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Abstract

In this study, modified kaolinite was utilized as an adsorbent for the removal of
phenazopyridine hydrochloride (PhPy) and methyl orange (MO) dyes from aqueous
solutions. The effects of adsorbate concentration, adsorbent dosage, solution pH, and
temperature were studied using UV-Vis. A decrease in concentration increased
adsorption, which was influenced by the amount of modified kaolinite until equilibrium
was reached. The ideal pH for PhPy adsorption was 5, while for MO, it was 2, with
equilibrium achieved within 15 minutes. Adsorption decreased with increasing
temperature, indicating exothermic behavior. Kinetic models were applied to describe the
adsorption process, which followed pseudo-second-order kinetics for both dyes.
Adsorption data fit the Langmuir isotherm model well, confirming monolayer adsorption.
Activation energy was calculated, verifying that the adsorption process involved physical

interactions.

Characterization of modified kaolinite was performed to understand its adsorption
properties. X-ray diffraction (XRD) revealed changes in interlayer spacing, highlighting
interactions between kaolinite and ZnCla. Scanning electron microscopy (SEM) showed
increased surface roughness and porosity due to modification. Thermogravimetric
analysis (TGA) confirmed the material's thermal stability and its ability to regenerate for

four cycles at 600 °C without efficiency loss.

Fourier transform infrared (FT-IR) spectroscopy provided further insights into adsorption
mechanisms, with spectral shifts indicating dye adsorption onto modified kaolinite. FT-
IR also revealed functional group changes after thermal treatment, confirming the
decomposition of PhPy and MO at 600 °C and successful regeneration of the adsorbent

surface. The disappearance of organic functional group peaks validated the regeneration
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process, ensuring the reusability of the modified kaolinite. The findings demonstrate the
efficiency and reusability of modified kaolinite for dye removal from aqueous solutions,

offering a sustainable approach to wastewater treatment.

Keywords: Modified kaolinite, Phenazopyridine hydrochloride, Methyl orange,
Adsorption, Adsorbate, Adsorbent, Thermal decomposition
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Chapter One

Introduction

1.1 Background

Water is one of the most important natural resources for the life of all living creatures and
the continuation of life on Earth. This is proven in the Holy Qur’an, Surah Al-Anbiya’a,
Ayah No. 30 (And We made from water every living thing) (1). Water constitutes 60% of
the human body (2), and its importance within the body lies in the processes of digestion,
construction, and renewal of cells (3). Water is also important in agriculture and industry

in various fields (4). In short, water plays a fundamental and important role in all aspects

of life.

Water covers (71%) of the Earth's surface and is represented by water from oceans, seas,
rivers and lakes, but not all of it is available for use. Ninety-seven percent of it
undrinkable (5). Two percent of it stored in lakes and glaciers and cannot be extracted,
leaving only (1%) suitable for human consumption (6). This percentage is found in

groundwater, lakes and rivers, but unfortunately, it is threatened by depletion (7).

Because only 1% of the water in the world is suitable for human use and this water is
also prone to pollution, the world is facing major catastrophe, as one of the first sources
of polluted water in general and groundwater in particular are agricultural fertilizers and

pesticides (8), and factory waste and sewage leakage also occur.

A number of dangerous elements, including industrial dyes, heavy metals, waste
pharmaceuticals, and organic contaminants, are contributing to increasing concerns
regarding water quality problems. These contaminants enter groundwater, surface water,
and even drinking water reserves, posing serious risks to important aquatic resources that
support life and the balance of ecosystems. The various problems resulting from water

contamination must be recognized and addressed to solve this critical issue (9, 10).

Many scientists and researchers have sought to purify water through several methods and
techniques, including electrochemical technologies (11), the reverse osmosis process
(12), photodegradation, adsorption by using different adsorbents (13, 14) and
nanotechnology (15), but the main objective remains to find an effective and cheap

method by using available materials. Therefore, we work and strive to find a simple,
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inexpensive, easy, practical and environmentally friendly technology to effectively purify

as much water as possible.

1.2 Sources of water pollution

The definition of water pollution is the exposure of oceans, seas, lakes, rivers and
groundwater to pollutants that are harmful to the environment, humans and other living
organisms (16). These pollutants change the qualities and properties of water, making it
unfit for human use. There are many sources that pollute water, including human and
animal waste, pesticides and fertilizers; urbanization, which includes heavy metals, oil
and grease (17, 18); and factory waste, including dyes and pharmaceutical factories,
which represent organic pollutants, which are among the most difficult types to treat and

dispose of (19).

1.2.1 Dyes

Dyes are synthetic organic compounds whose main components are chromophores and
auxochromes (20). These ingredients are usually used to add color to household furniture,
rubber, fabrics, cosmetics, paper and leather. More than 700 thousand tons of dyes are
produced annually, and according to research, the home furniture industry consumes

approximately (60-70%) of the dyes produced (21).

Despite the use of dyes, their disposal still causes environmental pollution, as their
disposal causes water pollution, which is highly dangerous because most dyes are
extremely harmful, as they are prickly and carcinogenic (22) and are difficult to eliminate
via usual methods such as coagulation, flocculation, and activated sludge (23). However,
some modern methods, such as adsorption and photodegradation, work effectively to

remove these dyes from water.

Dyes are usually classified according to their presence, whether they are manufactured or
natural (24). They can also be classified according to the chromophore substance present,
as they are classified into anthraquinone, nitro, nitroso, and azo dyes. Azo dyes are among

the most famous types of dyes used and constitute (70%) of manufactured dyes (23).

Azo dyes are a notable type of dye distinguished by the presence of one or more of the
azo groups [R1-N=N-R:] attached to the aromatic ring (23). It is the most widespread type

among dyes and is included in many industries, such as cosmetics, leather, paper, and
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fabrics, owing to its multiplicity of colors and its stable color, which is resistant to changes

such as exposure to sunlight and heat.

Despite all the uses of this type of dye and its advantages, leakage into water and
contamination are major disasters since it is capable of disintegrating into aromatic
amines. This substance is very toxic, carcinogenic, and mutagenic (25). It is not disposed
of by traditional methods such as activated sludge or coagulation, but it requires modern

methods because it poses a great danger to humans and marine organisms (26).

Azo dyes can be classified according to their color. There are yellow azo dyes, such as
tartrazine and sunset yellow, and red dyes, such as Allura Red, and blue dyes, such as
Brilliant Blue (27). Azo dyes can also be distributed toward the number of azo groups, as
they may be monoazos, such as phenazopyridine; they may be diazos, such as red ponceau

S; triazos, such as direct blue 71; and poliazos, such as direct red 80 (28).

Methyl orange (MO) which will be used as a water dyes contaminant model is a synthetic
dye belonging to the azo class of dyes and is a pH indicator used in titrations because its
color

changes from red to yellow over a pH range of 3--7 (29). Azo dyes such as MO are usually
used in different industries, such as textiles, food, and pharmaceuticals. The chemical
structure of MO contains a sulfonic acid group, which makes it water soluble, and its
ionization at different pH values is responsible for the observed color change during

titrations (30). The specifications of MO are listed in Table 1.1



Table 1.1

The specifications of MO
Name Methyl orange
[¢]

Chemical structure 7O_|Si < > N\\ /
Na* g N N\

IUPAC Name sodium;4-[[4-
(dimethylamino)phenyl[diazenyl]benzenesulfonate

Solubility in water Soluble

Molecular weight 327.34 g/mol

Chemical formula C14H14N3Na038

Color Acidic medium: Red
Basic medium: Yellow

A max 464 nm

CAS 547-58-0

The color of MO changes with pH because of the protonation and deprotonation of its
azo bond, which affects the conjugated pi—electron system of the molecule. In acidic
conditions, MO is protonated, causing the molecule to absorb light in a way that makes it
appear red. When the pH increases and becomes more basic, the dye is deprotonated, and
the color shifts to yellow (31). This attitude has been confirmed in different studies that

have reported the interaction of azo dyes with proton donors and acceptors (32).

Treating azo dyes such as MO is essential because of their danger to living organisms and
their resistance to biodegradation (32). Therefore, there are many ways to eliminate these
compounds, such as photodegradation and adsorption. Photodegradation is defined as
breaking the dye by means of light alone or with the use of catalysts. The latter method
uses a substance that has the ability to adsorb. For example, activated carbon or clay

absorbs dye from a solution and removes it (33).



1.2.2 Pharmaceuticals

Pharmaceutical drugs are among the most useful substances invented by researchers for
humanity. They are used to prevent and treat diseases and take care of health (34). They
are made resistant to disintegration and changes due to ambient conditions. As a result,
they are stable and harmless within the human body. However, this has a negative impact
when they are disposed of incorrectly, contaminating water and making them resistant to

photodegradation and traditional removal methods (35).

Pharmaceuticals are divided into several types. The first type is analgesics, which are
used to relieve pain. The most famous examples are nonsteroidal anti-inflammatory drugs
(NSAIDs), such as aspirin and ibuprofen (35). The second type is antibiotics, which are
used to eliminate bacteria and fungi (36). The third type is hormones, which are used to
treat the same hormones inside the body, such as synthetic estrogen (37), and the last type

is psychiatry, which is used to treat depression (34).

Analgesics or painkillers are usually used to relieve pain and are the most widely used
medications. Common examples include diclofenac, ibuprofen, and aspirin (35). Owing to
their widespread use, this has led to their leakage into ground and surface water because the

body removes their remains through urine, so they seep into the water and pollute it (38).

Various studies have shown that the presence of painkillers, even at very low
concentrations, leads to great harm to marine creatures. Schwaiger et al. reported that
diclofenac affects the growth of fish and that ibuprofen affects their production (39, 40);
in the long run, this leads to extinction and disruption of the biological system.
Additionally, the presence of analgesics and their access to drinking water poses a great
danger. It is harmful to human health, as it causes great harm to the body, as it is difficult

to eliminate and remove from water (41).

