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Abstract: The objective of this study is to enhance the photocatalytic capabilities of kaolin clay to improve its
efficiency in environmental remediation. Various techniques were employed to modify kaolin clay, including heat
treatment, acid modification, and material integration. These methods aimed to reduce its bandgap and improve
its selective adsorption properties, thereby enabling better visible light activation and pollutant removal. The
study discovered that modified kaolin-derived nanomaterials exhibit remarkable potential in breaking down
pollutants, disinfecting, capturing heavy metals, and eliminating airborne contaminants. These advanced materials
have been successfully used in water filtration, air purification, and the development of self-cleaning surfaces.
The modifications increased surface area, adsorption capacity, and overall catalytic performance. Unmodified
kaolin, with its broad bandgap, has limitations that hinder its ability to be driven by visible light for photocatalytic
purposes and to selectively absorb specific pollutants, including heavy metals. The novelty of this research lies
in the systematic exploration and optimization of diverse modification strategies for kaolin clay, showcasing its
versatility in photocatalytic applications. The tailored modifications of kaolin to address specific environmental
needs have the potential to be a cost-effective and eco-friendly solution for sustainable environmental restoration.

Introduction

Photocatalysis is a process that harnesses semiconductor-
based photocatalysts to drive chemical reactions utilizing solar
energy (Goodarzi et al. 2023; Xiao et al. 2023). This method
offers advantages, including high efficiency, eco-friendliness,
and cost-effectiveness (Yu & Jang, 2023). The photocatalysis
technique has gained significant attention due to its efficiency
and cost-effectiveness in multiple fields while remaining
eco-friendly. Through sunlight irradiation, photocatalysis can
enable reactions that can produce clean energy, treat water,
clean the environment, and even convert CO, into valuable
hydrocarbon products that reduce carbon emissions (Wang &
Yu, 2023). Although photocatalysis has excellent potential in
various applications, researchers face challenges in making it
more efficient. One of the significant limitations is its reliance
on a light source to function, which makes its use problematic in
low-light or dark environments. To overcome these limitations,
current research primarily focuses on developing new materials
and exploring innovative ways to integrate photocatalysis with
other technologies. By focusing on the scientific principles

of photocatalysis and continuously striving to enhance its
effectiveness, researchers aspire to unleash its full potential
as a versatile tool for air and water purification, self-cleaning
surfaces, and anti-fogging applications (Panda et al. 2023;
Wang & Yu, 2023). Interdisciplinary collaboration has led to
advancements in photocatalysis, proving it to be a valuable
technology for generating sustainable energy and restoring the
environment.

Kaolin clay, also known as china clay, is a naturally
occurring mineral composed of hydrated aluminum silicate
(ALSi,O,(OH),) (Ayalew, 2023). Recent studies have shown
that kaolin clay possesses unique properties. While kaolin
itself does not have intrinsic photocatalytic properties, when
metal oxides with photocatalytic properties are supported by
kaolin, the overall efficiency and stability of the photocatalytic
process are enhanced. This is because dispersing metal oxides
on kaolin improves the overall surface area and dispersion
of the active photocatalyst. Consequently, integrating metal
oxides into kaolin can overcome the limitations of pure metal
oxide photocatalysts (Chuaicham et al. 2023; Hu et al. 2023;
Ma et al. 2023). The effectiveness of modified kaolin clay in



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Enhancing photocatalytic performance of kaolin clay: an overview of treatment strategies and applications 55

Table 1. The chemical composition of kaolin clay obtained in Malaysia (Yahaya et al. 2017).

ALO Fe O

Chemical composition Sio, ,0, ,0,

PO

2 275

MgO CaO K0 TiO

2

Weight (%) 57.633 37.766 0.860

0.596 0.346 1.801 0.605 0.311

adsorption processes is improved, particularly in the removing
of heavy metals from contaminated environments.

Integrating nanomaterials into kaolin clay has enhanced its
photocatalytic performance, leading to heightened efficacy in
decomposing pollutants and expediting disinfection procedures
via photocatalysis (Hu et al. 2023). This method has showcased
remarkable efficiency and selectivity in addressing specific
contaminants in the ecosystem (Chen et al. 2023). The effort
has focused on exploring various modification methods to
address these challenges.

This analysis provides an overview of the different
strategies used to improve the photocatalytic effectiveness of
kaolin and its applications in sustainable methodologies and
environmental remediation. Various modifications have been
employed to address limitations in photocatalytic performance,
adsorption selectivity, and cation exchange properties.
Methods to improve the adsorption and photocatalytic
properties of kaolin include heat treatment, acid modification,
metal modification, inorganic salt modification, and organic
modification. Additionally, combining kaolinite with various
nanomaterials has shown promising results in enhancing its
photocatalytic efficiency. Kaolin-based materials possess
the potential to address environmental issues and promote
sustainable practices by efficiently breaking down pollutants
and improving water treatment processes. This report
contributes to a more environmentally friendly and sustainable
world by utilizing the unique qualities of kaolinite and
employing advanced treatment techniques.

