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Photocatalytic technology is a widely used water treatment method, whose efficiency can be increased by developing a suitable
photocatalyst fabrication procedure. In this study, five different synthesis methods were utilised for the preparation of novel ZnO/
sepiolite photolytic composites, namely, sol-gel method, hydrothermal reduction, hydrolytic precipitation, powder sintering, and
impregnation-reduction. The obtained photocatalysts were characterised by scanning electron microscopy, infrared spectroscopy,
and X-ray diffraction. The differences between the applied photocatalyst preparation methods and the reasons for these differences
were discussed, and the photocatalytic activities of the prepared composite materials were compared. The obtained results revealed
that the physical structure, chemical properties, and photocatalytic performance of the composite produced by the sol-gel method
were superior to those of the materials fabricated by the other four methods. Moreover, this material also exhibited high
photocatalytic stability, while its photocatalytic degradation of methylene blue dye proceeded via a quasi-first-order reaction. The
prepared composites have broad application prospects in photocatalysis and can be potentially used for treating

environmental pollutants.

1. Introduction

In 1977, Frank and Bard used TiO, photocatalytic tech-
nology to treat CN~ and SO;*~ plasmas, after which pho-
tocatalytic methods were successfully applied to control
environmental pollution [1]. Photocatalytic materials typi-
cally include semiconductors such as metal oxide sulphides.
Among various photocatalysts and their composites, TiO,
exhibits high and stable photocatalytic activity and, there-
fore, is commonly utilised in photocatalytic reactions. Some
researchers studied [2-5] the photocatalytic performance of
TiO, for the treatment of aromatic hydrocarbon pollutants
and methyl blue dye followed by its successful application in
the degradation of landfill leachate. However, photocatalytic
TiO, pollution treatment technology has not been widely
used in practical applications for the following reasons. (1)
The adsorption capacity of TiO, is relatively small, and the
adsorbed species are difficult to separate in a liquid phase
[6, 7]. (2) TiO, has a large bandgap, which can absorb not
more than 4-5% of the ultraviolet (UV) light from the solar
spectrum, while its spectral response range is narrow [8, 9].

(3) TiO, particles easily agglomerate, which reduces their
practicability [10, 11]. Therefore, exploring other types of
photocatalysts has recently become a hot research topic.
ZnO is a semiconductor with a forbidden band width of
3.37eV and exciton binding energy of 60MeV at room
temperature, which is widely applied for the degradation of
organic pollutants due to its excellent chemical stability, high
photocatalytic activity, low fabrication cost, and other ad-
vantages [12-16]. The results of ZnO-related studies revealed
that the photocatalytic activity of zinc oxide was sufficiently
high to decompose various pollutants in the environment [17].
For example, it can photocatalyse the degradation of harmful
compounds [18, 19] such as aniline [20] under low UV light
irradiation. In addition, ZnO may be doped by various
compounds such as lanthanum and graphene [21, 22] that
effectively photocatalyse the degradation of methyl orange and
methylene blue (MB) dyes. However, the usability of ZnO in
photocatalytic degradation applications has several limitations,
including a wide bandgap [23, 24], high recombination rate of
photogenerated electrons with holes, and low quantum effi-
ciency [25, 26]. To increase the photocatalytic efficiency of
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ZnO and expand the range of its spectral response to visible
light, ZnO modification must be performed via metal/non-
metal ion doping and/or surface complexation reactions,
which require the preparation of multiple composite materials.

2. Literature Review

The composite materials produced by various methods have
different crystal structures, morphologies, optical properties,
and photocatalytic efficiencies [27, 28]. Several researchers
fabricated nanosized TiO, powder [29] and Sn-Al co-doped
ZnO photocatalyst by sol-gel method [30]. The photo-
catalytic properties of the Cu/ZnO catalysts prepared by
hydrolysis method [31] and graphene-ZnO nanorod com-
posites [32] were strongly influenced by the proportions of
the raw materials; furthermore, the catalysts fabricated by
different methods possessed different particle shapes and
specific surface areas. For example, the Al-doped ZnO
nanoparticles [33], ZnO nanoparticles [34, 35], and CuO/
ZnO catalysts [36] prepared by the precipitation method
showed that nanoparticle sizes could vary from several
nanometres to several tens of nanometres under different
experimental conditions and even reach hundreds of
nanometres in the case of needle-like particles with various
morphologies and degrees of cleanliness. The nanometre-
sized zinc oxide powder synthesised by this method had
pseudospherical particle shapes. In addition, a ZnO/ZnSe
composite with a maximum degradation rate of 91% was
fabricated by a one-pot method [37], while ZnO nano-
particles were produced by a microwave method [38], and
their crystal morphology was enhanced by optimising the
solvent properties and crystal growth process.

