with the pHpzc studies as at lower pH values, the
surface of the adsorbent film has a net positive charge and will be electrostatically repelled by the

cationic MB dye, limiting MB adsorption. As pH is increased well above the pHpz, the adsorbent’s
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surface becomes negatively charged, and this is evidenced by a steady increase in the adsorption
efficiency of the cationic dye due to electrostatic attractions. This study shows that pH affects the
surface chemistry of CA-supported Ni-BDC/CNC adsorbent film, and therefore, affects the
adsorption efficiency of MB by the adsorbent film. The highest adsorption efficiency was recorded
at pH 11.
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Figure 5.8: The effect of pH on (a) equilibrium adsorption efficiency and (b) % MB adsorption.

Effect of contact time on adsorption

The effect of contact time on the adsorption efficiency was studied and the resulting plots were
shown in figure 5.9. The contact time was 6 hours at initial MB concentrations of 1 mg/L to 6 mg/L.
Adsorption occurs in three stages during this period, the first stage is a rapid increase in capacity
within the first hour as a result of available adsorption active sites on the adsorbent film. The
second stage takes place between the second hour to the fifth hour where adsorption capacity
occurs at a slower rate due to few adsorption active sites on the adsorbent film and fewer MB dye
molecules in the solution. The flat curve observed during the last hour demonstrates equilibrium
where there is little to no change in the adsorption capacity. The adsorption capacity during this
stage is the equilibrium adsorption capacity, gqe. The % MB removal plots in figure 5.9b follows a
similar trend. The highest equilibrium adsorption capacity was 2.78 mg/g and the highest % MB

adsorption was 85 %.
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Figure 5.9: The effect of contact time on (a) adsorption capacity and (b) % MB removal.

Effect of initial concentration

Figure 5.10 shows the effect of initial concentration on the adsorption of MB onto CA-supported
Ni-BDC/CNC. The initial MB concentrations studied were 1 mg/L — 6 mg/L at pH 11 and the area
of the adsorbent films used was 7 mm x 15 mm. Figure 5.10a shows an increase in equilibrium
adsorption capacity with increasing initial concentration of MB solution. This trend is observed due
to the adsorptive removal of MB by the adsorbent film being concentration-dependent, meaning
the MB concentration provides the driving force to overcome the mass transfer barrier between
the adsorbent surface and the adsorbate. Therefore, at higher initial concentrations of MB, the
adsorption capacity increased. The effect of initial concentration on % MB removal is represented
by figure 5.10b showing a decrease in the % removal with increasing initial concentration of MB
since at lower initial MB concentrations, the adsorbent’s available surface area and active sites
were higher, leading to more MB molecules being adsorbed. As the initial concentration of MB is
increased and the number of active sites remains constant and limited, the % MB removal

decreases as fewer MB molecules are taken by the adsorbent film from the solution.
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MB removal.

Adsorption isotherms

Adsorption isotherms are necessary in adsorption studies as they explain adsorption. The
equilibrium adsorption data was analyzed using Langmuir and Freundlich isotherm models to
determine the isotherm model that better describes the adsorption process. The adsorption
isotherm plots are shown in figure 5.11 and their corresponding parameters are listed in table 5.1.
The correlation coefficients (R?) are 0.9956 and 0.9314 for the Langmuir and the Freundlich
isotherm, respectively, indicating the adsorption process better agrees with the Langmuir isotherm
model. Moreover, the determined maximum adsorption capacity, gmax, from the Langmuir isotherm
model was 3.13 mg/g, which is closer to the experimentally obtained ge, 2.78 mg/g compared to
4.39 mg/g determined by the Freundlich model. The separation factor, Ri, values at all the initial
MB concentrations, were between 1 and 0, as illustrated in figure 5.11c, indicating that the

adsorption process was favourable. From the Freundlich isotherm, the heterogeneity factor, 1/n,
was determined to be 0.37 (0 <% < 1) further confirming the favourable adsorption. The
Langmuir isotherm has a lower y? than the Freundlich isotherm. As such, it can be concluded that
the adsorption of MB onto CA-supported Ni-BDC/CNC adsorbent film can be described to closely

follow the Langmuir isotherm, meaning that MB molecules form a monolayer on the surface of the

adsorbent film and similar results have been reported for the adsorption of Azo dyes [40 — 42].
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Figure 5.11: (a) Langmuir isotherm model, (b) Freundlich isotherm model, and (c) Separation factor

values obtained against the initial MB concentration.