Properties of Kaolin Clay
as a Photocatalyst

Chemical composition and structure

Kaolin clay has unique properties and is composed of various
oxides, including silicon dioxide (SiO,), aluminum oxide
(ALQ,), iron oxide (Fe,0,), magnesium oxide (MgO), calcium
oxide (CaO), potassium oxide (K,0), titanium dioxide (TiO,),
and phosphorus pentoxide (P,0,). According to an XRF study
on the chemical composition of Malaysia kaolin, as shown
in Table 1, the primary phases, SiO, and Al O,, constitute
57.633 wt% and 37.766 wt%, respectively, while all other
oxides comprise less than 2 wt% (Yahaya et al. 2017). The
composition of materials in kaolin can vary depending on
their geological origin, resulting in differences in component
quantities and impurities.

Kaolin is a type of dioctahedral sheet silicate with a complex
crystal structure. This structure is characterized by infinite two-
dimensional layers of corner-shared SiO, tetrahedra and edge-
connected Al,O,(OH), octahedra. The layers are stacked through
hydrogen bonding between the hydroxyl groups on the alumina
sheet and the oxygen atoms on the silica sheet, giving kaolin its
characteristic plate-like shape, as depicted in Fig.1. Its triclinic

nature is indicated by specific lattice parameters: a = 5.056 A,
b=9.122A,c=7.250 A, a.=88.72°, B = 104.18°, vy =90.25°.

The integrity of the crystal structure is crucial in applications
such as zeolite synthesis from metakaolin. SiO,, an inorganic
compound, can be utilized in waste management, significantly
contributing to environmental sustainability. The cost-effective
silica derived from a silicate extract obtained from palm
frond ash serves as an efficient adsorbent for copper ions,
with a maximum capacity of 20 mg/g. This indicates that the
synthesized silica ash-based adsorbent can effectively remove
Cu(Il) ions from aqueous solutions (Al-Qadri & Alsaiari,
2023). Mechanochemical techniques enhance the structural
transformation to silica-rich phases (Tanwongwan et al. 2020).
Innovations in calcination methods aim to preserve the shape
of kaolin crystals by ensuring even heating and preventing
damage during the dehydroxylation process, emphasizing the
importance of maintaining the physical strength and stability
of the structure (San Nicolas et al. 2013). Morphological
and chemical analyses of kaolin deposits indicate variations
in crystal properties across different layers, suggesting the
influence of depositional environments (Varajao et al. 2001).
Additionally, the production of hydrated kaolinites with
different basal spacings (10 and 8.4 A) illustrates the flexibility
of kaolin’s atomic arrangement in accommodating water
molecules in various configurations (Belmokhtar et al. 2017).
Layer stackings and interlayer displacements in kaolinite
structures are extensively studied to understand the theoretical
and actual arrangements, offering valuable insights into the
diverse structural modifications and deformation mechanisms
within the material (Zvyagin & Drits, 1996). As a hydrated
aluminum silicate, kaolin’s structure and connection with other
minerals are defined by its chemical composition and empirical

SEl 15.0kv X50,000 100nm WD 14 9mm

Figure 1. The stacked layer of alumina and silica
in the kaolin clay structure.
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Table 2. Influence of surface area and treatment process in kaolin composites on photocatalytic efficiency.

Composites Treatment process Surface area (m?g) | Photocatalytic Efficiency (%) Ref.

Sol-gel method with 92.4%

TiO,/kaolin calcination temperature of 106.19 (more than pure TiO, Lietal., 2020
300°C. 1.42 times)
The composite was prepared (kaoli1n5.=3142f 629 82.62 % Tharakeswari et al

Kaolin/CaCO_/TiO, |in a 1:1:1 ratio and heated at o (operated in pH3 for 6h, using v

T 1000°C for 1 h CaCos = 5.912, Reactive Black 5 as dye) 2022
' TiO, = 8.321) y

TiO,
Nanoparticles/kaolin

TiO2 with intrinsic point
defect decorates on kaolin
surface

About 100 % for 2 h reaction
time (higher than pristine TiO,
32.1 %)

Hu et al., 2023

50 wt% ZnO / kaolin

95% (photodegradation of

Mamulova Kutlakova

acid

ZnO/kaolin mixture calcined at 600°C ) A07 .dye., exposing to UV etal., 2015
irradiadtion)
L Cr(VI) photocatalytic removal . N
Zn0/kaolin Treatment surface by citric i of 88% for composite and 98 Shirzad-Siboni et al.,

% for acid treatment 2014

formula. The crystal structure of kaolin plays a crucial role
in industry, where it is highly valued for its unique qualities
and is essential across various sectors. The material can be
modified to meet different needs and is studied extensively. The
adaptability underscores the significance of its crystal structure
and its potential to revolutionize different fields.

