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Abstract: The use of natural zeolite clinoptilolite in preparing photocatalysts and its function in
photocatalysis are discussed in this review. The importance of advanced oxidation processes (AOPs)
and the potential of heterogeneous photocatalysis in removing environmental pollutants are em-
phasized. The review focuses on the synergistic effects of clinoptilolite with semiconductors (TiO,
Zn0O, CuO, SnO;, and NiO) to prepare stable and active photocatalysts, highlighting recent advance-
ments in this field. It explores clinoptilolite’s structural characteristics, highlighting its microporous
nature, adaptable framework, and improved textural properties due to acid and alkali treatments.
Particle size, crystal phase, and calcination temperature are three key synthesis parameters that af-
fect photocatalytic activity and are highlighted in the discussion of these parameters and their meth-
ods. A discussion is held regarding the processes and mechanisms of photocatalytic degradation of
different organic compounds under varying irradiation conditions, including UV, visible, and am-
bient sunlight. Clinoptilolite is vital in improving supported semiconductor oxides” photocatalytic
efficiencies, which aid in pollutant degradation and environmental remediation.

Keywords: natural zeolite; clinoptilolite; photocatalysis; AOPs; semiconductor oxides;
photodegradation

1. Introduction

Natural porous materials like clays and zeolites have drawn a lot of attention in the
past decade as safe, cost-effective, and environmentally acceptable components for the
making of heterogenous photocatalysts [1-10]. Photocatalysis is one of the most promis-
ing advanced oxidation processes (AOPs) [11-16] in which highly reactive oxidants, like
the hydroxyl radical ('OH), which can oxidize pollutants into less hazardous byproducts
or completely mineralize them, are generated under mild reaction conditions and with
low energy consumption [10,17-20]. A general mechanism of photocatalysis is shown in
Figure 1.
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Figure 1. General mechanism of heterogeneous photocatalysis. The photocatalyst is exposed to light
that has an energy that is at least equivalent to its band gap energy (EBG), conduction band (CB),
and valence band (VB).
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In the process, photogenerated holes oxidize H20 to form 'OH radicals, and dis-
solved O2 absorbs photogenerated electrons to produce ‘O: radicals. Radicals can effi-
ciently oxidize reactive substrates like dye molecules, break down organic pollutants, or
oxidize biological species. In contrast to conventional methods for wastewater treatment,
heterogenous photocatalysis has demonstrated exceptional potential because the oxida-
tion process requires only water and oxygen as substrates [13,21]. However, it is essential
to acknowledge that despite extensive theoretical research on photocatalytic water treat-
ment, numerous obstacles impede the rapid advancement of photocatalysis from theoret-
ical investigation to real-world implementation. First, the yield of oxidative species, such
as photogenerated holes and reactive oxygen species (ROS), is severely restricted by the
inherent photogenerated electron-hole recombination inside the photocatalyst [22-24].
Second, owing to a short lifetime and non-selectivity, ROS are readily quenched by com-
plex background constituents, such as anions, cations, or natural organic matter [25-27].
Thus, only a minority of photogenerated ROS contributed to the eventual degradation of
target pollutants [14,19]. Therefore, the low yield and the poor effectiveness of ROS lead
to the unsatisfactory oxidation efficiency of the single photocatalytic oxidation process,
which significantly limits its practical application.

This review is focused on applying natural zeolite, clinoptilolite, in photocatalysis.
As one of the most abundant natural zeolites, clinoptilolite has been shown not only as a
suitable carrier for photocatalytic active species but also as an active participant in the
photocatalytic process. Zeolites have drawn interest due to their high surface area, three-
dimensional micropore structure, high mechanical and thermal stability, and controllable
acidity [28-32]. The porous lattice increases the surface area of photocatalysts and contrib-
utes to their recyclability. The review addressed a range of semiconductors, the most com-
monly studied heterogeneous photocatalysts, whose shortcomings are addressed and
whose activity increases in the presence of zeolites.

2. Structural Features of Clinoptilolite

Clinoptilolite is a microporous mineral that is found all across the planet. This makes
it an affordable and easily accessible natural material. Its aluminosilicate lattice possesses
a unique two-dimensional channel system [33,34]. It consists of three straight channels: A,
B, and C. A is the largest and is accessible through a 10-member ring with a free aperture
of 5.5 x 3.1 A; channel B is accessible through a symmetric 8-member ring with a free ap-
erture of 4.1 x 4.1 A. Access to channels C, A, and B converge through an asymmetric 8-
member ring with a 3.4 x 2.8 A free aperture.

Clinoptilolite has a flexible framework, and compared to other zeolites, it varies more
with temperature and composition in terms of cation site occupancies, cell parameters,
and free apertures of channels [35]. Figure 2 shows an overview of the clinoptilolite struc-
ture projected along the c-axis. Water molecules (W) and extra framework cations (M) are
located in cages I and II, at the B and C channel, and A and C channel intersections [36].

Figure 2. An overview of the clinoptilolite structure projected along the c-axis [36].
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Clinoptilolite’s aluminosilicate lattice exhibits chemical and thermal stability, allow-
ing for the optimization of its adsorptive and catalytic characteristics. The natural clinop-
tilolite’s textural qualities are enhanced by an acid treatment, which also increases the
acidity and Al content [34,37-39]. The widely used alkaline treatment entails hydrolyzing
Siin the presence of OH- to selectively extract it from the structure. This treatment creates
mesoporosity and increases accessibility and adsorption capacity. It also enriches the alu-
minum content, increasing the zeolite’s acidic qualities [40—43].