In this study, sepiolite was used as a support for loaded
ZnO particles. Because sepiolite is a hydrated magnesium
silicate clay mineral with the largest specific surface area
among nonmetallic minerals (up to 900m?/g), unique
channel structure, high surface adsorption capacity, low
weight, and high chemical stability, it can serve as the
supporting material for the active photocatalyst compo-
nents. To identify the best ZnO/sepiolite preparation
method, the sepiolite support was modified by a thermal acid
treatment, after which ZnO/sepiolite composite materials
were fabricated by the sol-gel, hydrothermal reduction,
hydrolytic precipitation, powder sintering, and impregna-
tion-reduction methods. The obtained composites were
characterised by scanning electron microscopy (SEM), in-
frared spectroscopy, and X-ray diffraction (XRD), and their
photocatalytic properties were investigated.

3. Experimental
3.1. Materials and Instruments

3.1.1. Materials. 'The following materials were used: sepiolite
raw ore, hydrochloric acid (analytical grade), sodium hex-
ametaphosphate, distilled water, sodium hydroxide, zinc
chloride, ethylene glycol, zinc acetate, anhydrous ethanol,
ammonia solution, ice water, ammonium sulphate, silver
nitrate, zinc oxide, zinc sulphate, hydrazine hydrate, and MB.
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3.1.2. Instruments. The following instruments were used:
vacuum filter extractor, 60 mesh sieve, 80 mesh sieve,
constant temperature drying oven, muffle oven, X-ray
powder diffractometer, scanning electron microscope, water
bath, magnetic stirrer, vacuum filter extractor, hydrothermal
reaction Kkettle, electronic scale, pH meter, 50 W high-
pressure mercury lamp, TGA-DSC/DTA synchronous
thermal analyzer, UV-visible spectrophotometer.

3.2. Sepiolite Modification Procedure

3.2.1. Sepiolite Pretreatment. The raw sepiolite ore contained
many impurities, including sepiolite, talc, calcite, and ka-
olinite, which required pretreatment. Briefly, 500g of se-
piolite was soaked in distilled water at a solid-liquid ratio of
1:10. After 24h, 0.5g of sodium hexametaphosphate was
added to the obtained mixture, followed by settlement. The
upper suspended matter was removed; it was then filtered
under vacuum and placed into a drying oven at 105°C. After
drying for 24 h, a sepiolite concentrate was obtained.

3.2.2. Thermal Acid Modification. In the next step, sepiolite
was modified by a thermal acid treatment. After pretreat-
ment, sepiolite was screened with 60 mesh and 80 mesh
sieves, and the intermediate fraction was soaked for 6 h and
filtered under vacuum. The obtained solid particles were
repeatedly washed with distilled water to the neutral pH,
filtered, and placed into a drying oven at 105°C. The pro-
duced sepiolite was annealed at 250°C in a muffle oven for
3h and cooled to room temperature.

3.3. Preparation of ZnO/Sepiolite Composites. ZnO/sepiolite
composite materials were prepared by the sol-gel, hydro-
thermal reduction, hydrolytic precipitation, powder sin-
tering, and impregnation-reduction methods. The obtained
composites were characterised by various techniques, and
the loading degrees and morphologies of ZnO particles were
determined.

3.3.1. Sol-Gel Method. Initially, 16 g of sodium hydroxide
was added to a specified amount of glycol solution to achieve
a final volume of 200 mL. The resulting solution was placed
on a magnetic stirrer and stirred until all sodium hydroxide
particles were completely dissolved to obtain a 2mol/L
sodium hydroxide solution in ethylene glycol (solution A).
Afterwards, 27.26 g of zinc chloride was added to the eth-
ylene glycol solution to achieve a final volume of 200 mL. The
resulting mixture was placed on a magnetic stirrer and
stirred until all zinc chloride particles were completely
dissolved to obtain a 1mol/L zinc chloride solution in
ethylene glycol (solution B). After mixing solutions A and B,
the produced mixture was stirred for 30 min to obtain a
precursor of zinc oxide sol, which was placed in a water bath
with a temperature of 95°C for 3 h to produce zinc oxide sol.
Finally, 16.26 g of the activated and modified sepiolite was
added to the sol, stirred at room temperature for 1 h, heated
in a water bath at 80°C until it became almost dry, cooled,
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and dried in a drying oven at 80°C. The obtained product was
placed into a muffle furnace and heated to 450°C. After
continuous annealing for 4 h, the solid was taken out of the
furnace and cooled to room temperature to obtain a ZnO/
sepiolite composite material.