Phenazopyridine hydrochloride (PhPy) which will be used as a water pharmaceuticals
contaminant model is a synthetic organic compound from the class of azo dyes used to
combat pain and burn in the urinary tract (42). It is a brownish-red powder that is soluble
in water. It is acidic and is not significantly affected by differences in pH. It can be taken
with antibiotics to reduce the symptoms of the disease, but it does not treat the disease,
reduces symptoms and is taken for a short period. The specifications of PhPy are listed in

Table 1.2



Table 1.2
The specifications of PhPy

Name Phenazopyridine hydrochloride
Chemical structure /(INXN H—c
X

H,N N NH,

[UPAC Name 3—phenyldlgzenylpyrldlne—2,6—d1am1ne;
hydrochloride

Solubility in water Soluble

Molecular weight 249.7 g/mol

Chemical formula CiiHiNs.HCI

Color High concentration: Red
Low concentration: Yellow

A max 425 nm

Color index of PhPy 16230

CAS 94-78-0

PhPy consists of a phenylazo group linked to a pyridine ring, making it unprepared for
metabolic degradation and raising concerns about its environmental effects when it is

excreted unchanged or as a metabolite (43).

PhPy causes several side effects, including urine becoming reddish-orange in color. This
is not a cause for concern because it is not harmful, but it only indicates the presence of
the drug inside the human body, but it causes other symptoms such as headache and
stomach upset when taken without food. One of the characteristics of PhPy is that if it

touches a surface, this surface gains a brownish red color. (44).



1.3 Water treatment technologies

The preservation of natural resources has become a basic requirement. Hence, much
attention has been given to recycling these resources, including water treatment, as water

pollution has become a major disaster affecting the entire world (45).

Water pollution with dyes or pharmaceuticals that are incorrectly disposed of from
factories is a complex problem facing researchers in the field of water purification. These
organic materials can decompose into other toxic and carcinogenic substances, which are
difficult to eliminate via traditional methods such as coagulation, activated sludge, or
sedimentation. These methods have proven ineffective, but modern methods, such as the
advanced oxidation process (AOP), bioremediation, adsorption, and membrane filtration,

have yielded promising results in the treatment process (46).

Bioremediation is one of the techniques utilized in water treatment, where microorganisms
such as bacteria or fungi are used to break down organic compounds such as dyes into
compounds that are easy to dispose of and are nontoxic. This method is inexpensive and
environmentally friendly, but caution and precision are needed when dealing with the

microorganisms used to ensure effectiveness (47).

Membrane filtration techniques are used in water treatment. These methods are similar to
reverse osmosis and nanofiltration and are usually used to separate dyes by their size or
charge; however, the challenge in this method remains the type of membrane and its
efficiency, as this method requires an inexpensive, high-quality membrane to yield good

results (48).

The AOP includes ozone, hydrogen peroxide, and ultraviolet light. This process produces
radical hydroxyl groups that oxidize and breakdown organic compounds, which are used
to break down and decompose organic compounds such as dyes into harmless, nontoxic
compounds. It is also used to break down pharmaceuticals into noncarcinogenic
compounds. Activated carbon can be added, which helps adsorb pharmaceuticals very

effectively and completely removes them from water (49).



1.4 Adsorption process

Adsorption involves the transfer of molecules from gas, liquid, or dissolved solids and
their adhesion to the surface of a liquid or solid substance to form a new atomic or
molecular film (14). This process plays an important role in separating gases, treating
water, and adsorbing to catalysts and can be divided into two types: chemical adsorption,

or chemisorption, physical adsorption, or physisorption (50).

Physisorption is represented by the formation of van der Waals forces between the surface
and molecules without any change in the adsorbent or adsorbate, such as the adsorption
of ions onto a charged surface by electrostatic forces, which is known as electrostatic

adsorption in water treatment processes (51).

On the other hand, chemisorption involves the formalization of a strong chemical bond
between the surface and a molecule, which results in a significant change in the adsorbent
or adsorbate, such as in the adsorption of diatomic gases, such as Oz and Hz. The bond in
the adsorbate breaks, leading to the formation of a new bond with the adsorbent; this
process is called dissociative chemisorption (52). Ion exchange is also a type of

adsorption that involves the exchange of ions between the adsorbent and adsorbate (53).

Adsorption plays an important role in the catalyst area. It works to adsorb the reacting
molecules on the catalyst, which increases the reaction rate, such as the platinum catalyst
used in car converters, which works to convert harmful gases in the air, such as carbon

monoxide (CO) and nitrogen oxide gases (NOx), into less harmful compounds (54).

The adsorption process strongly affects the removal of dangerous gases and volatile
organic materials from the air. The most famous materials used to purify air are zeolites
and metal-organic frameworks (MOFs). The latter has proven effective in eliminating

carbon dioxide (COz) from the air because of its large surface area (55).

In water treatment, adsorption has an apparent effective role in eliminating pollutants such
as organic pollutants and heavy metals. One of the most famous materials used is
activated carbon, which works to adsorb pollutants because of its large surface area,
which can be developed through the oxidation process (56); however, when activated
carbon is disposed of, it will pollute the environment again because it is difficult to reuse

(57). Other materials used in adsorption include various types of clay, such as



montmorillonite, kaolinite, zeolite, bentonite, and natural clay. These materials have a
variety of benefits, including their fundamental abundance in the environment, cost-
effectiveness, and ecological compatibility. Their demonstrated efficacy as adsorption
agents for many different kinds of aquatic pollutants, including organic chemicals, is a

major breakthrough for permanent pollution reduction (58).

More recent research has focused on the advantages of the combination of kaolin and
montmorillonite. For application in natural resource applications, a theoretical study on
methane adsorption at the silica—kaolinite interface was performed by Onawole et al. in 2021.
Although this research is primarily concerned with shale gas exploration, it also highlights

the potential of kaolin-based materials in challenging adsorption procedures (59).

Natural clays, which are made up of multiple clay minerals mixed together, provide
unique advantages for adsorption applications. In their study of kaolin adsorption sites
from 1976, Armstrong and Clarke highlighted the importance of the mineral composition
of clay to optimize adsorption procedures. This study highlighted the importance of how

various clay minerals interact with one another in natural clay matrices (60).

The understanding of adsorption mechanisms in clay minerals has benefited significantly
from theoretical studies in addition to experiments. Gaines Jr. Thomas (1953) established
a theoretical framework for investigating the adsorption of ions and molecules on clay
surfaces by developing the thermodynamic principles of exchange adsorption on clay
minerals (61). This important research provides a foundation for additional studies on
clay mineral adsorption. For the purpose of modeling the adsorption of phosphate on
hematite, kaolinite, and kaolinite-hematite systems, loannou and Dimirkou (1997)
suggested a constant capacitance model (62). By considering different clay mineral
compositions, our modeling technique improves our capacity to forecast and optimize

phosphate removal from water.

The reviewed literature provides a comprehensive review of the various applications of
natural clays, especially kaolin, and clay minerals, such as kaolinite and montmorillonite,
in adsorption techniques for the elimination of different water pollutants. The experiments
discussed here show how effective these materials may be in purifying wastewater, with
applications ranging from the elimination of pharmaceutical pollutants to the removal of

synthetic dyes.



1.5 Clay

Clay is natural rock with fine grains or soil materials that are plastic when wet with water
because of the presence of minerals in their composition. Clay consists mainly of
phyllosilicate, which contains a quantity of water. The most famous types of clay are

kaolinite, illite, and montmorillonite (63).

The clay consists of layers of aluminum and silicon oxides, which are in the form of sheets
that are held together by water molecules and various cations. This composition endows
the clays with distinctive properties, such as swelling and shrinkage, which play a decisive

and important role in its applications (64).

Clay has multiple important roles. The first of these roles is in agriculture, where clay can
improve the structure of the soil. An example of this is bentonite, which helps increase
soil fertility and reclamation (64). It has other distinct roles in geotechnical and
environmental engineering, as it is an effective element for combating pollution,
especially in water, where it can eliminate heavy metals and organic materials from
polluted water because of its large surface area. It can also be used in landfills as a barrier

to prevent the leakage of pollutants into groundwater (63).

In addition to the previous roles, clay is added to polymer compounds to enhance their
mechanical properties and as catalysts in chemical reactions and drug delivery systems in
the delivery of biomedical drugs. This is due to recent developments and research in
nanoscience, where nano clay, which consists of clay granules with nanoscopic
dimensions and improved properties, has been developed, as it has increased surface area

and interactivity (65).

Clay wusually requires modifications to improve their performance for specific
applications, such as adsorption, catalysis, and environmental remediation. Different
modification methods have been developed to enhance the surface properties, pore
structure, and chemical reactivity of clays (66). These modifications generally include

physical, chemical, or thermal treatments.
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1.5.1 Kaolinite

Kaolinite is an industrial mineral with the chemical formula Al.Si.2Os(OH)4 and is a clay
mineral. Its basic unit is a layered silicate mineral with one tetrahedral layer of silica
bonded through the same oxygen to one octahedral sheet of alumina. When this unit is
repeated, kaolinite acquires its characteristics and its crystalline structure. Its distinctive

properties make it an important metal in the ceramic, paper and refractory industries (67).

Furthermore, kaolinite has a low ability to shrink and exchange cations. These properties
are the result of the structure and composition of kaolinite, where the strong hydrogen
bonding between the layers prevents the intrusion of water or other molecules, which
stabilizes its structure under different environmental conditions. This is one of the

important properties of kaolinite (67).

Kaolinite is used in the paper industry, where it functions as a coating material to improve
the smoothness, brightness, and printability of the paper. This is due to the size of the fine
particles and the lamellar shape of kaolinite, which allows it to cover the largest area and
achieve the best smoothness. It also has chemical inertness that helps prevent unwanted

reactions. This is the primary use of kaolinite (68).

Kaolinite is invaluable in the ceramic industry, as it can maintain its shape during firing
and contributes to the flexibility of the ceramic body, which makes it a major component
in the production of porcelain. Kaolinite contains alumina and silica, which are necessary
to form mullite. This is a crucial stage in the production of ceramic materials that

contributes to thermal stability and enhances strength (69).

Owing to its high melting point and resistance to thermal shock, refractory industries
make use of kaolinite. Kaolinite-based refractories are used in the linings of furnaces and
other industrial equipment that has high temperatures. This is due to its ability to
withstand very high temperatures without melting or decomposing. This ensures very

high efficiency and continued use of the product without any damage (70).

Kaolinite is also used in modern applications, as nanograins of kaolinite can be added to
polymer compounds to improve their thermal properties and mechanical strength. In

addition, it has geochemical and pedological roles. It is one of the products of tropical
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and subtropical soil weathering, as it works to improve soil properties such as structure,

fill retention, and fertility (70).

Moreover, it has medical value, as Miiller AS et al. have proven that it has potential in
drug delivery systems, where its biocompatibility, ability to adsorb, and ability to release
drugs are beneficial. Research related to the role of kaolinite in the medical field is still

in its initial stage, but the initial results are promising (71).