Cations in aqueous media are easily exchanged with those in the channels and cages
of clinoptilolite [44]. With its open-framework structure, clinoptilolite has the unique ca-
pacity to be used as a nanoreactor due to its microporosity and cations’ movability. Thus,
calcining transition metal-exchanged clinoptilolite appears as an easy and practical way
to prepare different transition metal nanosized oxides on the surface of clinoptilolite [45].
The hydrated cations within the lattice lose water molecules during calcination and move
toward the framework’s exterior, reacting with oxygen to form oxides. Chanel aperture
influences particle size, and channel system geometry inhibits their agglomeration.

A preparing transition metal sulfide and halide particles on the clinoptilolite surface
follows a similar principle [46—48]. Insoluble transition metal sulfide (halide) is formed on
the surface of transition metal-exchanged clinoptilolite upon treatment with a sulfide (hal-
ide) water solution. The reaction appears to be driven primarily by the precipitation of
slightly soluble products.

Different methods are used to prepare photocatalysts based on clinoptilolite,
suggesting that the synthesis method considerably influences the catalyst composition
and photocatalytic performance. Metal oxides on the clinoptilolite can be introduced via
precipitation, ion exchange, impregnation, hydrothermal, sol-gel, or solid-state dispersion
[3,49-52]. Synthesis parameters, including metal concentration, reaction temperature and
time, and calcination temperature, affect the photocatalytic activity by creating active sites
on the clinoptilolite support. For example, calcination temperature is responsible for
developing both crystallinity and textural properties, which directly affect the activity of
photocatalysts. Since each synthesis method has advantages and limitations, careful
optimization of the synthesis parameters is necessary to create the photocatalytic active
sites.

2.1. Photocatalytic Activity of Semiconductor Oxides
2.1.1. TiOz

Because it is an inexpensive and photostable substance, titanium dioxide has been
the most investigated semiconductor in photocatalysis. Due to its band gap (EBG) of 3.2
eV, it absorbs the ultraviolet spectrum. A valence band (VB) electron (e-) in TiO2 absorbs
photon energy and is excited to the conduction band (CB) when exposed to light with a
wavelength of <387 nm [53-56]. In the course of this, a hole (h+) is made in the VB. This
process results in the generation of an e/h pair and the formation of the photo-excitation
state. A hole in an acceptor that oxidizes donor molecules is reduced by this excited
electron. Since a photocatalyst can offer an environment for oxidation and reduction
simultaneously, it is vital for the process. The extent of recombination of the photoexcited
electron-hole during the photocatalytic process determines the photocatalytic reaction’s
efficiency. Its high rate of photogenerated electron-hole pair recombination, particle
aggregation, and ineffective recovery hinder the photocatalytic activity and efficient
exploitation of TiO2. Immobilizing TiO: particles on high porous supports provided a
suitable method to address the previously mentioned drawbacks. It has been reported
that zeolite porous structure, morphology, and surface charges considerably promote the
recovery efficiency of TiO: particles following photocatalytic reaction and prolong the
separation of the charged species [57]. TiOz supported on clinoptilolite matrix, which was
previously modified by alkaline treatment, increases the photocatalytic activity of TiOz2 up
to 57%. It is explained by the fact that the photogenerated electrons delay the
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recombination of electrons and holes by hopping from one acid site to another inside the
zeolite lattice as they move from TiO: to the zeolite matrix. Without a zeolite matrix,
photogenerated electrons will quickly transfer to the VB of TiO2 owing to the instability
of excited states. The alkaline zeolite treatment increases the relative content of Al**
because some Si* is leached and enhances the effect of the delay of electron-hole
recombination.

Salicylate acid (SA) breakdown in an aqueous solution can be effectively catalyzed
by TiO2-supported clinoptilolite produced by metal-organic chemical vapor deposition.
Results showed that compared to commercial P25 Degussa, the prepared catalyst
ultimately needed less irradiation time to degrade SA. The catalyst has exceptional
stability as it may be recycled up to four times without experiencing any decrease in
activity [58]. The reason behind this was attributed to the clinoptilolite surface, which can
effortlessly absorb ‘HO radicals on TiO: surfaces. It is implied that the formation of the
‘HO presents a chance for the SA molecules, which have already been adsorbed on the
photo-inert clinoptilolite, to be broken down, increasing the photodegradation efficiency.
However, when Ti—O-5i hetero-linkages are present on the catalyst, it is hypothesized that
positive ion defects occur. The interaction between the oxygen on the zeolite surface and
the high positive ion, Ti(IV), may result in an electron trapping effect at the interface
between TiO:z and clinoptilolite. The catalyst exhibits enhanced photosensitivity through
a modest delay in recombining the photogenerated electron-hole pair. The preparation
process also significantly increases the clinoptilolite matrix’s specific surface area (more
than ten-fold). A Ti(IV)-salicylate surface complex was proposed to be formed, with a
high mesopore count facilitating improved interaction between SA molecules and Ti sites.
SA removal effectiveness is increased by the combination of photodegradation and
adsorption.

To modify the electronic band structure of TiO:, different methods have been
employed to widen the band gap to the visible light region of the solar spectrum (A > 400
nm), enhance photocatalytic activity in the solar range (the band gap of TiO:2 should be
less than 3 eV), and prevent electron/hole pair recombination. TiO:'s optical capabilities
are affected by the transition metal doping-induced insertion of intermediate bands into
its narrower forbidden gap. Because of this, the wavelength at which visible light is
absorbed is shifted, leading to an increase in light absorption [59]. TiO: catalysts doped
with Cu, Fe, and Fe/Cu immobilized onto clinoptilolite have recently been prepared using
a unique electrochemical-thermal technique disclosed. Cu(Il) doping efficiently narrows
TiO2's broadband gap, but Fe* doping creates oxygen vacancies in the crystal lattice and
on the surface, promoting the attachment of water molecules and the development of
hydroxyl groups. Theoretically, this might enhance the catalyst’s activity toward pollutant
degradation under UV-VIS irradiation by acting as electron or hole scavengers and
improving the separation of free charges [59]. Combining the photocatalytic activity of
TiO:2 with the adsorption properties of zeolite, TiO: supported on clinoptilolite creates a
synergistic effect that increases photocatalytic efficiency.