Adsorption kinetics

The kinetic studies in adsorption processes are important as they assist in identifying the rate of
an adsorption process and contribute to analyzing the adsorption mechanisms. This study also
sheds light on the rate-determining step. The adsorption of MB by CA-supported Ni-BDC/CNC was
subjected to kinetic studies using pseudo-first order and pseudo-second order kinetic models,
shown in figure 5.12a and 5.12b, respectively. Their respective kinetic parameters are listed in
table 5.1. The adsorption process closely fits the pseudo-second-order kinetic model as the R?
value was 0.9966, compared to the pseudo-first-order kinetic model with an R? value of 0.9075.
Further confirmation lies in the pseudo-second-order kinetic model demonstrating a ge value of 3.7
mg/g, which is closer to the experimental ge of 2.78 mg/g, compared to 7.77 mg/g exhibited by the
pseudo-first-order kinetic model. Furthermore, the x? of the pseudo-second kinetics was calculated

to be lower than the value obtained for the pseudo-first-order and similar observations have been
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reported [43 — 45]. This implies that the adsorption of MB on CA-supported Ni-BDC/CNC takes

place through chemical adsorption, which might be contributing to the rate-limiting step.

Pore diffusion mechanisms were studied by fitting experimental data to the Webber-Morris
intraparticle diffusion model, Bangham model, and the Boyd model, and the results are shown in
figure 5.12c, 5.12d, and 5.12e, respectively. The intraparticle diffusion model demonstrates a
straight-line curve having an R? value of 0.9729, which is close to unity, and a y? value > 0.05,
indicating that this model is valid for the adsorption process. The plot has a positive y-intercept, |,
of 0.35, which is an indication of the boundary layer. If the plot does not pass through the origin,
the intraparticle diffusion model alone does not account for the rate control step [46]. The Bangham
model has an R? value of 0.9875 and a y? value > 0.05 indicating that the diffusion of MB in the
pores of CA-supported Ni-BDC/CNC contributes to the rate-determining step [47]. The Boyd model
displays two straight line segments which occur at 60 — 120 minutes and 240 — 300 minutes,
labelled segment 1 and segment 2 respectively. Both segments do not pass through the origin,
indicating that film diffusion is involved in the rate-determining step, but it is not solely responsible
[48].
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Figure 5.12: (a) The pseudo-first-order kinetic model, (b) the pseudo-second-order kinetic model,
(c) the Weber-Morris intraparticle diffusion model, (d) Bangham kinetic model, and (e) the Boyd

kinetic model.
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Table 5.1: Kinetic parameters of pseudo-first-order kinetic model, pseudo-second-order kinetic

model, and Weber-Morris intraparticle diffusion model.

Freundlich | Pseudo | Pseudo | Intraparticle | Bangham | Pore
Langmuir first- second | diffusion Model diffusion
order order model

Omax ge (Mg/qg) Qe Qe Kid Ks 1st

(mg/g) 4.39 (mg/g) | (mg/g) |0.13 0.09 segment

3.13 7.77 3.70 slope
0.08
2nd
segment
slope
0.035

KL (L/mg) | Kr (mg/g) | k1 ko C 1st

2.46 2 0.02 0.0024 |0.35 Intercept
-0.31

R? R? R? R? R? R? 2nd

0.9965 0.9314 0.9075 | 0.9966 |0.9729 0.9875 Intercept
-6.5

x° x° x? x? x° x?

0.00757 | 0.043 0.0068 | 0.0027 |0.011 0.0085

Activation energy

The activation is energy (Ea) provides insights on the nature and strength of the adsorption of MB
on CA-supported Ni-BDC/CNC and it is expressed by equation (5.16):

Ink =InA — 22 (5.16)

RT

where K is the pseudo-second-order rate constant, A is the Arrhenius constant, Ea is the activation
energy, R is the ideal gas constant (8.314 J/K.mol) and T is the temperature in K. The Ea is
calculated from the slope of the Arrhenius plot shown in figure 5.13 and was calculated to be 50
kJ/mol, supporting the observation made in the kinetic studies that the adsorption of MB onto the

surface of the adsorbent film occurs through chemisorption. This is guided by the fact that for
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chemisorption, Ea ranges between 40 - 800 kJ/mol, while for physisorption, activation energy

ranges between 5 - 40 kJ/mol [49].
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Figure 5.13: Plot of Ink vs T-! for the estimation of activation energy, Ea.

Adsorption thermodynamics

The effect of temperature on the adsorption efficiency of MB onto CA-supported Ni-BDC/CNC
adsorbent film was studied, and the results are presented in figure 5.14. The temperature was
increased from 298 K to 318 K, the initial concentration used was 6 mg/L, at pH 11, at a contact
time of 6 hours and the area of the adsorbent kept at 7 mm x 15 mm. Figure 5.14a shows the effect
of temperature on the equilibrium adsorption capacity, and figure 5.14b shows the effect of
temperature on % MB removal. Both curves follow a similar trend, which is the reduction in
adsorption efficiency with increasing temperature. This indicates that the adsorption process is

exothermic.
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Figure 5.14: The effect of temperature on (a) equilibrium adsorption capacity and (b) % MB

removal.