In addition, it has adsorbent properties that make it environmentally friendly, as it is
effective in removing pollutants from water and soil, as it can adsorb organic pollutants,
dyes and heavy metals. This is due to the surface chemistry of kaolinite, which plays an
important role in addition to its charge and surface area (71). The adsorption and removal
of dyes from polluted water play prominent roles in kaolinite because of its surface area
and porosity, which play important roles in capturing dye parts through electrostatic

interactions and hydrogen bonding (72).

There are many examples of kaolinite adsorption dyes, and the natural clay mineral kaolin
has drawn much interest as an adsorbent for removing water contaminants. In their study
from 2022, Dadebo and Obura focused on the adsorption of Acid Red 88 onto kaolinite
clay to remove it from aqueous solutions. These findings highlight the importance of
treating textile industry effluents by demonstrating the significant adsorption potential of

kaolin-based materials in removing synthetic dyes from water (73).

The ability of kaolin-based materials to successfully adsorb organic dyes was
demonstrated by Ghosh and Bhattacharyya (2002) in a related study that examined the
adsorption of methylene blue on kaolinite. Insightful information about the interactions
of dyes with kaolin surfaces was provided in this study, along with clear explanations of
the adsorption process (74). A. Virmonses et al. 2009 examined the affinity of three
Australian kaolin samples for the common azo pigment Congo red (75). Research has
shown that kaolin from different regions can be used to purify water. This potential was
made apparent by variations in the adsorption capacities caused by variations in the

mineral composition and structure.

Onyekweli examined the adsorptive properties of kaolin in their 2003 study with the hope

of using it to filter drugs out of contaminated water. Research has revealed that kaolin has

12



numerous inventive uses in addition to its conventional use for purifying water containing

pharmaceutical impurities (76).

1.6 Adsorption isotherms

Adsorption isotherms depict how adsorbent materials react with absorbable materials
through graphical representations. They applied data obtained from the adsorption
process at constant temperature and pH and provided precise specifications about the
nature of the interaction between adsorbent molecules and the adsorbate surface and
described the efficiency of adsorption processes and the capacity of adsorbent materials.
The most famous models are the Langmuir and Freundlich models, which provide the
mechanism of the adsorption process, as each of them gives a different concept and

framework for the adsorption process grounded in different assumptions and criteria (77).

To obtain a relationship of the isotherm of adsorption between the amount of adsorbate
per unit of adsorbent (qe) and the equilibrium concentration of the solution after
adsorption (Ce), the experimental data gained from adsorption experiments are addressed

through several equations and relationships.

There are two common isothermal models: the Langmuir and Freundlich isothermal
models. These isotherms are linked to the adsorbate per unit mass of the adsorbent (qe)
and to the equilibrium concentration adsorbed in solution after the adsorption process (Ce)

according to the following equations: (78, 79)

Co—Co

Qe = —; 4 ()
Co—C

qe ==V @

where Co, Ci, and C. (mg/L) represent the initial and equilibrium adsorbate
concentrations, t represents time, V (L) represents the volume of solution, and W (g)

represents the solution adsorbent concentration.

Each model is built upon a set of propositions that fundamentally provide an idea about
the adsorption mechanism. The correlation coefficient (R?) was used to determine the
most appropriate isotherm model; hence, the experimental data were analyzed via two

renowned models, the Langmuir and Freundlich isotherm models.
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The Langmuir isotherm, suggested by Irving Langmuir in 1918, was established on the
basis of the postulation of single-layer adsorption on a homogeneous surface with a
restricted number of corresponding places. When a site is filled, no supplementary
adsorption can occur at that location (78). This model is represented by the following

equation:

__ QpbCe
e 1+bC,

)

Langmuir adsorption parameters are commonly resolved by converting the Langmuir

equation into a linear form:

Ce 1 Ce
e - 4 le 4
de bQ, Qo ( )

where:

C. = the concentration of adsorbate at equilibrium (mg/L)

ge = the amount adsorbed per gram of adsorbent at equilibrium (mg/g).

Qo = maximum monolayer coverage capacity constant at equilibrium (mg/g)

b = Langmuir isotherm constant related to the affinity of adsorption (L/mg).

The Freundlich isotherm is an experimental model that characterizes adsorption on
heterogeneous surfaces with unequal apportionment of the heat of adsorption above the
surface. In contrast to the Langmuir model, monolayer formation is not assumed. The
Freundlich isotherm is not appropriate at very high pressures, but it is much more accurate

than the Langmuir isotherm for intermediate pressures. The Freundlich isotherm is

represented by the following equation:(78)

1

qe = KfC: (5)

where Kr (L/mg) and 1/n are the Freundlich adsorption constants. Eq. (5) can be

rearranged as follows:
logq. = log Kf +%log Ce (6)

where:

ge = the adsorbate mass per unit adsorbent mass (mg/g)
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Ce= the remaining equilibrium concentration of the adsorbate (mg/L)

Kr= the Freundlich constant related to the adsorption capacity of the adsorbent (mg/g)
(mg/L)"™).

(1/n) = the heterogeneity of the surface.

Hence, a plot of log ge vs Log Ce gives a slope of 1/n and an intercept = log Kr. A smaller
slope value indicates a more heterogeneous surface. A higher Kr value indicates the
highest adsorption capacity, and the value of (1/n) determines whether the adsorption
process is favorable. If (1/n) is lower than 1, Langmuir adsorption is favorable, whereas
Freundlich adsorption occurs if (1/n) is greater than 1. This flexibility permits the
Freundlich isotherm modeling of adsorption processes that do not fit the postulation of
the Langmuir isotherm, making it especially beneficial for industrial and natural systems

where surface heterogeneity is predominant (78).

1.7 Objectives of the study

Our main objectives in this study are to gain a comprehensive understanding of adsorption
mechanisms, enhance clay-based adsorbents, and look into novel applications for
addressing new water pollution problems by utilizing the unique properties of natural
clays and clay minerals. Also, to provide insight into the potential of modified kaolinite
as an effective adsorbent for the removal of phenazopyridine and methyl orange from
water sources, followed by the subsequent thermal decomposition of the adsorbed
phenazopyridine and methyl orange. Because of the thermal stability of modified
kaolinite at temperatures above 1000 °C, regeneration by thermal decomposition of the
molecules of organic contaminants that have been adsorbed into safe products such as
COz2 and H20 to reuse the modified kaolinite repeatedly is possible, with versatility
extending beyond pharmaceuticals and dyes to remove various organic contaminants
from water. Further investigations into modified clay composites or alternative clay

derivatives for related applications are also possible.

Additionally, studying the impact of different parameters, such as the amount of
adsorbent, different concentrations of the solvent, solution pH, and temperature, on the

adsorptive removal of the dye on modified kaolinite.
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Chapter Two

Experimental, Instruments and Materials

Most of the chemicals used in this study, including kaolinite, phenazopyridine
hydrochloride, methyl orange, NaCl, and ZnClz, were purchased from Sigma Aldrich
Chemical Company. HCI and NaOH were purchased from CS Chemical Company. All
the solid samples in this study were weighed with an MRC analytical balance Advent.
For organic contamination, PhPy and MO were chosen as a model. On the other hand,

modified kaolinite was chosen as the adsorbent.

For PhPy, batch adsorption experiments were executed by using 100 mL urine cups, each
containing 50 mL of PhPy solution with an elementary concentration ranging from 20—
80 ppm and a pH of 5, with a specified amount of modified kaolinite. The urine cups were
tightly closed and shaken at 200 rpm at 25 °C for half an hour by using a Lab Tech water
bath and shaker LSB-0. The pH was adjusted via a JENWAY model:35 pH meter, and the
contaminated modified kaolinite was detached from the treated solution via LAB TRON
LLS-A12 centrifuge in all the experiments. The supernatant was subsequently decanted,
and the concentration was measured via UV-Spectrophotometry (UV-Vis SHIMADZU
UV-1800). The contaminated modified kaolinite was collected and thermally
decomposed via the MRC Bench Top Muffle Furnace up to 600 °C and then reused for

four cycles.

For MO, batch adsorption experiments were executed by using 100 mL urine cups, each
containing 50 mL of MO solution with an elementary concentration ranging from 10-70
ppm and a pH of 2, with a specified amount of modified kaolinite. The urine cups were
tightly closed and shaken at 200 rpm at 25 °C for half an hour by using a Lab Tech water
bath and shaker LSB-0. The pH was adjusted via a JENWAY model:35 pH meter, and the
polluted kaolinite was detached from the treated solution via an LAB TRON LLS-A12
centrifuge in all the experiments. The supernatant was subsequently decanted, and the
concentration was measured via UV-Spectrophotometry (UV-Vis SHIMADZU UV-
1800). The separated contaminated modified kaolinite was collected and thermally
decomposed by using an MRC Bench Top Muffle Furnace up to 600 °C and then reused

for four cycles.

The modified kaolinite samples were characterized via PANalytical X’Pert PRO X-ray

diffractometer (XRD) equipped with CuKo. (1= 1.5418 A) and Jeol-EO Scanning Electron
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Microscopy (SEM) in AUE. The modified kaolinite, PhPy, MO, and contaminated
modified kaolinite samples were characterized by Thermo Scientific Nicolet iS5 FT-IR at
An-Najah National University in Palestine. PhPy, MO and modified kaolinite samples
were characterized via SANAF TGA at An-Najah National University.

The experimental section of this study is divided into two parts. The first is the adsorption
process, which includes adsorption experiments with different parameters, such as
different concentrations of adsorbate and adsorbent, different pH values, and different
temperatures. The second part includes reusing the contaminated modified kaolinite

several times to test its efficiency and reusability.

2.1 Modification of kaolinite

A 100 g of fresh kaolinite was calcined at 600 °C for six hours. After that, the calcined
kaolinite was soaked in 0.08 M ZnCl2 solution for 6 hours with stirring. The kaolinite was

subsequently dried in an oven at 80 °C for one hour (80).

2.2 The point of zero charge pH (pzc)

To prepare a 0.01 M solution of sodium chloride (NaCl), 0.29 g of NaCl was weighed.
The mixture was transferred to a 500 mL volumetric flask. Then, distilled water was
gradually added to the flask, ensuring that the water level approached the calibration mark
on the flask. The flask was subsequently closed with a stopper. Finally, the flask was
shaken vigorously to ensure that the NaCl dissolved completely and that the solution

became homogeneous.

