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The composite catalytic materials based on the mineral kaolinite are considered to be a potential
approach for solving global energy scarcity and environmental pollution, which have excellent catalytic
performance, low cost and excellent chemical stability. However, pure kaolinite does not have visible
light absorption ability and cannot be used as a potential photocatalytic material. Fortunately, the unique
physical and chemical properties of kaolinite can be acted as a good semiconductor carrier. Herein, this
paper firstly presents the mineralogical characteristics of kaolinite. Next, kaolinite-based photocatalysts
(such as TiO/kaolinite, g-C3Ny4/kaolinite, g-C3N4/TiO,/kaolinite, ZnO) are discussed in detail from the
formation of heterostructures, synthesis-modification methods, photocatalytic mechanisms, and
electron transfer pathways. Furthermore, the specific role of kaolinite in photocatalytic materials is
summarized and discussed. In addition, the photocatalytic applications of kaolinite-based photocatalysts
in the fields of water decomposition, pollutant degradation, bacterial disinfection are reviewed. However,
the modification of kaolinite is hard, the manufacture of a large number of kaolinite-based photocatalysts
is difficult, the cost of doping noble metals is expensive, and the utilization rate of visible light is low,
which limits its application in industrial practice. Finally, this paper presents some perspectives on the
future development of kaolinite-based photocatalysts.
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1. Introduction

With the rapid development of economy and technology, the
increasingly serious global energy shortage crisis and environ-
mental pollution are becoming two major problems for the
development of human society [1,2]. The research scholars spend a
lot of effort to explore green environmental protection, economi-
cally sustainable technology to solve the above problems. Among
many methods, photocatalytic degradation has many advantages
such as economy, high efficiency, pollution-free and safety [3,4],
which is an ideal solution to solve energy and environmental
pollution problems. The photocatalytic reaction system uses
inexhaustible sunlight as a driving force to directly convert the
absorbed light energy into chemical energy or biochemical energy
for practical application, such as hydrogen production from water
splitting [5], degradation of organic pollutants in the environment
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[6], reduction of CO, to hydrocarbon fuel energy [7], photo-
assisted traditional electrocatalytic application [8], and even
disinfection of bacteria [9].

In 1972, a photoelectrochemical water-splitting titanium
dioxide (TiO,) electrode co-authored by Fujishima and Honda
officially opened the door to semiconductor photocatalysis
research [10]. Since then, it has been confirmed that various
semiconductors are potential photocatalysts under ultraviolet or
visible light, e.g., graphite carbonitride (g-C3N4) [11], TiO, [12-14],
bismuth vanadate (BiVO,) [15], ZnO [16].

In order to improve the photocatalytic performance of semi-
conductors, a variety of strategies have been employed to improve
the charge separation and transfer efficiency of photocatalysis,
such as loading cocatalysts [17], introducing coating and supports
[18] and fabricating semiconductor heterojunctions [19]. Among
these methods, immobilizing the photocatalyst on the support can
enhance the stability of the semiconductor, the adsorption
capacity, the transfer efficiency, and the repeated utilization rate,
which is an effective strategy to improve the photocatalytic
performance [20]. One possibility to increase its photocatalytic
activity is to introduce catalyst nanoparticles into the clay mineral
structure [21]. Clay minerals are heterogeneous and lamellar
structure materials with lots of advantages such as non-corrosive,
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low-cost, environmentally friendly, abundant, high thermal
stability, acid and alkali resistance [22-24]. In the case of clay
supporting semiconductors, different clays have different miner-
alogical characteristics, which may result in different photocatalyst
loading capabilities. Additionally, the natural reserves and mining
conditions of clay minerals are different, which are directly related
to the use cost of clay minerals, and can determine the application
range of clay-photocatalyst composite materials [25]. Among the
clay mineral, different from the tubular structure of halloysite and
the rod-shaped structure of palygorskite, the layered structure of
kaolinite can uniformly load semiconductors, increase reactive
sites, and avoid the problem of easy agglomeration of semi-
conductors [26]. Kaolinite is very suitable for large-scale produc-
tion and application of clay-photocatalyst composite materials due
to its abundant natural reserves and mature mining technology.
Furthermore, the hydroxyl (OH) groups between the kaolinite
layers can participate in many chemical reactions and improve
photocatalytic activity. Besides, kaolinite has been widely used as
co-doping with semiconductors, since it not only has easy
dispersibility, high adhesion, wide electrical insulation and good
plasticity, but also has chemical properties such as acid and alkali
resistance, high cations exchange capacity and excellent electron
trapping ability [4]. In summary, kaolinite-based composite
photocatalytic materials have excellent catalytic performance,
low preparation cost and excellent chemical stability [27].
Therefore, it is worthy of further study on catalyst loading.

Herein, this paper presents a comprehensive overview on the
recent advances in the design, synthesis, and applications of
kaolinite-based photocatalysts. Firstly, the crystal structure and
properties of kaolinite are introduced. Next, kaolinite-based photo-
catalysts (such as TiO;/kaolinite, g-C3Ny/kaolinite, g-C3N4/TiO,/
kaolinite, ZnO) are discussed in detail from the formation of
heterostructures, synthesis-modification methods, photocatalytic
mechanisms, and electron transfer pathways. Thirdly, this review
presents photocatalytic applications of kaolinite-based photocata-
lystsinthe fields of clean energy [28], pollutantdegradation [29],and
bacterial disinfection [30]. Finally, some concluding remarks and
inspiring perspectives on future research of kaolinite-based photo-
catalysts forenvironmental purification and energy regeneration are
presented.

2. Structure and properties of kaolinite

Kaolinite is a clay mineral with a chemical composition of
Si»Al,05(0OH),4, the chemical composition is Al,03 (39.50%), SiO,
(46.54%) and H,0 (13.96%). The crystal is a layered silicate mineral
of the triclinic system [31]. Generally, kaolinite is white color,
sometimes the impurities contain red, blue or brown, and in the
form of pseudo-hexagonal plates. Kaolinite has good plasticity and
high adhesion, acid and alkali resistance, excellent electrical
insulation, strong ion adsorption and weak cation exchange, as
well as good sinterability and high fire resistance [32]. Due to the
asymmetry of the interlayer space of kaolinite, hydrogen bonds are
formed between adjacent layers, thereby obtaining strong cohe-
sive energy. Based on the above factors, kaolinite is a multifunc-
tional hydrated aluminosilicate with a wide range of application
prospects, such as adsorption [33], discoloration [34], catalysis
[35], photocatalysis [36], catalyst support [37] and modified
catalyst [38].

Kaolinite belongs to aqueous aluminosilicate minerals consist-
ing of the two-dimensional arrangement of Si-centered tetrahedra
(Si»0527) and Al-centered octahedra ([Al,(OH)4]?*) (1:1 type
mineral) [24]. The kaolinite crystal structure has local charge
non-parallelism, the Si-centered tetrahedral layer carries more
negative charges, and the Al-centered octahedral layer carries
more positive charges [39]. The double-sided body layer is bonded
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by common oxygen atoms and the layered structure of kaolinite is
tightly bonded together by hydrogen bonds (Fig. 1). The hydroxyl
group (OH) existing between the kaolinite layers plays a vital role
as the most active group and can participate in many chemical
reactions [40].

Kaolinite is widely distributed in nature, mainly from alumi-
num-rich silicates under acidic conditions, weathered or low
temperature hydrothermal replacement products [41]. The sche-
matic drawing of the crystal structures of kaolinite nanoflakes as a
combination of Si-centered tetrahedra with Al-centered octahedra
is shown in Fig. 1. Additionally, there are a large number of active
hydroxyl groups on the surface of kaolinite, which helps surface
modification and makes kaolinite a suitable matrix for anchoring
semiconductor particles to enhance photocatalytic activity [42].

Due to low cost, large specific surface area, high stability and
adsorption capacity, traditional natural clay minerals have been
widely used as carriers for photocatalytic materials [43]. The
enhanced photocatalytic ability of clay-based photocatalysts is
generally attributed to high adsorption performance and excellent
surface properties to improve the dispersibility and specific surface
area of semiconductors [44].