3.3.2. Hydrothermal Reduction Method. First, 4.51 g of zinc
acetate was mixed with 20 mL of distilled water and 60 mL of
anhydrous ethanol. The resulting mixture was stirred until
all zinc acetate particles were completely dissolved followed
by the addition of 2 g of modified sepiolite and continuous
stirring for 30 min. After that, 8 mL of ammonia solution
was diluted with 20 mL of anhydrous ethanol, and the ob-
tained product was added dropwise to the mixture. The latter
was stirred for 1h, transferred to a 200 mL hydrothermal
reaction kettle, and heated to 120°C for 5h. Subsequently,
the reaction mixture was taken out of the kettle and placed
into a drying oven with a temperature of 105°C. The dry
product was heated in a muffle furnace at 450°C for 4h and
then cooled down to room temperature to obtain a ZnO/
sepiolite composite.

3.3.3. Hydrolytic Precipitation Method. First, ice was
crushed with an ice breaker. Then, 200 mL of distilled water
was added to 20 g of sepiolite to achieve a solid-to-liquid
mass ratio of 1:10. After mixing, the solution was placed
into an ice water bath followed by the addition of 1 mL of
pure hydrochloric acid. In the next step, 25.215 g of zinc
chloride was weighted and dissolved in an appropriate
amount of distilled water and then transferred to a volu-
metric flask with a constant volume of 50 mL to obtain a
3.7mol/L zinc chloride solution. Subsequently, 19.8 g of
ammonium sulphate was dissolved in an appropriate
amount of distilled water and transferred to a volumetric
flask with a constant volume of 100 mL to obtain a 1.5 mol/
L ammonium sulphate solution. The prepared zinc chloride
solution was added to the first solution. After 10 min, 10 mL
of the ammonium sulphate solution was added to the
reaction mixture, which was then stirred for 10 min and
heated to 80°C for 1h in a water bath. The mixture was the
neutralised with ammonia solution to pH =6, stored for
1h, washed with distilled water, and filtered. Finally,
3.397 g of silver nitrate was dissolved in an appropriate
amount of distilled water and transferred to a 200 mL
volumetric flask to obtain a 0.1 mol/L silver nitrate solution.
After detecting free chloride ions in the reaction mixture
with this solution, the fabricated sample was dried in a
drying oven at 105°C, heated to 450°C for 2.5h in a mufile
furnace, and cooled down to room temperature to obtain a
ZnO/sepiolite composite.

3.3.4. Powder Sintering Method. After mixing 5g of zinc
oxide with 5g of sepiolite, a certain amount of anhydrous
ethanol was added to the obtained mixture to fully wet the
solid particles, which were subsequently ground for 30 min.
The resulting mixture was placed into a muftle furnace and
continuously annealed at 300°C for 6h. After cooling to

room temperature, the sample was ground until its particle
sizes became uniform to obtain a ZnO/sepiolite composite
material.

3.3.5. Impregnation-Reduction Method. First, 12 g of sodium
hydroxide was dissolved in an appropriate amount of dis-
tilled water and then transferred to a volumetric flask with a
constant volume of 50 mL to obtain a 6 mol/L sodium hy-
droxide solution. Next, 100 mL of the hydrazine hydrate
solution was diluted to 514.3 mL to obtain a 2mol/L hy-
drazine solution. Subsequently, 16.144 g of zinc sulphate was
added to 400 mL of deionized water. After all zinc sulphate
species were completely dissolved, 8.138 g of sepiolite was
added to the mixture, which was then stirred for 30 min
using a magnetic stirrer. During this process, 5mL of the
6mol/L sodium hydroxide solution was added to the re-
action system. After continuous stirring for 30 min, 3 mL of
the 2mol/L hydrazine solution was added dropwise, and
after 10 minutes of reaction, 0.015 mol of ammonia (2.25 mL
of the concentrated ammonia solution) was added to the
mixture. The subsequent reaction was performed at room
temperature for 3h. A ZnO/sepiolite composite was ob-
tained by washing the resulting solid with deionized water
three times and then with anhydrous ethanol three times.
The composite was annealed in a muftle furnace at 450°C for
3h and then cooled down to room temperature.