Influence of surface area, treatment,

and porosity on the photocatalytic activity

The surface area, including surface treatment and porosity of
kaolin clay, significantly impacts the photocatalytic activity
(Vagvolgyi et al. 2021). Kaolin clay is generally considered
to have a low level of purity, but its surface can be modified
to enhance photocatalytic properties through various methods
such as intercalation, exfoliation, mechanochemical activation,
acid treatment, and thermal treatment (Hu et al. 2023). These
surface modification techniques can improve the natural
properties of kaolin-based materials, thereby increasing their
photocatalytic activity (Ma et al. 2023). Intercalation produces
delaminated and exfoliated structures from double-layered
minerals, while mechanochemical activation and thermal
treatment reduce the coordination of octahedral Al atoms
(Abdo et al. 2022). Acid treatment alters the surface’s acid-
base properties and mineral composition (Shirzad-Siboni et
al. 2014)(Alkhabbas et al. 2023). Hydrochloric acid treatment
of kaolin removes Fe, O, compounds (Eze et al. 2012). These
findings confirm the enhancement of the performance of
kaolin-based photocatalysts by applying and combining
various methods.

Additionally, using kaolin clay as a carrier for
photocatalytic nanomaterials can overcome the limitations of
pure photocatalysts, including poor activity, narrow spectral
responses, and limited electron transport. Combining kaolin
clay with nanomaterials enhances photocatalytic efficiency
and broadens the applications for pollutant degradation,
disinfection, and heavy metal adsorption in environmental

decontamination. Therefore, optimizing the surface properties
of kaolin clay can lead to the development of efficient
photocatalysts for a wide range of environmental applications.

Interestingly, the high specific surface area of kaolin
clay provides a larger contact area for the photocatalytic
reaction, allowing more reactants to come into contact with
the catalyst and enhancing the overall efficiency of the
process (Tharakeswari et al. 2022). The porosity of kaolin
clay facilitates the diffusion of reactants and products within
the material, improving the photocatalytic reaction and
overall performance of the catalyst (Hu et al. 2023). The
effect contributes to the synergistic adsorption and catalysis
in composites such as TiO,/kaolinite, leading to superior
photocatalytic degradation performance (Li et al. 2020).
ZnO-incorporated kaolin exhibits superior photodegradation
than ZnO (Mamulova Kutlakova et al. 2015). Combining
these properties in kaolin clay-based photocatalysts leads to
improved photocatalytic degradation of organic pollutants in
wastewater. The large specific surface area and suppressed
recombination rate of photogenerated carriers in clay-based
photocatalysts contribute to their high photocatalytic activity,
making them promising candidates for low-cost, visible-
induced environmental treatment (Chuaicham et al. 2023). As
presented in Table 2, the influence of metal oxide dopants on
the surface area and treatment process in kaolin composites
leads to better efficiency in photocatalysis.

Effect of Kaolin’s energy bandgap
on its light absorption

Kaolin clay has a large energy bandgap, approximately 4.52
eV (Xiaetal. 2009). The capacity of a material is significantly
affected by the reduction in its energy bandgap (E,). A material
with a smaller E_ can absorb light across a broader spectrum
range, which is crucial for light-driven processes such as
photocatalysis. Research reveals that doping with metals or
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creating nanocomposites can decrease the Eg of kaolin clay,
thereby enhancing its ability to absorb visible light for various
applications. Nanocomposites of synthesized oxide/kaolin
and graphene restrict the recombination of electron-hole pairs
generated during photosynthesis (Rajan et al. 2022).

The UV-visible absorbance of treated kaolin is measured
to determine its energy bandgap (Eg) The Wood and Tauc
equation (eq.l) was employed using the absorption data to
calculate the energy bandgap (Eg). The equation illustrates
the relationship between the absorption coefficient (o) and the
photonic energy (hv), as follows (Burns, 1985).

ohv=(hv-E)" (1)

Where h, v, Eg, and n represent the Planck constant
(4.1357 * 105 eVes), photon frequency, energy bandgap, and
an integer linked to the electron transition mechanism (n = 1/2
for the direct transition, n = 2 for indirect transition, n = 3/2 for
direct forbidden, and n = 3 for indirect forbidden transitions).
As depicted in Fig.2, the estimation of Eg value can be
determined by identifying the linear portion where ahv® = 0.

The development of hybrid clay nanocomposites doped
with Zn and Cu salts from kaolinite clay and Carica papaya
seeds significantly reduced the E, of'kaolinite, lowering it from
between 4.9 and 8.2 eV to as low as 1.5 eV for Cu/Zn hybrid
clay nanocomposites, thereby enhancing their photocatalytic
activity under solar light irradiation (Zhang et al. 2013). The
synthesis of black TiO, /kaolinite composites narrows the
E, and increases the specific surface area, further enhancing
photocatalytic performance (Ma et al. 2023). Additionally,
incorporating Fe,O, into TiO /kaolinite composites shifts the
absorption edge towards visible light, improving both light
absorption and photocatalytic activity (Aritonang et al. 2022).