3. Kaolinite-based photocatalysts

A large number of studies show that kaolinite can exhibit
great photocatalytic performance with very few semiconductors.
The primary kaolinite-based photocatalytic materials comprise
TiO,/kaolinite [23,26,45-49], g-C3N4/kaolinite [6,28,50,51],
g-C3N4/TiO,/kaolinite [52,53], ZnO/kaolinite [30,54,55], ternary
oxides/kaolinite [56,57] and other [58]. In this section, the
synthesis methods and photocatalytic mechanism of materials
and common measures to enhance photocatalytic activity are
comprehensively summarized.

3.1. Kaolinite/TiO, composite

3.1.1. Properties of TiO»

In recent decades, much research has been conducted on the
development of nanoscale/structured TiO, as photocatalyst
[59,60]. TiO, nanoparticles have a large surface area and various
morphologies, which is beneficial for photocatalysis [61]. It is
believed that nanoscale photocatalysts can demonstrate enhanced
oxidation efficiency in photoreactors [62]. By summing up TiO,
composite materials, the following two advantages are obtained:
(a) The TiO, nanoparticles are fixed on the surface of a suitable
particle matrix, and the particle size is micron order, which makes
the operation using photocatalytic materials easier. (b) The
composite material has a higher sedimentation tendency, which
can effectively reduce the environmental impact caused by the
release of nano-sized particles [63]. Anatase and rutile are two
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Fig. 1. The structure model of kaolinite (a) and the stick model of kaolinite (b).
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main types of TiO, used for photocatalysis. Due to the differences
in the crystal structure, crystal mass density, and electronic band
structure, the anatase phase lattice contains more defects and
dislocations, which can generate more oxygen vacancies to capture
electrons. Photogenerated electrons and holes, therefore, are easier
to separate and have strong photocatalytic activity. By contrast,
rutile phase has weak adsorption capacity and small specific
surface area, which caused that photo-generated electrons and
holes are easy to recombine, and the catalytic activity is affected to
some extent [64]. Additionally, it has been found that a mixture of
anatase and rutile phase has a mixed crystal effect, which can
effectively promote the generation of photo-generated electrons
and the separation of hole charges in the anatase crystal and
improve the photocatalytic activity [65].

3.1.2. Kaolinite/TiO, composite photocatalyst

The wide band of pristine TiO, is not suitable for visible light
reception, which severely limits the practical application of TiO,
[66]. In addition, the activity of TiO, is very limited even in the
presence of co-catalysts, because the photocatalytic efficiency of
TiO, is affected by the surface or internal electron-hole recombi-
nation process [67]. In order to overcome application limitations of
TiO, in the field of photocatalysis, construction of binary photo-
catalytic systems is introduced as an ideal modification method.
Here, we briefly outline the various manufacturing methods of
kaolinite/TiO, composite materials, such as sol-gel method
[23,40,46,47,68,69], hydrothermal method [70], wet impregnation
[45], mechanical grinding method [71]. Among many synthesis
methods, the sol-gel method, as a technology suitable for TiO,
coating, has the following advantages: (a) Various types of
supporting materials that cannot withstand high temperatures,
such as rubber, wood or clay, can be used. (b) Liquid sol can be
coated on base materials of various complex shapes. (c) It is easy to
control the size of the crystal and obtain clear nanocrystals. (d) Low
temperature synthesis can effectively maintain the internal
structure of kaolinite and reduce energy consumption. In this
regard, it was reported by Zhang et al. [29] the kaolinite/TiO,
composites with mixed-phase TiO, was synthesized by a simple
method at low temperature. The layer structure of kaolinite was
destroyed to some extent, and a new double mesoporous structure
was formed by embedding TiO, particles in the kaolinite layer. In
other work, a 3D kaolinite foam carrier with an open-cell structure
of alveolar polyurethane foam was produced by Pinato et al. [72]
through shape memory synthesis, which greatly increased the
exposed surface area of the TiO, photocatalyst film for light
collection and liquid contact.

Modification of kaolinite with TiO, by hydrothermal method is
also an effective method to improve the photocatalytic activity of
composite materials. Hydrothermal method has the following
advantages: (a) Nanomaterials synthesized by hydrothermal
method have high purity and good grain development. (b) Avoid
impurities and structural defects caused by post-treatment such as
high temperature calcination or ball milling. (c) Hydrothermal
methods generally do not negatively affect the performance of
materials. In this regard, a previous study by Han et al. [73] stated
that natural coal-containing kaolinite without thermal preactiva-
tion was combined with TiO, by a simple one-step hydrothermal
method to improve its ability to catalyze fluoride removal.
Immobilizing TiO, nanoparticles on the kaolinite aluminosilicate
matrix can effectively reduce the environmental risk of TiO,
nanoparticles and make the operation of this nanocomposite
material safer. Furthermore, the nanocomposite kaolinite/TiO, was
prepared by Kutlakova et al. [40] through thermal hydrolysis in the
presence of kaolinite using titanium titanyl sulfate (TiOSO,4), and
calcined kaolinite/TiO, at 600 °C. The high-temperature treatment
effectively improved the photocatalytic activity of the composite.
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As we know, the photocatalytic performance of nanocomposites
depends not only on the chemical composition, but also on the
microstructure, size and morphology. Photocatalytic composite
materials with uniform distribution and smaller particles usually
have excellent stability, stronger surface adsorption, and higher
loading efficiency.

The mechanical mixing method is a pure physical process of
powder particle surface modification method, which can effec-
tively combine kaolinite with nano-TiO,, and has the following
advantages: (a) The experimental equipment of the mechanical
mixing method is simple and easy to operate. (b) The mechanical
mixing method has little effect on the material properties. (c) Low
energy consumption and safe operation. However, mechanical
mixing cannot be used in all situations. The mixing of a small
amount of insoluble powdered solids and liquids, but stirring can
not change the particle size of the powdered solids. If the solid
particles cannot make the sedimentation speed less than the flow
speed of the liquid before mixing, a uniform suspension will not be
formed regardless of the stirring method. In addition, mechanical
mixing usually takes a long time, increasing the time cost. In this
aspect, it was demonstrated that interfacial chemical bonds can
effectively regulate the photogenerated charge transfer in nano-
clay-based heterostructures composed of natural kaolinite nano-
sheets and TiO, [71].

Kaolinite/TiO, photocatalytic materials obtained by differ-
ent synthesis methods have different properties primarily in
morphology, structure, surface character, and photocatalytic
performance.

The structure of kaolinite/TiO, composites are mostly laminar
loaded with nanoparticles and porous laminar. Some scholars use
the intercalation method to change the structure of kaolinite to
prepare cylindrical rod-shaped and curved layered composite
materials to increase the specific surface area of the photocatalyst.
A binary mixture of anatase and rutile or brookite existed in the
kaolinite/TiO, composite synthesized by Zhang et al. [29] with
increasing synthesis temperature. Transmission electron micro-
scope (TEM) analysis has shown two interconnected crystal phases
of TiO,, indicating the anatase-brookite and anatase-rutile nano-
crystal heterojunctions are formed in the sample. Furthermore, the
polyurethane sponge 3D kaolinite foam material prepared by
Pinato et al. [72] has an alveolar open cell structure. The alveolar
open cell is a repeating unit of a dodecahedron, and each unit is
composed of 12 pentagons. The particle size of TiO, nanoparticles
largely depends on the morphology of the support. At the same
time, the particle size of the exposed TiO, is significantly larger
than that of the TiO, nanoparticles supported on kaolinite,
indicating that kaolinite has a good dispersion effect on TiO,
clusters. Moreover, Han et al. [73] confirmed the formation of
anatase nanoparticles (<10 nm) on the surface of kaolinite. TEM
images of kaolinite/TiO, composites synthesized by Jiang et al. [71]
showed that the TiO, nanoparticles overlaid on kaolinite had a
pseudo-hexagonal platelet structure.

