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In this study, a visible-light-driven P25 TiO, was prepared upon surface modification with a colored organic hybrid of
phosphotungstic acid that makes titanium dioxide suitable for photocatalytic degradation of organic pollutants under visible and
sunlight irradiation. Visible shifting of the photocatalytic activity of surface-modified TiO, was examined by studying the
decolorization of methylene blue (MB) and rhodamine B (RhB). The results show that colored TiO, is, unlike bare TiO,, a good
photocatalyst in the degradation of dyes under visible and sunlight irradiation. Surface-modified Al,O, and reduced graphene
oxide (RGO) with organic hybrid of phosphotungstate failed to degrade RhB under sunlight irradiation, which prove the role of

TiO, in the photochemical process.

1. Introduction

The major limitation of P25 TiO, as a photocatalyst is its
poor efliciency in the visible region of the solar spectrum
due to wide band gap of 3.2eV, which typically requires
exposure of ultraviolet (UV) light for photocatalytic reac-
tions. Hence, the photocatalytic application of TiO, at an
industrial scale has been limited because only 4-5% of
the solar spectrum corresponds to UV photons. Therefore,
strong efforts have been devoted to activating the TiO,
toward the visible and solar light for application purposes
[1, 2]. One of the approaches for attainment of this issue
is dye sensitization, ie., the adsorption of dyes especially
phthalocyanines on the TiO, surface [3-8]. One other is
modification with polyoxometalates (POMs), but pure
POMs cannot shift the photocatalytic activity of pure
P25 TiO, toward the visible region, and it is necessary
to join them to valuable metallic or nonmetallic moieties
[9-13]. In this work and in the following of our previous

works [14, 15], we have utilized the combination of dye
sensitization and POMs, ie., the adsorbed MB on
phosphotungstate-hexamethylenetetramine hybrid (PTA-
HMT-MB) as sensitizer. To our knowledge, the coating
of P25 TiO, with a colored organic hybrid of POMs has
not been reported yet. The hybridization and immobiliza-
tion onto P25 TiO, resolve high solubility and poor recy-
clability of POMs and facilitate separation because coated
TiO, is not suspended in the solution.

2. Experimental

2.1. Chemicals and Reagents. The P25 TiO, was from Plasma-
Chem GmbH (Berlin, Germany) with the nominal 21 + 10 nm
particle size, and the phosphotungstic acid hydrate
(H,PW,,0,,xH,0, total impurities < 0.06%) was from Fluka.
The hexamethylenetetramine (HMT) (C,H,,N,, 99.5%) was
from Sina Chemical Industries Co. (Shiraz, Iran). Activated
alumina (AL,O;) and reduced graphene oxide (RGO) were
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FIGURE 1: (a) FTIR spectra, (b) Tauc’s plots of TiO, and TiO,-PTA-HMT-MB for determining the band gap energy from variation of (ahv)?
with photon energy (hv), (c) N, adsorption-desorption isotherm, and (d) TGA and DSC curves of TiO,-PTA-HMT-MB.

consigned by Ardakan Industrial Ceramics Co. (Ardakan,
Iran) and Nanostructured Coatings Institute (Yazd, Iran),
respectively. Other reagents were purchased from commercial
sources and used without further purification.

2.2. Apparatus. The stirring of solutions was performed using
a Labinco magnetic stirrer model L-81. A Metrohm type 691
pH meter was used for pH measurements. UV-Vis absorp-
tion spectra were obtained using a GBC model Cintra 6 or
Shimadzu 1601PC spectrophotometer. The IR spectra were
conducted on a Shimadzu 8400s FTIR spectrometer. Diffuse
reflectance spectra (DRS) were recorded on an Avantes spec-
trometer (AvaSpec-2048-TEC), using BaSO, as a standard.
The surface area and pore volume of the composite were
measured and calculated by the BET method from nitrogen

TaBLE 1: Textural parameters of the P25 TiO, and TiO,-PTA-
HMT-MB composite.

Sample Surface area Mean pore Total pore

P (mzlg) diameter (nm)  volume (cm® g'l)
P25 TiO, 56.191 18.062 0.2537
TiO,-PTA-
HMT-MB 28.372 31.795 0.2255

adsorption-desorption isotherms at 77 K with a surface area
and pore size analyzer (BELSORP-mini II, Bel, Japan). The
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed on a Rheometric Scien-
tific STA 1500 thermal analyzer under the atmosphere of
air. Scanning electron microscopy (SEM) and transmission
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FIGURE 2: SEM images of TiO,-PTA-HMT-MB (a) and TiO, (b) at magnifications of 10000, 20000, 45000, and 200000 (from top to down).

electron microscopy (TEM) for TiO,-PTA-HMT-MB were
performed using FESEM TESCAN MIRA3 and TEM Philips
EM 208S, respectively.

2.3. Preparation of Composites. The TiO,-PTA-HMT-MB
composite was prepared in two steps. In the first step, the
PTA-HMT was prepared according to our previous works
[15, 16]. 10 mL hexamethylenetetramine aqueous solution
(1.0% w/w) was mixed with a 10 mL phosphotungstic acid
aqueous solution (7.5% w/w). The immediate result was a

milky suspension, which was magnetically stirred at
500 rpm for 3h at an ambient temperature. Then, the white
precipitate was filtered, washed with distilled water, and
dried at 100°C. In the second step, the modified P25 TiO,
nanopowder, ie., TiO,-PTA-HMT-MB, was obtained by
adding 0.195g PTA-HMT to 50 mL MB solution (134 mgL"
), and the pH of the mixture reached 2.5. Then, 0.195g
P25 TiO, was added to it, and the solution was stirred for
6h. At the end, the precipitate was filtered and dried in an
oven for 3h, at 100°C. The AlL,O,-PTA-HMT-MB and
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FiGUure 3: TEM image of TiO,-PTA-HMT-MB (a) and P25 TiO, (b).

RGO-PTA-HMT-MB composites were prepared similar to
the above manner.