The thermodynamic study illustrated by the Van 't Hoff plot is shown in figure 5.15, and the
corresponding thermodynamic parameters are listed in table 5.2. The AG° values at all the
temperatures are positive, indicating that the adsorption process was non-spontaneous within the
temperature range of this study. The value of AH®was determined to be negative, implying that the
adsorption process was exothermic in nature. The AS° value was determined to be negative,
showing that the adsorption process results in the adsorbed MB being more orderly than in the
bulk solution [50 — 51]. This means that the mobility of MB onto the adsorbent film is restricted as

compared to the mobility in aqueous solutions. Similar results have been reported elsewhere [52].
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Figure 5.15: Van’t Hoff plot for the adsorption of MB by CA-supported Ni-BDC/CNC.
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Table 5.2: Thermodynamic parameters for adsorption of MB by CA-supported Ni-BDC/CNC.

T/K A G° (kJ/mol) | AH° (kJ/mol) | A S° (J/K.mol?) | Ea(kJ/mol)
298 0.361084 -51.7 -175.15 50

308 2.444966

318 3.84935

Reusability

The reusability of CA-supported Ni-BDC/CNC was assessed to understand the stability of the
adsorbent film, results are shown in figure 5.16. After the fifth cycle of MB adsorption, the adsorbent
achieved a ge of 1.11 mg/g, which is 67 % of the ge obtained after the first cycle. The reduced
efficiency may be due to adsorbed MB molecules still occupying active sites. This shows that the
adsorbent film has the capacity to be used multiple times for the removal of MB and that the
adsorbent is stable in aqueous solutions. This makes the film sustainable with reduced

environmental impact and economically efficient as it does not require constant replacing.

-

)
-

2 3 4
cycle times

Figure 5.16: Reusability of CA-supported Ni-BDC/CNC adsorbent film.

Adsorption mechanisms

Figure 5.17 displays the proposed mechanisms of the adsorption of MB onto CA-supported Ni-
BDC/CNC adsorbent film. Adsorption can occur through multiple pathways because of the
hydroxyl and carbonyl groups present on the surface of the adsorbent film, confirmed by FTIR
spectrum and XPS. These include ion-dipole, dipole-dipole, hydrogen bonding and n—m
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interactions. Similar mechanisms have been reported elsewhere for CA-based adsorbents for MB
removal [53]. At the optimum pH (pH 11), the adsorbent film has a net negative surface charge
and is attracted to cationic MB through electrostatic attractions. Moreover, hydrogen bonding
occurs between the hydroxyl groups on the adsorbent film and the nitrogen atoms on the MB

structure, and m — m interactions contribute to the adsorption process.
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Figure 5.17: Adsorption mechanisms of MB onto CA-supported Ni-BDC/CNC.

Simultaneous adsorption of MB and methyl orange (MO)

CA-supported Ni-BDC/CNC adsorbent film was tested for the simultaneous adsorption of cationic
MB and anionic methyl orange (MO), to assess the practical applicability of the adsorbent film.
Figure 5.18 shows that simultaneous adsorption was conducted between pH 3 -11. It was observed
that under acidic conditions, the adsorbent film had a high affinity for MO, while at alkaline pH
conditions, the film demonstrated high adsorption of MB. This is in line with the observation of
pHpzc that at pH below 6.1, the adsorbent film’s surface charge is positive hence the high affinity
for anionic MO. At pH values above 6.1, the adsorbent’s surface charge is negative, leading to a
higher affinity for cationic MB. At pH 3 the adsorbent achieved the highest ge of 1.63 mg/g for MO
compared to 1 mg/g for MB. At pH 11, the film achieved a ge of 2.3 mg/g for MB, compared to 1.18

mg/g for MO. At neutral pH, the ge values of the two dyes were comparable. This is observed as a
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result of the electrostatic interactions between the adsorbent and the dyes. This study shows the

adsorbent film has a pH-dependent selectivity for MO and MB dyes.
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Figure 5.18: The effect of pH on the simultaneous adsorption of MB and MO by CA-supported Ni-
BDC/CNC.

Adsorption of real textile effluent

The CA-supported Ni-BDC/CNC adsorbent film was tested for its potential in adsorptive purification
of real textile industry wastewater and the results are shown in figure 5.19. The film removed 45
% of the textile effluent. The adsorbent performed relatively well despite the industrial effluent

containing a mixture of dyes and many other species competing for adsorption active sites.
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Figure 5.19: Adsorption of the industrial textile effluent by CA-supported Ni-BDC/CNC.

5.5 Economic assessment

The cost assessment of the adsorption process is important as it highlights the economic feasibility

of the process. To assess the cost of the adsorption process, equation (5.17) was employed:
_ USD
Operation cost (OC) (?) = aCenergy T DCchemicals (17)

where Cenergy and Cchemicais are the energy consumed (in kwh/m3) and the chemical consumption
(in kg/m?3), respectively, the symbol a represents the cost of electrical energy in the South African
market (USD 0.19 kWh) as of July 2024, while the symbol b signifies the cost of chemicals used
to manufacture the adsorbent film measured, in USD per kilogram (USD/kg) or per cubic meter
(USD/m3).