The size of the clinoptilolite particles that are employed to immobilize TiO:2 has an
impact on its photocatalytic activity. When clinoptilolite particles are added to support
TiO2, Zabihi-Mobarakeh and Nezamza-deh-Ejhieh [60] state that this increases the
photocatalytic effectiveness in photodegradation of an aqueous solution containing a
combination of aniline and dinitroaniline. The efficiency improvement of clinoptilolite
nanoparticles is more significant than micronized particles. According to the results,
photogenerated electrons can be dispersed across the zeolitic support’s network structure,
which inhibits the recombination of electron-hole pairs and raises the supported TiO:'s
photodegradation efficiency.

Nanosized TiOz-supported clinoptilolite [61] created a new paper composite with
excellent photocatalytic activity. Sol-gel-generated TiO: colloids were used to develop
photocatalytic material coupled with clinoptilolite. Using as-prepared anatase TiO: on
zeolite particles, the photocatalytic publication showed that TiOz-zeolite particles were
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distributed throughout a microvoid-filled, dense network of fibers. When exposed to UV
light, the photocatalytic composite paper broke down the gaseous toluene very effectively,
outperforming commercial photocatalytic non-woven paper from Ahlstrom or
photocatalytic paper manufactured with Degussa P25 TiOz. The organic contaminants
were eliminated through the combined action of three processes: (1) confinement of the
contaminants in microvoids between fiber networks, (2) further adsorption of the
contaminants on clinoptilolite, and (3) subsequent photodecomposition of the adsorbate
by TiO:2 nanoparticles.

The synthesis of anatase TiO2-containing clinoptilolite was carried out using the sol-
gel method, and the resultant photocatalyst showed activity in the UV-induced
degradation of monoethanolamine, which is employed in the gas and oil refining process
[62]. Within 100 min, over 90% of the monoethanolamine was broken down,
demonstrating the anatase-clinoptilolite catalyst’s superiority over pure anatase (20%).
This was explained by the exceptional capacity of clinoptilolite to collect organic materials
close to TiO:2 particles and the ease with which hydroxyl radicals from TiO: surfaces can
adhere to the surface of clinoptilolite. Furthermore, positive ion defects could result from
newly formed Ti—O-Al and Ti-O-5i bonds. Due to the coupling of a high positive ion,
Ti*, with the surface O atoms in the clinoptilolite lattice, they can function as the electron
trapper at the interface of the clinoptilolite and TiOs2.

Under UV light, the antibiotic sulfadiazine is actively degraded by the photocatalyst
based on TiO:2 particles with a particle size of roughly 50 nm and clinoptilolite made using
the sol-gel process [63]. Reactive oxygen species that are highly active oxidative species,
such as OH, ‘Oz, HOz, and 'O, have been observed to react with adsorbed sulfadiazine
molecules on the surface of the photocatalyst. Additionally, the sol-gel method
successfully synthesizes TiO2 nanoparticles dispersed over dealuminated clinoptilolite to
degrade organic colors [64]. The decrease of partial aggregation of TiO2 nanoparticles, an
enhanced absorption edge for more significant photon generation, and the efficient
separation of photogenerated charge carriers by clinoptilolite-supported photocatalyst
were revealed to be significant factors influencing its activity. Following a 180 min UV
light exposure, the dye degradation rates for Methylene blue and Methyl orange were 83%
and 94%, respectively.

According to Ullah, the crystal phase and particle size of TiO:2 supported onto
clinoptilolite significantly impact the photocatalytic degradation of crystal violet under
UV light [51]. The anatase phase has the highest activity because its crystals have the
proper size, shape, and distribution. Ullah et al. [52] investigated the relationships
between synthesis techniques and the physicochemical properties of the resultant TiO»-
supported clinoptilolite by utilizing a range of techniques, such as sol-gel, hydrothermal,
and in situ hydrothermal procedures. Unlike the sol-gel and hydrothermal methods, the
in situ hydrothermal approach produces well-dispersed TiO: particles and minimal
particle aggregation while maintaining the clinoptilolite crystal structure intact. These two
techniques produce aggregated TiO2 and cause the zeolite lattice to partially deform.

Three times more effective than ZnO-supported clinoptilolite, TiO2-supported
clinoptilolite showed outstanding photocatalytic activity in degrading dangerous
Rhodamine B dye under UV irradiation. With a 93% rate, TiO2>-supported clinoptilolite
has exceptional reclining resilience. Superoxide (‘Oz-) and hydroxyl radicals ('OH) were
the most active species in the photodegradation of both materials, with photoexcited holes
(h+) having a tiny impact [6]. Better TiO:2 particle dispersion onto the clinoptilolite surface
explains the higher photocatalytic activity.