2.4. Evaluation of the Photocatalytic Activity. Solar photocat-
alytic experiments were performed similar to our previous
works [14, 15]. 100mL RhB (15 mgL'l) and a specific
amount of the photocatalyst were transferred to a beaker,
capped by cellophane, and exposed to sunlight in September
2017 between 11am and 3 pm at the Payame Noor Univer-
sity, Ardakan, Yazd, Iran (GPS coordinates: 32°29'N,
53°59'E). The experiments were conducted without stirring
during solar irradiation. The visible light experiments were
carried out using a metal halide lamp (500 W, Philips).
15mL MB solutions (30mgL™"') and a predetermined
amount of the photocatalyst were transferred to a 200 mL
water-cooled cylindrical Pyrex vessel reactor. The distance
between the reactor and the light source was 10 cm. The radi-
ation intensity is about 900 W/m? [17]. The reaction was
started by switching on the light source after adding the com-
posite to the dye solutions. The reactor was placed on a mag-
netic stirrer and stirred continuously. Temperature of the
reactor was maintained at 27°C by considering a cooling
chamber around the reactor and circulating water in it. Dur-
ing two processes, at given time intervals, 4 mL of suspension
was withdrawn, and the composite was removed and then
analyzed by a UV-Vis spectrophotometer. The C/C, values
were obtained through the maximum absorption in the
whole absorption spectrum in order to plot C/C, vs. time
curves.

3. Results and Discussion

3.1. Characterizations. The IR spectrum of TiO,-PTA-HMT-
MB exhibits the characteristic bands of the HMT and MB
organic moieties and of TiO, and PTA inorganic moieties
(Figure 1(a)). The band positioned at 555cm™ refers to the
symmetric stretching of TiO,. The strong absorption peaks
at 1100-750cm™ show the presence of PW,,0,,”" anions
with the a-Keggin structure. The 887 cm™' band is related to
the W-O,-W stretching mode of PTA while the 987 cm™’
band corresponds to its W-O, scissoring mode. The peak
about 1250cm™ can be attributed to the vibration of the
CH, of HMT [18], and the 1597 cm™ corresponds to the
vibration of the aromatic ring of MB [19]. The band gaps of
TiO, and TiO,-PTA-HMT-MB were determined from the

TiO, TiO,-PTA-HMT-MB

2.6

After 180 min.

ScHEME 1: Schematic illustration of the solar photocatalytic
experiment for RhB.

diffuse reflectance spectra using Tauc’s plots (Figure 1(b)).
It is clear that there are differences in the band gap values
of TiO, and modified TiO,. The band gap of TiO,-PTA-
HMT-MB (2.94eV) has been shifted to the visible region
(422 nm) in comparison with the band gap of TiO, (3.2¢eV,
388 nm). To determine the specific surface area, total pore
volume and mean pore diameter of the TiO,-PTA-HMT-
MB, BET analysis method, and N, adsorption-desorption
measurement (Figure 1(c)) were used. The measured specific
surface area of the composite was 28.372 m°/g, which is lower
than that of TiO, (56.191 m*/g). Indeed, the pores are loaded
by the PTA-HMT-MB hybrid. The mean pore diameter and
total pore volume were 31.795 nm and 0.2255 cm®g ", respec-
tively. Textural parameters of the P25 TiO, and TiO,-PTA-
HMT-MB hybrid are compared in Table 1. According to
the IUPAC classification, the mentioned mean pore diameter
belongs to the mesopore groups [20]. The TG and DSC
curves of the TiO,-PTA-HMT-MB composite are shown in
Figure 1(d). The exothermic peak at 593°C is related to the
decomposition of phosphotungstate to WO, and P,O,. The
weight loss of 3.29% is ascribed to the loss of the organic
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F1GURE 4: UV-Vis absorption spectra of RhB (15mg/L, 100 mL, pH = 9.0) during the photodegradation under sunlight without photocatalyst
(photolysis) (a), in the presence of TiO, (0.15g/L) (b), in the presence of TiO,-PTA-HMT-MB (0.1 g/L) (c), and C/C,, vs. time curves (d).

moieties of the composite, i.e., HMT-MB. Figure 2 shows the
SEM images of TiO,-PTA-HMT-MB and TiO, nanoparti-
cles. Comparison of these images displays that uniform dis-
tribution and neat morphology of TiO, nanoparticles are
not observed in TiO,-PTA-HMT-MB nanoparticles. The
TEM images in Figure 3 show that modified TiO, nanoparti-
cles agglomerated to larger particles with an irregular shape
than P25 TiO,. The sizes of TiO,-PTA-HMT-MB nanoparti-

cles were estimated from the TEM image in the range of 30—
80 nm which are in agreement with the sizes obtained from
the SEM image (Figure 2).

3.2. Photocatalytic Degradation of RhB. The composite was
applied for photodecomposition of RhB under sunlight
irradiation. Schematic illustration of the photocatalytic
experiment is shown in Scheme 1. UV-Vis absorption
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presence of TiO,-PTA-HMT-MB (0.5 g/L) (a), (1.0g/L) (b), and C/C, vs. time curves (c).

spectra of RhB (15mg/L, 100mL, pH=9.0) during the
photodegradation under sunlight without photocatalyst
(photolysis), in the presence of TiO, and modified TiO,,
are shown in Figures 4(a)-4(c). TiO,-PTA-HMT-MB can-
not adsorb RhB because RhB (pK,=3.1) is in neutral
form at pH9.0 (Figure 4(d)). The photodegradation of
RhB is negligible due to photolysis and in the presence
of TiO, (0.15g/L) (Figure 4(d)). However, it becomes
noticeable in the presence of TiO,-PTA-HMT-MB
(0.1g/L) that is an indicative shift in the photocatalytic
activity of P25 TiO, nanoparticles toward the visible

region upon surface modification with phosphotungstate
hybrid. The composites of Al,O;-PTA-HMT-MB and
RGO-PTA-HMT-MB failed to degrade RhB under sunlight
irradiation (Figure 4(d)), which prove the role of TiO, in
the photochemical process. Indeed, an excited surface-
adsorbed hybrid (PTA-HMT-MB) injects a charge into
the conduction band of TiO,, and then reactive radicals
are produced and degrade RhB.