To prepare the samples, 50 mL of a 0.01 M NaCl solution was measured via a graduated
cylinder. The solution was transferred into six separate glass bottles. Then, the initial pH
was adjusted by using diluted solutions of HCI and NaOH for each solution to specific
values: 2, 4, 6, 8, 10 and 12. After that, 0.1 g of modified kaolinite was added to each
bottle. The bottles were then closed tightly with their caps. The bottles were placed on a
shaker set to 200 rpm, and a constant temperature of 25 °C was maintained. The mixture
was allowed to shake for 24 hours to ensure total mixing. After that, the final pH of each

solution was measured to resolve any variation that may have occurred (81).
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2.3 Phenazopyridine
2.3.1 Sample preparation and calibration curve
2.3.1.1 Preparation of stock solution and working solution

To prepare a 1000 ppm PhPy stock solution, 1 g of PhPy was weighed accurately and
placed inside a 1000 mL volumetric flask, distilled water was added gently until it reached
the mark, and the volume was adjusted. Then, the sealed volumetric flask was sonicated
in a digital ultrasonic bath for 5 min until all the PhPy dissolved and the solution became

clear.

For preparation of the working solution, 50 mL of stock solution was transferred into a
500 mL volumetric flask by using a pipette. The distilled water was subsequently added
until the volume was adjusted, and the flask was subsequently closed and shaken

vigorously until it became a homogenous solution with a 100 ppm concentration.

2.3.1.2 Preparation of standard solutions

In seven 100 mL volumetric flasks, 5, 10, 20, 30, 40, 60 and 80 mL were transferred from
the working solution by pipette to prepare 5, 10, 20, 30, 40, 60 and 80 ppm solutions,
respectively. Each flask was filled with distilled water to the mark, followed by vigorous

shaking until a clear and homogenous solution formed.

2.3.1.3 Construction of the calibration curve

A calibration curve represents the relationship between the concentration of standard
solutions and their absorbance at a specific wavelength, usually the maximum absorbance
wavelength (A max). In this study, a calibration curve was established using standard
solutions with concentrations of 5, 10, 20, 30, and 40 ppm. These specific concentrations
were chosen to ensure accurate and reliable measurements. Higher concentrations were
excluded from the calibration curve because of their tendency to introduce errors into the
results. At higher concentrations, deviations from Beer's law can occur, resulting in
nonlinear and inaccurate absorbance readings (82). After the adsorption process was
complete, the PhPy samples were analyzed, and their concentrations were resolved via

the equation derived from the calibration curve.
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2.3.2 Effect of the concentration of adsorbate

After the A max was determined, 50 ml from 20, 30, 40, 60, and 80 ppm solutions were
transferred to four urine cups by using a graduated cylinder. Then, 0.5 g of modified kaolinite
was added, which was weighed carefully for each cup at a pH of 5. All the cups were then
tightly closed and shaken at 200 rpm and 25 °C for half an hour. Each 5-minute portion from
each cup was taken, the contaminated modified kaolinite was separated by centrifugation at

4000 rpm for 6 minutes, and the treated solution was analyzed via UV—Vis.

2.3.3 Effect of the amount of adsorbent

To prepare the samples, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g of modified kaolinite were
weighed and transferred into twelve urine cups. Subsequently, 50 mL of 60 ppm solution
was added by using a graduated cylinder for the first six and 50 mL of 30 ppm for the
other, at a pH of 5. Next, the cups were closed and shaken at 200 rpm and 25 °C for half
an hour. Each 5-minute portion from each sample was analyzed via UV—Vis at Amax =

425 nanometers.

2.3.4 Effect of pH

In this experiment, the effect of changing the pH was evaluated by varying the pH from
3 to 11. Each sample was prepared by weighing 0.5 g of modified kaolinite and placing
it inside a urine cup, followed by the addition of 50 mL of 60 ppm solution, and 0.2 g of
30 ppm solution was used. The pH was subsequently adjusted by using diluted solutions
of HCI and NaOH, after which the samples were closed and shaken for half an hour at
200 rpm and 25 °C. Five-minute portions from each sample were taken. After that, the

supernatant was analyzed.

2.3.5 Effect of temperature

In this work, the process was carried out at four different temperatures: 17.5, 25, 32.5,
and 40 °C. To prepare the samples, 0.5 g of modified kaolinite was placed in four urine
cups, 50 mL of 60 ppm solution was added to each cup, and the process was repeated for
30 ppm, but 0.2 g was used instead of 0.5 g. The cups were subsequently tightly closed.
All the samples were shaken at 200 rpm and a specific temperature for half an hour. Each

S5-minute portion from each sample was removed, and the treated solution was analyzed.
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2.3.6 Recovery and reuse
2.3.6.1 Determination of the optimal thermolysis temperature

To determine the optimal temperature for reusing the composite, a portion of the PhPy
was analyzed via thermogravimetric analysis (TGA) over a period of two hours. This
analysis aimed to identify the temperature at which the PhPy underwent complete
decomposition. By gradually heating the sample and monitoring weight loss, TGA
provided insights into the thermal stability of the PhPy and pinpointed the specific

temperature range where decomposition occurs (83).

2.3.6.2 Decomposition of the sample

After the adsorption process was completed, the contaminated modified kaolinite was
collected. The sample was designated and placed in a crucible and subjected to thermal
decomposition at 600 °C for one hour. After decomposition, the treated modified kaolinite

was allowed to cool to room temperature.

Once the optimal thermolysis temperature was determined and sample was prepared, the
first cycle was carried out with careful precision. First, 0.5 g of modified kaolinite, which
had been heated at 600 °C, was weighed. This was followed by the addition of 50 mL of
a 60 ppm solution. The mixture was then shaken for half an hour at a speed of 200 rpm,
a pH of 5 and a temperature of 25 °C. After that, the contaminated modified kaolinite was
collected for further treatment. The collected modified kaolinite underwent thermal
decomposition at 600 °C for half an hour and then allowed to cool at room temperature.
The previous step was meticulously repeated for each subsequent cycle to maintain

consistency and accuracy in the experimental procedure.
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2.4 Methyl Orange
2.4.1 Sample preparation and calibration curve
2.4.1.1 Preparation of stock solution and working solution

To prepare a 1000 ppm MO stock solution, 1 g of MO was weighed accurately and placed
inside a 1000 mL volumetric flask, distilled water was added gently until it reached the
mark, and the volume was adjusted. Then, the sealed volumetric flask was sonicated in a

digital ultrasonic bath for 5 min until all the MO dissolved and the solution became clear.

For the preparation of the working solution, 50 mL of the stock solution was measured
using a pipette and transferred into a 500 mL volumetric flask. Distilled water was added
to reach the desired volume, and the flask was sealed and shaken thoroughly to ensure the

solution was uniform, yielding a concentration of 100 ppm.

2.4.1.2 Preparation of standard solutions

To prepare solutions with concentrations of 10, 20, 30, 40, 50, and 70 ppm, 10, 20, 30,
40, 50, and 70 mL of the working solution were pipetted into seven 100 mL volumetric
flasks, respectively. Distilled water was added to each flask up to the calibration mark,
and the contents were shaken thoroughly to ensure the formation of a clear and uniform

solution.

2.4.1.3 Construction of the calibration curve

A calibration curve represents the relationship between the concentration of standard
solutions and their absorbance at a specific wavelength, usually the maximum absorbance
wavelength (A max). In this study, a calibration curve was established using standard
solutions with concentrations of 10, 20, 30, and 40 ppm. These specific concentrations
were chosen to ensure accuracy of the measurements. Higher concentrations were
excluded from the calibration curve because of their tendency to introduce errors into the

results.
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2.4.2 Effect of the concentration of adsorbate

After the A max was determined, 50 mL from 10, 30, 50, and 70 ppm solutions were
transferred to four urine cups by using a graduated cylinder, followed by the addition of
0.5 g of modified kaolinite, which was weighed carefully for each cup at a pH of 2. All
the cups were then tightly closed and shaken at 200 rpm and 25 °C for half an hour. Each
S-minute portion from each cup was removed, the contaminated modified kaolinite was
separated by centrifugation at 4000 rpm for 6 minutes, and the treated solution was

analyzed via UV—Vis.

2.4.3 Effect of the amount of adsorbent

First, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g of modified kaolinite were weighed and transferred
into six urine cups. Subsequently, 50 mL of 50 ppm solution was added via a graduated
cylinder at a pH of 2, after which the cups were closed and shaken at 200 rpm and 25 °C
for half an hour. Every 5 min, a portion from each sample was taken and then analyzed

via UV—Vis at A max = 464 nanometers.

2.4.4 Effect of pH

In this experiment, the effect of changing the pH was evaluated by varying the pH from
2 to 11. Each sample was prepared by weighing 0.5 g of modified kaolinite and placing
it inside a urine cup, followed by the addition of 50 ml of 50 ppm solution. The pH was
subsequently adjusted by using diluted solutions of HCI and NaOH. The samples were
subsequently closed and shaken for half an hour at 200 rpm and 25 °C. A 5-minute portion

of each sample was removed, after which the supernatant was analyzed.

2.4.5 Effect of temperature

To study the effects of changes in temperature, the process was carried out at four different
temperatures: 17.5, 25, 32.5, and 40 °C. To prepare the samples, 0.5 g of modified
kaolinite was placed in four urine cups, and then 50 mL of 60 ppm solution was added to
each cup. The cups were subsequently tightly closed, and every cup was shaken at 200
rpm and a specific temperature for half an hour. Each 5-minute portion from each sample

was taken, after which the solution was analyzed.
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2.4.6 Recovery and reuse
2.4.6.1 Determination of the optimal thermolysis temperature

To determine the optimal temperature for reusing the material, a portion of MO was
analyzed via thermogravimetric analysis (TGA) over a period of two hours. This analysis
aimed to identify the temperature at which the MO underwent complete decomposition.

The sample was heated gradually, and weight loss was monitored.

2.4.6.2 Decomposition of the sample

After the adsorption process was completed. The contaminated modified kaolinite was
collected. The sample was placed in a crucible and subjected to thermal decomposition at
600 °C for one hour. After decomposition, the modified kaolinite was allowed to cool to

room temperature.