On the surface of acid-treated clinoptilolite, anatase TiO2 was hydrothermally
prepared with a size of roughly 20 nm and high dispersity [50]. The synergistic impact of
TiO2 and the clinoptilolite lattice is responsible for the rapid breakdown of sodium
isopropyl xanthate under UV light irradiation (approximately 90% within 30 min with a
dosage of 1.0 g dm=?). Only a tiny amount of “-OH and e- are formed during degradation,
as evidenced by the free radical experiment, which showed a modest drop in degradation
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efficiency upon adding AgNOs and isopropanol. On the other hand, the presence of 1,4-
benzoquinone and edentate disodium causes a significant drop in the degradation
efficiency, suggesting that Oz— and h+ are the predominant reactive species during the
process. Figure 3 depicts a potential photocatalytic system.
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Figure 3. Photocatalytic mechanism of sodium isopropyl xanthate (SIPX) degradation on the surface
of TiOx-clinoptilolite under UV light [50].

The aqueous terephthalic acid solution was degraded under UV light by
photocatalytic activity, and the spherical rutile TiO2 clusters onto clinoptilolite were
created by acid hydrolysis of a TiCls solution without a calcination step [65]. Despite less
active TiO2, the photocatalyst with a rutile/zeolite weight ratio of 0.5 was the most
photoactive of the catalysts made with various rutile to zeolite weight ratios. In addition,
the catalysts have greater catalytic activity than anatase and Degussa P25 sold in stores.
The Langmuir-Hinshelwood model suggested that adsorption had little role in the
degradation process.

Under visible light irradiation, a novel BiOCI-TiO:-clinoptilolite photocatalyst
produced by precipitation and calcination exhibits outstanding photoactivity in the
degradation of Rhodamine B [66]. Compared to pure TiOz, BiOCl, and TiO»-clinoptilolite
composite, the pseudo-first-order kinetic constant is 48, 11, and 30 times greater,
respectively. Better adsorption capacity and developing the n—p heterojunction between
BiOCl and TiO: are responsible for the increased photocatalytic activity. This creates a
quick adsorption-desorption system and facilitates the effective separation of the
photogenerated electron-hole pairs. The band gap width of Bi-OCI-TiO2-clinoptilolite
(2.88 eV) is less than that of pure BiOCl (3.39 eV) and pure TiO2 (3.14 eV) because of the
heterojunction effect. The active radical tests show that hydroxyl radicals and holes are
responsible for Rhodamine B’s breakdown.

When exposed to visible light, the hierarchical MoS:-TiO:z-clinoptilolite, synthesized
by a mild hydrothermal method, exhibited improved photodegradation activity towards
common Na-based xanthates [67]. When the molecular weight of the xanthate rose, the
degradation efficiency grew progressively, and within three hours, it reached over 90%
for sodium isopropyl xanthate. The results of the radical scavenger tests indicate that
superoxide radical anions (O2) are the main active species and that the “OH species are
secondary to them in the photodegradation process. In addition to demonstrating
photoactivity in the breakdown of xanthates under visible light irradiation, a unique
ternary Ag-TiOz-clinoptilolite nanocomposite was also created using a two-step synthesis
technique that combined the hydrothermal and in situ reduction procedure [68]. Ag
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nanoparticles on TiOz-clinoptilolite’s surface aid in separating photoinduced carriers and
improving the material’s capacity to absorb visible light.

A recent report reported that carbon-doped TiO: supported onto clinoptilolite
effectively catalyzed the degradation of organophosphorus pesticides (glyphosate and
diazinon) under visible light. This suggests that non-metal dopants could also be a
suitable way to increase the photocatalytic activity of TiOz [69]. Sodium carboxymethyl
cellulose was used as a C source in the sol-gel synthesis of a photocatalyst. An average of
43 nm in diameter spherical TiO: particles were produced. The synthesized photocatalyst
absorption edge was raised in accordance with the UV-Vis diffuse reflectance spectrum.
Furthermore, 3.2, 2.9, and 2.76 eV were determined to represent the band gap energies of
pure TiOz, C-doped TiOz, and C-doped TiO:-clinoptilolite, respectively. Under ideal
circumstances, which included an initial pesticide concentration of 30 mg dm-3, a pH of 3
for glyphosate and 6 for diazinon, and a catalyst dosage of 0.3 g dm™, the degradation
efficiencies of 84% and 89.67%, respectively, were achieved for the two chemicals.
Including scavengers such as tert-butanol, 1,4-benzoquinone, and ammonium oxalate
reduced the photocatalytic breakdown of both insecticides, but to differing degrees.
Although activity declines in the following order, all three radicals are essential in the
breakdown of the pesticides; glyphosate has h* > "‘O2 > 'OH and diazinon has ‘OH > h*
>'Ox [69].

2.1.2. ZnO

ZnO is a typical n-type semiconductor used as a UV photocatalyst because of its high
chemical stability, low cost, wide bandgap (about 3.2 eV), and chemical inertness. ZnO
exhibits significant potential in photocatalysis, particularly in the degradation of organic
pollutants, due to its tunable size, high chemical stability, low toxicity, and ease of
preparation [70-74]. Wide band gap and rapid electron-hole pair recombination rate are
two of ZnO’s disadvantages as a photocatalyst, which lower the photodegradation
efficiency of the bare ZnO photocatalyst.

The photoactivity is enhanced by the high surface area and nanostructured ZnO
particles; however, the dispersion and recovery of nanosized ZnO material at the end of
the process was challenging. ZnO was modified with an inert or active material to improve
its adsorption capabilities and catalyst efficiency, which solved the problem and permitted
an easier recovery by filtration or deposition. One of the effective methods for creating
hybrid catalysts that can effectively separate from the reaction system and disperse neatly
is impregnation. Nano ZnO-impregnated clinoptilolite effectively decomposes
benzophenone and caffeine exposed to UV light. Zeolite enhances adsorption properties,
catalyst efficiency, and recovery [75].