In this study, 0.003 L of the MB aqueous solution is treated by the adsorbent, and the OC
calculation is based on the adsorbent treating 1 L of the MB solution. Additionally, the equipment
was calculated based on their power ratings in watts and the total duration of operation. The cost
of the adsorbent was calculated per kilogram. The total energy consumption reached 110.8

kilowatt-hours per cubic meter (kwh/m3), which is equivalent to USD 20.43 per cubic meter, while
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the total chemical cost amounted to USD 32.57 per cubic meter. Therefore, the operating cost was

determined to be USD 53 per cubic meter.

5.6 Conclusions

The Ni-BDC/CNC composite was successfully synthesized through a solvothermal procedure
followed by embedding in a CA matrix via drop-casting to yield CA-supported Ni-BDC/CNC. The
film was characterized using XRD, FTIR, SEM, EDX, TGA, BET, and XPS. The synthesized
adsorbent film was tested for the adsorptive removal of MB from aqueous solutions reaching the
highest adsorption capacity of 2.78 mg/g and the highest % MB removal of 85 % at solution pH
11, 6 mg/L initial concentration, contact time of 6 hours at 25 °C. The adsorption process was
better described by the Langmuir isotherm and pseudo-second-order Kkinetic models,
demonstrating an Ea of 50 kJ/mol, implying a monolayer chemisorption process of MB onto the
surface of the film. The adsorption process was exothermic in nature, and the film demonstrated
good recyclability and pH-dependent selectivity for both cationic and anionic contaminants. The
practical applicability of the adsorbent film was further demonstrated by a 45 % removal efficiency
of industry dye effluent from water. The CA-supported Ni-BDC/CNC shows it is a promising

adsorbent for the adsorptive removal of contaminants from aqueous solutions.

149
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

5.7 References

1.

10.

11.

Abdelhamid, H.-N.; Mathew, A.-P. Cellulose-Based Materials for Water Remediation:
Adsorption, Catalysis, and Antifouling. J. Environ. Chem. Eng. 2021, DOI:
10.3389/fceng.2021.790314.

Etale, A.; Onyianta, A.-J.; Turner, S.-R.; Eichhorn, S.-J. Cellulose: A Review of Water
Interactions, Applications in Composites, and Water Treatment. Chemical Reviews 2023,
123, 2016-2048.

Cheng, W.; Zhu, Y.; Jiang, Cao, K.; Zeng, S.; Chen, W.; Zhao, D.; Yu, H. Sustainable
cellulose and its derivatives for promising biomedical applications, Prog. Mater. Sci.
2023, DOI: 10.1016/j.pmatsci.2023.101152.

Phan, P.T.; Hong, J.; Tran, N.; Le, T.H. The Properties of Microwave-Assisted Synthesis
of Metal-Organic Frameworks and Their Applications. Nanomaterials 2023, 352,
https://doi.org/10.3390/nan013020352

Ghosh, A.; Fathima Thanutty Kallungal, S.; Ramaprabhu, S. 2D Metal-Organic
Frameworks: Properties, Synthesis, and Applications in Electrochemical and Optical
Biosensors. Biosensors 2023, 123. https://doi.org/10.3390/bios13010123

Li, D.; Yadav, A.; Zhou, H.; Roy, K.; Thanasekaran, P.; Lee, C. Advances and
Applications of Metal-Organic Frameworks (MOFs) in Emerging Technologies: A
Comprehensive Review. Global challenges 2023, DOI: 10.1002/gch2.202300244.
Oladoye, P.-O.; Bamigboye, M.-O.; Ogunbiyi, M.-O.; Akano, M.-T. Toxicity and
decontamination strategies of Congo red dye. Groundw. Sustain. Dev. 2022, DOI:
10.1016/j.gsd.2022.100844.

Al-Tohamy, R.; Ali, S.-S.; Li, F.; Okasha, K.-M.; Mahmoud, Y.A.-G.; Elsamahy, T.; Jiao,
H.; Fu, Y.; Sun, J. A critical review on the treatment of dye-containing wastewater:
Ecotoxicological and health concerns of textile dyes and possible remediation
approaches for environmental safety. Ecotoxicol. Environ. Contam. 2022, DOI:
10.1016/j.ecoenv.2021.113160.

Alsukaibi, A.K.-D. Various Approaches for the Detoxification of Toxic Dyes in
Wastewater. Processes 2022, DOI:10.3390/pr10101968.

Islam, T.; Repon, M.-R; Sarwar, Z. Mohammed M. Rahman7. Impact of textile dyes on
health and ecosystem: a review of structure, causes, and potential solutions. Environ.
Sci. Pollut. Res. 2023, 30, 9207-9242.

Mehra, S.; Singh, M.; Chadha, P. Adverse Impact of Textile Dyes on the Aquatic
Environment as well as on Human Beings. Toxicol. Int. 2021, 28.

150
© University of Pretoria



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

Badran, A.-M.; Utra, U.; Yussof, N.-S.; Bashir, M.-J.-K. Advancements in Adsorption
Techniques for Sustainable Water Purification: A Focus on Lead Removal. Separations
2023, 10, DOI:10.3390/separations10110565.

Algarni, T.-S.; Al-Mohaimeed, A.-M. Water purification by adsorption of pigments or
pollutants via metaloxide. J. King Saud Univ. Sci. 2022, DOI:
0.1016/j.jksus.2022.102339.