3.3. Photocatalytic Degradation of MB. The composite was
then tested as a catalyst for the photocatalytic degradation
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TasLE 2: Comparison of photodegradation of dyes by using TiO,-PTA-HMT-MB and reported P25 TiO,-POMs.
Catalysts Light Cyye (mg/L) Catalyst dosage (g/L) Time Decolorization Ref.
dye (min) (%) '
Tiw,, Ti/TiO, uv B“Hla“(t 4‘(1)’)’6 X-3B 0.59 20 97.4 [22]
HPg; W06,/ TiO/ - uv MO (16) 1.4 180 65° (23]
zeolite
Simulated 50 mg + 50 mmol a
Fe-PTA/P25 canlight MB (20) H,0,0 12 47 [24]
Simulated a
P25-PEI-P,Mo,,V, sanlight MB (40) 025 115 75 [25]
P25 TiO,-PTA-HMT-MB Sunlight RhB (15) 0.1 180 753 52‘;;
P25 TiO,-PTA-HMT-MB Vis. MB (30) 1.0 180 69.3 vg‘i

*Value was estimated from original figure of the reference; "volume of solution is unknown. Note: PEI: polyethyleneimine; MO: methyl orange.

of MB under visible light. While the P25 TiO, (0.7 g/L) shows
very low photocatalytic activity toward MB degradation, the
TiO,-PTA-HMT-MB is very active (Figure 5). The photode-
gradation without photocatalyst (photolysis) and the
removal of MB due to adsorption on the composite were
evaluated in order to indicate the performance of the TiO,-
PTA-HMT-MB photocatalyst (Figure 5(c)).

3.4. Comparison with Other P25 TiO,-POM Composites.
Until now, many studies have been conducted in order to
modify titanium dioxide [1, 21], but the majority have used
the sol-gel method not P25 TiO,. The photocatalytic effi-
ciency of the TiO,-PTA-HMT-MB composite is compared
with other P25 TiO,-POM composites in Table 2. It should
be noted that the light sources are visible light and sunlight
in this work while these are UV light and simulated sunlight
in other works. As it is seen, the combination of P25 TiO,
with lone POMs such as TiW,,Ti [22] and HP,W O,
[23] does not shift the photocatalytic activity to visible light.
However, this purpose has been achieved by the incorpora-
tion of a third component together with POMs such as Fe
[24], polyethyleneimine [25], and HMT-MB (this work).
The findings show that the advantage of the present photoca-
talyst is the shift of the photocatalytic activity toward the vis-
ible region, and hence, it shows the photocatalytic behavior
under a visible light source (metal halide lamp) in addition
to sunlight.

4. Conclusion

In summary, P25 TiO, was coated with PTA-HMT-MB
hybrid. The TiO,-PTA-HMT-MB composite indicated a
narrower band gap than P25 TiO,. The photocatalytic per-
formance was evaluated by the photodegradation of RhB
and MB under solar and visible light, respectively. The decol-
orization of these dyes with pure P25 TiO, in the solar/visible
light is negligible while the POM hybrid coating causes decol-
orization with TiO,-PTA-HMT-MB to be remarkable. This
work presents the incorporation of an organic hybrid of
phosphotungstate as an effective strategy for exploration of

shifting the photocatalytic activity of P25 TiO, toward the
visible region, thereby facilitating the solar light driven
photocatalysis.
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Zinc oxide (ZnO) has been known as an excellent photocatalyst for the degradation of a variety of organic pollutants under UV
irradiation. This work describes a synthesis of ZnO nanoparticles via a facile precipitation method, and Ag was doped into
Ag/ZnO nanocomposite to improve the photocatalytic degradation of BPA under visible light irradiation. The obtained ZnO
nanoparticles were 20 nm in size and had a relatively high surface area and pore volume, 26.2 m*/g and 0.48 cm®/g, respectively.
The deposition of Ag led to a decrease in the surface area, pore volume, and band gap energy (E,) of ZnO nanoparticles.
However, the photocatalytic activity of Ag/ZnO composite in the case increased. The performance of ZnO was compared with
Ag/ZnO composites at the different molar ratios, and the kinetic reaction of BPA in these catalysts was investigated by the first-
order kinetic model. The sample of Ag/ZnO-10 composite had the highest catalytic activity and showed the degradation
efficiency, reaction rate, and degradation capacity of 100% in 120 min, 0.014 min™', and 40 mg/g, respectively. In comparison, the
effects of Ag/ZnO molar ratio, catalyst dosage, solution pH, and concentration of BPA on photocatalytic degradation were
investigated. Additionally, the photocatalytic performance of Ag/ZnO-10 composite was evaluated by the degradation of other
persistent organic compounds such as phenol, tartrazine, and methylene blue and compared to other catalysts in literature.

1. Introduction

Today, significant development of inorganic nanoparticles
has been their potential application in the environment, biol-
ogy, electronics, optics, transport, and information technol-
ogy [1]. That is reflected in the exponential increase in the
number of scientific reports, patents, and companies related
to science and nanotechnology, in which semiconductor
technology from inorganic nanoparticles as the photocata-
lysts for environmental remediation has been widely studied.
Zinc oxide (ZnO) is one of the commonly used semiconduc-
tors, with a wide band gap at room temperature (3.27 eV), the
linear electronic displacement, and a large exciton binding
energy (around 60 meV) [2]. In comparison to other oxide
semiconductors, ZnO has many superior properties such as

light sensitive, thermal and chemically stable, low cost, non-
toxic, and sustainable with hydrogen environment [3]. The
ZnO-based materials have many applications in industries,
for example, rubbers, ceramics, pharmaceuticals, agricultural
servants, paints, cosmetics, and photocatalysts [4-10].
Besides the advantages of this material due to the high elec-
tron aperture rate and low charge separation efficiency [11],
the pure ZnO often exhibits relatively low photocatalytic
activity under visible light irradiation, and therefore, ZnO
does not meet the requirements of a photocatalyst when
applied to practical processes [3, 12, 13]. That is why the
enhanced catalytic activity of ZnO in visible light by doping
other elements is a great concern to scientists.

To this moment, the ZnO nanomaterials with different
shapes and sizes have been prepared by many methods such
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as hydrothermal, emulsion, chemical vaporization, and com-
bustion methods [14-17]. Each method has its advantages
and limitations. The hydrothermal method encounters a dif-
ficulty to adjust the shape of the material, and the obtained
ZnO is often the rode and plate shapes; in the emulsion
methods usually toxic solvents are used; the chemical evapo-
ration method has a low efficiency leading to the high cost of
materials; the combustion method faces difficulty in adjust-
ing the particle sizes [18]. Therefore, a facile method for
producing ZnO having high production and small particle
sizes, at the same time an improved photocatalytic activity,
is a crucial aspect for practical applications.