3.4. Photocatalytic Performance Testing. To investigate the
photocatalytic properties of the produced composites, the
photocatalytic degradation of MB was performed at room
temperature under simulated UV light irradiation with a
power of 50 W using a high-pressure mercury lamp. In
selected reactions, 20 mg of the photocatalyst was dispersed
in 100 mL of the MB aqueous solution (0.015g/L) under
magnetic agitation. In all photodegradation experiments, the
distance between the experimental device and the light
source was 7 cm. Before the photodegradation experiment,
the catalyst-dye mixture was stirred in the dark for 1h to
reach an adsorption-desorption equilibrium. Afterwards,
the mixture was exposed to the light generated by the high-
pressure mercury lamp and continuously stirred. During the
reaction, 3 mL of the mixture was taken out every 10 min,
after which the catalyst was removed by centrifugation, and
the change in absorbance was measured by the UV-Vis
spectrophotometer. The reusability and photostability of the
composite with the best photocatalytic performance were
evaluated during the first five MB degradation cycles. Fi-
nally, the photocatalytic mechanism of the composite was
analyzed, and the methods to improve the photocatalytic
effect were proposed.

4. Results and Discussion

4.1. Morphological Analysis. Each analyzed sample was at-
tached to a piece of copper sheet with conductive tape,
sprayed with gold, and placed on the sample holder for SEM
testing. Figures land 2 display the SEM images of sepiolite
obtained before and after thermal acid modification.



FIGUure 2: SEM image of the modified sepiolite.

The figures show that the modified sepiolite has a higher
specific surface area, larger surface pores, and looser
structure as compared with those of the nonmodified se-
piolite. Moreover, it likely exhibits higher catalytic activity
and higher degree of immobilisation of ZnO particles.

The SEM image of the ZnO/sepiolite composite prepared
by the sol-gel method is shown in Figure 3. In contrast to
Figure 2, the composite surface is completely covered by the
layer of a gel-like material consisting of the loaded zinc oxide
gel obtained from the sol precursor. These results indicate that
zinc oxide has successfully adhered to the sepiolite surface.

The SEM image of the composite prepared by the hy-
drothermal reduction method is presented in Figure 4.
Similar to Figure 3, the sepiolite surface is covered with some
material. In the hydrothermal reduction method, a zinc salt
is crystallised on sepiolite under hydrothermal conditions
and then decomposed into a metal oxide at a high tem-
perature. As a result, zinc ions are loaded on the sepiolite
surface in the form of crystals and then oxidised to produce
zinc oxide. Therefore, the material deposited on the sepiolite
surface consists of zinc oxide; however, its particle distri-
bution is not uniform.

The SEM image of the ZnO/sepiolite composite fabri-
cated by the hydrolytic precipitation method is displayed in
Figure 5. It shows a layer of fine particles with a relatively
large mass attached to the sepiolite surface; however, their
distribution is not uniform.

The SEM image of the composite prepared by the powder
sintering method is shown in Figure 6. In this image, the
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FIGURE 3: SEM image of the ZnO/sepiolite composite prepared by
the sol-gel method.

FIGURE 4: SEM image of the ZnO/sepiolite composite prepared by
the hydrothermal reduction method.

Al B

FIGURE 5: SEM image of the ZnO/sepiolite composite prepared by
the hydrolytic precipitation method.

sepiolite surface is coated by the fine ZnO particles with an
average loading; however, their distribution is more uniform
than that of the particles prepared by the hydrolytic pre-
cipitation method.

The SEM image of the ZnO/sepiolite composite fabri-
cated by the impregnation-reduction method is presented in
Figure 7. It shows that the coated particles have a large load
and uniform distribution. Here, zinc oxide is attached to the
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FIGURE 6: SEM image of the ZnO/sepiolite composite prepared by
the powder sintering method.
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FIGURE 7: SEM image of the ZnO/sepiolite composite prepared by
the impregnation-reduction method.

sepiolite surface in the form of small particles with a large
specific surface area, containing many catalytically active
sites. The composite prepared by this method retained the
large specific surface area; however, a significant fraction of
zinc oxide particles precipitated and aggregated on the se-
piolite surface.