Cheng, P.; Wang, X.; Markus, J.; Wahab, A.; Chowdhury, S.; Xin, R.; Alshehri, S.-M.;
Bando, Y.; Yamauchi, Y.; Kaneti, Y.-V. Carbon nanotube-decorated hierarchical porous
nickel/carbon hybrid derived from nickel-based metal-organic framework for enhanced
methyl blue adsorption. J. Colloid Interface Sci. 2023, 638.

Zheng, Y.; Cheng, B.; Fan, J.; Yu, J.; Ho, W. Review on nickel-based adsorption
materials for Congo red. J. Hazard. Mater. 2021, DOI:10.1016/j.jhazmat.2020.123559.
Mohammadi, A.-A.; Niazi, Z.; Heidari, K.; Afarinandeh, A.; Kazemi, M.-S.; Haghighat, G.-
A.; Vasseghian, Y.; Rezania, S.; Barghi, A. Nickel and iron-based metal-organic
frameworks for removal of organic and inorganic model contaminants. Environ. Res.
2022, DOI: 10.1016/j.envres.2022.113164.

Seddiqi, H.; Oliaei, E.; Honarkar, H.; Jin, J.; Geonzon, L.-C.; Bacabac R.-G.; Klein-
Nulend, J. Cellulose and its derivatives: towards biomedical applications. Cellulose 2021,
28.

Jing, S.; Wu, L.; Siciliano, Chen, C.; Li, T.; Hu, L. The Critical Roles of Water in the
Processing, Structure, and Properties of Nanocellulose. ACS Nano. 2023, 17.

Qi, Y.; Wang, S.; Liza, A.-A.; Li, J.; Yang, G.; Zhu, W.; Song, J.; Xiao, H.; Li, H.; Guo, J.
Controlling the nanocellulose morphology by preparation conditions. Carbohydr. Polym.
2023, DOI: 10.1016/j.carbpol.2023.121146.

Bai, L.; Ding, A.; Li, G.; Liang, H. Application of cellulose nanocrystals in water treatment
membranes: A review. Chemosphere 2022, DOI: 10.1016/j.chemosphere.2022.136426.
Whba, F.; Mohamed, F.; Idris, M.-l.; Yahya, M.-S. Surface Modification of Cellulose
Nanocrystals (CNCs) to Form a Biocompatible, Stable, and Hydrophilic Substrate for
MRI. Appl. Sci. 2023, DOI:10.3390/app13106316.

Lu, Y.; Liu, C.; Mei, C.; Sun, J.; Lee, J.; Wu, Q.; Hubbe, M.-A.; Li, M. Recent advances
in metal organic framework and cellulose nanomaterial composites. Coord. Chem. Rev.
2022, DOI: 10.1016/j.ccr.2022.214496.

151
© University of Pretoria



23.

24,

25.

26.

27.

28.

29.

30.

31.

UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

Tao, Y.; Du, J.; Cheng, Y.; Lu, J.; Min, D.; Wang, H. Advances in Application of Cellulose-
MOF Composites in Aquatic Environmental Treatment: Remediation and Regeneration.
Int. J. Mol. Sci. 2023, DOI: 10.3390/ijms24097744.

Cheng, J.; Shao, Y.; Guo, H.; Zhang, Z.; Mao, Y.; Qian, L.; Xin, K.; Yang, W. Ni-based
metal-organic frameworks prepared with terephthalic acid hydroxylation converted
methyl palmitate into jet-fuel range hydrocarbons in CO2 atmosphere. Fuel 2022, DOI:
10.1016/j.fuel.2022.123679.

Xiaoshan, Y.; Yu, J.; Qitang, W.; Zebin, W.; Xianke, L.; Yangmei, C. Preparation and
Characterization of Cellulose Nanocrystal Extraction From Pennisetum hydridum
Fertilized by Municipal Sewage Sludge via Sulfuric Acid Hydrolysis. Front. Energy Res.
2021, 9, DOI:10.3389/fenrg.2021.774783.

Tahazadeh, S.; Karimi, H.; Mohammadi, T.; Motejadded, H.-B.; Tofighy, M.-A.
Fabrication of biodegradable cellulose acetate/MOF-derived porous carbon
nanocomposite adsorbent for methylene blue removal from aqueous solutions. J. Solid
State Chem. 2021, DOI: 10.1016/}.jssc.2021.122180.

Huang, W.; Peng, C.; Tang, J.; Diao, F.; Yesibolati, M.-N.; Sun, H.; Engelbrekt, C.; Zhang,
J.; Xiao, X.; Molhave, K. Electronic structure modulation with ultrafine Fe304
nanoparticles on 2D Ni-based metal-organic framework layers for enhanced oxygen
evolution reaction. J. Energy Chem. 2021, 65. DOI:10.1016/j.jechem.2021.05.030.

Wu, F.; Li, Q.; Guo, H.; Wang, S.; Hao, G,; Hu, Y.; Zhang, G.; Jiang, W.