BPA (2,2-bis(4-hydroxyphenyl)propane) is chosen to be
the starting material for many synthetic plastics, mainly some
polycarbonates and epoxy resins, as well as certain polysul-
fones and certain suitable materials because BPA-based plas-
tics are strong and tough. It is used in many popular
consumer goods, such as plastic bottles, sports equipment,
lining of water pipes, CDs, and DVDs [19]. About 4 million
tons of BPA chemicals are produced every year to produce
polycarbonates, which makes BPA one of the most produced
chemicals worldwide. BPA is suspected of being contami-
nated with food (soluble in food) and has negative health
effects such as changes in immune function, cardiovascular
disorders, cancer, and infertility [20-23]. It can be found in
natural water as a consequence of untreated industrial efflu-
ent, and it is very dangerous in the aquatic ecosystem due
to its role as an estrogen receptor agonist [24]. According
to the current U.S. Environmental Protection Agency stan-
dard evaluation procedures, Bisphenol A was moderately to
slightly toxic to the fish and invertebrates tested, with LC50
or EC50 values from 1.1 to 10mg/L. These data did not
trigger freshwater or saltwater chronic tests [22]. Therefore,
it is imperative and urgent to find a method to remove BPA
from contaminated water.

Over the past decades, the treatment of BPA in the envi-
ronment has been studied using many different approaches.
Various technologies have been tested to remove BPA from
wastewater like adsorption [25, 26], reverse osmosis [27],
mechanical method [28], advanced oxidation processes by
Fenton system [29], and photodegradation [30-32]. How-
ever, due to its eco-friendly operations, which do not create
byproducts in the process, photodegradation has been pre-
ferred and extensively used. When a photocatalyst absorbs
light irradiation for generating charge carriers and shifting
electrons from the valence band (VB) to the conduction band
(CB), photodegradation reaction occurs on its active surface
through the formation of ‘OH and ‘O,’, which rapidly break-
down target pollutants into the end products of CO, and
H,O [33].

There have been many studies on synthesizing ZnO-
based materials to decompose toxic organic substances in
wastewater [9, 34-37], in which ZnO/TiO, and ZnO/rGO-
rGH showed the effective materials of degrading BPA under
UV irradiation [38, 39]. However, the use of UV light can
affect the ecosystem as well as it is much more expensive than
using visible light. Thereby, it is essential to improve the vis-
ible light absorption of ZnO by loading noble metal (Au, Ag,
Pt, and Ru) [40]. On the other hand, modifying ZnO with
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noble metal nanoparticles also has attracted attention due
to promoting the separation of photogenerated charges in
photocatalysts through the formation of Schottky barrier
and improving the photocatalytic stability [41, 42]. Among
the various noble metal-semiconductor photocatalysts,
Ag/ZnO can generate an effective Schottky barrier at the
junction interface, supporting electron capture, thereby
increasing the separation efficiency of electron-hole pairs
and boost visible light harvesting capability.

In this study, a facile precipitation method was used to
synthesize ZnO nanomaterials, and then, Ag was doped into
Ag/ZnO composite with the different molar ratios. As-
synthesized samples were characterized by the X-ray powder
diffraction (XRD), the field emission scanning electron
microscopy (FE-SEM), the transmission electron microscopy
(TEM), the Fourier transform infrared spectroscopy (FTIR),
and the UV-Vis diffuse reflectance spectra (DR-UV-Vis).
The performance of the catalyst was evaluated by degrading
BPA in water under visible light irradiation. The effects of
Ag/ZnO molar ratio, a catalyst dosage, concentration of
BPA, and solution pH on photocatalytic degradation of
BPA were investigated. Ag was doped to enhance the photo-
catalytic performance of Ag/ZnO composite with the degra-
dation of BPA. The effects of the Ag content, a dosage
catalyst, a BPA concentration, and pH solution on degrada-
tion efficiency of BPA under visible light irradiation were
investigated. The optimal reaction conditions and the photo-
catalytic performance of Ag/Zn0O-10 composite were evalu-
ated by degradation of other persistent organic compounds
such as phenol, tartrazine (TA), and methylene blue (MB).

2. Materials and Methods

2.1. Materials. Bisphenol A (99%) was purchased from
Sigma-Aldrich. AgNO; (99.8%), Zn(NO,),-6H,0 (99%),
hexamethylenetetramine (C;H,,N,, 99%), trisodium citrate
(C¢HNaO,S-2H,0, 99%), and sodium borohydride
(NaBH,, 98%) were obtained from Merck. All reagents were
used without any further purification. Distilled water was
used throughout all experiments.

2.2. Preparation of ZnO. Nano ZnO modified from the pre-
cipitation method in the previous report [3]. Typically,
0.02mol of Zn(NO,),-6H,0, 0.02mol of hexamethylenetet-
ramine, and 0.01 mol of trisodium citrate were dissolved in
100mL distilled water; the solution was stirred and heated
up to 90°C and then was kept at this temperature for 1 h with-
out stirring. The precipitate was filtered and washed several
times with distilled water. The powder was dried at 80°C
overnight and calcined at 400°C for 2h at a heating rate of
1°C/min to obtain nano ZnO.

2.3. Preparation of Nanocomposite AglZnO. Typically, 1g of
ZnO and 0.1052g of NaBH, were dissolved in 50 mL of
distilled water. An amount of AgNO; corresponding to a
desired molar ratio of Ag/ZnO was added into the solution.
In this study, molar ratios of 2, 5, 10, and 10 were selected
to investigate the effect of Ag content on photodegradation
of BPA. The mixture was stirred for 1h at 60°C and then
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filtered and washed several times with distilled water. The
grey powder obtained after drying overnight at 60°C was
denoted as Ag/ZnO-x, in which x is the molar ratio of
Ag/ZnO.