Once the sample was prepared and the optimal thermolysis temperature determined, the
first cycle was carried out with careful precision. First, 0.5 g of pretreated modified
kaolinite, which had been heated up to 600 °C, was weighed. This was followed by the
addition of 50 mL of a 50 ppm solution. The mixture was then shaken for half an hour at
a speed of 200 rpm and a temperature of 25 °C at a pH of 2. After shaking, the
contaminated kaolinite was collected for further treatment. The collected kaolinite
underwent thermal decomposition at 600 °C for one hour. The previous step was
meticulously repeated for each subsequent cycle to maintain consistency and accuracy in

the experimental procedure.
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2.5 Characterization
2.5.1 FT-IR
2.5.1.1 Phenazopyridine

Four distinct samples of pure modified kaolinite, pure PhPy, contaminated modified
kaolinite, and modified kaolinite treated at 600 °C were characterized via Fourier
transform infrared spectroscopy (FT-IR). This characterization was essential for
demonstrating the processes of adsorption and thermal decomposition occurring within

these materials.

2.5.1.2 Methyl orange

Three distinct samples, pure MO, contaminated kaolinite, and kaolinite treated at 600 °C,

were characterized via Fourier transform infrared spectroscopy (FT-IR).

2.5.2 XRD and SEM

A sample of modified kaolinite was analyzed via X-ray diffraction (XRD), scanning
electron microscopy (SEM). XRD analysis was conducted to determine the crystalline
structure of the kaolinite samples. These peaks are essential for identifying the
mineralogical composition and confirming the crystalline nature of kaolinite (84). In
addition to XRD, SEM was employed to provide a visual representation of the
microstructure of kaolinite. The SEM images captured the surface morphology and
provided insights into the texture and particle size of the kaolinite samples. The high-
resolution SEM images allowed examination of the shape and arrangement of the
modified kaolinite particles. (84) Overall, the combination of XRD and SEM techniques
provided a comprehensive understanding of the structural and morphological

characteristics of the modified kaolinite sample (84).
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Chapter Three

Results and Discussions

The results of studies of different parameters, including different concentrations of
adsorbate, solution pH values, different amounts of adsorbent and temperatures, are
disputed. All the data acquired from the UV- spectrophotometer and other instruments
were plotted via Origin Pro 2024 software. Studying the adsorption isotherms, kinetics,
and estimating the activation energy of the adsorption process helps elucidate the
mechanism and nature of the interaction between the adsorbent and adsorbate. X-ray
diffraction (XRD) and scanning electron microscopy (SEM) were used to determine the

structural and morphological characteristics of the adsorbate.

In addition, FT-IR characterization was executed for the modified kaolinite before and
after the adsorption process and after the thermal decomposition process to determine the
changes on the surface of the composite and to determine the adsorption of the adsorbate

on the adsorbent surface.

3.1 Comparison between kaolinite and modified kaolinite

The modification of kaolinite was executed to enhance the thermal stability. Many
researchers documented that kaolinite is not a thermally stable at high temperatures, as
Faqir et al. (85) showed in his research. Also, this was proven in Figure 3.1(a), which

represented the TGA of kaolinite and modified kaolinite.

As seen in Figure 3.1 (b) and (c) that the modification of kaolinite did not affect it is
adsorption capacity significantly, the adsorption efficiency of kaolinite at different
concentrations is (88.65%, 85.43%, 79.78%, 67.55%) and (62.88% at 20, 30, 40, 60, and
80 ppm), respectively while the adsorption efficiency of modified kaolinite at different
concentrations is (89%, 86%, 80%, 76%,) and (63% at 20, 30, 40, 60, and 80 ppm),
respectively. On the other hand, the modification clearly enhances the thermal stability of

kaolinite as seen in Figure 3.1 (a) and as documented by Wahyuni et al. in her research.
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Figure 3.1

Comparison between kaolinite and modified kaolinite
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Note: (a) TGA results of kaolinite and modified kaolinite, (b) Adsorption of PhPy on kaolinite at various
conditions: 0.5g/50mL, pH of 5, 200 rpm and 25 oC for half an hr (c¢) Adsorption of PhPy on modified
kaolinite at various conditions: 0.5g/50mL, pH of 5, 200 rpm and 25 oC for half an Ar.
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3.2 Modified kaolinite characterization
3.2.1 XRD characterization

The X-ray diffraction (XRD) pattern of the modified kaolinite produced reflections
corresponding to 275, 040, 183, 023, 046, 015, 09, 022, and 023 at angles of 12.", 20.2%,
24.5% 3578 3828 453% 50.82°, 55.1%° and 62.2%" respectively, as shown in Figure 3.2,
and these numbers are consistent with the results reported by Tironi A et al. (86). The

analysis was investigated using the Scherrer equation:

KA
o B cos B

(7

Where D is crystallite size in nm, K is the shape factor commonly equal 0.9, A is
wavelength of the X-ray source, f is the full width at half maximum (FWHM) of the

diffraction peak in (radians), and © is Bragg angle in (radians).

To calculate the average particle size based on the width of the main diffraction peaks.
The calculations donated an average particle size of approximately 15 nm. This fine
particle size is indicative of the high surface area of modified kaolinite, which is crucial

for its effectiveness as an adsorbent.

Figure 3.2
XRD pattern of modified kaolinite
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3.2.2 SEM characterization

The SEM image showed the presence of multilayered flakes formalized by agglomerated
modified kaolinite nanoparticles. These flakes present an average size in the range of 5-
10 um as seen in Figure 3.3. The distinct layering observed in the SEM image is
characteristic of modified kaolinite's structure, highlighting its platelet-like morphology.
This layered structure contributes to the high surface area and adsorption capacity of
modified kaolinite, promoting its effectiveness as an adsorbent material. The images also
show a relatively uniform distribution of particle sizes, indicating consistency in the
modified kaolinite powder preparation. These structural features, as visualized through
SEM, are crucial for understanding the interaction of modified kaolinite with

contaminants and its performance in adsorption applications.

Figure 3.3
SEM image of modified kaolinite
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3.2.3 The point of zero charge pH (pzc)

During the adsorption process, the pH is a crucial factor that affects the adsorption
capacity, and the surface charge of the adsorbent is determined by the surface zero-point
charge (pHzep) (81). This has a considerable effect on the adsorption capacity. The pHzep
of modified kaolinite was found to be 4.8, as shown in Figure 3.4. At this pH, the surface
charge is zero but lower than 4.8, the surface charge is positive; on the other hand, when

the pH is greater than 4.8, the surface charge is negative.

Figure 3.4
Plot of A (pH) vs. initial pH for modified kaolinite. The intercept shows the value of pH(zcp) for

the solid. The results were obtained at room temperature
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3.3 Phenazopyridine
3.3.1 Formation of the calibration curve

A calibration curve is an essential method to determine the concentration of an unknown
sample in a solution by matching it to a series of standard solutions with their
concentrations, which is related to the concentration of the prepared solution and its
absorbance at A max (82). Figure 3.5 shows a calibration curve of 5, 10, 20, 30, and 40

ppm solutions at A max =425 nm.

29



Figure 3.5
Calibration curve of PhPy
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A linear equation is usually obtained for calibration curves. The correlation coefficient
(R?), which has the best fit when R? = 1, is usually utilized to determine the linearity of
the calibration curve. The unknown concentration of the treated solutions was calculated

via an equation obtained from the calibration curve.

3.3.2 Effect of the concentration of adsorbate

Studying the variation in the concentration of PhPy with the same amount of modified
kaolinite is crucial for determining the saturation point of modified kaolinite where no
more adsorption can occur since all available sites on the modified kaolinite are occupied
by PhPy molecules. In addition, to construct adsorption isotherms, the adsorption
efficiency of modified kaolinite, which varies with different concentrations, was

determined.

As shown in Figure 3.6, the adsorption efficiency of modified kaolinite decreases as the
concentration of PhPy increases. The adsorption efficiency at different concentrations is
(89%, 86%, 80%, 76%) and (63% at 20, 30, 40, 60, and 80 ppm), respectively. These
results indicate that modified kaolinite has a commendable adsorption efficiency. Even at
high concentrations, it did not clearly decrease. It decreased from 87% to 63% for 20 ppm

to 80 ppm.

30



Figure 3.6
Amounts of PhPy removed (ppm) over time under various conditions: 0.5 g/50 ml, 25 °C, 200
rpm, and pH =5 for half an hr
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3.3.3 Effect of the amount of adsorbent

The amount of adsorbent affects the adsorption capacity of the modified kaolinite. This
experiment aimed to determine the optimal quantity needed to achieve maximum

adsorption and minimize waste.

In Figure 3.7. The effect of changing the amount of modified kaolinite from 0.1 to 0.6 g
with PhPy concentrations of 30 and 60 ppm at a pH of 5 was shown. The percent removal

of dye was calculated as follows:

Co_Ce

x 100 ®)

% of dye removal =
[

where Co and Ce (mg/L) are the initial and equilibrium concentrations of the dye in

solution, respectively.

We noticed that the percent removal did not increase constantly with increasing amounts
of modified kaolinite. As observed above at 30 ppm, an increase in the amount of
modified kaolinite led to an increase in the percentage of dye removed to (74%) at 0.2 g.
For 60 ppm, increasing the modified kaolinite amount led to an increase in the percentage
of dye removed to (76%) at 0.5 g. Supplementally, increasing the modified kaolinite
amount did not significantly affect the removal of dye. This is because the number of

active adsorption sites on the adsorbent increases as the dosage of adsorbent increases.
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However, increasing the dosage of modified kaolinite to more than 0.2 g for 30 ppm did
not significantly increase the percent removal. For 60 ppm, increasing the amount of

modified kaolinite to more than 0.5 g did not significantly increase the percent removal.

Figure 3.7
Effect of adsorbent amount (g) on the removal efficiency of the PhPy
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Note: (a) At 30 ppm and (b) 60 ppm, the solution volume was 50 mL, the pH was 5, the mixture was shaken
at 200 rpm for half an hour at 25 °C.
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3.3.4 Effect of pH

The adsorption of two different concentrations of PhPy, high at 60 ppm and low at 30
ppm, on modified kaolinite was examined across a pH range of 3--11. Each experiment
utilized 0.5 g with 50 mL for 60 ppm and 0.2 g with 50 mL for 30 ppm, and the mixture
was continuously shaken for 60 minutes. The adsorption efficiency was affected by pH
and the surface charge of the modified kaolinite, represented by pHzcp). The equilibrium
PhPy structure at a given pH clarifies how the surface charge of modified kaolinite and
PhPy changes with varying pH. The adsorption results at different pH values are shown
in Figure 3.8.