These modifications improve the light absorption properties
of kaolin clay and its photocatalytic efficiency in applications
such as water disinfection and pollutant degradation. The
optical and electrical characteristics of kaolinite/polystyrene
composites also indicate that the optical energy gap varies with
kaolinite grain size, suggesting that physical modifications can

ohv" (eVzlcmZ)

10 15 20 25 3.0 35 40 45 50
hv (eV)

Figure 2. The demonstration of Eg value approximation along
the Wood and Tauc equation.

influence the material’s light absorption properties (Kareem et
al. 2022). Modification methods used for Egyptian kaolinite
in paper coatings, such as chemical bleaching and calcination,
can impact the structure and light absorption characteristics
(Lindberg & Snyder, 1972). The E, of kaolin clay can be
influenced by factors such as the presence of point defects,
oxygen vacancies, and modifications to other materials (Sofi’i
et al. 2022). These changes can significantly impact the clay’s
properties, including its electrical conductivity, mechanical
strength, and surface reactivity. Point defects and vacancies
affect the clay’s adsorption and catalytic properties, resulting
in various industrial applications. As a photocatalyst, these
factors contribute to kaolin clay’s improved absorption and
utilization of light. Enhanced methods are achieved through
various modifications, including metal doping, nanocomposite
creation, and physical alterations (El-Sherbiny et al. 2015;
Fourdrin et al. 2009; Lindberg & Snyder, 1972; Sbeih & Zihlif,
2009; Ugwuja al. 2019).

Challenges in using raw kaolin for photocatalysis
Using raw kaolin in photocatalysis presents challenges due to
its low effectiveness and limited light absorption capabilities.
Raw kaolin has insufficient surface hydroxyl activity and cation
exchange capacity, resulting in poor adsorption selectivity
and heavy metal desorption, which significantly impact
its photocatalytic efficiency (Hu et al. 2023). Additionally,
kaolinite with its layered silicate structure exhibits inadequate
activities, limited electron transport, and narrow spectral
responses, further restricting its application in environmental
decontamination (Chen et al. 2023).

Recent studies have shown that reducing the dimensionality
of kaolinite to two-dimensional nanostructured layers can
significantly improve its photocatalytic performance. This
approach effectively reduces the E, of kaolinite, enhancing
its activity as a photocatalyst under visible light (Abdo et al.
2022). Thermal and acid treatments have also been tested as
modifications to kaolin clay for removing cationic dyes from
water systems, with modified kaolin showing significantly
higher adsorption efficiency (Erasto et al. 2023). These
findings suggest that such modifications, including changes
in composition, increased surface area, and other targeted
alterations, can greatly enhance the effectiveness of kaolin
in catalytic process. The research highlights a beneficial
technique to promote progress and stimulate innovation within
the field (Rajan et al. 2022). .

Treatment Strategies to Enhance
Photocatalytic Activity

Calcination

Improving the photocatalytic efficiency of kaolin through
calcination requires various strategic approaches that exploit
the intrinsic properties of kaolin and the effects of calcination.
Intercalation and exfoliation techniques are essential to this
process, which aims to transform the kaolin structure in
order to optimize its performance as a photocatalyst (Abdo
et al. 2022). By introducing chemical substances into the
layers of kaolin, researchers have successfully decreased the
E, of kaolin, enhancing the generation of charge carriers and
improving its photocatalytic performance under visible light.
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Calcination plays a critical role in transforming kaolin into a
more photoactive state. For example, the treatment of kaolin/
ZnO nanocomposites through calcination at 600°C results in
the transformation of kaolinite to metakaolinite phase, leading
to a notable enhancement in the photodegradation efficiency
of the composites (Ma et al. 2023). The thermal treatment
not only stimulates the creation of ZnO crystals but also
improves the connection between the kaolin framework and
ZnO nanoparticles, ensuring the prolonged efficacy of the
photocatalyst (Huang et al. 2020). Moreover, incorporating
TiO, and ZnO into kaolin using various synthesis techniques,
such as sol-gel and hydrothermal methods, combined with
calcination at suitable temperatures, has effectively improved
the breakdown of organic contaminants via photocatalysis
(Kutladkova et al. 2015). These modifications enhance the
adsorption capacity of kaolin-based photocatalysts and increase
the production of active radicals responsible for degrading
pollutants (El-Sheikh et al. 2020).

Doping with Metals or Metal Oxides

Metal or metal oxide doping has been shown to significantly
enhance the photocatalytic performance of kaolin-based
photocatalysts for environmental remediation purposes. Adding
titanium dioxide (TiO,) to kaolin has been a primary objective
to improve the photocatalytic effectiveness (Ma et al. 2023).
For example, the hydrothermal method has been employed to
produce highly active composites of TiO, and acid-activated
kaolinite, resulting in the notable elimination of contaminants
in wastewater. Similarly, the sol-gel method has been employed
to produce TiO, -kaolinite nanocomposite photocatalysts,
where the efficacy of photocatalysis is directly proportional to
the quantity of TiO, present in the nanocomposite (Abdo et
al. 2022). Moreover, modifying kaolin’s surface properties has
been studied to further enhance its photocatalytic capabilities.
These techniques have created kaolinite with modified E,
and reduced charge carrier recombination, thereby improving
its photocatalytic performance (Vagvolgyi et al. 2021). As
previously reported, ternary composites such as kaolin/CeO,/g-
C,N, were formed using sol-gel and hydrothermal procedures,
followed by calcination. This composite produces a synergistic
effect that enhances photocatalytic efficiency. Establishing a
three-dimensional “sandwich” formation through this method
improves photo-induced charge separation and increases the
specific surface area - both crucial elements for effective
photocatalysis (Xu et al. 2018).