2.4. Characterization. The crystalline phase of samples was
investigated by the X-ray powder diffraction. XRD patterns
were obtained by using the Bruker D8 Ax XRD diffractome-
ter (Germany) with Cu Ke irradiation (40kV, 40 mA). The
20 ranging from 20 to 80° was selected for analyzing the crys-
tal structure. The morphology and size of the samples were
observed by transmission electron microscopy (TEM, JEM-
2010). The morphology and size of the samples were
observed by field emission scanning electron microscopy
(FE-SEM, JEOL-7600F). The chemical composition of the
composite was determined by energy dispersive spectrome-
try (EDS: JEOL-7600F). The textural properties were
measured via N, adsorption/desorption isotherms using a
Micromeritics (Gemini VII analyzer). The Fourier transform
infrared spectroscopy (FTIR, Madison, WI, USA) measure-
ment was carried out to explore the changes in functional
groups of Ag/ZnO by Nicolet IS50. UV-Vis diffuse reflec-
tance spectra of the as-synthesized samples were measured
on a UV-Vis-NIR spectrometer (Cary 500).

2.5. Photocatalytic Experiment. The photodegradation of
BPA was performed in a Pyrex beaker using the as-
synthesized sample as a photocatalyst under visible light
(250 W Hg lamp). BPA (20mg/L) solution was prepared in
100mL distilled water and mixed with 50 mg of catalyst.
The mixture was stirred at a constant rate of 200 rpm. At reg-
ular time intervals for 30 min, analysis samples were taken
from the reaction suspension and then filtered by a syringe
filter (0.45um PTFE membrane) to remove the catalyst.
The BPA concentration of the filtrate was analyzed by a
UV-Vis spectrophotometer (Agilent 8453) at the maximum
absorbance wavelength of 277nm. The degradation
efficiency and degradation capacity of BPA were calculated
by the following equations:

C,.C,

0

Degradation efficiency (%) = x 100, (1)

mg> — <C07Ct> X V' (2)

D dati ity | —
egradation capacity ( g p

The degradation rate of BPA was determined by fitting
the degradation profile with the first-order kinetic model, as
presented by the following equation:

C
In EO = kap x t, (3)

t

where k,, (min™) is the rate constant, C, is the initial
concentration of dye, C, is the concentration of BPA in time
(mg/L), V is the volume of BPA solution (L), m is the mass of
the catalyst (g), and ¢ is the reaction time (min).

3. Results and Discussion

3.1. Characterization of the Catalyst. Figure 1 shows the SEM,
EDS, and TEM images of the ZnO and Ag/ZnO-10 nano-
composite. ZnO showed an aggregated morphology
(Figure 1(a)) consisting of many small particles with approx-
imately 20 nm in size (Figure 1(b)). When Ag was doped into
the composite, the morphology of Ag/ZnO-10 at low magni-
fication (Figure 1(c)) was like ZnO, but at the higher magni-
fication, it showed more aggregate than ZnO, and the
Ag/ZnO sheets were observed in Figure 1(d). The elemental
maps for Ag and Zn shown in Figures 1(e) and 1(f) indicated
a good dispersion of Ag in the composite; nanoparticles were
observed with high dispersion in the EDS layered image
(Figure 1(g)). The EDS spectrum in Figure 1(h) showed the
Ag, Zn, and O elements at the contents of 8.0, 68.0, and
15.8%, respectively. The TEM images (Figures 1(i) and 1(j))
and HR-TEM image (Figure 1(k)) gave the additional evi-
dence of the dispersion of Ag in composite; Ag was crystal
particles with the particle size of about 10-20nm in
Figures 1(i)-1(k). This result was consistent with the
obtained results from SEM and element mapping.

Figure 2 shows the XRD patterns of the ZnO and
Ag/ZnO-10 nanocomposite. The diffraction peaks corre-
sponding to (100), (002), (101), (102), (110), (103), (112),
(201), and (202) planes were observed for pure ZnO; these
could be indexed hexagonal wurtzite structure of ZnO
(JCPDS 36-1451) [3]. These peaks were also seen in the
Ag/Zn0O-10 composite. The diffraction peaks corresponding
to (111) and (200) of Ag were observed at 38.2 and 44.7",
respectively (JCPDS 04-0783) [43-45]. Moreover, there were
no characteristic peaks of impurity phases such as Zn,
Zn(OH),, and Zn(OH),CO, which were observed indicating
the high purity of ZnO and Ag/ZnO-10 samples.

To study the effect of silver doping on the average crystal-
lite size, the mean crystal size was estimated from the Debye-
Scherrer equation as follows:

KA

D= ,
B cos 0

(4)

where K is a dimension shape factor, a typical value of
about 0.9, but varies with the actual shape of the crystallite;
A is the wavelength of X-ray used (1.5406 A), B is the full
width at half maximum intensity (FWHM) in radians, and
0 is Bragg’s diffraction angle. In order to obtain more detailed
structural analyses, the Rietveld refinement method was
applied to XRD data. The Rietveld refinement analyses were
carried out using the FullProf program. The analytical results
are shown in Table 1.

The change in the lattice parameters (a and ¢) from
3.251+£0.005A and 5.212 +£0.002 A for pure ZnO to 3.253
+0.007 A and 5.215+0.003 A for Ag/Zn0O-10 sample is
observed; it clearly indicated the increase in the lattice size
upon doping of Ag leading to the increase of the unit cell vol-
ume from 47.704 A> for ZnO to 47.790 A> for Ag/ZnO-10
because the radius of Ag* (114pm) is larger than Zn**
(74 pm) and substitution of Ag" ions in the lattice is larger
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FIGURE 1: (a, b) SEM images of nano ZnO with the different scale bars; (c, d) SEM images with the different scale bars of the Ag/ZnO-10
nanocomposite; (e, f) element mapping images of Zn and Ag, respectively; (g, h) EDS layered image and EDS spectrum, respectively; (i, j)
TEM images with the different scale bars; (k) HR-TEM image of the Ag/ZnO-10 nanocomposite.



International Journal of Photoenergy

Intensity (a.u
\_
[
=
N
5
o

8 Ag

(110)

Lb Im):(loz) (103)(112) Ag/ZnO
i (:I)ml H H ,

10 20 30 40 50 60 70 80 90
2 - theta

F1Gure 2: XRD patterns of ZnO and Ag/Zn0O-10 nanocomposite.

than Zn** ions [46, 47]. The crystalline sizes of ZnO and
Ag/Zn0O-10 samples were estimated as 20.1 and 19.6 nm,
respectively. These are consistent with the obtained results
from SEM and TEM in Figure 1.