The photocatalytic degradation of 4-nitrophenol by ZnO was increased by
supporting it onto the nano clinoptilolite. The photocatalyst was prepared by ion
exchanging the nano clinoptilolite followed by calcination [76]. It was concluded that the
role of the clinoptilolite support is essential in the photodegradation process since pure
ZnO does not show a significant photodegradation efficiency.

Nano ZnO supported onto clinoptilolite is photocatalytically active in the
photodegradation of aromatic amine (2,4-dichloroaniline) under Hg lamp irradiation [77].
The photodegradation rate drastically increases by the oxide supporting. This was
ascribed to the clinoptilolites’ permanent internal electrical field, which interacts with the
photoinduced e—/h+ pairs to separate them and its ability to prevent aggregation. The best
photodegradation rate was obtained in moderate acidic media (pH = 5-6) in which 2,4-
dichloroaniline was present in the neutral form, and the photocatalyst surface had a net
positive charge. The content of ZnO on clinoptilolite does not influence the degradation
rate.

Compared to unsupported ZnO, the supported ZnO on the surface of micro- and
nano-sized clinoptilolite exhibited significantly higher photocatalytic efficiency toward
phenylhydrazine. Clinoptilolite enhanced photocatalytic activity by preventing ZnO
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particle aggregation. The larger surface area of the nano-sized zeolite enhanced the
photodegradation efficiency of ZnO particles to a greater extent than the micro-sized
zeolite. This confirms that the right milling conditions can produce clinoptilolite powders
with particle sizes less than 100 nm and desired crystallinity, significantly increasing the
photodegradation process’s efficiency [78]. A similar effect is reported for the photo
decolorization of bromothymol blue under Hg lamp irradiation [79].

Compared to photocatalysts prepared by conventional precipitation, ZnO prepared
by the sono-precipitation method showed a better photocatalytic performance for the
degradation of furosemide under UV irradiation [49]. Discreet, non-agglomerated ZnO
nanoparticles with uniform morphology and nanoparticles of 20.5 nm size were obtained.
Moreover, the specific surface area increased twice compared to conventional precipitated
photocatalysts. Based on the results of the scavenging tests, the highest reduction in
degradation efficiency occurred in the presence of ammonium oxalate monohydrate and
tert-butanol, indicating h+ and -OH as the main responsible reactive species in the
degradation of furosemide. It is suggested that electrons of the ZnO conduction band are
transferred to the clinoptilolite nanorods, which serve as electron sinks and, by inhibiting
the e-/h+ recombination, contribute to the degradation, demonstrating the important role
of clinoptilolite in the degradation process.

The degradation of the organic dyes Methylene blue and Rhodamine B has recently
been investigated and compared with the photocatalytic activity of ZnO supported on
clinoptilolite and zeolite A [80]. The ZnO surface area in the clinoptilolite-based composite
is reported to have decreased somewhat. Nevertheless, the ZnO-zeolite A showed a
noticeable decline. The composites have band gaps that range from 3.18 to 3.21 eV. The
conclusion that using semiconductor oxides supported on zeolites is a practical and
effective process in reducing contaminants present in wastewater is reached when the
photocatalytic performance increases by about 60%.

ZnO-supported clinoptilolite obtained by wet impregnation showed excellent
efficiency (96%) in the photodegradation of hydroxychloroquine. Ecotoxicological tests
suggested that the toxicity of the synthetic effluent after the advanced oxidative treatment
had been reduced (used frequently during the COVID pandemic) [81].

The photocatalytic reduction of Cr(VI) over Ag-doped ZnO-containing clinoptilolite
has been reported by Wahyuni et al. [82]. The doping Ag presumably reduces the band
gap energy of ZnO to 2.80 eV, which significantly increases the photocatalyst’s activity.
Reaction time, photocatalyst mass, and solution pH are the main determinants of
photocatalytic performance. The photocatalytic efficiency of ZnO and FeO supported on
clinoptilolite is significantly increased by their hybridization and immobilization in the
clinoptilolite lattice. It has been reported that electron-hole recombination was reduced
considerably, leading to an increase in photocatalytic efficiency due to charge separation
that arises from excited photoelectrons migrating from the FeO (2.1 eV) conduction band
into the ZnO (3.2 eV) conduction band. The ZnO/FeO ratio highly influences the
degradation efficiency; the composite with 4.1% ZnO and 4.3% FeO exhibited the best
results. Moreover, it is noticed that the production of reactive radicals is possible by
adjusting pH. At more acidic and basic pHs, less reactive OCl and HO2 form, reducing the
degradation, whereas more potent OH radicals form at pH ~ 8 [83].

2.1.3. CuO

With an energy band gap of 1.2 to 1.5 eV, copper oxide, a crucial p-type
semiconductor, absorbs UV and visible light. Many organic compounds undergo
oxidative change due to reactions involving the Cu*/Cu?" pair. Cu may undergo redox
reactions with both inorganic and organic substances because of its unique electronic
characteristics, which include spin-restricted Oz [84,85]. Soori and Nezamzadeh-Ejhieh
prepared CuO onto clinoptilolite nanoparticles for photodegradation of a 2,6-dimethyl
phenol aqueous solution [86]. CuO’s photocatalytic activity was enhanced when
clinoptilolite nanoparticles were used with CuO. Supporting led to a blue change in CuO’s
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band gap energy, indicating that CuO nanoparticles had formed within or on the zeolite
surface [86]. Direct photolysis had just a tiny part in the dimethyl-phenol removal process.
In the presence of Hg Lamp illumination, the micronized and nanosized clinoptilolite
showed relative participation in photodegradation, with the latter playing a preferable
function. Certain Al-O, and Si-O bonds in the clinoptilolite lattice are hypothesized to
have semiconducting properties and to produce particular reactive species in response to
light. Additionally, CuO species were scattered throughout the clinoptilolite’s surface,
which can result in increased photodegradation efficiency and e/h separation. CuO
species photoexcited electrons can interact with the internal electric field of zeolites and
migrate across the aluminosilicate framework thanks to this property. Consequently, the
zeolite-supported CuO may undergo reduced e/h recombination [87].