4.2. Spectral Analysis. A sample was evenly mixed with
potassium bromide and pressed into tablets. Its infrared
spectrum was recorded by an infrared spectrometer.
Figure 8 shows the infrared spectrogram of sepiolite,
which contains the characteristic peaks of its various groups.
In the high-frequency region, the absorption band at
2900-3700 cm ™" is generated by the stretching vibration of
the OH group; the absorption band at 3676.32cm ™" is
produced by the stretching vibration of the Mg-OH group;
and the characteristic peak of crystal water is centred at
3564.45cm”'. This peak belongs to the H-O-H bending
deformation vibration zone located between 1400 and
1700 cm ™" and has a relatively high intensity. In the range of
900-1300 cm ™", there is a strong absorption band caused by
the stretching vibration of the Si-O bond. In addition, the
characteristic calcite peak is located between 600 and

800cm™". In the 400-600cm™" region, a strong bending
deformation of the Si-O bond is observed.

Figure 9 displays the infrared spectrum of the modified
sepiolite. In this sample, magnesium ions leached due to
their substitution with hydrogen ions. As compared with
Figure 8, the absorption peak centred at 3564.45cm™" is
enhanced, and the peak at 3676.32cm™" is significantly
weakened. Because calcite reacts with hydrochloric acid to
produce carbon dioxide, the three absorption peaks in the
600-800 cm ™' region were transformed into two peaks, and
the calcite characteristic peaks disappeared. Owing to the
high-temperature annealing and activation processes, water
was desorbed from the sepiolite surface; as a result, the
characteristic peak at 1425.40 cm™" disappeared. Meanwhile,
the peak intensities in the low-frequency region did not
change significantly after modification. Hence, the thermal
acid treatment removed some magnesium ions, carbonate
impurities, and adsorbed water from the sepiolite surface.
Figure 10 shows the infrared spectrum of zinc oxide.

According to literature data, the absorption peak at
3427.51 cm™ " is the characteristic peak of the O-H bonds in
physisorbed water molecules. The characteristic absorption
peak of the nanosized zinc oxide is located between 400 and
600cm ™" [39].

Figures 11-15 display the infrared spectra of the ZnO/
sepiolite composites prepared by the sol-gel, hydrothermal
reduction, hydrolytic precipitation, powder sintering, and
impregnation-reduction methods, respectively.

The figures show that the wavelength range of the zinc
oxide characteristic peak overlaps with that of sepiolite,
which has a certain influence on the conclusion of the
loading condition of zinc oxide on sepiolite. However, the
zinc oxide loading on the sepiolite surface can be determined
from the intensity variations of the characteristic absorption
peaks located between 400 and 600cm™'. The infrared
spectrum of the composite sample obtained by the hydro-
thermal reduction method has the largest variation range of
these peaks in the specified region followed by the spectra of
the ZnO/sepiolite composites prepared by powder sintering,
impregnation-reduction, and sol-gel methods.

4.3. Structural Analysis. In this paper, 100 mesh sepiolite
from Xiangtan sepiolite Technology Co., Ltd., was selected,
and the chemical formula was Mg (H,0),(SigO),
(OH), - 8H,0. The theoretical chemical composition is
MgO =21%-25%; SiO,=54%-60%. There is also a small
number of exchange cations, the charge for the tetrahedral
weight of the ion exchange produced. Si** in tetrahedron can
be replaced by Fe’ and AI’*, the Mg®* in octahedron can be
replaced by Mn**, Fe*" or Fe’*. XRD analysis shows that
SiO, content is high, containing Fe, K, Ca and other im-
purities. The spectral analysis results of sepiolite are shown
in Table 1.

In Figure 16, the XRD analysis of sepiolite ore samples,
the value of 20 at 7.4° is the diffraction peak of sepiolite on
plane 110, the 26 values at 26.7° and 9.3° are characteristic
diffraction peaks of quartz and talc, respectively, the dif-
fraction peak of impurity calcite is 26 at 29.59°, and the main
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TaBLE 1: Results of X-ray fluorescence spectrum analysis of sepiolite (measuring unit: w (B)/ 107%).

Ingredient SiO, AL, O4 Fe, 03 MgO CaO

Na,O KO MnO TiO, P,0s5 Loss on ignition

Content 64.45 7.32 2.50 12.10 4.55

0.15 0.42 0.05 0.21 0.05 8.20

components of crystal are sepiolite, quartz, talc, and calcite.
Calculate according to XRD software, 41.9% of sepiolite,
31.1% of quartz, 12.8% of talc, 14.1% of calcite; it indicates
that the impurities in the original sepiolite ore used in this
study are mainly quartz, calcite, and a small amount of talc.