Furthermore, integrating TiO, nanoparticles onto kaolinite
surfaces has resulted in composites with a decreased E,
and an elevated specific surface area, leading to enhanced
photocatalytic pollutant removal (Hu et al. 2023). The emerging
wetness impregnation method has also been employed in
producing kaolin-anatase titania nanoparticle composites,
which manifest improved photocatalytic efficiency because of
the accelerated generation of reactive radicals (Kamaluddin et
al. 2021). To further increase the photocatalytic performance
of metal-organic frameworks (MOFs), recent reports have
explored integrating MOFs with metal oxides or constructing
MOFs-based core-shell structures. These approaches promote
charge separation and facilitate charge transfer between
components, advancing the potential applications of MOFs
in various fields. Such advancements have enabled important

processes such as water splitting, CO, reduction, and pollutant
degradation (Zhang et al. 2022).

The integration of metals or metal oxides into kaolin has
a significant impact on its photocatalytic performance. The
employment of doping techniques leads to the formation of
heterojunctions, which enhance charge separation (Hoai et
al. 2022; Zhang et al. 2022). Metal doping induces additional
energy levels within the bandgap, thereby improving light
absorption and the separation of charge carriers. Efficient
interface engineering is essential for enhancing charge
separation efficiency and improving overall photocatalytic
reaction efficiency. By applying these innovative techniques,
kaolin-based photocatalysts can be significantly improved
for environmental cleanup applications, such as pollutant
degradation and sterilization.

Surface Modification

Various surface modification methods have been employed
to improve the photocatalytic efficiency of kaolin. These
methods include hydrothermal synthesis, intercalation,
exfoliation, mechanochemical activation, and integration
of nanocomposites. This approach demonstrates significant
potential for environmental remediation, especially in
wastewater treatment. For instance, the hydrothermal process
was employed to fabricate a black TiO,/kaolinite mixture, which
exhibited superior pollutant eliminating elimination through
photocatalysis. This enhanced performance was attributed
to the decreased E, and expanded specific surface area of
the mixture (Abdo et al. 2022). Intercalation and exfoliation
techniques have been applied to modify the composition
of kaolin, resulting in the generation of two-dimensional
nanostructured layers that operate in the visible light region,
thereby improving photocatalytic performance (Ding et al.
2012). Mechanochemical methods, involving dry grinding
and thermal processing, have decreased the coordination of
octahedral aluminum atoms in kaolin, resulting in intrinsic
photochemical reactivity (Chen et al. 2023). Additionally,
surface modifications through acid treatment, metal
modification, and organic modification have been utilized to
enhance kaolin’s adsorption capabilities and photocatalytic
efficiency (Hu et al. 2023). Another strategy for modifying the
surface of kaolin involves introducing compound modifiers
into the kaolin slurry before ball milling. This method increases
the dispersibility, usability, and photocatalytic properties of the
kaolin (Rajan et al. 2022).

Surface modification methods have been identified
as effective strategies for enhancing the photochemical
reactivity of doping minerals in a kaolinite structure. These
methods  significantly alter the surface chemistry and
pollutant attraction capacity of the minerals by modifying
their composition, structure, impurities, and arrangement
(Vagvolgyi et al. 2021). Enhancing the adsorption of organic
pollutants and increasing the degradation rate have been
achieved by attaching organosilanes to TiO, and fixing TiO,
onto bentonite clay (Roques-Carmes et al. 2020). Additionally,
a composite material with 0D/2D dimensions of TiO /kaolinite
was synthesized using a mild sol-gel approach combined with
nitrogen induction.

The processed material has exhibited superior efficacy
in degrading pollutants through adsorption-photocatalytic
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mechanisms, particularly for compounds like ciprofloxacin.
This outstanding performance is attributed to the generation of
oxygen vacancies and the enhanced light absorption attributes
of the composite material (Li et al. 2018). In particular,
mechanochemical processes, which include homogenization
and ultrasonication followed by the introduction of
polycations, have notably impacted the surface characteristics
of kaolin, influencing the efficiency of flocculation in
kaolin suspensions (Bhatti et al. 2023). The combination of
highly efficient photocatalytic materials, such as TiO /acid-
activated kaolinite, through a hydrothermal technique, has
demonstrated promising results in wastewater remediation.
Studies on reactive radicals have identified holes as the
primary oxidizing agents (Ma et al. 2023). Besides, kaolinite/
TiO, composites prepared using sol-gel techniques have also
yielded positive results. Acid treatment and exfoliation are
crucial in enhancing the distribution and quantity of TiO,
grains in these composites, improving their photocatalytic
performance (Xu et al. 2018).