The surface properties of kaolinite/TiO, photocatalytic materi-
als are usually related to their modification methods. The sol-gel
method can uniformly load the precursors on the surface of the
kaolinite layer, while calcination technique can effectively improve
the pore structure of the composite material and increase the
reactive sites. In addition, the intercalation treatment of kaolinite
can bend the layered structure of kaolinite and significantly
increase the specific surface area of the material. The kaolinite/TiO,
composites synthesized by Zhang et al. [29] form a new porous
structure with specific surface area ranging from 61.35m?/g
to 113.5m?/g, which is much larger than that of kaolinite
(27.45 m?/g). The average pore size of the composite material is
9.606 nm. The large specific surface area of kaolinite/TiO,
composites can provide more adsorption and photocatalytic active
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sites for the degradation of organic molecules. Similarly, The
specific surface area and the average pore size of high-performance
TiO, coated alveolar kaolinite foam photocatalyst prepared by
Pinato et al. [72] are 209.4 m?/g and 5.86 nm, respectively. Through
the dialysis process, the soluble ions can be removed uniformly and
slowly to increase the pH of the sol. Therefore, agglomerates will
slowly form in the sol, resulting in higher porosity and specific
surface area. Furthermore, the nanocomposite synthesized by Han
et al. [73] retains the kaolinite crystal structure, but the specific
surface area reaches 118.0 m?/g.

The photocatalytic performance tests of kaolinite/TiO, materi-
als mostly focus on the degradation of organic dyes, volatile
organic gases, reduction of heavy metals, and bacterial inhibition.
Compared with pure TiO,, the catalytic performance of the
composite catalyst has been significantly improved. The compo-
sites synthesized by Zhang et al. [29] showed excellent photo-
catalytic activity for the degradation of 4-nitrophenol. The new
larger mesopores formed by TiO, particles embedded in kaolinite
made the reactive molecules easily diffuse in the reaction, which
was beneficial to the photocatalytic reaction. High-efficiency
photocatalysts made by shape memory synthesis at low temper-
atures could also increase the exposed surface area and increase
the amount of light collected. For instance, the TiO, coated alveolar
clay foam photocatalyst [72] had the best photocatalytic perfor-
mance in an acidic environment with a pH of 2. The excellent
photocatalytic performance was attributed to the larger surface
area for both light harvesting and liquid contact area. The removal
rate of cumene hydroperoxide (CHP) by the photocatalyst was 94%,
and the CHP removal rate of 94%-96% was still retained through
the four-cycle recycling test. It was proposed that two main factors
affecting the photocatalytic activity of the complex are surface
adsorption and light-induced charge transfer. Moreover, as the
content of TiO, in the nanocomposite [73] increased from 0% to
50% by mass, the removal efficiency of fluorine increased from 15%
to 87%, which indicated that the defluorination ability of kaolinite
modified with TiO, had been significantly improved. The adsorp-
tion kinetics of fluoride was in good agreement with the pseudo-
second-order kinetic model, and nanocomposites had extremely
strong adsorption capabilities. In another report, compared with
commercial TiO, nanoparticles (P25), kaolinite/TiO, [71] showed
significantly improved photocatalytic ability, the rate of photo-
degradation of methyl orange (MO) in composites was 2.5 times
that of pure P25. The adjustment of interface chemical bonds
improved the separation and transfer efficiency of photogenerated
charges, and enhances the photocatalytic activity. Interface
engineering that regulated interface charge transfer through
chemical bonds was an effective method for synthesizing highly
efficient heterostructure photocatalysts.

In summary, the sol-gel method can effectively inhibit the
oxidation process of the product by performing the reaction in an
organic solvent. Under the same conditions, the solvothermal can
reach a higher gas pressure than hydrothermal synthesis, which is
beneficial to the synthesis of the product. At lower temperatures,
the structural units in the reactants can remain in the product
without being destroyed. However, hydrothermal and sol-gel
methods also have some problems, for example, the process of
material synthesis cannot be observed. The equipment requires
high temperature and high-pressure steel, corrosion-resistant
lining, technical difficulty, strict temperature and pressure control,
and high cost. When heated and sealed, the reaction kettle
generates a great pressure, which poses a big potential safety
hazard. From the performance of photocatalyst the mixture of TiO,
and natural kaolinite can form a nanocomposite material with
good catalytic performance. The photocatalytic activity is directly
related to the presence of silanol and aluminum alcohol groups of
kaolinite, which has excellent adsorption capacity. Kaolinite-based
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photocatalysts usually have a higher specific surface area and
convenient porosity to effectively enhance photocatalytic activity.
Moreover, better dispersion and smaller particle size of nano-TiO,
on the surface of kaolinite, and strong electrostatic repulsion also
play a key role in the enhancement mechanism.

3.1.3. Photocatalytic mechanism of kaolinite/TiO, composite

The photocatalytic mechanism of kaolinite/TiO, nanocompo-
sites may be due to the synergy between kaolinite and supported
TiO, nanoparticles [74]. The essence of TiO, photocatalysis is the
electron transporter that acts as a redox reaction [75]. The
photocatalytic mechanism of kaolinite/TiO, nanocomposite main-
ly includes the following two types: Superoxide radical degrada-
tion mechanism and hydroxyl radical degradation mechanism.

When TiO, supported on kaolinite absorbs photons, the valence
band electrons are excited to the empty conduction band, forming
a negatively charged electron e, and the valence band generates a
positively charged hole h* (Fig. 2). Photogenerated holes have the
strong electron-reducing ability and strong oxidation. These
photoelectron holes react with oxygen molecules (O5), H20, or
hydroxyl groups on the surface of kaolinite to form hydroxyl
radicals ('OH) and superoxide radical anions (O, ). ‘OH has strong
oxidation properties [76]. The complete equations of mechanism
reactions are as follows (Eqs. 1-13):
TiO; + hv— TiOy(e” +h™) (1)

Reaction involving valence band h*

TiOy(h™) + H,0 —TiO, + °*OH + H"'
T102(h+) + OH™ HT]OZ + *OH
TiOy(h™) + 2H,0 —TiO, +H,0, +2H"

Reaction involving conduction band e~
TiOy(e™) + Oy —TiOy + 0"

0, + H™ — HO,*®

T102(e7) + HOZ.—>Ti02 + HO,™

T102(ei) + HO,* +2H+~>Ti02 + Hy0,

0, TiMOHm, ...t i = -
Or - Ti 3d %v
f TilVOH <5
TiVOH* CIp
[ HOO:, H,0, — e
- - b= b 0 2P TiVOH : _
intermediates VB intermediates
CIP
(O O Tio, H.0+CO,
vl
P~
*» Kaolinite

kaolinite/TiO, nanocomposite

Fig. 2. Schematic illustration of photocatalytic reaction mechanism of kaolinite/
TiO, nanocomposites.
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TiOy(e”) + H,0, — TiO; + OH™ + °*OH (9)
0, + Hy0, —OH  + *OH + O, (10)
2HO,* — 0, + H,0, (11)
R—H(C+molecules) + °OH — R*+ H,0 (12)
R—H(Cxmolecules) + H" — R™* — Degredation (13)

3.2. Kaolinite/g-C3N, composite

3.2.1. Properties of g-C3N,

g-C3N4 is a typical polymer semiconductor. The CN atoms in the
structure hybridize with sp? to form a highly delocalized =
conjugated system. It is considered to be the most stable allotrope
of various carbon nitrides under natural environmental conditions
[77]. In recent years, g-C3N4 has attracted more and more attention
due to the suitable bandgap, easy preparation, good chemical
tenability, superior visible-light response, environmentally friend-
ly superiority and low-cost [78]. Wang and his coworkers firstly
discovered the photocatalytic water splitting evolution over
g-C3Ny4 in 2009 [79]. Since g-C5N4 has a similar layered structure
to graphite, the theoretical specific surface area of an ideal
monolayer may be as high as 2500 m?/g [80]. Furthermore, the
polymerization properties of g-C3N, make the structure flexible
enough and have a matrix that has excellent compatibility with
various inorganic nanoparticles, and can control surface chemistry
through molecular-level modification and surface engineering to
produce excellent g-C3N4 composite materials. Therefore, due to
the unique characteristics of g-C3Ny, it can be widely used as a
photocatalyst in various environments [81].

Thermal polymerization is considered to be the most common
method for synthesizing g-C3N4 because it is easy to handle, low
cost, better available raw materials and better crystalline forms
[82]. g-C3N4 can be easily prepared by thermally condensing
several low-cost nitrogen-rich precursors, such as cyanamide [83],
melamine [84], dicyandiamide [85], thiourea [86], Urea [87], or
mixtures thereof.