Figure 3 presents the N, adsorption/desorption iso-
therms and pore size distributions of the ZnO and
Ag/Zn0O-10 nanocomposite. According to the TUPAC classi-
fication, N, adsorption/desorption isotherms were type IV
with H; hysteresis loop (Figure 3(a)), but the hysteresis loop
of Ag/Zn0O-10 was much lower than that of pure ZnO. More-
over, the hysteresis loops of both samples approached P/P,
=1, indicating the presence of mesoporous and macropore
together in both samples. Figure 3(b) shows the pore with
distributions, which was determined by the Barrett-Joyner-
Halenda (BJH) method from the desorption branch of the
isotherm. Both samples showed a mixture of pore size, but
it could be seen that most of the pore possessed width in
the range of 5-50 nm. The BET surface area, pore volume,
and BJH average pore size were of composite slightly
decreased with the doping of silver. BET surface areas were
26.2 and 24.2 m’/g, pore volumes were 0.48 and 0.21 cm’/g,
and BJH average pore sizes were 26.8 and 21.1cm?/g for
ZnO and Ag/ZnO-10, respectively. Although samples were
prepared by facile precipitation method, the surface areas of
ZnO nanoparticles and Ag/ZnO nanocomposite were rela-
tively high as compared to other samples in previous publica-
tions [48, 49]. In comparison, the pore size distributions of
samples were analyzed by density functional theory (DFT)
method. The DFT average pore size of ZnO was larger than
that of Ag/ZnO, but the average pore size from the DFT
method was larger than that of the BJH method as seen in
Table 2.

Figure 4 presents the FTIR spectra of the ZnO and
Ag/ZnO-10 nanocomposite. The broad band at 3429 cm™
in ZnO could be assigned to the O-H stretching vibration
of water. This peak became weaker and shifts to lower wave-
number at 3406 cm™ indicating that the addition of silver
into composite led to decreased absorption of water on the
surface of the sample. The peaks at 1636, 1509, and
1404cm™ corresponded to the C=0 stretching modes and

0O=C=0 bonds due to the adsorption of CO, on the surface
of the ZnO and Ag/ZnO nanocomposite. The peak location
at 470cm™" was assigned to the vibration of Zn-O in the
lattice of the hexagonal wurtzite phase of ZnO.

Figure 5 shows the UV-Vis diffuse reflectance spectra and
Tauc’s plot of ZnO and Ag/ZnO composites. The adsorption
of Ag/ZnO composites was shifted to the longer wavelength
from ZnO with the increase of the molar ratio of Ag/ZnO.
The adsorption edges of Ag/ZnO-2 and Ag/ZnO-5 compos-
ites were steeper than those of ZnO, but it was similar to
Ag/ZnO-10. When the molar ratio of Ag/ZnO increased to
15, the adsorption of the composite was shifted to a shorter
wavelength from Ag/ZnO-10, showing a similarity to the
shape of Ag/ZnO-5 (Figure 5(a)). The hv values were plotted
against (a¢hv)” and extended to calculate the band gap energy
of as-synthesized samples by Tauc’s method [50]; the results
are presented in Figure 5(b). The band gap energy of ZnO
was 3.220eV. This was lower than that of Ag/ZnO-2 com-
posite (3.230eV) but larger than that of other composites;
the band gap energies were 3.205, 3.125, and 3.181eV for
Ag/Zn0O-5, Ag/ZnO-10, and Ag/ZnO-15, respectively. These
results indicated that the doping of Ag into composite at the
higher molar ratio than 2 reduced the band gap energy; it
could increase the photocatalytic activity of composite under
visible light.

3.2. Photodegradation of BPA

3.2.1. Effect of Ag Doping on Photodegradation of BPA.
Figure 6 presents the effect of silver doping on photocatalytic
degradation of BPA under visible light irradiation. The deg-
radation efficiency in 120 min and reaction rate of BPA in
pure ZnO were 32.7% and 0.003 min™", respectively. The deg-
radation efficiency of BPA increased when silver doped in the
composite. The degradation efficiency and reaction rate
increased to 49.9% and 0.005min", respectively, although
the band gap energy of Ag/ZnO-2 composite was larger than
that of ZnO. At the higher molar of Ag/ZnO than 2, the deg-
radation efficiency and reaction rate increased when the
molar ratio increased; the degradation efficiencies were 79.9
to 100% and the reaction rates were 0.008 to 0.014 min™" for
Ag/ZnO-5 and Ag/ZnO-10 composites, respectively. With a
further increase in the molar ratio of Ag/ZnO, the degrada-
tion efficiency was decreased.

The photocatalytic mechanism of BPA on Ag/ZnO com-
posite under visible light irradiation is presented in Figure 7.
When visible light was irradiated to the surface of ZnO, the
photons can excite electrons in the valence band (VB) to be
moved up to the conduct band (CB); the electron and hole
pair (¢ and h") is generated. They can interact with water
and oxygen on the surface of ZnO to generate oxidizing
agents including H,0,, ‘O,", and ‘OH, in which 'O, and
‘OH are the strong oxidizing agents; they can decompose
the organic compound into CO, and H,O,. However, the
time of electrons (¢’) lying on the conduction band is
extremely short; the electron (e’) almost intermediately
releases the energy to return to the ground state to recombine
with hole (h") originally. This is the significant limitation of
pure ZnO nanoparticles.
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TaBLE 1: Lattice parameters and crystallite sizes of ZnO and Ag/ZnO-10.

Sample Crystal system  Space group  Crystallite size (nm) Lattice parameter, a (A) Lattice parameter, ¢ (A) ~Cell volume (A%
ZnO Hexagonal P63 mc 20.1 3.251 +£0.005 5.212£0.002 47.704
Ag/ZnO-10  Hexagonal P63 mc 19.6 3.253 £0.007 5.215+0.003 47.790
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FIGURE 3: (a) N, adsorption/desorption isotherms and (b) pore size distributions of ZnO and Ag/ZnO-10 nanocomposite.

TaBLE 2: The textural properties of ZnO and Ag/ZnO-10 composite.
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FIGURE 4: FTIR spectra of the ZnO and Ag/ZnO-10 nanocomposite.