Figure 3.8
Effects of pH on the removal efficiency of PhPy
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The results showed that the ideal pH for the adsorption of PhPy for 30 and 60 ppm was
5. The percent removal reached 74% for 30 ppm and 76% for 60 ppm. At a pH of 5, the
surface charge of modified kaolinite was negative, whereas that of PhPy was positive, so
electrostatic attraction occurred. At pH values of 3 and 4, the surface charge of the
modified kaolinite was positive, and the PhPy had positive ions. This limits electrostatic
attraction. At a pH of 6, the surface charge of modified kaolinite was negative, whereas
the surface charge of PhPy was neutral to positive ions, which limits electrostatic
attraction and repulsion. At pH 7, the surface charge for the composite was negative, and
that for PhPy was neutral, which led to a decrease in electrostatic attraction. For pH values
of 9 and 11, the surface charge of the clay was negative, as was the case for PhPy, which
has negative species, and repulsion occurred, which led to a decrease in the percent
removal. However, the order of adsorption of PhPy on modified kaolinite from the most

to the least efficientis5>4>3>6>7>9 > 11.

3.3.5 Adsorption Isotherms

Adsorption isotherms clarify adsorption processes and capacity. The most common

adsorption isotherms are the Langmuir and Freundlich isotherms.

The equilibrium adsorption isotherms of PhPy on modified kaolinite were obtained using
initial PhPy concentrations of 20, 30, 40, 60, and 80 ppm at 25 °C, a pH of 5, and a
shaking time of half an hour. The solid/solution ratio was 0.5 g/50 mL. The results were
represented by Langmuir and Freundlich isotherm models to perform PhPy adsorption on
the adsorbent and equilibrium concentration. The adsorption isotherms of PhPy on
modified kaolinite are represented in Figure 3.9 (a). The plots of Ce versus ge for the
adsorption isotherms, Ce/qe versus Ce for the Langmuir equation are represented in Figure

3.9 (b), and log ge versus log C. for the Freundlich isotherm are shown in Figure 3.9 (c).
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Figure 3.9

(a) Adsorption isotherms of PhPy onto modified kaolinite, (b) Langmuir isotherm, and (c)

Freundlich isotherm
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The slope and intercept were recorded from the equations that extracted from these graphs
and were used to determine the Langmuir and Freundlich isotherm parameters. The
resulting values and correlation coefficients for PhPy adsorption on modified kaolinite

are presented in Table 3.1.

Table 3.1
Langmuir and Freundlich isotherm parameters and correlation coefficients for PhPy adsorption

onto modified kaolinite

Langmuir Freundlich
Qo (Mg/g) b (L/mg) R? Kt ((mg/g) (L/mg)*"™)) 1/n R?
5.9378 0.1913 0.99806 1.3997 0.40658 0.95333

As shown in Table 3.1, the adsorption of PhPy was completely adapted with the Langmuir
isotherm model, with a higher R? equal to 0.99806. This confirmed that the adsorption
occurred at specified homogenous sites inward from the adsorbent, formalizing a single
layer covering the surface of the adsorbent. In addition, the Freundlich constant 1/n was
found to equal 0.40658. This indicated that the Langmuir isotherm is more favorable.
Generally, the results confirmed that the adsorption process in this study obeys the

Langmuir isotherm model.

3.3.6 Adsorption kinetics

Studying the kinetics of adsorption is important. The adsorption rate must be studied to
realize a kinetic model that represents the adsorption process. The kinetics of adsorption
determine the rate at which the adsorbate interacts with the adsorbent and the time ordered

to obtain adsorption completion (87).

Some of the commonly used kinetic models include the pseudo first- and second-order
rate models, the Adam—Bohart-Thomas relation, the intraparticle diffusion model, Weber
and Morris sorption, the first-order equation of Bhattacharya and Venkobachar, the

external mass transfer model, and the first-order reversible reaction model (87).

In this study, three kinetic models for PhPy adsorption on modified kaolinite were
executed: the pseudo-first-order model, the pseudo-second-order model, and the

intraparticle diffusion model, which are represented by these three equations (88).
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k
log (qe-qy=logqe - ——t 9)

2.303

where ge and ¢: (mg/g) are the masses of adsorbate per unit mass of adsorbent at
equilibrium and at time # (min), respectively, and where k; (min™) is the rate constant of

the pseudo-first-order model (88).

t 1

1
ar k0% qe (10)

where ge and ¢: (mg/g) are the masses of adsorbate per unit mass of adsorbent at
equilibrium and at time # (min), respectively. k2 (g/mg min) is the pseudo-second-order

rate constant of adsorption. (89)
qe = kpt®> +b (11)

where ¢: (mg/g) is the mass of adsorbate per unit mass of adsorbent at time ¢ (min), kp
(mg/g min®°) is the rate constant of intraparticle diffusion and b is a constant that indicates

the thickness of the boundary layer.

This experiment was investigated by using a 0.5 g/50 mL 60 ppm solution of PhPy. At a
pH of 5, the mixture was shaken at 200 rpm and 25 °C for half an hour. The data were
then plotted for pseudo-first-order Log(ge-qt) vs. t, as shown in Figure 3.10 (a), while for
pseudo-second-order, t/qt vs. t was plotted, as represented in Figure 3.10 (b), and for

intraparticle diffusion, qt vs. t3 was plotted, as shown in Figure 3.10 (c).
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Figure 3.10
(a) Pseudo first-order, (b) Pseudo second-order, and (c) Intra particle diffusion
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Table 3.2 shows the correlation coefficients and parameters for the pseudo second-order,
pseudo first-order, and intraparticle diffusion models. These results indicate that the
pseudo second-order model is more appropriate for depicting the adsorption mechanisms
on the adsorbent. The R? values are closer to 1 in the pseudo second-order model. On the
other hand, the correlation coefficients are lower in the pseudo-first-order model. The
calculated ge values for the adsorbent closely stratify with the experimental values,
confirming the appropriateness of the pseudo second-order model. In addition, the
intraparticle diffusion model highlights that the rate is confined by mass transfer toward
the boundary layer, which is evident from the non-origin passing straight line with

correlation coefficients.

Table 3.2
Pseudo first-order and pseudo second-order kinetic models and intra particle diffusion kinetic

model parameters and correlation coefficients for PhPy adsorption onto modified kaolinite

Pseudo first-order

de (Exp) (Mg/g) Ky(min™) ge(calc.) (mg/g) R?
4.22316 0.5634 1.7563 0.84622
Pseudo second-order
K2 (g/mg min) ge(calc.) (mg/g) R?
0.0758 4.4589 0.9913
Intra particle diffusion
K, (mg/g min'/?) b R?
0.60914 1.34305 0.92331

3.3.7 Effect of temperature

Studying the effect of temperature on the adsorption process is an essential step (90).
Understanding the mechanism of the adsorption process is important. In addition,
activation energy has been investigated (91). Hence, Worthy information about the nature

of process and mechanism was obtained by studying the effects of temperature (92).

The equilibrium adsorption capacity of an adsorbent may be affected by varying the
temperature. For example, the adsorption capacity decreases when the temperature increases

for an exothermic reaction; however, it evolves into an endothermic reaction (93).
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In this study, the adsorption of PhPy on modified kaolinite was studied at temperatures of

17.5, 25, 32.5, and 40 °C at 30 and 60 ppm, and the results are shown in (Appendix Al).

As shown in (Appendix Al), the adsorption capacity decreases as the temperature
increases. This decrease in PhPy removal suggests that the adsorption of PhPy on the
modified kaolinite surface is an exothermic process. According to different studies, such
as that of Alkan et al. (93), when adsorption decreases while the temperature increases,
this is due to the softened adsorptive forces between the adsorbate species and the active
sites of the adsorbent. Therefore, when the temperature increases, the desorption process

prevails because of the soft interaction in the adsorption system.

3.3.8 Determination of the activation energy

The experimental data collected at different temperatures from (Appendix Al (b)) in the
previous section were used to resolve the activation energy, via Arrhenius equation. In
general, finding the activation energy provides beneficial information about the type of

process and adsorption mechanism.

The Arrhenius equation was represented in the following formula: (92)
k = Ae Ea/RT (12)
Arrhenius equation could be converted to the linear form as in the following equation:

Ink =224 InA (13)
RT

where T is the temperature in Kelvin, R is the ideal gas constant (R= 8.314 J/mol K), k is
the rate constant, and A is Arrhenius constant. k can be expressed as (Ct- Co)/t in (sec),
where Co and C: (mg/L) represent the initial and equilibrium adsorbate concentrations, t

represents time.

The values of Ea and Arrhenius constant can be determined by plotting 1/T vs Ln k, as
presented in (Appendix A2). From the slope and intercept in (Appendix A2), Ea and
Arrhenius constant were calculated via Eq. (13). The calculation of activation energy at

the studied temperatures are presented in Table 3.3
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Table 3.3
The calculations of activation energy for the adsorption of PhPy onto modified kaolinite at
different temperatures
Ea (KJ/mol) LnA R?
27.2601 13.305 0.9987

As shown in Table 3.3, the value of Ea provides information about the adsorption system,
which can be used to understand the mechanism and nature of the adsorption process.
The previous studies explored the determination of the Ea value, which is related to the
nature of the adsorption process. Aljamali et al. (94) reported that when Ea is less than 40
kJ/mol, the adsorption process corresponds to physical process. Hence, the Ea was found
to be 27.2601 KJ/mol, indicating that the adsorption process between modified kaolinite
and PhPy follows the physical adsorption process.

3.3.9 Recovery and reuse
3.3.9.1 TGA characterization

Before recovering the contaminated modified kaolinite, the thermal stability of modified
kaolinite was examined via TGA. The observation of a straight line indicates that
modified kaolinite is stable at very high temperatures with time. Additionally, the PhPy
was analyzed via TGA. To determine the optimal temperature for treatment. At this
temperature, the PhPy should decompose completely. (Appendix A3) shows the TGA
results of the PhPy and modified kaolinite.