The photodegradation of combining the anionic dye Bromphenol blue and the
cationic dye Methylene blue has been studied using CuO immobilized on clinoptilolite
nanoparticles obtained by ion exchange reaction and calcination [88]. The photocatalyst
containing 4.9 wt. % CuO had the highest effectiveness among the prepared
photocatalysts with varying CuO contents (ranging from 3.3 to 6.7 wt.%), indicating an
ideal semiconductor oxide content on clinoptilolite. The agglomeration of CuO particles
at greater concentrations of CuO substantially inhibited photon penetration. As a result,
fewer OH radicals were generated since fewer CuO particles were accessible to receive
photons due to a drop in the effective surface area. Furthermore, higher efficiency was
noted for Methylene blue because, in an assault by hydroxyl radicals, the positive charge
on the N and S atoms—good leaving groups—caused the cleavage of C-N and C-S bonds.
There has also been a report on the significance of CuO content in clinoptilolite for the
photocatalytic degradation of 2,4-dichloroaniline [89]. With 3.9 wt. % CuO and 300 min at
pH =3, the photocatalyst reached a degradation rate of 90%.

It has been reported that p-aminophenol, extensively used in the textile industry,
degrades under sunlight by CuO-supported clinoptilolite prepared through wet
impregnation [90]. Because electron-hole pair recombination is prevented when
clinoptilolite is used as a support, the degradation rate increases significantly. Similar
outcomes for the UV irradiation-induced photodegradation of benzene-1,2-diamine have
been documented [91].

Utilizing a Hg Lamp to irradiate mefenamic acid, the support and hybridization of
Zn0O and CuO semiconductors on clinoptilolite significantly increased photoreactivity
[92]. The enhanced photocatalytic activity is attributed to the linked system’s ability to
transport photogenerated electrons from the CuO conduction band to the ZnO valence
band. This transfer significantly inhibited e/h recombination. The rate of deterioration rose
with an increase in ZnO and CuO content, particularly for CuO content. Nonetheless, the
system’s production rate was limited by the excitation of CuO, and the formation of
additional e/h pairs resulted in a rapid transfer of generated photoelectrons from CuO-VB
to ZnO-VB.

Recently, a hydrothermal method was successfully used to create a new ternary
heterogeneous BiVOs-CuO-supported clinoptilolite [93]. The parent clinoptilolite
underwent modification before synthesis via the dealumination—desilication process.
When the new catalyst was exposed to light, dibenzothiophene broke down. Since BiVOa
is a negative-type semiconductor and CuO is a positive-type semiconductor, combining
the two produces a p—n heterojunction. Figure 4 shows the suggested photocatalytic
oxidative desulfurization pathway. The results showed that the ternary composite,
created by adding zeolite to the BiVO:~CuO heterojunction, significantly reduced the
band gap and increased the composite’s overall surface area. Under visible light, 94.7% of
the dibenzothiophene was broken down in 30 min, indicating an accelerated sulfur deg-
radation over pure BiVOa.
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Figure 4. The proposed mechanism for the photodegradation of dibenzothiophene under visible
light over p—n heterojunction semiconductors is that the reactive OH- and Oz species are prominent
and superior in the degradation process [93].

2.1.4. SnO:

Sn0:2is an n-type, chemically stable semiconductor with a band gap of 2.9-3.6 eV and
excellent electrical and optical properties that make it suitable for the fabrication of
photocatalysts. Unlike TiO2, SnO: does not negatively impact health because of its low
body absorption, making it a more acceptable photocatalyst than TiO2. However, due to
the simultaneous formation of SnO2 and SnO during synthesis, SnO: has primarily been
used as a component of composite photocatalysts, such as SnO2/ZnO or SnO2/TiO2 [94,95].

Photocatalitically active SnO: supported onto clinoptilolite was prepared by
treatment of clinoptilolite with an alkaline solution of SnClz followed by calcination [96].
A photocatalyst with an average size of SnO:z agglomerates of 19 nm onto the clinoptilolite
surface was obtained. The photocatalytic activity is ascribed to the synergistic effect of the
SnO: particles with cassiterite crystal structure and clinoptilolite lattice. Increasing SnO:
content over optimal decreased the degradation rate of the dye, which is attributed to the
SnO: aggregation and decrease in the effective surface area.

Under UV light, the mixture of 4-methyl benzoic acid and 2-chloro-5-nitro benzoic
acid was efficiently degraded by the SnO2>-ZnO-clinoptilolite prepared by wet
impregnation and calcination [97]. It is suggested that the photogenerated electrons
readily migrate to the CB of SnO2, which significantly prevents e-/h+ recombination and
increases photocatalytic activity. This is because ZnO has a more negative CB potential
than SnO2. The content of both SnO: and ZnO affects the degradation yield of both
pollutants, with ZnO content increasing the most.