An example of kaolin infused with aminated chitosan
showed excellent efficiency in adsorbing anionic Congo red
dye, indicating the promising capabilities of these combinations
in remediating contaminated water sources (Mei et al. 2023).
The development of geopolymers from coal fly ash and biomass
ash utilizing specific activators has shown more effective metal
sorption capabilities compared to coal ash-based geopolymers
(Sitarz-Palczak et al. 2019). Additionally, a hybrid hydrogel
composed of sodium alginate, chitosan, and kaolin effectively
removes heavy metal ions from polluted water through
adsorption, demonstrating the potential of these materials to
eliminate harmful pollutants (Rekik et al. 2023). Combining
kaolin with chitosan-based adsorbents has significantly
improved their adsorption effectiveness. For instance, a study
combining kaolin with chitosan beads resulted in material
with a remarkable ability to capture chromium ions (Abou
Alsoaud et al. 2022).

Mechanisms of Enhanced Photocatalytic
Activity

The enhanced photocatalytic efficacy of composites
incorporating kaolin can be attributed to various mechanisms,
including the generation of reactive oxygen species (ROS).
Recent research has revealed the presence of other materials
integrated into kaolin as the composite (Rajan et al. 2022;
Sun, Li, et al. 2018; Sun, Yuan, et al. 2018; Zhang et al. 2011).
Incorporating transition metal oxides such as MnO, and CuO
onto kaolin surfaces creates strong composite structures
characterized by high durability, numerous edges, distinct
corners, and interconnected pathways. These features facilitate
the rapid transport and dispersion of substances, enhancing
oxygen absorption and activation, thereby increasing oxygen
mobility and reactivity during CO oxidation (Liu et al.
2022). The introduction of environmentally persistent free
radicals (EPFRs) onto the surfaces of anatase-coated mineral
powders has been shown to boost hydroxyl radicals (*OH)
production. This enhancement occurs when photo-induced
holes and water molecules participate in the oxidation
process, aided by the intrinsic electric field and increased
water adsorption caused by the existence of EPFRs. (Liu et

al. 2021). Using silica nanomaterial surfaces to break down
substances through photocatalysis has been observed through
certain modifications, such as introducing amino groups or
decorating the surfaces with silver nanoparticles. This process
leverages photo-excitable surface defects and plasmon effects,
effectively functioning under white and monochromatic light
(Romolini et al. 2021). The photocatalytic degradation of
dyes under UV light is more efficient when using composite
nanoparticles made of kaolin-anatase titania. The finding is
due to the elevated generation of *OH radicals on the surface
of the composite, which enhances the process (Kamaluddin et
al. 2021). Incorporating graphene carboxyl into TiO,/kaolin
composites has demonstrated effectiveness in immobilizing
TiO,, expanding the the absorption range of visible light,
and preventing the recombination of electron-hole pairs
generated during photosynthesis. These enhancements lead to
higher levels of hydroxyl radicals (Rajan et al. 2022). These
findings illustrate the diverse methods for increasing ROS
generation across different applications. It is crucial to evaluate
the advantages of these methods for potential utilization in
environmental cleanup and energy generation. By exploring
these approaches, there is significant potential to improve
the efficiency and efficacy of natural kaolin-derived materials
in producing ROS, with potential impacts across various
disciplines.

In addition to the increased production of ROS, the
improved efficiency of kaolin-derived photocatalysts can be
attributed to enhanced mechanisms for separating charges,
including intercalation to lower E, and the creation of
heterojunctions to facilitate faster transfer of charge carriers
(Wang et al. 2022). Establishing heterojunctions has been
acknowledged as a highly efficient method in advancing
and manufacturing composite photocatalysts. This method
enhances the photocatalytic performance by facilitating the
separation and movement of photo-induced charges (Lin et
al. 2023). The significance of heterojunctions in improving
photocatalytic efficiency has been extensively documented. By
developing heterojunction Fe O,-TiO /kaolinite composites,
the photocatalytic activity can be enhanced by enlarging
the surface area and facilitating charge separation. These
composites establish a heterostructure that effectively reduces
the recombination of photogenerated hole and electron charge
pairs (Zhang et al. 2023). Similarly, incorporating CeO, and
g-C.N, into kaolin forms a ternary composite presenting a
unique “sandwich” structure. This configuration boosts the
efficacy of segregating light-induced charges, resulting in a
remarkable enhancement in the photocatalytic capability of
the mixture (Huang et al. 2020). The efficiency of separating
photogenerated charges can also be enhanced by combining
photo-responsive, natural iron-rich kaolinite with CdS
composite photocatalyst. This composite is achieved by
utilizing the high oxygen adsorption capability of kaolinite
nanosheets. (Jiang et al. 2018).