3.2.2. Kaolinite/g-C3N,4 composite photocatalyst

Although some modification methods can partially improve the
defects of g-C3Ny, it is still difficult to avoid the disadvantages of
easy aggregation, low adsorption capacity, difficult separation and
high cost [88]. It was proven that the introduction of natural
minerals could not only improve the photocatalytic efficiency, but
also maintain the photocatalytic activity of the catalyst, facilitate
separation and recycling, and promote the rapid adsorption of
pollutants on the surface of composite photocatalysts [89].
Combining with the unique crystal structure of kaolinite, several
of kaolinite heterojunctions based on g-CsN, were synthesized.
Here, we briefly outlined various synthetic methods of kaolinite/g-
C3N4 composite materials, such as mechanochemical treatment
[90], thermal polymerization [6,28,50,51,91], self-assembly [4].
Among many synthetic methods, mechanochemical treatment
technology combines the advantages of chemical grinding and
mechanical grinding, and has some outstanding advantages for the
synthesis of photocatalytic materials: (a) Mechanochemical
treatment has low damage to materials, good integrity, and is
not prone to surface/subsurface damage. (b) Material removal
efficiency can be guaranteed. (c) Mechanochemical treatment can
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obtain a more perfect surface, and the resulting flatness is 1-2
orders of magnitude higher than that of the two kinds of grinding
alone, and it can achieve nano-to-atomic surface roughness. For
instance, a kaolinite/g-CsN4 composite with enhanced visible-
light-driven photocatalytic activity was prepared through a simple
mechanochemical method [90]. g-C3N4 and kaolinite can be
closely combined by mechanical grinding to produce a synergistic
effect, generating more adsorption and photocatalytic reaction
sites, effectively reducing the probability of recombining photo-
generated electron-hole pairs.

Thermal polymerization is one of the methods for manufactur-
ing polymers. It is a chain polymerization reaction in which the
thermal energy of the monomer molecule is initiated and
activated into a free radical. Thermal polymerization has the
following advantages: (a) The product has less impurities and
high purity. (b) The production equipment has high utilization
rate and simple operation, and does not require complicated
separation and purification operations. (¢) The thermal polymer-
ization production process is simple, the process is short and easy
to be continuous, and the production cost is low. In this regard,
many studies have synthesized kaolinite/g-C3sN4 composite
photocatalyst by thermal polymerization and some modification
methods. For instance, the insertion of certain polar organics into
the kaolinite intermediate layer can open the asymmetric
intermediate layer space and create a two-dimensional limited
microenvironment for the insertion reaction [92]. Kaolinite
intercalation composites have both the unique adsorption and
dispersion properties of clay minerals and the reactivity of
organic compounds. Intercalation reactions are one of the
effective methods for synthesizing photocatalytic composite
materials. Furthermore, acid-modified polymers can effectively
increase the efficiency of charge transfer in photocatalytic
reactions [93]. Cyanuric acid as a modifier was used by Sun [6]
et al. to synthesize a new cyanuric-acid-modified graphitic carbon
nitride composite (m-g-CsNy/kaolinite) material in a two-step
process.

Self-assembly means that molecules or nanoparticles sponta-
neously organize or aggregate into a stable structure with a certain
geometric appearance under the interaction based on non-
covalent bonds. The synthesis of photocatalytic materials through
self-assembly has the following advantages: (a) The self-assembly
technology is simple and easy to use, and no special device is
needed. (b) Self-assembly usually uses water as a solvent, which
has the advantages of deposition process and molecular control of
membrane structure. (c) Self-assembly can use the continuous
deposition of different components to prepare a two-dimensional
or even three-dimensional ordered structure between the film
layers to achieve the optical, electrical, and magnetic functions of
the film. In this regard, Dong and co-workers [4] uniformly peeled
the stacked g-C3N4 and bismuth oxychloride (BiOCl) into ultra-thin
nanosheets, and used the interlayer self-assembly to fix the
nanosheets on the kaolinite flakes one by one, and built a new
BiOCl/g-C3N4 with a “sandwich” structure.

The properties of kaolinite/g-C3sN, nanocomposite photocata-
lytic materials are summarized as follows: g-C3N4 has a layered
structure similar to kaolinite and can be combined with kaolinite
to form a sandwich structure. For example, the kaolinite/g-C5N,4
composite material prepared by Sun et al. [90] has a relatively
rough two-dimensional sheet structure, and the kaolinite layer is
densely and uniformly decorated with g-C3N4 nanosheets. The
layered structure of natural kaolinite can provide sufficient surface
area, not only can adsorb pollutants, but also can be in close contact
with the g-C5N4 nanosheets in the composite material. Similarly,
from the XRD patterns of g-CsN4/kaolinite and m-g-C3N4/kaolinite
composites [6], it is clear that they show only one peak at 27.67°
(002), which indicates that g-C3N4 has been successfully loaded
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onto the surface of kaolinite. Scanning electron microscopy shows
that kaolinite is composed of many parallel nanosheets, which is a
typical two-dimensional layered structure. It is very tightly
combined with the g-C3N4 nanosheets in the composite material,
which can provide a large surface area to enhance the ability to
adsorb pollutants. Moreover, compared with g-CsNg/kaolinite
composites, the surface of acid-modified g-C3Ny4/kaolinite
becomes more porous and uniform, which is considered to be
the reason for the volatilization of cyanuric acid in the precursor
during the calcination of the composite. In short, the introduction
of cyanuric acid effectively improved the pore structure of g-C3Ny4
in the binary system and provided more active sites for photo-
degradation of pollutants. Furthermore, as shown in the SEM
picture, nano-flaky kaolinite with clear edges and smooth surface,
g-C3N4 withirregularly wrinkled flake form and BiOCl with smooth
and flat form were successfully peeled into flakes, and g-CsN4 and
BiOCI ultra-thin nanosheets are evenly distributed on the surface
of kaolinite layer with "sandwich" structure, which proves the
structure of BiOCl/g-C3N4/kaolinite ternary heterostructure [4].
The g-CsNy/kaolinite composite material usually has a large
specific surface area due to its sandwich structure. The acid
treatment and gas stripping treatment of the composite material
can produce a porous sandwich structure, which further increases
the specific surface area and pore volume. Compared with kaolinite
and g-C3Ny, the specific surface area and pore volume of g-C3N,/
kaolinite composite increased significantly to reach 31.72 m?/g and
0.07 cm?/g, respectively [90]. The results show that the synergistic
effect of kaolinite with unique structure and g-C3Ny is beneficial to
increase the specific surface area of the composite material,
improve the adsorption capacity of pollutants, and provide more
surface active sites for the degradation of pollutants. Moreover, the
specific surface area of m-g-CsNy/kaolinite composite material
synthesized by Sun et al. [6] is 49.522 m?/g, and the pore volume is
0.088 cm®/g. It is found that large surface area and total pore
volume can effectively enhance the adsorption and photocatalytic
capabilities [94]. The calculated band gap of CN is 2.72 eV, and all
band gaps of m-g-C3Ny/kaolinite composites are 2.72 + 0.01 eV,
indicating that the introduction of cyanuric acid has little effect on
the bandgap of g-C3N4. The cyanuric acid-modified g-CsNa/
kaolinite composite has rich pore structure and reaction sites.
Furthermore, the pore volume and average pore radius of BiOCl/g-
C3Ny/kaolinite composites synthesized by Dong et al. [4] are larger
than those of bulk BiOCI, reaching 0.088 cm?/g and 10.914 nm,
respectively, and the specific surface area is increased by 50%
compared to kaolinite, reaching 32.088 m?/g. Which is caused by
the formation of ultra-thin BiOCl nanosheets and g-C3N4 nano-
sheets and a unique "sandwich” structure, the adsorption and
absorption capabilities of the composite material are enhanced.
The photocatalytic performance test of kaolinite/g-CsN, mate-
rial mainly focused on the degradation of organic dyes, water
splitting and hydrogen evolution. The photocatalytic composite
material synthesized after mechanochemical treatment showed
excellent photocatalytic activity, and had good photocatalytic
degradation activity of Rhodamine B (RhB) under visible light
irradiation, and its reaction rate constant was almost 4.0 times that
of pure g-C3N4 [90]. The enhanced photocatalytic activity of
kaolinite/g-C3N4 composite was attributed to the synergy between
g-C3N4 and kaolinite, which enhanced the adsorption capacity,
increased the specific surface area, extended the life of photo-
generated carriers, and effectively suppressed photogenerated
electron-hole pair recombination. Moreover, the removal rate of
RhB of the m-g-C3Ny/kaolinite composite material after visible
light irradiation for 180 min was as high as 93%, which was about 2
times and 9 times higher than bare g-CsN4 and standard P25,
respectively [6]. During thermal polymerization, cyanuric acid
decomposed at about 330 °C and generated a large number of pore
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structures and reaction sites in the composite, which greatly
increased the specific surface area of the composite, improved the
adsorption capacity and further enhanced the photocatalytic
performance. Furthermore, the BiOCl/g-C3N4/kaolinite composite
material showed excellent photocatalytic performance in the
photodegradation of formaldehyde and organic matter [4]. The
formaldehyde removal rate was as high as 74.55%. After 120 min of
exposure, the composite material's degradation efficiency of RhB
reached 97%. The enhanced photocatalytic performance of nano-
sheet composites may be attributed to the close contact formed
between the interfaces, which resulted in higher charge separation
efficiency and stronger pollutant adsorption capacity. Besides,
experimentally obtained reactive oxidizing substances (especially
h*) played a vital role in photocatalytic reactions.