In the photocatalytic degradation of metronidazole exposed to moderate pressure Hg
lamp radiation, the benefits of coupling SnO: and ZnO, and their support onto
clinoptilolite have also been reported [98]. Because ZnO and SnO: form distinct crystallite
phases, the mole ratio of SnO2/Zn0O, calcination temperature, and time all affect the
photocatalytic activity. According to the reported data, this catalyst exhibits the highest
charge transfer efficiency compared to other -catalysts and shows higher
photodegradation activity due to a lower e/h recombination. Increased photocatalytic
activity in the degradation of a metronidazole aqueous solution was achieved by coupling
and supporting NiO and SnO: onto clinoptilolite nanoparticles. Nanoparticles were
obtained by calcinating Ni(I)-Sn(IV)-exchanged clinoptilolite. A high crystalline NiO-
5nO2 system has higher photocatalytic activity than an amorphous one. Due to its critical
role in preventing e/h recombination, the mole ratio of SnO2/NiO also altered the
photocatalytic activity. Since increasing the amount of SnO: increased the system’s
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activity, SnO: acted as an electron sink in the SnO>-NiO system, confirming that
recombination of e/h is the rate-limiting step for the photocatalytic activity [99].

SnO:z and CuO were prepared for the first time and anchored on clinoptilolite using
a green technique free of any potentially hazardous surfactant or reducing agent to boost
photocatalytic efficiency. Rosmarinus Officinalis worked well as a reducing, stabilizing,
and capping agent for biosynthesis. A total of 90% of cefxime was degraded by the
biosynthesized SnO2/CuO-clinoptilolite under natural sunlight. Cefixime was eliminated
by the composite 4.15 and 1.81 times quicker than by intact bare SnO: and CuO,
respectively. All active species were involved in the breakdown of cefxime, but positively
charged holes (h+) played a more important role than others [100].

2.1.5.NiO

NiO, a p-type semiconductor with a broad energy band gap of about 3.4-4.0 eV, is
suitable for photocatalytic reactions [101-103]. However, its photocatalytic performance
is restricted because of its limitations associated with poor adsorption performance and
difficulties in the migration and separation of electron-hole pairs. By coupling NiO with
other semiconductors, especially their support on porous carriers such as clinoptilolite,
photocatalytic activity can be significantly enhanced.

The degradation of antibiotics like cephalexin, cefixime, cefuroxime, and
cotrimaxazole under Hg Lamp irradiation is demonstrated by NiO supported onto
clinoptilolite nanoparticles prepared by ion exchange followed by calcination [104-107].
The amount of NiO strongly influences the antibiotic degradation rate supported by
clinoptilolite, a photocatalyst containing 13.3 wt.% NiO exhibits the best activity.
Clinoptilolite’s adsorption capabilities increase the likelihood that hydroxyl radicals will
target the adsorbed antibiotic molecules, accelerating their breakdown. The chemical
oxygen demand tests verified the antibiotics’ mineralization. The HPLC chromatograms
verified the reported data, which indicate that most of the molecules were reduced to
smaller species (primarily inorganic compounds) during irradiation. A partial decrease in
activity was reported, but it remained at roughly 70% of its initial activity after three
cycles. The attack of hydroxyl radicals caused the cleavage of the C-N bond, which in turn
caused the transformation of the organic nitrogen to NOs-, NO2-, and NH4* ions, whereas
CO:2 and H20 yielded from the C, H, and O. Regeneration of photocatalysts at about 700
°C caused the removal of the adsorbed intermediate products and provided their use in
additional reaction cycles. Aromatic amine 2,4-dichloroaniline, a precursor for producing
some herbicides, can also be degraded under Hg irradiation using NiO supported onto
clinoptilolite [108]. It has been reported that the Langmuir-Hinshelwood model well
described the photodegradation, suggesting a faster rate at the optimal conditions,
including the catalyst dose: 0.5 g dm-3, an initial conc. of 5 mg dm, and the initial pH =3.

2.2. Other Semiconductors

Because of their availability, versatility, and low toxicity, copper sulfides are
recognized as significant p-type semiconductors. CuS is a semiconductor with a band gap
between 1.2 and 2.5 eV [109-111]. The Cu 4s state predominates at the bottom of the CB,
while well-hybridized states of Cu 3d and S 3p states make up the top of the VB. An
examination of the symmetry of these states led to the conclusion that the band gap of
CuS is a direct-allowed transition type. Additionally, it was revealed that the significant
hybridization of the Cu 3d and S 3p states was the reason for the VB's relatively large
dispersion. This dispersed VB causes the appearance of p-type electrical conduction in
this material. However, compared to conventional n-type conducting materials, the
dispersion of the CB is relatively small, most likely due to the CuS-layered structure. CuS
has a wide band gap and high exciton stability due to the CD’s small dispersion.

The photoefficiency of the CuS supported by clinoptilolite was studied regarding the
decolorization extent of an aqueous solution containing Methyl orange and Bromocresol
green [46]. The photocatalyst showed high efficiency in decolorization. A major rate-
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limiting factor controlling the photocatalytic efficiency upon the band gap excitation of
CusS is the high degree of recombination between photogenerated electrons and holes in
the CuS-incorporated clinoptilolite.

NiS is a p-type semiconductor with a narrow band gap of about 0.5 eV, responds to
both visible and infrared light, and has two common crystal structures, hexagonal and
rhombohedral [112-114]. Owing to its unique properties like a metal-insulator,
paramagnetic—antiferromagnetic phase change, low-temperature processable, and high
electrical conductivity, NiS finds use as electrodes in lithium-ion batteries, solar cells,
supercapacitors, and photocatalytic hydrogen generation [115,116]. NiS can produce
hydroxyl radicals during the photocatalytic processes, making it suitable for the
degradation of different environmental pollutants. Prospective photocatalysts can be
obtained by supporting NiS on minerals such as zeolites.