Additionally, research has shown that including TiO,
nanoparticles in kaolin enhances photocatalytic performance
by reducing the energy barrier for photocatalytic degradation.
This finding highlights the significance of the material’s
composition and structure in promoting charge separation
and photocatalytic efficiency (Kamaluddin et al. 2021). The
formation of a heterostructured photocatalyst with increased
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electron transfer and separation emphasizes the substantial
importance of heterojunctions in photocatalytic applications.

The mechanism of photoactivation can be understood
through a similar process. For example, the fusion of TiO,
and graphene carboxyl has been explained, broadening the
absorption spectrum of TiO, to include visible light and
facilitating the successful decomposition of contaminants
through photocatalysis (Rajan et al. 2022). The following
equations, as presented in eqs.2-8, summarize the chemical
reactions involved in a photocatalytic process using TiO,/
kaolin-graphene carboxyl composites.

TiO,/kaolin - graphene carboxyl + hv — TiO,/kaolin -
graphene carboxyl (e” +h") (2)

e +0,—-70, 3)
h* + kaolin - graphene carboxyl — "OH @)
h*+ H,0 — "OH (5)
h*+ pollutant — Oxidation products (6)
e ~ + pollutant — Reduction products @)

‘OH/"0*/h* + pollutant — CO, + H,O +
other intermediates (8)

The subsequent reactions outline the mechanism of
material activation by light (hv), leading to the generation
of electron-hole pairs (¢~ and h"). The electrons (¢”) then
interact with oxygen (O,), producing superoxide anions (*O?).
Simultaneously, the holes (h*) react with kaolin-graphene
carboxyl to produce hydroxyl radicals (*OH), as well as with
water (H,0) to generate additional hydroxyl radicals (*OH).
Subsequently, the electrons (e”) and holes (h*) react with
pollutants, resulting in oxidation and reduction products,
respectively. Both superoxide anions and hydroxyl radicals are
instrumental in the degradation process, converting pollutants
into less harmful oxidation products. The composite material
generates more active sites and enhances charge separation,
thereby increasing photocatalytic efficiency.

Potentials of Enhanced Kaolin Clay
in Environmental Remediation

Water Treatment

Enhanced kaolin clay shows great potential for various
water treatment applications, surpassing its traditional role
of breaking down organic pollutants. TiO,/acid-activated
kaolin composites have proven effective and versatile in
environmental rehabilitation procedures, demonstrating their
value and practicality. These composites are particularly
useful in purifying wastewater from mineral processing
activities, underscoring the importance of innovative materials
in addressing specific challenges within the environmental
engineering. Additionally, these materials have exhibited
significant photocatalytic activity in removing harmful
compounds such as sodium ethyl xanthate, indicating their
potential in treating industrial wastes (Ma et al. 2023).

Kaolin has also been used to improve the health of common
carp infected with Pseudomonas aeruginosa, showing potential
for water treatment applications in aquaculture (Al-Rudainy et
al. 2023). The combination of kaolin clay, biopolymers, and
surfactants has led to the development of water-based drilling
fluids, which are crucial in the oil and gas industry. These

fluids have enhanced rheological characteristics and filtration
control capabilities, improving the efficiency of drilling
operations (Omary et al. 2023). Moreover, the effectiveness
of kaolin in removing water pollutants through adsorption has
been enhanced through modification (Liang et al. 2023). This
composite material has demonstrated exceptional catalytic
performance and durability in eliminating dye. Similarly,
other composite materials have shown outstanding catalytic
performance and resilience in dye removal (Asmare et al.
2022). Kaolin-based nanomaterials have been used in various
water treatment applications, including the photocatalytic
breakdown of contaminants, disinfection, and heavy metal
adsorption, effectively targeting a wide range of water
pollutants.

Kaolin clay has been studied as a potential alternative
material for evaluating sprayer cleanout and agitation systems.
Research has demonstrated its effectiveness in ensuring the
proper functioning of water treatment equipment (Roman et
al. 2023). The use of modified kaolin clay for the removal
of cationic dyes from water systems has shown promise in
treating dye-polluted water (Erasto et al. 2023). Additionally,
zeolite derived from kaolin has been found to activate
inorganic peroxides for decomposing organic contaminants
in water, providing a targeted and efficient approach to
water treatment (Serna-Galvis et al. 2023). A combination
of kaolin clay, graphene oxide, and polyethylene glycol has
proven effective in adsorbing veterinary antibiotics from
water, addressing the issue of pharmaceutical contaminants in
aquatic environments (Akpotu et al. 2022). The surface area
of kaolin can be enhanced by altering its thermal properties
and activating it with acid, thus improving its ability to absorb
and retain substances, particularly synthetic organic dyes
(Bondarieva et al. 2022).