The density of quartz is 2.65 g/cm’, that of sepiolite is
2.03 g/cm?’, after purification by precipitation, and the dif-
fraction peaks of sepiolite are enhanced, while those of
quartz and talc are weakened. In Figure 17, calculated by
XRD, the sepiolite content increased from 41.9% to 72%,

quartz content decreased from 31.1% to about 10%, talc from
12.8% to 5%; it shows that the impurities are basically re-
moved after purification and the purpose of purification is
achieved.

Figures 16 and 18 display the XRD patterns of the
nonmodified and modified sepiolite, respectively. They show
that the spectrum of modified sepiolite lacks the calcite peak;
in addition, the peaks corresponding to the other impurities
either decreased in intensity or disappeared completely,
while the intensity of the sepiolite peak increased from
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approximately 800 to about 950 after modification because
hydrogen ions replaced magnesium ions in the sepiolite
structure after the acid treatment, and the grain shape was
good. After modification, the sepiolite characteristic peak
shifted to a lower angle, indicating that both the pore size
and specific surface area of sepiolite increased. The TGA/
DTA test results of sepiolite are shown in Figure 19.

The experimental results show that the structure of se-
piolite does not change from room temperature to 300°C,
which is mainly due to the process of water desorption. The
structure of sepiolite changes at 300~800°C, which is a process
of decrystallising water, the sepiolite loses crystal water and
forms anhydrous sepiolite phase, and its structure is locally
adjusted. At 800~1000°C stage, the mineral composition of
sepiolite is recombined and its structure is completely
destroyed; the main process of dehydroxy water resulted in the
formation of new mineral facies calcite and enstatite. There-
fore, the thermal stability of sepiolite is better than other clay
minerals, and good thermal stability is the premise of sepiolite
as raw material for the preparation of composite materials.

Figure 20 depicts the XRD pattern of zinc oxide, which is
consistent with the hexagonal wurtzite ZnO structure. No
impurities were detected in the zinc oxide sample. The
observed XRD peak is sharp and exhibits a relatively high
intensity, which indicates a high degree of crystallinity.
However, some widening was observed in the lower part of
the diffraction peak, suggesting that ZnO grains were re-
fined, which was consistent with the particle characteristics.

Figures 21-25 show the XRD patterns of the ZnO/se-
piolite composites prepared by the sol-gel, hydrothermal
reduction, hydrolytic precipitation, powder sintering, and
impregnation-reduction methods, respectively. All these
patterns exhibit smaller characteristic sepiolite peaks (as
compared with those in the pure sepiolite spectra) as well as
the characteristic peaks of anatase and zinc oxide. These
phenomena indicate that the material deposited on the
sepiolite surface consists of zinc oxide. Furthermore, the zinc
oxide diffraction peaks of the composites prepared by the
sol-gel method, hydrothermal reduction, and powder sin-
tering methods are relatively strong and exhibit good shapes,
whereas the ZnO peaks of the materials prepared by the
other methods are relatively weak. The main ZnO/sepiolite
composite characteristics are summarised in Table 2.

4.4. Photocatalytic Performance. To evaluate the photo-
catalytic performance of the fabricated composites, the ZnO/
sepiolite composites and ZnO were applied to degrade or-
ganic pollutant MB. First, the catalytic material and MB were
continuously stirred in the dark for 1h to reach an adsorp-
tion-desorption equilibrium. The absorbance of the obtained
solution was measured after centrifugation under UV irra-
diation at different intervals using the high-pressure mercury
lamp. The observed variation of MB concentration with
exposure time is shown in Figure 26. The absorption intensity
of the raw MB (without ZnO or ZnO/sepiolite composites)
exposed to UV-Vis light decreased only slightly, indicating
that very little MB amount degraded under UV light irra-
diation in the absence of a catalyst (the corresponding

degradation rate was only 6.5%). With the addition of ZnO or
the ZnO/sepiolite composite materials, the MB concentration
decreased with an increase in the irradiation time, suggesting
that all these materials exhibited high photocatalytic activity
for the MB degradation. The ZnO/sepiolite composite pre-
pared by the sol-gel method degraded approximately 93.5% of
the initial MB amount within 90 min, while the degradation
rate of MB over ZnO catalyst was only 81%. Therefore, the
catalytic activity of the ZnO/sepiolite composite for MB
photodegradation was superior to that of ZnO catalyst.

The obtained experimental data were fitted with the
following equation derived for the first-order reaction ki-
netic model:

-dC
—~ _kxC,
p” x C
_ln((%) =Kxt, (1)

ln(%) —kxt.