In the presence of Ag metal, the Schottky barrier is
formed between Ag and ZnO due to the energy level of CB
of ZnO which is higher than the Fermi level of Ag/ZnO lead-
ing to free electrons in CB that can transfer from ZnO to Ag
as described by the red arrow shown in Figure 7(b), thereby
preventing the recombination between electrons and holes
on the surface of ZnO. The electron on Ag nanoparticles
can produce the ‘O, free radical, while the holes in the VB
can react with H,O, to produce ‘OH radical. These free
radicals can degrade organic compounds to CO, and H,O.
These can be explained by the following equations:

ZnO +hv — ZnO(e”) +h" (5)

ZnO (e7) + Ag— ZnO + Ag(e) (6)
Ag(e)+0, -0, +Ag (7)

ZnO (h*) + H,0 — ZnO + H' + OH (8)
(O, + OH) + BPA — Intermediate products ~ (9)

('0,” + OH) + Intermediate products — CO, + H,O
(10)

On the other hand, under visible light irradiation, the
pure ZnO exhibited weak photocatalytic activity for degrada-
tion of BPA due to the fact that ZnO absorbs weakly in the
visible light region, while the Ag/ZnO composites showed
significantly enhanced photocatalytic activity, because under
visible light irradiation electrons can be formed in the
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concentration of 20 mg/L, and pH = 6.0).

metallic Ag nanoparticles through the strong SPR effect,
leading to strong absorption light in the visible region. Nev-
ertheless, the Schottky barrier formed at the metal-
semiconductor interface can hinder the transfer of electrons
from Ag nanoparticles to ZnO. Up to now, many studies
have proven that electrons can overcome the Schottky barrier
at the interface because of its strong electron oscillating col-
lectively on the SPR excitation [51-53]. Therefore, electrons
can transfer from Ag to the CB of ZnO as illustrated by the
green arrow in Figure 7(b). Then, they are scavenged by
adsorbed oxygen molecules to yield superoxide radical

anions ('0,) to degrade BPA molecules. Meanwhile, the
photogenerated holes could transfer to the photocatalyst sur-
face and directly oxidize the organic pollutants, resulting in
an improved photocatalytic activity in the visible light region.

3.2.2. Effect of Catalyst Dosage on the Degradation of BPA. To
investigate the influence of a catalyst mount, the catalytic
oxidation experiments were carried out by employing the
Ag/ZnO-10 composite at the different dosages (0.025,
0.050, 0.075, and 0.100g) under constant reaction condi-
tions: BPA concentration of 20mg/L and pH=6.0. The
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catalytic efficiency as a function of catalyst amount is
showed in Figure 8. It could be seen that the degradation
efficiency and reaction rate of BPA increased with an
increase in the dosage catalyst. The degradation efficiencies
were 9.24, 100, 96.08, and 100% and reaction rates were
0.007, 0.014, 0.020, and 0.022min™" at the catalyst dosage
of 0.025, 0.050, 0.075, and 0.100g, respectively. And the
correlation coefficient (R*) values were in the range of
0.92-0.98 (Figure 8(b)). However, the degradation capacity
decreased from 47.4 to 20 mg/g when the dosage catalyst
increased from 0.025 to 0.100g (Figure 8(c)).

Since the increase of catalyst dosage leads to an
increase in the number of active sites on the surface of
catalysts, the density of catalyst particles in the area of
illumination is improved [54]. However, the degradation
capacity of BPA per gram of catalyst was decreased with
an increase in the catalyst dosage, as shown in
Figure 8(c), due to increasing the suspended catalysts in

a solution. The short wave tail photons are not able to
enter the reaction mixture and a decrease in visible light
penetration increasing in scattering effect [55, 56]. Also,
as more catalyst was added, each catalyst has less chance
to contact with BPA molecules because of fast reaction
as shown in Figure 8(a). As a result, the reaction perfor-
mance and rate can be improved with increasing catalyst
dosage, but degradation capacity became smaller.

3.2.3. Effect of BPA Concentration on Photodegradation. The
effect of the concentration of BPA on the photocatalytic
activity of the catalyst is presented in Figure 9. The degra-
dation efficiency and reaction rate were decreased with the
concentration of BPA. The degradation efliciency was
achieved 100% in 90min for the concentration of
10mg/L, showing the reaction rate of 0.018min™'. The
degradation efficiency at 20 mg/L was also 100%, but at a
lower reaction rate of 0.014min”'. The degradation
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efficiency and reaction rate were 38.1% and 0.004 min™" at

a high concentration of 30mg/L, respectively. R* values
were in the range of 0.89-0.99.

The negative effect of increased amount of BPA on reac-
tion can be interpreted by the following reasons. (1) The
number of BPA molecules, adsorbed on the active sites of
the catalyst surface, increases with the initial concentration
of BPA. Therefore, the generation rate of O,” and OH' radi-
cals on the same active sites became decreased. (2) Alterna-
tively, increasing the dye concentration leads to generating
many intermediates form dye molecules along with the reac-
tion and may compete with BPA molecules in the constant
total active sites. Despite lowering the degradation efficiency
and reaction rate of BPA with increasing the initial concen-
tration of BPA, the degradation capacity at 20mg/L of
40mg/g was higher than that of other concentrations
(Figure 9(c)).

3.2.4. Effect of Solution pH. The pH value of wastewater is an
important factor for well-designed reaction processes. It has a
great influence not only on the functional groups and surface
charges of adsorbents but also on the structure and ionization
degree of pollutant molecules [57]. In this study, the effect of
initial solution pH on the degradation of BPA by the as-
synthesized Ag/ZnO-10 composite was investigated. The
performance was evaluated at a wide range of pH values from
3.0 to 11.0 under the fixed other conditions (dosage catalyst
of 0.05g and BPA concentration of 20 mg/L).

Figure 10 presents the degradation of BPA with time at
different values. The pH gave a critical impact on the degra-
dation performance of BPA. When pH increased from 3.0 to
6.0, the degradation efficiency significantly increased from
16.3 to 100%, showing an improved reaction rate from
0.001 to 0.014min" and enhanced degradation capacity
from 6.25 to 40 mg/g (Figures 10(b) and 10(c)). At pH value
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TaBLE 3: Comparison of photocatalytic degradation of BPA by various catalysts.