Based on the above overview, the thermal polymerization
method forms a kaolinite/g-C3N, composite material by thermally
inducing the polycondensation reaction of the precursor, which is a
direct and simple method for preparing the material. It has the
advantages of low cost, low equipment and control requirements,
simple operation, easy enlargement, and many types of precursors.
However, the synthesis of g-C3N4 is a complex thermochemical
reaction process. Different degrees of polycondensate can coexist
in a wide temperature range. It is difficult to prepare carbon nitride
polymers that contain only a single molecular structure. When the
temperature reaches 700 °C, the material begins to decompose
violently, generating gases such as NH3 and CxNyH, [95]. Therefore,
controlling the synthesis temperature is a key factor in preparing
composite materials. In terms of the performance of composite
photocatalytic materials, the combination of nano-g-CsN, and
kaolinite with unique structure can produce excellent photo-
catalytic activity, kaolinite/g-C3N, composite usually has a larger
specific surface area, and improved electron transport ability and
fast charge separation efficiency. The interface between g-CsN,4 and
kaolinite is tightly combined, resulting in a rich pore structure and
reaction sites to effectively separate the photogenerated electron-
holes, thereby improving the activity of the composite photo-
catalyst.

3.2.3. Photocatalytic mechanism of kaolinite/g-C3N4 composite
Based on the above literature summary, the possible photo-
catalytic mechanism and potential electron transfer pathway of
kaolinite/g-C3N, nanocomposites are as follows: Under visible-
light irradiation, the electrons (e~) in valence band (VB) of g-C3N4
were excited to conduction band (CB), while the corresponding
holes (h*) remained in the VB (Fig. 3) [96]. As we all know, there is
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Fig. 3. Schematic illustration of the charge separation and photocatalytic
mechanism of kaolinite/g-C3N4 composites under visible light irradiation.
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electrostatic repulsion between the same electrical electrons, and
electrostatic attraction between different electrical electrons. The
layered surface of kaolinite usually has a negative charge [97],
which accelerates the migration rate of excited e~ and the e~ on CB
can combine with the oxygen absorbed on the surface of the
composite to produce superoxide (0, ). Then, O, reacts with
water molecules to generate hydroxyl radicals (‘(OH), OH™ and O,
and the product ‘OH can also react with the target [98].

3.3. Kaolinite/TiO5/g-C3N4 composite

3.3.1. TiO5/g-CsN4 heterojunction

Conventional semiconductor photocatalysts (such as TiO, and
g-C3N,4) usually have poor activity, narrow spectral response and
limited electron transmission, poor reusability, and inconvenient
recycling, which have a huge impact on the practical application of
photocatalyst [99]. It was found that two photoreactive semi-
conductors with suitable electronic structures by constructing
heterojunctions (such as g-C3N4/TiO,) have excellent photo-
catalytic activity. The traditional type II heterojunction based on
g-C3N4 can be constructed by g-C3N4 and another semiconductor,
where the CB and VB positions of one semiconductor are higher or
lower than the other semiconductor. The difference in chemical
potential between the two semiconductor units causes the band
bending at the contact interface of the heterojunction. Band
bending can form internal electric field. The internal electric field
in the heterojunction accelerates the separation of photogenerated
electrons and holes, which is the main driving force for enhanced
photocatalytic performance. In particular, when the photon energy
is higher than or equal to the band gap of two semiconductors, the
two cells of the heterojunction can be excited at the same time. On
the other hand, when photon energy can only excite one unit,
another semiconductor can act as an electron/hole acceptor. In
both cases, the separation efficiency of electron-hole pairs can be
improved [100]. Heterojunction photocatalysts with different
morphologies and structures also have different physical and
chemical properties. Hollow core-shell nanospheres will provide
abundant specific surface area. A Ti>* self-doped TiO,/g-C5Ny4
hollow core-shell nano-heterojunction was synthesized through
continuous hydrothermal deposition and sculpture reduction
processes [101]. The TiO,/g-C3N4 nano-heterojunction exhibited
superior photocatalytic activity 18 times and 65 times stronger
than that of ordinary TiO, and g-C3N,4, respectively. The large
contact surface area between the two semiconductors facilitates
effective spatial redistribution of charges at the heterojunction
interface. This redistribution of charges can effectively promote the
separation of charges and enhance photocatalytic performance.

3.3.2. TiO5/g-C3Ny/kaolinite composite photocatalyst

Generally, most of the current research on kaolinite-based
photocatalytic composites has focused on the traditional type II
heterojunction, the traditional type II heterojunction can effec-
tively perform space charge separation to a certain extent,
however, the type II heterojunction has weaker photo-electron
and hole redox capabilities because the VB and CB of the
heterojunction semiconductor carry less positive and negative
charges. In this case, it is difficult for a pair of semiconductors with
a narrow band gap to achieve both excellent charge separation
efficiency and excellent redox ability at the same time. Fortunately,
the Z scheme heterojunction can effectively solve this problem. For
the Z scheme heterojunction, the light-induced electron transfer of
the semiconductor Il with a negative CB value is transferred to the
semiconductor [ with a VB value through the contact interface, and
is further excited to the CB of the semiconductor I, leaving a hole in
the VB of the semiconductor II (Fig. 4). By retaining the high
negative CB edge and high positive VB edge, the Z-type
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Fig. 4. Traditional type-Il heterojunction (a)and direct Z-scheme heterojunction (b).

heterojunction can use semiconductor pairs with a narrow band
gap without losing photogenerated electrons and strong redox
capabilities [102]. Nowadays, there are many synthesis methods for
kaolinite-based heterojunctions of TiO,/g-C3N4. Kaolinite-based
heterogeneous photocatalysts have good dispersibility and en-
hanced visible light absorption capacity. For example, Li et al. [52]
used chemical stripping and automatic assembly to prepare a 3D
heterogeneous g-C3N4/TiO,/kaolinite composite with enhanced
photocatalytic activity through a mild sol-gel method. The g-C5N,4/
TiO,/kaolinite composite was observed from the SEM image, and a
3D "sandwich" structure was successfully established through the
hydrogenion functionalization process. The composite material has
a tight binding and highly exposed edges, which is conducive to
increasing the number of active sites and improving the ability of
the carrier to transfer and migrate [103]. The g-C3N4/TiO»/kaolinite
composite has arelatively porous structure, which further increases
the light-trapping ability [104]. After loading kaolinite, the grain
size of TiO, decreased significantly from about 30 nm to 14 nm. The
introduction of kaolinite can effectively reduce the grain size of the
supported TiO, nanoparticles, which is conducive to the enhance-
ment of photocatalytic activity. In addition, compared with g-C3Ny,
the absorptive capacity of the hetero composite material is
significantly enhanced in the visible light region of 450—800 nm.
The constructed "sandwich" structure can improve the utilization
efficiency of visible light and facilitate the photocatalytic reaction.
The specific surface area and total pore volume of g-C3N4/TiO,/
kaolinite composite materials reached 51.596 m?/g and 0.100
cm?/g, which are significantly higher than any single material.
The improvement in photocatalytic performance should be
attributed to enhanced visible light absorption capacity and the
Z-scheme transport of photogenerated electrons.