Modulating crystal and electronic structure of NiFe-MOFs by inorganic acid for highly
efficient electrochemical water oxidation. Dalton Trans. 2023, 52.

Doan, T.-K.-Q.; Chiang, K.-Y. Characteristics and kinetics study of spherical cellulose
nanocrystal extracted from cotton cloth waste by acid hydrolysis. Sustain. Environ. Res.
2022, 32, DOI:10.1186/s42834-022-00136-9

Risite, H.; Salim, M.-H.; Oudinot, B.-T.; Ablouh, E.; Joyeux, H.-T.; Sehaqui, H.;
Razafimahatratra, J.-H.-A.; Qaiss, A.-E.-K.; El Achaby, M.; Kassab, Z. Artemisia annua
Stems a New Sustainable Source for Cellulosic Materials: Production and
Characterization of Cellulose Microfibers and Nanocrystals. Waste Biomass Valor 2022,
13.

Azhar, M.-H.; Noor, T.; Igbal, N.; Zaman, N.; Farrukh, S. CO2 adsorption properties of Ni-
BDC MOF and its 1-8 wt% g-CsN4/Ni-BDC MOF. Mater. Sci. Eng. B 2024, DOI:
10.1016/j.mseb.2023.117043.

152
© University of Pretoria



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

Ogunjobi, J.-K.; Adewale, A.-I, Adeyemi, S.-A. Cellulose nanocrystals from Siam weed:
Synthesis and physicochemical characterization. Heliyon 2023,
DOI:10.1016/j.heliyon.2023.e13104.

Chandran, A.-M.; Tayal, E.; Mural, P.-K.-S. Polycaprolactone-blended cellulose acetate
thin-film composite membrane for dairy waste treatment using forward osmosis. Environ.
Sci. Pollut. Res. 2022, 29.

Dong, Q.; Shuai, C.; Mo, Z.; Guo, R.; Liu, N.; Liu, G.; Wang, J.; Liu, W.; Chen, Y.; Liu, J.;
Jiang, Y.; Gao, Q. The in situ derivation of a NiFe-LDH ultra-thin layer on Ni-BDC
nanosheets as a boosted electrocatalyst for the oxygen evolution reaction.
CrystengComm. 2021, 23.

Mao, Y.; Cheng, J.; Shao, Y.; Guo, H.; Qian, L.; Yang, W. Highly Active Ni Nanocatalysts
Derived from Metal-Organic Framework (Ni-BDC) Boosted Deoxygenation and Cracking
of Fatty Acid Methyl Esters. Ind. Eng. Chem. Res. 2023, 62.

Surov, O.V.; Afineevskii, A.V.; Voronova, M.l.; Sulfuric acid alcoholysis as a way to obtain
cellulose nanocrystals. Cellulose 2023, 30.

Ma, T.; Hu, X.; Lu, S.; Cui, R.; Zhao, J.; Hu, X.; Song, Y. Cellulose nanocrystals produced
using recyclable sulfuric acid as hydrolysis media and their wetting molecular dynamics
simulation. Int. J. Biol. Macromol. 2021, 184.

Wang, H.; Du, H.; Liu, K.; Liu, H.; Xu, T.; Zhang, S.; Chen, X.; Zhang, R.; Li, H.; Xie, H.;
Zhang, X.; Si, C. Sustainable preparation of bifunctional cellulose nanocrystals via mixed
H2SOa/formic acid hydrolysis. Carbohydr. Polym. 2021, DOI:
10.1016/j.carbpol.2021.118107.

Rupam, T.-H.; Tuli, F.-J.; Jahan, |.; Palash, M.-L.; Chakraborty, A.; Saha, B.-B.;
Isotherms and kinetics of water sorption onto MOFs for adsorption cooling applications.
TSEP, 2022, DOI: 10.1016/j.tsep.2022.101436.

Sarvalkar, P.-D.; Vadanagekar, A.-S.; Karvekar, O.-S.; Kumbhar, P.-D.; Terdale, S.-S.;
Thounaojam, A.-S.; Kolekar S.-S.; Vhatkar, R.-S.; Patil, P.-S.; Sharma, K.-K.-K;
Thermodynamics of Azo Dye Adsorption on a Newly Synthesized Titania-Doped Silica
Aerogel by Cogelation: A Comparative Investigation with Silica Aerogels and Activated
Charcoal. ACS Omega 2023, 8.

Zaman, H.-G.; Baloo, L.; Kutty, S.-R.; Aziz, K.; Altaf, M.; Ashraf, A.; Aziz, F. Insight into
microwave-assisted synthesis of the chitosan-MOF composite: Pb(ll) adsorption.
Environ. Sci. Pollut. Res. 2023, 30.

153
© University of Pretoria



42.

43.

44,

45.

46.

47.

48.

49.

50.

UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

Nassef, H.-M.; Al-Hazmi, G.-A.-A.-M.; Alayyafi, A.-A.; EI-Desouky, M.-G.; El-Bindary, A.-
A. Synthesis and characterization of new composite sponge combining of metal-organic
framework and chitosan for the elimination of Pb(ll), Cu(ll) and Cd(ll) ions from aqueous
solutions: Batch adsorption and optimization using Box-Behnken design. J. Mol. Liqg.
2024, DOI: 10.1016/j.molliq.2023.123741.

Mohamed, N.-S.; Abbas, M.; Trari, M. Understanding the rate-limiting step adsorption
kinetics onto biomaterials for mechanism adsorption control. Prog. React. Kinet. Mec.
2024, DOI:10.1177/14686783241226858.

Hasani, N.; Selimi, T.; Mele, A.; Thagci, V.; Halili, J.; Berisha, A.; Sadiku, M. Theoretical,
Equilibrium, Kinetics and Thermodynamic Investigations of Methylene Blue Adsorption
onto Lignite Coal. Molecules 2022, DOI:10.3390/molecules27061856.

Sellak, S.; Bensalah, J.; Ouaddari, H.; Safi, Z.; Berisha, A.; Draoui, K.; Barrak, I.; Guedira,
T.; Bourhia, M.; Ibenmoussa, S.; Okla, M.; Dauelbait, M.; Habsaoui, A.; Harcharras, M.
Adsorption of Methylene Blue Dye and Analysis of Two Clays: A Study of Kinetics,
Thermodynamics, and Modeling with DFT, MD, and MC Simulations. ACS Omega 2024,
9.

Saeed, T.; Naeem, A.; Din, I.-U.; Farooq, M.; Khan, I.-W.; Hamayun, M.; Malik, T.
Synthesis of chitosan composite of metal-organic framework for the adsorption of dyes;
kinetic and thermodynamic approach, J. Hazard. Mater. 2022, DOIL:
10.1016/j.jhazmat.2021.127902.

Belmabrouk, H.; Selmi, M.; Alshahrani, T.; Bajahzar, A.; Jabli, M. Experimental and
theoretical study of methylene blue biosorption using a new biomaterial Pergularia
tomentosa L. fruit. Int. J. Environ. Sci. Technol. 2022, 19.

Celebi, M.; So6gut, E.-G. High-efficiency removal of cationic dye and heavy metal ions
from aqueous solution using amino-functionalized graphene oxide, adsorption isotherms,
kinetics studies, and mechanism. Turk. J. Chem. 2022, DOI: 10.55730/1300-0527.3462.
Mustapha, L.-S.; Yusuff, A.-S. Dim, P.-E. RSM optimization studies for cadmium ions
adsorption onto pristine and acid-modified kaolinite clay. Heliyon, 2023, DOI:
10.1016/j.heliyon.2023.e18634.

Alsohaimi, I.-H.; Alhumaimess, M.-S.; Algadami, A.-A.; Alshammari, G.-T.; Al-Olaimi, R.-
F.; Abdeltawab, A.-A.; El-Sayed, M.-Y.; Hassan, H.-M. Adsorptive performance of
aminonaphthalenesulfonic acid modified magnetic-graphene oxide for methylene blue
dye: Mechanism, isotherm and thermodynamic studies. Inorg. Chem. Commun. 2023,
DOI: 10.1016/j.inoche.2022.110261.

154
© University of Pretoria


https://doi.org/10.3390/molecules27061856

51.

52.

53.

(-1

Malima, N.-M.; Owonubi, S.-J.; Lugwisha, E.-H.; Mwakaboko A.-S. Thermodynamic,
isothermal and kinetic studies of heavy metals adsorption by chemically modified
Tanzanian Malangali kaolin clay. Int. J. Environ. Sci. Technol. 2021, 18.

Saima, N.; Safa, I.; Sobhy, M.-Il.; Kusuma, H.-S.; Arif, N.; Yaseen, M.; Khan, M.-1.; Igbal,
M. ZnO, CuO and Fe203 green synthesis for the adsorptive removal of direct golden
yellow dye adsorption: kinetics, equilibrium and thermodynamics studies. Z Phys. Chem.
2021, 253.

Khatri, M.; Ahmed, F.-E.; Al-Juboori, R.-A.; Khanzada, N.-K.; Hilal, N. Reusable
environmentally friendly electrospun cellulose acetate/cellulose nanocrystals nanofibers
for methylene blue removal. J. Environ. Chem. Eng. 2024,
DOI:10.1016/j.jece.2023.111788.

155
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVER SITY OF PRET ORIA

CHAPTER 6

6.0 GENERAL CONCLUSIONS AND FUTURE WORK

6.1 General Conclusions

In this study, CA-supported MOF-5/CNC (1), Cu-BDC/CNC (2), and Ni-BDC/CNC (3) adsorbent
films were successfully fabricated through solvothermal and drop-casting techniques. The films
were characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), energy dispersive X-ray (EDX), thermogravimetric analysis
(TGA), Brunauer-Emmett-Teller (BET) analysis and X-ray photoelectron spectroscopy (XPS). XRD
measurements showed the MOF/CNC composites as crystalline materials embedded in
amorphous CA. FTIR and XPS confirmed the presence of O-H and C=0 functional groups on the
surface of the adsorbent films, while EDX detected metals on the surface of the adsorbent films
confirming the presence of the MOFs within the matrices of CA substrates. These characterization

techniques verified the successful synthesis of the adsorbent films.