As shown in (Appendix A3), the modified kaolinite was thermally stable since it formed
a straight line at very high temperatures with time. While PhPy has thermal stability up
to 200 °C, it decomposes at 3 different stages. The first stage is from 200 to 300 °C. PhPy
lost 30% of its components, associated with NH3 and CH4 gases. The second stage from
300 to 400 °C resulted in the loss of another 30% due to the loss of the azo group, which
was proposed to break. The final stage from 400 to 600 °C PhPy lost the last 40%, which

was suggested to be the bulk organic group, such as the benzene ring.
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3.3.9.2 Reuse cycles

After the optimal temperature was determined and the adsorption process was finished,
the contaminated modified kaolinite was regenerated and calcined at 600 °C for one hour.

This led to complete decomposition of the adsorbed PhPy.

(Appendix A4) shows that the annealed composite can be reused multiple times without
any significant effect on the removal efficiency, where the percent removal of PhPy for 4
cycles ranged between (71%) and (75%) for 60 ppm, comparing these results with percent
removal of fresh modified kaolinite which equal 75%, this indicating that the thermal
stability of modified kaolinite will have a massive effect when it is related to reuse for

future adsorption techniques for water organic pollution.

The thermal decomposition of PhPy, which is adsorbed on modified kaolinite and reused
multiple times, is an effective method from an environmental and economic standpoint.
This minimizes waste generation and the requirement of persistent replacement of

adsorbents. This makes the process environmentally friendly and cost-effective.

3.3.10 FT-IR characterization

To confirm the adsorption process of PhPy at the modified kaolinite surface, the samples
of PhPy, modified kaolinite, PhPy on modified kaolinite and PhPy onto modified kaolinite
after thermal decomposition at 600 °C were characterized via FT-IR, as shown in
(Appendix A5 (a)). The modified kaolinite has adsorption bands between 3619 and 3689
cm’! for the OH stretching group, where the bands at 1004, 1028, and 1113 cm’!
correspond to Si—O stretching, the peak at 911 cm™! corresponds to AI-OH stretching, and
the remaining peaks correspond to Si—O—Al stretching (86).

In (Appendix A5 (b)), PhPy has peaks at 3335 and 3290 cm™ which indicate N-H
stretching for the primary amine; at 3065 and 2908 cm™!, C-H stretching occurs; at 1635
cm™!', N-H bending occurs; at 1601 cm-1, C=N stretching occurs; and at 1449 cm™, N—
N=N; at 1267 cm™"> C—N for the aromatic amin (95).

In (Appendix A5 (c)), PhPy peaks in the range of 1200-3400 cm™' were observed, which
indicated that PhPy was adsorbed onto the modified kaolinite surface. As shown in
(Appendix A5 (d)), after thermal decomposition, all the peaks of PhPy disappeared, but

the peaks of modified kaolinite remained the same. This proves that thermal
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decomposition resulted in the complete removal of PhPy from the surface of the

composite.

3.4 Methyl orange
3.4.1 Formation of the calibration curve

A calibration curve is an essential method to determine the concentration of an unknown
sample in solution by matching it to a series of standard solutions with their
concentrations, as mentioned in section 3.3.1. (Appendix A6) shows a calibration curve

of 10, 20, 30, and 40 ppm solutions at A max = 464 nm.

The correlation coefficient (R?), which is equal to 0.99961, indicates that the calibration
curve has ideal linearity. The equation derived from the curve was used to determine the

concentration of unknown samples.
3.4.2 Effect of the concentration of adsorbate

The variation in the concentration of MO when a fixed amount of modified kaolinite is
used is crucial for constructing adsorption isotherms and determining the saturation point
of modified kaolinite, where no more adsorption can occur. Additionally, the adsorption
efficiency of modified kaolinite, which varies with different concentrations, was

determined.

As shown in (Appendix A7), the adsorption efficiency of the modified kaolinite decreases
when the concentration of MO increases. The adsorption efficiency at different
concentrations was 89%, 85%, 74%, and 66% at 10, 30, 50, and 70 ppm, respectively.

These results indicate that modified kaolinite has a noteworthy adsorption efficiency.

3.4.3 Effect of the amount of adsorbent

The effects of varying the amount of adsorbent on the adsorption capacity of the adsorbent
were studied. This experiment aimed to determine the optimal quantity needed to achieve

maximum adsorption and minimize waste.

(Appendix A8) shows the impact of changing the amount of modified kaolinite from 0.1
to 0.6 g while fixing the concentration of the dye to 50 ppm at a pH of 2. The percent

removal of the dye was calculated as follows:

% of dye removal =~ x 100 (14)

o
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where Co and Ce (mg/L) are the initial and equilibrium concentrations of the dye in

solution, respectively.

We noticed that the percent removal did not increase constantly with increasing amounts
of modified kaolinite. As seen above, at 50 ppm, the increase in the modified kaolinite
amount led to an increase in the percentage of dye removed to 74% for 0.5 g.
Supplementally, increasing the modified kaolinite amount did not significantly affect the
removal of dye. This is because the number of active adsorption sites on the adsorbent
increases as the dosage of adsorbent increases. However, increasing the dosage of
modified kaolinite to more than 0.5 g at 50 ppm did not significantly increase the percent

removal.

3.4.4 Effect of pH

The adsorption of MO at 50 ppm on modified kaolinite was tested across a pH range of
3--11. The mixture was continuously shaken for 30 minutes. The adsorption efficiency
was affected by pH and the surface charge of the modified kaolinite, represented by pHzcp.
The equilibrium MO structure at a given pH clarifies how the surface charge of modified
kaolinite and MO changes with varying pH. The adsorption results at different pH values
are shown in (Appendix A9).

As shown in (Appendix A9), the optimal pH for the adsorption of MO at 50 ppm was 2,
where the percentage removal reached 74% at 50 ppm. At a pH of 2, the surface charge
of modified kaolinite was positive, whereas MO had slightly negative ions, so
electrostatic attraction occurred. At pH values of 4 and 5, the surface charge of the
modified kaolinite was positive, and the MO had neutral to positive ions, which limited
electrostatic attraction. At a pH of 7, the surface charge of the composite was negative,
whereas that of MO was neutral, which led to a decrease in electrostatic attraction. At pH
values of 9 and 11, the surface charge of the clay was negative, as was the case for MO,
which has negative species, and repulsion occurred, which led to a decrease in the
percentage of removal. However, the order for the adsorption of MO onto modified

kaolinite from the most to the least efficientis2 >4 >5>7>9 > 11.
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3.4.5 Adsorption Isotherms

Adsorption isotherms clarify adsorption processes and capacity. The most common
adsorption isotherms are the Langmuir and Freundlich isotherms, and the equations are

presented in section 3.3.5.

The equilibrium adsorption isotherms of MO on modified kaolinite were executed using
initial MO concentrations of 10, 30, 50, and 70 ppm at 25 °C, a pH of 2, a shaking time
of 30 min, and a solid/solution ratio of 0.5 g/50 mL. The results were plotted via the
Langmuir and Freundlich isotherm models to describe MO adsorption on the adsorbent
and the equilibrium concentration. The plot of the adsorption isotherms of MO adsorption
on modified kaolinite is presented in (Appendix A10 (a)). The plots of Ce versus ge for
the adsorption isotherms, Ce/qe versus Ce for the Langmuir equation are represented in
(Appendix A10 (b)), and log ge versus log C. for the Freundlich isotherm are shown in
(Appendix A10 (c)).

The slope and intercept were taken from the equations obtained from these graphs and
were used to determine the Langmuir and Freundlich isotherm parameters. The resulting

values and correlation coefficients for MO adsorption on modified kaolinite are presented

in Table 3.4.

Table 3.4
Langmuir and Freundlich isotherm parameters and correlation coefficients for MO adsorption

onto modified kaolinite

Langmuir Freundlich
Qo (Mg/g) b (L/mg) R? Kt ((mg/g) (L/mg)*"™)) 1/n R?
2.4137 0.6472 0.9987 0.9618 0.4274  0.9524

As shown in Table 3.4, the adsorption of MO was completely adapted with the Langmuir
isotherm model, with a high R? equal to 0.9987. This confirmed that the adsorption
occurred at specified homogenous sites inward from the adsorbent, formalizing a single
layer covering the surface of the adsorbent. In addition, the Freundlich constant 1/n was
found to be 0.4274. This indicated that the Langmuir isotherm is more favorable.
Generally, the results confirmed that the adsorption process in this study obeys the

Langmuir isotherm model.

45



3.4.6 Adsorption kinetics

In this study, three kinetic models for MO adsorption on modified kaolinite were
executed: the pseudo-first-order model, the pseudo-second-order model, and the intra

particle diffusion model. These equations are presented in section 3.3.6.

This experiment was investigated by using 0.5 g/50 mL of a 50ppm solution of MO under
the following conditions: pH of 2, shaking speed of 200 rpm, and 25 °C for half an hour.
The data were then plotted for the pseudo-first-order Log(qge-qt) vs t, as represented in
(Appendix A1l (a)). The pseudo-second-order t/qt vs t is represented in (Appendix All
(b)), and the intraparticle diffusion qt vs t*° is represented in (Appendix A11 (c)).

Table 3.5 shows the correlation coefficients and parameters for the second-order, pseudo-
first-order, and intraparticle diffusion models. These results indicate that the pseudo-
second-order model is more appropriate for depicting the adsorption mechanisms on the
adsorbent. The R? values are closer to 1 in the pseudo second-order model. On the other
hand, the correlation coefficients are lower in the pseudo-first-order model. The
calculated ge values for the adsorbent closely stratify with the experimental values,
confirming the appropriateness of the pseudo-second-order model. In addition, the
intraparticle diffusion model highlights that the rate is confined by mass transfer toward
the boundary layer, which is evident from the non-origin passing straight line with

correlation coefficients.

Table 3.5
Pseudo first-order and pseudo second-order kinetic models, and intraparticle diffusion kinetic

model parameters and correlation coefficients for MO adsorption onto modified kaolinite

Pseudo first order

qe (Exp) (mg/g) Ki(min™) qe(calc.) (mg/g) R?
3.3333 -0.01143 1.3212 0.91043
Pseudo second order
K2 (g/mg min) ge(calc.) (mg/g) R?
0.1816 3.4913 0.9881
Intra particle diffusion
Kp (mg/g min?) b R?
0.4054 1.5239 0.92861
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3.4.7 Effect of temperature

The equilibrium adsorption capacity of the adsorbent may be affected by varying the
temperature. For example, the adsorption capacity decreases when the temperature
increases for an exothermic reaction; however, it evolves for an endothermic reaction, as

mentioned in section 3.3.7.