3.3.3. Photocatalytic mechanism of TiO,/g-C3N4/kaolinite composite

Generally, the performance of a photocatalyst depends on two
key characteristics, (a) the ability to utilize the solar spectrum and
(b) the efficiency of the generated electron-hole pairs to generate
reactive oxygen species [105]. Based on the above literature
analysis, the possible Z scheme mechanism is proposed as follows:
Under visible light irradiation, electrons are excited, and photoin-
duced holes in TiO, remain in VB, while electrons will be
transferred from the conductive band CB of TiO, to the VB of
g-C3N4. The electrons in the VB of g-C3N,4 then tend to transition to
its CB. The holes of TiO, in VB and the electrons of g-C3N4 in CB will
be effectively separated (Fig. 5) [106]. Moreover, negatively
charged kaolinite can generate strong electrostatic repulsion,
which is beneficial for the separation of photo-generated carriers
[107]. The hydroxyl groups rich in kaolinite surface form new
Ti—O—H bonds during the preparation process, which improves
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Fig. 5. Z-scheme g-C3N4/TiO,/Kaolinite composite material degradation process
mechanism scheme.

the efficiency of separating the carrier [108]. The electrons in the
CB position of g-C3N4 will reduce O, to O, . In addition, the
absorbed O, can also react with water molecules and electrons to
form hydrogen peroxide. Finally, some of the generated H,0, and
0, can be converted into hydroxyl ("OH) [109]. The main active
specie (O,") and the subordinate species ('OH and h*) could
effectively degrade contaminants.

3.4. Kaolinite/ZnO composite

Zinc oxide crystals (ZnO) have three structures: hexagonal
wurtzite structure, cubic sphalerite structure, and rock salt
octahedral structure [110]. Besides, pure zinc oxide is colorless
and transparent. ZnO is an n-type semiconductor. At room
temperature, the energy band gap of zinc oxide is about 3.3 eV,
and the electrons in the valence band can accept the energy in the
ultraviolet light to undergo transition and generate hydroxyl
radicals [30]. Nowadays, ZnO is the most widely studied low-cost
semiconductor material, due to its good photocatalysis, piezoelec-
tricity, antibacterial properties, significant light corrosion resis-
tance and excellent free excitation binding energy. However, the
toxicity of ZnO and its potential risks to the environment and
human health are still a major problem that limit its application
[111]. In order to reduce the environmental risk of ZnO, ZnO can be
anchored on a suitable solid substrate, which can not only restrict
the movement of ZnO nanoparticles, but also can still exert its
unique photocatalytic performance.

Many scholars choose kaolinite as the carrier of ZnO because of
its safety, pollution-free, cheap, and unique layered structure. ZnO/
Kaolinite composite can be prepared via various methods
(hydrothermal method, electrochemical growth, chemical vapor
deposition, sol-gel method). The structure of composite materials
are mostly flocs, rod-shaped, and flakes with particles. For
example, the kaolinite/ZnO nanocomposite with a variety of ZnO
nanoparticles was prepared by a simple hydrothermal method
[54]. On the one hand, the calcination of nanocomposites at 600 °C
leads to a phase transition of kaolinite, and ZnO crystals further
grow on the surface of metakaolinite. On the other hand,
composite materials have excellent photocatalytic activity. After
1 h of ultraviolet irradiation, the degradation rate of ZnO/kaolinite
nanocomposite to Acid Orange 7 aqueous solution reached 95%.
Furthermore, ZnO/kaolinite was synthesized by co-precipitation
technology [30], and it was found that ZnO/kaolinite is more
effective than Fe-doped ZnO and TiO, in the photocatalytic
disinfection process. Under 120 min of visible light irradiation,
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Escherichia coli was completely degraded. Moreover, kaolinite can
be made into thin sheets by simple peeling, and then dealuminated
into nano-rolls by ultrasonic radiation and organic expansion.
Compared with primitive kaolinite, kaolinite nanotubes have a
high specific surface area, high adsorption capacity and a good
ordered porous structure [55]. In this case, kaolinite nanotubes
were synthesized through a simple rolling process, and a new type
of nanocomposite material (ZnO/kaolinite nanotubes) was syn-
thesized by the sol-gel method [112]. In the presence of visible
light source, it has high catalytic activity for the oxidation of
levofloxacin. After 75 min, 30 mg/L of levofloxacin was completely
oxidized.

All studies show that ZnO/kaolinite composite can effectively
prevent the migration of ZnO, reduce the environmental risk, and
increase the reactive sites to a certain extent, and strengthen the
photocatalytic activity.

3.5. Kaolinite/ternary oxides composite and other

More recently, Ternary oxides (such as bismuth oxyhalide,
ferrites, tungstate and vanadate) have attracted special attention in
the field of photocatalysis due to their unique physical and
chemical properties and potential photocatalytic properties
[8,113,114].

Currently, the crystalline CuFe,O4 nanoparticles with spinel
structure are a potential peroxymonosulfate catalyst due to its high
catalytic activity and low metal ion leaching characteristics.
However, CuFe,0,4 nanoparticles are easy to agglomerate, which
greatly reduces the specific surface area of reactive sites [115]. The
two-dimensional layered structure of Kkaolinite is a suitable
platform for the grafting of CuFe,0, nanoparticles. In addition, a
large number of aluminum hydroxyl groups and permanent
negative charges on the surface of kaolinite effectively prevent
the self-aggregation of CuFe,04 nanoparticles by adjusting the
crystallization. Taking into account of these factors, the CuFe;04/
kaolinite photocatalyst is prepared by a simple citrate combustion
method [57]. The photocatalytic activity was evaluated by
activating peroxide monosulfate to destroy bisphenol A. Compared
with bare CuFe,04, 40%-CuFe,04/kaolinite has a larger specific
surface area, larger pore volume, more hydroxyl groups and more
accessible reaction sites, and the reaction rate constant is about 5.5
times that of bare CuFe,04. Furthermore, the discrete CuFe,04
nanoparticles are uniformly anchored on the surface of the
kaolinite through Fe-O-Al bonds, effectively preventing the
leaching of metal ions and increasing the stability of the composite
material.

Compared with montmorillonite and palygorskite, kaolinite has
a low cation exchange capacity, and a small specific surface area
leads to a lower adsorption capacity [56]. Incorporating inorganic
particles such as spinel ferrite into the kaolinite matrix can
improve its adsorption capacity. The kaolinite/CoFe,0,4 nanoparti-
cle composite synthesized by Olusegun et al. [116]. Exhibits
excellent adsorption performance for doxycycline and Congo red.

Silver halide is highly sensitive to light, has appropriate and
effective photoactivity, and is used as a photosensitizer [117].
However, continuous reduction of silver (Ag*) ions in the moving
gap to silver (Ag®) atoms will cause photo-corrosion on the
semiconductor surface, which limits its practical application. In
this case, Tun et al. [58] synthesizes a new type of visible light-
responsive Ag@AgBr/kaolinite photocatalyst by in-situ precipita-
tion-precipitation method. The synthesized Ag@AgBr/kaolinite
photocatalyst has excellent visible light catalytic activity for the
degradation of methyl orange. The catalyst exhibits effective
photocatalytic activity in a wide pH range of 2.54-10.95. In
addition, the photo-induced holes (+2.74 eV) in the AgBr valence
band participate in the H;O/OH ™ oxidation reaction. The valence
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band is higher than "OH (1.99 eV vs. SHE). The formed "OH radicals
are strong oxidants that directly degrade organic dyes. Similarly, a
novel Ag/g-CsNy/kaolinite composite photocatalyst was fabricated
by Sun et al. [118] through employing in situ calcination and a
photodeposition process. The synthesized Ag/g-CsNy/kaolin com-
posite has a higher degradation rate of ibuprofen, and the reaction
rate under visible light irradiation is 1.87 times that of the Ag/g-
C3N4 composite. The prepared composite material has a higher
specific surface area (35.96 m?/g) and pore volume (0.080 cm?/g).
The photogenerated electrons in the reaction system can be
captured by O, molecules to form superoxide radicals (O, ™), H,O
reacts with holes (h*) to generate "OH radicals, both of which have
strong oxidizing ability and can degrade organic dyes.