Here, C, is the initial MB concentration, C is the MB
concentration measured after a 10-minute interval, ¢ is the
irradiation time, and K (min") is the first-order rate con-
stant. Figure 27 shows the linear relationship between In(Co/
C) and degradation time () under UV irradiation. After the
addition of the ZnO/sepiolite composite prepared by the sol-
gel method, the first-order rate constant of MB degradation
was K=0.03722min"". Without the addition of a photo-
catalyst, its value was k=0.00061 min~". Finally, after the
ZnO addition, the first-order rate constant of MB degra-
dation was K=0.013889 min~'. The obtained R* values
exceeded 0.9; hence, the photocatalytic degradation of MB
was a quasi-first-order reaction.

The reusability and photostability of the ZnO/sepiolite
composite, containing 100 mg, prepared by the sol-gel
method were studied as well. In this experiment, five MB
degradation cycles were performed. After each cycle, the
utilised composite was collected and washed for the next
degradation cycle. The obtained powder was dried at 60°C
for 12h. The photodegradation efficiencies of the ZnO/se-
piolite composite measured during the five degradation
cycles are shown in Figure 28 (their values are equal to
93.5%, 90.9%, 88.7%, 86.1%, and 85.8%). These results in-
dicate that the ZnO/sepiolite composite prepared by the sol-
gel method exhibits excellent reusability and photostability
properties, which can be attributed to its high chemical
stability and photoelectric performance.

The phase structure of the composites after recycling was
analyzed by XRD to observe whether the material structure
changes after photocatalytic reaction.

As shown in Figure 29, the XRD pattern of the catalyst
after repeated use was basically the same as the composition
of the original compound. It shows that ZnO is well loaded
on the sepiolite surface and the bond is firm. Therefore,
ZnO/sepiolite composite is a kind of photocatalytic com-
posite material with stable chemical properties, easy to be
separated, and easy to be recycled.
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F1Gure 21: XRD pattern of the ZnO/sepiolite composite prepared by the sol-gel method.

4.5. Reaction Mechanism. When zinc oxide, as a semi-  the solution, hj; and e can react with water and oxygen
conductor photocatalyst, is exposed to ultraviolet light, the ~ in a series of reactions, generates hydroxyl radical (-OH)
valence band electrons of zinc oxide are excited to tran-  and other strong oxidation radicals, which oxidizes and
sition to the conduction band; thus, holes (hj) are  degrades organic matter thoroughly and mineralizes into
generated in the valence band and photogenerated elec-  inorganic small molecules. The reaction steps are as

tron (ecp) pairs are generated in the conduction band. In follows:
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FIGURE 25: XRD pattern of the ZnO/sepiolite composite prepared by the impregnation-reduction method.

TaBLE 2: Characteristics of the ZnO/sepiolite composites obtained by the five different methods.

Method

SEM

Infrared spectroscopy

XRD

Conclusion

Sol-gel

Hydrothermal
reduction

Hydrolytic
precipitation

Powder
sintering

Impregnation-
reduction

The sepiolite is coated by a
layer of a gelatinous material
with a large load and even
distribution.

The sepiolite is coated by a
layer of a crystalline material
with a large load and uneven

distribution.

The sepiolite is coated by a
layer of fine particles with a
large load and uneven
distribution.

The sepiolite is coated by a
layer of fine, evenly
distributed particles with a
moderate load.

The sepiolite is coated by a
layer of small loose particles
with a large load and uniform

distribution that undergo
partial agglomeration.

In the 400-600 cm ™" region,
the variation range of the
characteristic absorption

peaks is small.

In the 400-600 cm™ region,
the variation range of the
characteristic absorption

peaks is high.

In the 400-600 cm ™' region,
the variation range of the
characteristic absorption

peaks between the two
groups is small.

In the 400-600 cm ™ region,
the variation range of the
characteristic absorption

peaks is large.

In the 400-600 cm™* region,
the variation range of the
characteristic absorption

peaks between the two
groups is average.

The diffraction peak of zinc
oxide is strong and exhibits
a good shape.

The diffraction peak of zinc
oxide is strong and exhibits
a good shape.

The diffraction peak of zinc
oxide is weak and exhibits
a poor shape.

The diffraction peak of zinc
oxide is strong and exhibits
a good shape.

The diffraction peak of zinc
oxide is strong and exhibits
a good shape. A part of the
peak indicates the
occurrence of a passivation
process.