The adsorbent films were successfully evaluated for the adsorptive removal of cationic MB from
aqueous solutions under various conditions. The optimum adsorption conditions were determined
at pH 11, at a contact time of 360 minutes, at an initial concentration of 6 mg/L, and at 25 °C. The
adsorption capacities ranged from 2.78 — 4.29 mg/g, with a maximum % MB removal between 77
— 85 %. The adsorption of MB on film 1 followed the Freundlich isotherm model, whereas
adsorption on films 2 and 3 followed the Langmuir isotherm model. Adsorption kinetics showed
chemisorption as the likely process of adsorption. Through the proposed mechanisms,
electrostatic interactions between the films and MB were identified according to the functional

groups determined through FTIR and XPS analysis.

The practical applicability of the adsorbent films was successfully demonstrated, with results
showing the adsorbents can be recycled by desorbing MB through methanol washing. After five
cycles of MB adsorption, the adsorbent films maintained between 67-79% of their initial adsorption
capacities, showing that the adsorbent films are stable, recyclable, and cost-effective with minimal
environmental impacts associated with disposal. Furthermore, the adsorbent films exhibited a pH-
dependent selectivity for anionic and cationic organic contaminants, highlighting versatility and
practical applicability. The adsorbent films showed affinity for anionic methyl orange (MO) at acidic
pH and showed affinity for cationic MB at alkaline pH during simultaneous adsorption. At neutral

pH, the adsorbent films attained comparable adsorption efficiencies for both MO and MB
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adsorption. When applied for the treatment of real textile industry wastewater, the adsorbent films
achieved a % removal of the effluent between 20 - 45 % with a calculated cost of the adsorption
process for each film between USD 43.60-53.00.

Film 1 exhibited the highest adsorption capacity (4.29 mg/g), followed by Film 2 (3.60 mg/g) and
Film 3 (2.78 mg/g). Kinetic studies showed that all the films reached equilibrium after 4 hours of
adsorption. Film 1 demonstrated the highest recyclability, retaining 79% of its initial capacity after
five cycles, compared to 73% for Film 2 and 67% for Film 3. Film 1 also exhibited the lowest
estimated cost at USD 43.60 per unit, compared to USD 52.77 for Film 2 and USD 53.00 for Film
3. Based on these results, Film 1 is recommended as the most suitable composite film for practical

applications.

This work established a cost-effective, recyclable, and versatile easy to synthesize cellulose-based
adsorbent films incorporated with metal-organic frameworks that show great potential for the

adsorptive removal of organic dyes from aqueous solutions.

6.2 Future work and Recommendations

This study utilized celluMOF-based films as adsorbents through batch adsorption methods. The
films were found to be porous; suggesting that they can be further explored as potential filters in
membrane technologies. Filtration and rejection performance, along with pure water permeability

tests can be conducted to evaluate the effectiveness of these films in membrane technology.

To expand the applicability of the celluMOF-based films, their potential use as photocatalytic
membranes should be explored. The combination of these process will allow for the separation
and oxidative degradation contaminants. In addition to MOF-5, other MOFs with strong
photocatalytic properties such ZIF-67, MIL-101 and bimetallic MOFs could also be incorporated

into the cellulose matrix.

To enhance desorption, a Soxhlet extraction method is recommended. This continuous solvent
flow over the adsorbent films will greatly improve MB removal and potentially allow for the recovery
of methanol. The adsorption capacities of the films can be further improved by grafting additional
functional groups onto the surface, which would strengthen the interaction with organic dyes. To
gain deeper insights into the films structural properties, transmission electron microscopy (TEM)
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can be used to characterize the films. This will provide information on the morphology and porosity

which will assist in understanding the role of porosity in influencing adsorption capacity.
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APPENDICES

APPENDIX A

Nonlinear isotherm and kinetic curves of CA-supported MOF-5/CNC film
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Figure A 1: (a) Langmuir and (b) Freundlich non-linear isotherm curves.
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Figure A 2: Non-linear (a) pseudo-first-order and (b) pseudo-second-order kinetic models.
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Figure A 3: Non-linear (a) intraparticle diffusion and (b) Bangham models.
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Nonlinear isotherm and kinetic curves of CA-supported Cu-BDC/CNC film
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Figure B 1: (a) Langmuir and (b) Freundlich non-linear isotherm curves.
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Figure B 3: Non-linear (a) intraparticle diffusion and (b) Bangham models.

© University of Pretoria

161



Figure C 1: (a) Langmuir and (b) Freundlich non-linear isotherm curves.

Figure C 2: Non-linear (a) pseudo-first-order and (b) pseudo-second-order kinetic models.
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Figure C 3: Non-linear (a) intraparticle diffusion and (b) Bangham models.
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