Furfural, a cyclic aromatic aldehyde, is photodegraded by UV light using NiS
supported onto clinoptilolite [117]. As shown by photocatalytic tests, NiS particles loaded
onto clinoptilolite represent active centers for furfural degradation. With optimal reaction
conditions (pH = 5, 330 mg dm of catalyst, and 6 mM of furfural), the photocatalyst
degrades about 50% of furfural in 4 h. Photodegradation efficiency is increased when
hydrogen peroxide and potassium bromate are added.

PbS is a semiconductor with a band gap of 0.4 eV. It is used in solar batteries, photonic
materials, sensors, and hybrid solar cells because of its optical and electrical characteristics
[118-120]. An efficient photocatalyst for mineralizing cefotaxime was produced by
supporting PbS onto clinoptilolite nanoparticles [121]. It was possible to achieve a cubic
PbS phase with crystallite sizes of 17 nm by an ion exchange reaction and sulfidation.
Cefotaxime degraded at 82% when PbS-supported clinoptilolite was used but only 38%
and 46% when pure clinoptilolite and PbS were used. The photodegradation of the
antibiotic ciprofloxacin has demonstrated the significance of the synergistic effect between
PbS and clinoptilolite nanoparticles [48]. The catalyst can be reused four times with
optimal reaction parameters while retaining roughly 76% of its original activity.

Iron sulfides are also considered competitive materials for photocatalytic processes
due to their low cost, natural abundance, negligible toxicity, and optical and electric
properties [122]. FeS (band gap energy of 1.95 eV) and Fe:Ss (band gap energy of 1.95 eV)
semiconductors, coupled and supported onto clinoptilolite nanoparticles by the sulfiding
of Fe(II)- and Fe(IlI)-exchanged clinoptilolite, can be obtained for photodegradation of
ciprofloxacin irradiated by W lamp [123]. The diffuse reflectance spectroscopy results
suggest that the supported monocomponent FeS or Fe:Ss semiconductors show higher
band gap energies than the unsupported ones because of the formation of semiconductor
nanoparticles on the clinoptilolite. Furthermore, the supported bicomponent FeS-Fe:Ss
system shows lower band gap energies than the mono-component since the bicomponent
system creates mixing energy levels, which results in improved charge separation.
Consequently, coupled FeS-Fe:Ss exhibits substantially more activity than the
monocomponent, indicating that the coupled system’s charge transfer is superior.
Moreover, the molar ratio of the FeS/Fe:Ss plays a crucial role in determining the
photocatalytic activity.

Under Hg lamp irradiation, supported PbS-CdS on clinoptilolite nanoparticles
demonstrates excellent photocatalytic activity for deleting tetracycline and cephalexin
antibiotics in an aqueous solution. Since adding isopropanol, an efficient OH scavenger,
significantly reduced the degradation efficiency, OH is responsible for the degradation of
pollutants [124]. To solve difficulties in the separation and recovery of photocatalyst, CdS-
PbS immobilized onto magnetized clinoptilolite was prepared, and its photocatalytic
performance was tested in the degradation of antibiotic cefotaxime under the illumination
of a medium-pressure Hg lamp [125]. The best degradation rate was obtained for the
photocatalyst containing 6.2% CdS and 5.1% PbS. The scavenging tests indicated a
decreased trend in the overall photodegradation efficiency: isopropyl alcohol > carbonate
>hydrogen peroxide. The saturation magnetization value indicates the high paramagnetic
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properties of CdS/PbS-clinoptilolite, suggesting an easy separation by an external
magnetic field. The reported results confirm the critical role of the photoinduced holes in
the photodegradation mechanism and propose the direct Z-scheme mechanism (Figure 5)
as a favorable mechanism to describe the degradation of cefotaxime.
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Figure 5. (a) Vibrating sample magnetometer curves; (b) typical Tauc plots; and (c) the charge carrier
separation in the clinoptilolite-supported CdS-PbS photocatalyst [125].

ZnS-NiS-supported clinoptilolite exhibits higher photocatalytic activity concerning
non-hybridized ZnS and NiS semiconductors in the degradation of 2-nitrotoluene. The
weight ratio of ZnS/NiS significantly affects the photocatalytic activity of the prepared
catalyst. The catalyst with 9.7 wt.% ZnS and 3.0 wt.% NiS was the most active. Also,
supporting the hybridized system onto clinoptilolite nanoparticles significantly increases
its photocatalytic activity compared to unsupported ones. This confirms the ability of the
zeolite support to prevent the recombination of the produced electron-hole pairs by
migration of the conductance band electrons to the zeolite structure [126].

3. Conclusions

The review demonstrates that natural clinoptilolite is a suitable substrate for
immobilizing semiconductor particles with photocatalytic activity. Various techniques
can be employed to achieve immobilization. Most procedures rely on ion exchange, where
the ions of alkali and alkaline earth metals in the clinoptilolite lattice are substituted with
cations found in the semiconductor. During the second step of the procedure, the lattice
porosity and accurately determined cation positions facilitate the creation of nano-sized
oxides, sulfides, or halides that are evenly distributed. There are several reasons why this
contributes to the increase in photocatalytic activity of the semiconductor particles. Firstly,
the specific surface area of the semiconductor increases. Secondly, the recombination of
electrons and holes slows down. Lastly, the recovery of the catalyst becomes easier.

Various photocatalytic composites have been created, and their effectiveness in
breaking down different organic pollutants, primarily in wastewater, has been evaluated.
However, further research is necessary in this field as zeolite-based photocatalysts are
currently in the early stages of investigation. To further improve the adsorption capacity
and photocatalytic activity, suitable semiconductors must be developed, and additional
research on the role of zeolite must be conducted. It is also crucial to develop reliable
zeolite-based photocatalysts that exhibit high performance when exposed to visible or
sunlight irradiation and are used in natural environments.
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