Zinc oxide is successfully
supported on sepiolite in the
gel state with a large load,
uniform particle distribution,
and high degree of
crystallinity.

Zinc oxide is successfully
supported on sepiolite in the
crystal form with a large load,
uneven distribution, and high
degree of crystallinity.
Zinc oxide is successfully
supported on sepiolite in the
form of fine particles with a
large load, uneven
distribution, and low degree
of crystallinity.

Zinc oxide is successfully
supported on sepiolite with a
moderate load, uniform
distribution, and high degree
of crystallinity.

Zinc oxide is successfully
supported on sepiolite in the
form of loose particles with a
large load, uniform
distribution, high degree of
crystallinity, and high degree
of agglomeration.

(H,OeH' +OH™ ) + vy, — -OH+H"

ZnO +hv — egp + hyp

0, +ecp — O,

0, + H" — HO,

2HO, — H,0, + O,

(2)
(3)
(4)

H,0,+e — -

MB + -OH — degradation product + H,O

OH + OH™ (7)

(8)

-OH is the most important oxidant for MB degradation,
and the production of -OH is directly related to the pro-

duction of hj . Under UV irradiation, electron-hole pairs

(5)

are generated on the ZnO surface. At the same time, when

the concentration of OH- ions in the solution increases,

(6)

more OH- will be oxidised to -OH by the holes generated on
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FIGURE 26: MB concentration plotted as a function of the exposure time for the ZnO/sepiolite composites prepared by five different methods
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the photocatalyst surface. The increase of -OH concentration
is conducive to the improvement of the treatment effect.
Therefore, the hj,; increased yield or the addition of co-
catalyst (strong oxidant) is beneficial to improve the pro-
cessing capacity of photocatalytic materials. Meanwhile, in

sensitizer—hv—sensitizer T1

the process of degrading MB, MB can be used as a pho-
tosensitizer. Under ultraviolet light irradiation, the system is
photosensitized, and the ground-state oxygen is irradiated to
produce singlet oxygen ('O,):

(9)

sensitizer T1 + O, (groundstate)—energytransfer— sensitizer+' O, (10)

5. Conclusion

In this study, sepiolite was used as a catalytic substrate to
synthesise novel ZnO/sepiolite composites by five different
methods, and the catalytic efficiencies of the produced
materials were determined by investigating the photo-
catalytic degradation of MB dye. The microstructures of
these materials were observed, their photocatalytic prop-
erties and stabilities were evaluated, and their reaction ki-
netics was examined. The obtained conclusions were
summarised as follows:

(1) After the thermal acid treatment, carbonate impu-
rities were removed from the sepiolite surface, while
the sizes of sepiolite pores and channels as well as the
specific surface area and catalytic activity of sepiolite
increased.

(2) The ZnO/sepiolite composites prepared by different
methods had different loading forms and loads. When
the sol-gel method was used, a zinc oxide layer was
coated onto the sepiolite surface in the form of a gel
with a relatively large load and uniform distribution.
When the composite was prepared by the hydro-
thermal reduction method, zinc ions were loaded onto
the sepiolite surface in the form of crystals and then

oxidised to form unevenly distributed zinc oxide
particles. When the composite material was prepared
by the hydrolytic precipitation method, zinc ions
precipitated into zinc hydroxide species attached to the
sepiolite surface and then decomposed into zinc oxide
species under high-temperature conditions. Therefore,
the loaded particles exhibited microspherical shapes
and a relatively large load with an uneven distribution.
The powder sintering method resulted in a composite
material with a uniform particle distribution using a
simple technique. Finally, when the composite was
prepared by the impregnation-reduction method,
loose zinc oxide particles were uniformly distributed
across the sepiolite surface and partially agglomerated.
Therefore, the sol-gel method is superior to the hy-
drothermal reduction, hydrolytic precipitation, pow-
der sintering, and impregnation-reduction methods.

(3) The photocatalytic degradation of MB by the ZnO/
sepiolite composite prepared by the sol-gel method
represented a quasi-first-order reaction. In addition,
this material demonstrated excellent chemical sta-
bility and reusability.

The results of this study revealed that the sol-gel method
could be used to prepare photocatalytic composite materials
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with excellent performance characteristics, which was
consistent with their good photocatalytic properties ob-
served during pollutant degradation. Thus, these findings
can provide a basis for the development, preparation, and
application of novel photocatalysts. In future works, the
photocatalytic performance of composite materials will be
enhanced by controlling the reaction conditions to expand
the application range of ZnO/sepiolite composites.
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