In summary, the composite of kaolinite and ferrite nano-
particles with spinel structure can not only improve the adsorption
capacity of kaolinite, but also effectively separate photogenerated
electrons and holes, and increase reactive sites. In addition, Ag
nanoparticles in Ag/kaolinite materials can act as electron
acceptors to store electrons. Due to the Schottky barrier, the
separation of incoming electron-hole pairs is enhanced. Moreover,
Ag nanoparticles can use the SPR effect to form a local
electromagnetic field, which can generate active free radicals.

4. Application of kaolinite-based photocatalysts

Researchers have focused on semiconductor photocatalysis in
recent decades because it can solve the increasingly serious
environmental pollution and energy crisis issues to some extent by
using inexhaustible sunlight and avoiding secondary pollution
[119]. As mentioned above, an ideal excellent semiconductor
photocatalyst should have (a) excellent light absorption capacity,
that is, a narrow bandgap and a high absorption coefficient; (b)
high efficiency of photo-generated electron-hole pair separation;
(c) long-term stability and reusability. P25 is a highly dispersed gas
phase nanometer titanium dioxide produced by Evonik Degussa
using the method of preparing ultrafine particle oxide by high
temperature hydrolysis. It has broad application prospects in the
fields of environment, information, materials, energy, medical and
health [120]. However, it can only absorb ultraviolet light and
cannot be reused, which limits its application [121]. Loading
natural kaolinite can improve the photocatalytic efficiency. It can
not only maintain the photocatalytic activity of the catalyst but
also promote the rapid adsorption of pollutants on the surface of
the composite photocatalyst. In this section, various photocatalytic
applications of the kaolinite based photocatalysts are briefly
summarized.

4.1. Photocatalytic hydrogen evolution

Theoretically, semiconductors with suitable CB and VB posi-
tions can be used as photocatalysts to complete photocatalytic
oxygen release reactions and hydrogen evolution reactions [122].
However, the complex oxygen evolution process is a four-electron
process, and few articles have reported it.

In order to solve the problems of energy consumption and
environmental pollution caused by fossil fuels such as petroleum
and coal, hydrogen energy has gradually attracted widespread
attention due to its clean pollution-free cleanliness [84]. Semicon-
ductor photocatalysis technology can draw widespread attention
by using inexhaustible solar energy to split water into hydrogen
[123]. To effectively promote water decomposition, the CB
minimum edge of the photocatalyst should be less than the
H*/H, reduction potential (0 V vs. NHE), and the VB maximum edge
should be greater than the H,0/O, oxidation potential (+1.23 V vs.
NHE) [124]. Theoretically, the use of g-C3N4 as a photocatalyst can
complete the hydrogen evolution reaction of water decomposition
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due to its proper CB and VB positions. Meanwhile, building a strong
coupling between the semiconductor photocatalyst and a suitable
co-catalyst is conducive to the photocatalytic hydrogen evolution
reaction. The cocatalyst can act as an electron absorber to promote
charge separation and reduce the activation energy or over-
potential of the catalytic reaction. To date, the precious metal
platinum has proved to be the most effective cocatalyst for
hydrogen evolution. The excellent co-catalytic performance
promoted by the plasma coupling effect is of course widely used
in semiconductor photocatalytic systems [125]. For example, the
composite material of nano-g-CsN, and meta-kaolinite was
successfully synthesized by a simple method of directly calcining
the mixture of melamine and kaolinite [50]. The as-prepared meta-
kaolinite/g-C3N4-70.4% exhibited a favorable hydrogen evolution
rate of 288 wmol g=! h™!, which was much higher than that for any
other existing pure g-C3N,4 photocatalyst. The probable mechanism
of photocatalytic H, evolution on meta-kaolinite/g-C3sN4 compo-
sites is shown in Fig. 6. The improvement of the activity of the
photocatalytic hydrogen evolution reaction is attributed to the
electronegativity of meta-kaolinite and the nanometerization of
g-C3N4. Reducing the thickness of the g-C3N4 nanoplates may
increase the surface area, thereby increasing the number of active
sites [126]. The feasibility of interfacial redox reaction plays an
important role in hydrogen evolution during photocatalytic water
decomposition. Moreover, in order to better expand the light
absorption and increase the reactive site, making defective porous
structure g-C3N, is an effective method [28]. The growth restricted
on the porous kaolinite-derived template to produce porous
g-C3N,4 with edge site defects exhibits excellent photocatalytic
activity. The results show that under visible light irradiation, the
PHE rate of porous g-C3N4 reaches 1917 umol g~ ! h™!, whichis 2.37
times that of g-C3N4. The formation of the porous structure can not
only increase the surface area, but also provide mass diffusion
channels, expanded light absorption and defects, and act as active
sites for mediating pores to the interface oxidation reactivity.

In summary, kaolinite-based photocatalysts are considered to be
a viable alternative method for hydrogen production with visible
lightirradiation with the aid of cocatalysts. However, the noble metal
promoters are very expensive, which limits the application of
photocatalysts. Therefore, the ideal method is to use high-efficiency
photocatalysts and non-precious metal co-catalysts to achieve an
economical clean energy production system.

Fig. 6. Schematic mechanism of photocatalytic H, evolution on kaolinite/g-C3N,4
composite.
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4.2. Photocatalytic removal of environmental pollutants

Traditional wastewater treatment methods, such as biological
treatment, filtration, and adsorption, have some disadvantages,
such as high cost, low efficiency, and non-recyclability [127].
Semiconductor photocatalysts degrade various pollutants in
wastewater through a series of redox reactions under light, which
is a promising wastewater treatment technology [6]. In this sense,
composite photocatalytic materials such as TiO,, g-C3N,4 and other
photocatalytic materials anchored in kaolinite structure can not
only use solar energy to degrade pollutants through redox reaction,
but also increase photocatalytic activity [122,128].

Kaolinite is a new development direction in the field of
environmental purification due to its excellent adsorption as a
carrier for semiconductor-based photocatalysts. Recently, TiO,
nanoparticles and C3N4 nanosheets were coloaded on kaolinite by
Niu et al. [53] for degradation of MB dye. The composite material
showed an extremely high degradation rate, which was 18.8 and
24.7 times higher than that of pure TiO, and C5Ny, respectively. In
order to solve the difficulty of natural clay minerals to participate
in the separation and transfer of charge carriers in the photo-
catalytic system, natural iron-rich kaolinite clay was used as a
multifunctional carrier to construct a cadmium sulfide (CdS)
composite photocatalyst by Jiang et al. [129] for degradation of
methyl orange (MO) aqueous solution. The photocatalytic activity
of CdS/kaolinite composites was 2.6 times higher than that of pure
CdS nanoparticles, and it retained nearly 80% of the photocatalytic
activity after two cycles. The composite material provided an
oxygen-enriched microenvironment on its surface through its
strong hydroxyl oxygen adsorption capacity, and then promoted
the reaction of CdS nanoparticles, thereby improving the photo-
catalytic performance.

It should be noted that compared with pure semiconductor
catalysts, the kaolinite-based Z-scheme heterojunction photocata-
lyst exhibits excellent photocatalytic activity for the degradation of
organic pollutants. For instance, the decomposition of MO and
methylene blue (MB) was very limited with pure catalyst, whereas it
was efficient with the Z-type heterojunction of kaolinite/TiO,/g-
C3N4 [53] and BiOCl/g-C5Ny/kaolinite [4]. Other work has indicated
the Kaolinite/TiO,/cobalt(II) [48]. Z-scheme heterojunction showed
its universality for the degradation of organic pollutants trimetho-
prim, caffeine and prometryn. As we all know, photogenerated holes
(h™), hydroxyl radicals ((OH) and superoxide anion radicals (O, ) are
the main reactive species for oxidizing organic pollutants during
the photocatalytic reaction. However, the insufficient oxidation
ability of pure semiconductors cannot drive the oxidation process of
H,O0 to generate "OH. Perversely, in a Z-type heterojunction such as
kaolinite/TiO,/g-C3N4 [52], photogenerated electrons remain in the
CB of g-C3N4 while holes remain in the VB of the TiO,, which not only
suppresses photogeneration the electron-hole recombination pro-
longs the life of photogenerated carriers, and also retains the strong
reduction and oxidation ability of photogenerated electrons and
holes. Therefore, the kaolinite-based Z scheme heterojunction
composite photocatalyst not in terms with high space charge
separation efficiency, but also has excellent redox properties, and is a
valuable photocatalyst in the field of degradation of organic
pollutants.