Furthermore, using kaolin to produce ceramic membranes
for filtration can enhance mechanical, thermal, and chemical
properties. These improvements are achieved by adjusting the
kaolin loading concentration and the sintering temperature
(Usman et al. 2020). After treatment with concentrated sulfuric
acid, activated kaolin clay has proven to be a cost-effective
adsorbent for removing fluoride from groundwater. The
effectiveness of this adsorbent is influenced by experimental
factors such as temperature, pH, and the quantity of adsorbent
used (Ayalew, 2020). Additionally, the potential of kaolin clay
to produce aluminum sulfate through acid leaching offers an
economical option for water treatment coagulation (Kuranga
et al. 2018). Using kaolin clay in creating ceramic membranes
for treating textile wastewater has demonstrated exceptional
separation capabilities, highlighting the potential of kaolin in
advanced water treatment technologies (Bousbih et al. 2021).
As indicated in the literature, kaolin clay presents an efficient
and cost-effective solution for water treatment with significant
environmental benefits.

Air Purification

The enhanced adsorption efficiency of kaolin clay makes
it an attractive option for air purification, a crucial aspect of
environmental remediation. Recent research has demonstrated
the effectiveness of mechanochemical techniques in modifying
the properties of kaolin. These modifications lead to a
significant increase in surface area, a reduction in particle size,
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and improvements in dispersion and adsorption capabilities.
These key features play a crucial role in ensuring the successful
removal of air contaminants, highlighting the importance of
kaolin as a promising substance in air quality control (Liang
al. 2023). Developing composite membranes using kaolin
and chitosan is both environmentally friendly and cost-
effective. These membranes demonstrate enhanced strength
and can withstand acidic conditions, making them suitable
for air filtration applications (Rekik et al. 2023). Furthermore,
modifying kaolin with Cetyl Trimethyl Ammonium Bromide
(CTAB) increases the adsorption of Cr(VI) from aqueous
solutions and improves its capacity to adsorb air pollutants.
The modified kaolin significantly removes Cr(VI) from liquid
solutions, achieving a removal efficiency of 99% at adsorption
equilibrium (Chenetal. 2023). The CTAB modification has been
found to enhance kaolin’s ability to adsorb Cr(VI), suggesting
the potential for improving the adsorption of air pollutants.
Regarding gaseous Hg adsorption, kaolin’s effectiveness as
an adsorbent provides promising results, particularly when
combined with CuCl,. These findings highlight the potential
for energy-neutral environmental remediation strategies
(Belachew & Hinsene, 2020).

Challenges and Future Directions

Future research on kaolin-based materials for photocatalytic
treatment presents intriguing challenges and opportunities.
The key challenges include optimizing kaolin’s photocatalytic
activity, stability, and ability to degrade pollutants under different
environmental conditions. In order to address these challenges,
it would be valuable to investigate new methods for modifying
the surface properties of kaolin to improve light absorption and
facilitate efficient charge separation. Additionally, exploring
the potential for performance enhancement through the use
of other photocatalysts or additives could be beneficial. Recent
research has also focused on refining kaolin applications in
agriculture and soil stabilization (Bahniuk et al. 2022; Mohd
Yunus et al. 2019). Expanding the range of these applications
could significantly improve the effectiveness and efficiency of
kaolin-based treatments in diverse sectors.

The research on kaolin-based treatments addresses
challenges and improves effectiveness through various
strategic approaches. Recent reports suggest that bioflocculants
can serve as eco-friendly alternatives to synthetic polymers
(Bahniuk etal. 2022). This research investigates kaolin’s impact
on aquaculture and optimizes mechanochemical treatments.
Additionally, various studies have introduced new methods
for treating and optimizing kaolin for multiple applications,
including removing contaminants and impurities in wastewater
and producing water treatment coagulants (Taheri, 2023).

Another important consideration is addressing the
challenges of reusability and scalability of kaolin-based
photocatalysts for practical applications. It is essential to study
the mechanisms of pollutant adsorption and degradation on
kaolin surfaces, and the effects of variables such as contact
time, adsorption capacity, pH, and dosage (Gad et al. 2022;
Kuranga et al. 2018; Zakaria Djibrine et al. 2018). The results
of this study can provide valuable guidance for future research
aimed at unlocking the full potential of kaolin-based materials
in photocatalytic treatment.

Conclusions

This report presents an overview of techniques for improving
the photocatalytic efficiency of kaolin clay through integrating
metal oxides, nanomaterials, and structural modifications.
These methods have significantly enhanced kaolin’s surface
area, adsorption capacity, and catalytic performance, proving
to be effective in the degradation of pollutants. The various
modification strategies illustrate the versatility of kaolin
for photocatalytic applications. Promising prospects are
anticipated, with advancements in material science expected to
optimize these materials further. Future research efforts should
focus on refining synthesis processes, exploring synergistic
multi-component effects, and scaling up production for
industrial use. Interdisciplinary collaboration is vital in finding
practical solutions to environmental challenges. Suggestions
include investigating the extended-term durability and
reusability of modified kaolin, evaluating the environmental
impact of modification techniques, and examining the use of
kaolin-based composites in advanced treatments. This research
highlights the economical and environmentally friendly
potential of kaolin-based photocatalysis for sustainable
environmental cleanup.
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