In this study, the adsorption of MO on modified kaolinite was studied at temperatures of

17.5, 25, 32.5, and 40 °C at 50 ppm, and the results are shown in (Appendix A12).

As shown in (Appendix A12), the adsorption capacity decreases when the temperature
increases. This decrease in MO removal suggests that the adsorption of MO on the
modified kaolinite surface is an exothermic process. According to different studies, such
as that of Alkan et al. (93), when adsorption decreases while the temperature increases,
this is due to the softened adsorptive forces between the adsorbate species and the active
sites of the adsorbent. Therefore, when the temperature increases, the desorption process

prevails because of the soft interaction in the adsorption system.
3.4.8 Determination of the activation energy

The data obtained from (Appendix Al2) in the previous section were resolved to

determine the activation energy, as described in section 3.3.8

The values of Ea and Arrhenius constant can be determined by plotting 1/T vs Ln k, as
presented in (Appendix A13). From the slope and intercept in (Appendix A13), Ea and
Arrhenius constant were calculated via Eq. (13). The activation energy calculations at the

studied temperatures are presented in Table 3.6.

Table 3.6

The calculations of activation energy for the adsorption of MO onto modified kaolinite at different

temperatures
Ea (KJ/mol) LnA R?
39.2587 18.476 0.99912

As shown in Table 3.6, the Ea magnitude obtained in this study was 39.2587 kJ/mol. This
value confirmed that the adsorption process obeyed physical adsorption which indicated

the weak interaction between adsorbate and adsorbent surface, these interaction
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represented by Van Der Waals forces, this because the value is lower than 40 KJ/mol as

Aljamali et al. (94) documented in his research.

3.4.9 Recovery and reuse
3.4.9.1 TGA characterization

MO was analyzed via TGA to determine the optimal temperature for reuse. At this
temperature, MO should decompose completely. (Appendix A14) shows the TGA results
for MO and modified kaolinite.

As shown in (Appendix A14), the modified kaolinite was thermally stable, as a straight
line was observed at very high temperatures with time. MO decomposed at 3 different
stages. In the first stage from 100 to 250 °C, 30% of the MO is lost as components, which
are proposed to be NH3, CH4, and SOz gases. During the second stage from 250 to 450 °C,
MO lost another 30% of the total energy due to the loss of the azo group, which was
proposed to break. The final stage from 450 to 600 °C MO resulted in the loss of the last

40%, which was suggested to be due to the bulk organic group, such as the benzene ring.

3.4.9.2 Reuse cycles

After the optimal temperature was determined and the adsorption process was finished,
the contaminated modified kaolinite was regenerated and calcined at 600 °C for half an

hour. This led to complete decomposition of the adsorbed MO.

In this experiment, 0.5 g of the treated modified kaolinite was mixed with 30 ppm
kaolinite and shaken for half an hour at a pH of 2, 200 rpm and 25 °C. (Appendix A15)
shows that the annealed composite can be reused multiple times without any significant
impact on removal efficiency. The percentage of MO removed after 4 cycles ranged
between 81% and 85% comparing these results with percent removal of fresh modified
kaolinite which equal 68%, these findings indicate that the thermal stability of modified
kaolinite has an enormous effect on reuse for future adsorption techniques for water

organic pollution.
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3.4.10 FT-IR characterization

To confirm the adsorption process of MO at the modified kaolinite surface, the samples
of MO, modified kaolinite, MO on modified kaolinite and MO on modified kaolinite after
thermal decomposition at 600 °C were characterized via FT-IR. As shown in (Appendix
A6 (a)), the modified kaolinite has adsorption bands between 3619 and 3689 cm™! for
the OH stretching group. The bands at 1004, 1028, and 1113 cm™ represent Si—O
stretching. The peak at 911 cm™! corresponds to Al-OH stretching. The remaining peaks
indicate Si—O—Al stretching (86).

In (Appendix A16 (b)), MO has a peak at 1606 cm™" which indicates C-C stretching for
the benzene ring; 1368 cm! indicates N=N; 1193 cm™ for C-N stretching; 1117 cm™ for
SOs stretching; and 1038 and 1005 cm™!, for SO stretching (96).

As shown in (Appendix A16 (c)), MO peaks in the range of 10001700 cm™ were
observed. This indicates that MO was adsorbed onto the modified kaolinite surface. As
shown in (Appendix Al6 (d)), after thermal decomposition, all the peaks of MO
disappeared, but the peaks of modified kaolinite remained the same. This proves that

thermal decomposition completely removed MO from the surface of the composite.

3.5 Conclusion

This study revealed that thermolysis decomposition could be used as a technique for the
reuse of modified kaolinite, which is utilized to adsorb PhPy and MO. This is a new
technique inserted into the world of reuse. The effects of various parameters were
evaluated, and the results revealed that the adsorption process was dependent on the
concentration of the dye, the amount of modified kaolinite, the temperature, the pH, and
time. For both dyes, the percent removal increased when the amount of modified kaolinite
and time increased and when the temperature decreased. Ultimate elimination was
obtained at a pH of 5 for PhPy, which reached 76%, and for MO, which reached (74%),
the pH was 2.

The Freundlich and Langmuir models were selected from different adsorption isotherm
models and studied. The results confirmed that the adsorption process for both dyes
obeyed the Langmuir isotherm. This result indicated that the adsorption occurred in a
single layer and was homogenous. The results from studying three different kinetics

models revealed that the adsorption of both dyes on modified kaolinite followed the
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pseudo second-order rate model. Estimating the activation energy of the adsorption of the
two dyes on the modified kaolinite confirmed that the process followed a physical

adsorption process.

Physical processes reveal that there are soft interactions between modified kaolinite and
both dyes. Additionally, the desorption process can occur. Therefore, the recovery studies
were investigated via thermal decomposition, and the results emphasized that the
modified kaolinite can be reused for four cycles. In conclusion, modified kaolinite is an
effective and inexpensive adsorbent that is simple to reuse. All the results obtained in this
study confirmed that the adsorption process using modified kaolinite is beneficial, simple,
and cost-effective. Additionally, the efficiency of thermal decomposition, which is
environmentally friendly, should be explored. This makes all processes, ranging from
adsorption to thermal decomposition, adequate for mutating from batch experiments to

large-scale industries.

3.6 Future work

Our future work should focus on converting batch experiments to continuous experiments
by using columns for removing PhPy and MO dyes or other organic contaminants. After
that, the column will be thermally decomposed at high temperature and then ready for use

again.

Other methods can be applied, such as organic modification of kaolinite instead of the
use of ZnClz. This could be achieved by adsorption at the surface of kaolinite by natural
dyes such as anthocyanin or carotene. Then, the adsorption process was investigated to

treat polluted water from organic contamination.

In addition, thermal decomposition can be applied to other types of clays and other types
of organic contamination. Also, in thermal decomposition, various temperature below
than 600 °C could be used to check if it suitable to completely decomposition of the dyes.
In the thermal process, the clay can be modified by washing it with an acidic solution,

basic solution or ionic solution.
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List of Abbreviations

Abbreviation Meaning

Ea Activation Energy

K Adsorption Equilibrium Constant

AOQOP Advanced Oxidation Process

Je Amount of Adsorbate Per Unit of Adsorbent

A Arrhenius Constant

G Concentration of Adsorbate in the Solution at Time t
R? Correlation Coefficient

Ce Equilibrium Concentration of Adsorbate in the Solution
FT-IR Fourier Transform Infrared Spectroscopy

Ke Freundlich Isotherm Constant

R Ideal Gas Constant

Co Initial Concentration of Adsorbate in the Solution

b Langmuir Isotherm Constant

w Mass of Adsorbent

Qo Maximum Monolayer Coverage Capacity Constant at Equilibrium
MOFs Metal-organic Frameworks

MO Methyl Orange

NSAIDs Nonsteroidal Anti-inflammatory Drugs

PhPy Phenazopyridine Hydrochloride

PzC Point of Zero Charge

SEM Scanning Electron Microscopy

TGA Thermogravimetric Analysis

\Y Volume of Aqueous Solution

XRD X-Ray Diffraction
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Appendices
Appendix Al

Figures

Figure A.1

Adsorption of PhPy on modified kaolinite at different temperatures, pH of 5, and shaking
speed of 200 rpm for half an hour: (a) 0.2 g/50 mL for 30 ppm and (b) 0.5 g/50 mL for
60 ppm
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Figure A.2

Plot of 1/T vs Ln k to determine the activation energy for the adsorption of PhPy on

modified kaolinite
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Figure A.4
Stability of modified kaolinite after reuse, % removal of PhPy for the 4 reuse experiments
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Figure A5

FTIR spectra for PhPy adsorption onto modified kaolinite: (a) pure modified kaolinite,
(b) PhPy (c) PhPy onto modified kaolinite (d) PhPy onto modified kaolinite after thermal
decomposition at 600 °C
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Figure A.6

Calibration curve of MO
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Amounts of MO removed (ppm) over time under various conditions, 0.5 g/50 mL, pH of

2, shaking speed of 200 rpm and 25 °C for half an hr
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Figure A.8

Effect of the amount of adsorbent (g) on the removal efficiency of MO. Conditions, 50
mL of MO solution (50 ppm), solution pH of 2, shaking time = half an hour, shaking
speed = 200 rpm, and 25 °C.
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Figure A.9
Effect of pH on the removal efficiency of MO. The conditions used were as follows: 50
mL of MO solution (50 ppm), shaking time is half an hour, amount of adsorbent is 0.5 g,

shaking speed is 200 rpm, and 25 °C
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Figure A.10
(a) Adsorption isotherms of MO onto modified kaolinite, (b) Langmuir isotherm, and (c)

Freundlich isotherm.
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Figure A.11

(a) Pseudo first-order, (b) Pseudo second-order, and (c) Intra particle diffusion
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Figure A.12
Adsorption of MO on modified kaolinite at different temperatures, pH of 2, and shaking

speed of 200 rpm for half an hour at 0.5 g/50 mL
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Figure A.13
Plot of 1/T vs Ln k to determine the activation energy for the adsorption of MO on

modified kaolinite
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Figure A.14
TGA results of modified kaolinite and MO
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Figure A.15

Stability of modified kaolinite after reuse, % removal of MO for the 4 reuse experiments
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Figure A.16

FTIR spectra for MO adsorption onto modified kaolinite: (a) pure modified kaolinite, (b)
MO (c) MO onto modified kaolinite (d) MO onto modified kaolinite after thermal
decomposition at 600 °C
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