4.3. Photocatalytic CO, reduction

The increasing depletion of non-renewable fossil fuels and
existing resources is increasing research and development of
alternative energy sources [130]. In addition to photocatalytic
hydrogen production, the use of semiconductor photocatalysts to
reduce CO, light to hydrocarbon fuels has been regarded as an
optional technology to solve the problem of energy depletion, and
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will also reduce the greenhouse effect [131,132]. As shown in
reactions 22-26 [130], CO, reduction is converted to formic acid,
carbon monoxide, methane, methane and methanol by multi-
electron transfer, respectively.

CO, + 2H' + 2e” — HCOOH

Epeaox = —0.61 V (14)
CO; + 2H' + 2 —CO + H,0

Elgox = —0.53 V (15)
CO, + 4H" + 4e~ — HCHO + H,O0

E% ox = —0.48 V (16)
CO, + 6H' + 6e” — CH30H + H,0

Epeqox = 038 V (17)
CO, + 8H' + 8¢ — CHy + 2H,0

Epeaox = —0.24 V (18)

TiO, can be used as a potential candidate for driving the
photocatalytic reaction of CO, reduction due to high efficiency and
non-toxicity. Kaolinite can effectively prevent TiO, from forming
particle aggregates and act as a fixing agent, thereby improving the
effective surface area and photocatalytic efficiency. The kaolinite/
TiO, composite for photocatalytic reduction of CO, was prepared
by Koti et al. [67] using thermal hydrolysis of kaolinite/titanyl
sulphate suspension. Compared with the traditional commercial
catalyst P25, the results show that loading kaolinite on TiO, can
improve the performance of TiO,, and significantly improve the
yield of methane and methanol, the products of CO, photocatalytic
reduction. The introduction of TiO, nanoparticles into the kaolinite
structure leads to a decrease in anatase grain size, an increase in
surface area and pore volume, and avoids the formation of TiO,
aggregates in suspension. Kaolinite can change the acidity and
alkalinity of the catalyst surface, inhibit the recombination of
electron-hole pairs, and increase the photocatalytic activity.

The foregoing work shows that the combination of kaolinite-
based photocatalyst and cocatalyst can significantly improve the
photocatalytic efficiency of CO, reduction. However, current
research is greatly limited due to the stability of the material
and the cost of the co-catalyst. Expected to require long-term effort
to promote the practical application of the CO, reduction
photocatalytic system and the development of non-precious metal
promoters.

4.4. Photocatalytic disinfection

Aqueous antibiotics and aquatic bacteria are considered to be
the main categories of water pollutants due to their ubiquitous
nature that poses a threat to global public health [133]. Therefore,
some safe and efficient methods are needed to purify bacteria and
viruses. Photocatalytic disinfection has proven to be a superior
method compared to traditional disinfection methods (such as
chlorination and ultraviolet disinfection) due to its non-toxic,
efficient and stable advantages [134].

Recent studies have demonstrated that kaolinite-based photo-
catalysts exhibit antibacterial activity under visible light irradia-
tion. For instance, nano TiO, can interact with bacteria, viruses or
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Fig. 7. The photocatalytic disinfection of Enterobacter sp. using ZnO/kaolinite under
visible light.

algae under ultraviolet radiation [135], the composites kaolinite/
TiO, were prepared through drying at 105°C and calcining at
600°C [136]. Kaolinite/TiO, samples have obvious antibacterial
activity against four human pathogenic bacterial strains (Staphy-
lococcus aureus, E. coli, Enterococcus faecalis, Pseudomonas aerugi-
nosa). Compared with pure photocatalyst, kaolinite/TiO5/g-C5N4
prepared by mild sol-gel method has enhanced adsorption-
photocatalytic degradation ability of ciprofloxacin (CIP) under
visible light irradiation. The degradation efficiency of the
composite materials is bare TiO,, the apparent rate constants of
g-C3N4 and P25 are about 5.35 times, 6.35 times and 4.49 times,
respectively. Meanwhile, there are some difficulties in using bare
ZnO for photocatalytic disinfection, such as the aggregation of
nanoparticles, crystal growth or surface morphology changes,
which will eventually reduce its catalytic performance and limit its
commercial application. The combination of ZnO and kaolinite
catalyst can solve these problems to a certain extent. For instance,
ZnO/kaolinite was synthesized by co-precipitation technique
through using Fe-doped ZnO nanoparticles impregnated on
Kaolinite [30]. The results show that O, (Fig. 7) plays a key
role in disinfecting the bacteria of the Enterobacter genus.
Compared with conventional catalysts (such as g-C3N4 and
Zn0), kaolinite/ZnO also exhibits excellent efficiency, stability
and reusability.

The above examples show that the kaolinite-based photo-
catalyst has good antibacterial activity under visible light
irradiation. However, the research on bacterial disinfection is
related to human health and safety. Moreover, the research on
photocatalysis technology is at an initial stage, and more effort
needs to be invested in the photocatalytic disinfection research
based on kaolinite-based photocatalysts.

5. Conclusions

Kaolinite is a promising photocatalytically-supported sub-
stance due to its unique interlayer space as well as low-cost,
non-toxic, environmentally friendly, stability and other advan-
tages. We briefly analyze the research history, current status, and
development trends of photocatalysts. The crystal structure,
chemical composition and physical and chemical properties of
kaolinite are expounded. A large number of studies have shown
that kaolinite-based photocatalysts have excellent catalytic
activity, and the performance of various catalysts are discussed
in detail. The internal function and catalytic mechanism of
kaolinite as carrier and different catalysts (TiO,, g-C3Ng4, ZnO)
were analyzed. The synergistic effects of natural kaolinite in
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composite materials include: (a) Promote the dispersion of
semiconductor nanoparticles, effectively avoid particle agglomer-
ation and increase the specific surface area; (b) enhance the
absorption capacity of composite materials, effectively increase
the contact probability of pollutants and composite surface active
ingredients; (c) the electrostatic force on the surface of kaolinite
and a large number of negative hydroxyl groups can effectively
promote the rapid separation of photogenerated carriers; (d) due
to the large size and high specific gravity of kaolinite, the
composite material can be easily recycled, thus retaining the
reusability of the catalyst, and anchoring the semiconductor on the
surface, reducing the environmental risk of nanoparticle diffusion.
Although some encouraging results have been reported so far, the
research on kaolinite photocatalytic materials is still in the
preliminary stage and needs further improvement. In particular,
the modification of kaolinite-based photocatalysts is difficult, the
utilization rate of visible light is low, and the photocatalytic
efficiency is relatively low, which limits its application in industrial
practice.

Therefore, in order to obtain a high and low-cost photocatalytic
system, the performance of kaolinite-based photocatalysts needs
to be further improved. Notably, most of the current researches
focus on the combination of kaolinite and traditional semi-
conductors (such as TiO,, g-C3Ny4, Zn0O), future research can try to
combine kaolinite with new semiconductors. For example, it is
possible to develop an inexpensive co-catalyst that does not
contain precious metals to be applied to kaolinite-based photo-
catalysts to ensure efficiency while controlling costs to achieve
industrial applications. In terms of experiment work, optimize the
method of kaolinite intercalation modification, and change the
layered structure of kaolinite under economical and technically
feasible conditions to be suitable for loading different semicon-
ductor nanoparticles and improve the photocatalytic efficiency. A
comprehensive and in-depth understanding of the photocatalytic
mechanism of composite materials helps to synthesize excellent
photocatalytic materials. Therefore, it is necessary to study the
energy band structure of the kaolinite photocatalyst based on the
first-principles DFT calculation, and the effective separation
mechanism of the photogenerated carriers. In terms of experi-
mental content and data processing, the integration and enrich-
ment process between kaolinite and catalyst should be further
explored, and the mechanism of pollutant migration and transfer
in the photocatalytic system should be studied. Therefore, it is
necessary to combine experiments with computer models to
jointly promote the development of the field. So that the kaolinite
photocatalyst can play a greater role in practical applications.
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