Catalyst Reaction conditions Observation Reference
o . _ _ TV
6.3% H3'PW12040/T102 [BPA] = 5mg/L, pH = 8.2, under light irradiation of 100% of BPA was removed in 240 min. (58]
composite film Xenon lamp 300 W
Cat.) =1 g/L, [BPA] = 50 mg/L, pH = 7.3, [H,0,] = : :
29 -Z [ 272 % of BPA 1 .
% Ce-ZnO 510~ M, under UV light irradiation 67% o was removed in 180 min [59]
. . [Cat.]=0.5g/L, [BPA] =10 mg/L, pH =7, under 0 .
GO@BiOI/Bi,WOq Xenon illumination (500 W) 81% of BPA was removed in 5h. [30]
Cat]=1g/L, [BPA] =50mg/L, pH =8, [H,0,] = .
4% C-Z [ 272 100% of BPA 24h.

% C-ZnO 510~ M, under UV lamp 30 W 00% o was removed in [60]
1.5% Pd/mpg-C;N, [Cat.] =0.5 g/L, [BPA] = 20 mg/L, under Xenon Almost 100% of BPA was removed in [61]
composite 350 W, in a wide range of pH (3.1-11.0) 360 min.

710 nanovarticles [Cat.] =0.5 g/L, [BPA] =20 mg/L, pH = 6.0, under 32.7% of BPA was removed in 120 min, This
P visible light irradiation degradation capacity of 13.08 mg/g. work

) . [Cat.] =0.5 g/L, [BPA] =20 mg/L, pH = 6.0, under 100% of BPA was removed in 120 min, This
Ag/ZnO-10 composite visible light irradiation degradation capacity of 40 mg/g. work

higher than 6.0, the reaction performance was decreased, the
degradation efficiencies were 63.4 and 73%, and the reaction
rates were 0.006 and 0.009min™" at pH=9.0 and 11.0,
respectively. And R? values were in the range of 0.85-0.97.

It was observed that the optimum pH for efficient
degradation of BPA on Ag/ZnO-10 composite is 6.0. At
lower pH than 6.0, the degradation efficiency is low; it is
due to the dissolution of ZnO in an acid medium (equa-
tion (11)). At higher pH than 6, the efficient degradation
is also low due to the dissolution of ZnO in an alkaline
medium (equation (12)).

ZnO(s) + 2H*(aq) — Zn** + H,0 (11)

ZnO(s) + 20H" (aq) — ZnO,” + H,0 (12)

On the other hand, the surface charge property of
nanoparticles, which depends on the pH point of zero
charge (pHp,), is also the reason affecting the adsorption
properties of dye molecules on the surface of photocata-
lyst. The pHp,- of Ag/ZnO measured by the pH drift
method reached 7.4, as shown in Figure 10(d). Hence, at
the pH of 6.0, the catalytic surface will adsorb efficiently
the organic anion (BPA donated protons) and lead to
enhanced significant degradation of BPA on the Ag/ZnO
composite.

3.2.5. Degradation of Other Organic Compounds and
Comparison of Degradation of BPA with Other Catalysts.
The degradation efficiency of organic compounds by photo-
catalysts depends not on only catalyst properties, such as
surface area, pore volume and pore size distribution, and
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composition, but also on the characteristics of organic com-
pounds. Therefore, the optimum condition for the degrada-
tion of the certain organic compounds depends on the
characteristics of catalysts and solutions. In this study, the
photocatalytic performance of Ag/ZnO-10 composite was
evaluated by other persistent organic compounds such as
phenol, tartrazine (TA), and methylene blue (MB) at the
reaction conditions as follows: dosage catalyst of 0.05g,
BPA concentration of 20mg, and pH of 6.0. As shown in
Figure 11, the reaction efficiency and reaction rate ascended
gradually from phenol to BPA, MB, and TA. The Ag/ZnO-
10 composite showed a highly photocatalytic degradation of
TA, showing the degradation efficiency and reaction rate of
100% in 60 min and 0.045 min™".

Table 3 shows a brief comparison of BPA removal effi-
ciency by different catalysts through photocatalytic activity.
It could be observed that the degradation efficiency and reac-
tion rate of the Ag/ZnO-10 composite under visible light
irradiation were much higher than those of ZnO when add-
ing C or Ce under UV light irradiation. In comparison with
other catalysts such as H,PW,,0,,/TiO,, GO@BiOI/-
Bi,WOy, and Pd/mpg-C;N,, which remove BPA under sim-
ulated solar light irradiation by Xenon lamp, the degradation
rate of BPA on Ag/ZnO-10 was also faster. Therefore, the
Ag/ZnO-10 composite is expected as a good and eco-
friendly catalyst in the removal of BPA from wastewater.

4. Conclusion

ZnO nanoparticles and Ag/ZnO nanocomposite were suc-
cessfully prepared by the facile method. ZnO nanoparticles
were approximately 20 nm in size and could degrade BPA
under visible light irradiation showing the degradation effi-
ciency and the reaction rate of 32.7% and 0.003 min ', respec-
tively. When Ag was doped into composites at the molar
ratio of Ag/ZnO larger than 2, the band gap energy of com-
posite was decreased, and the degradation efficiency and the
reaction rate increase. In comparison with the surface area
and pore volume of the composite, the increase in degrada-
tion efficiency of BPA in composite mainly depended on
the rate of electrons transferring from VB to CB and the
recombination of electrons, in which the band gap energy
and Ag content played a decisive role. At the Ag/ZnO ratio
of 10, the composite approached the highest photocatalytic
performance showing the degradation efficiency, reaction
rate, and degradation capacity of 100%, 0.014 min’!, and
40 mg/g, respectively. The optimal reaction conditions for
the removal of BPA under visible light irradiation of
Ag/ZnO-10 were pH of 6.0, catalyst dosage of 0.1g, and
BPA concentration of 10mg/L for considering of degrada-
tion efficiency, which were pH=6.0, catalyst dosage of
0.025g, and BPA concentration of 20 mg/g for considering
the degradation capacity. Moreover, the catalytic perfor-
mance of Ag/ZnO-10 composite was tested by degrading
other persistent organic compounds. The reaction efficiency
and the reaction rate increased gradually from phenol to
BPA, MB, and TA, showing the degradation efficiency and
reaction rate of 100% in 60min and 0.045min™" for TA.
These results indicated the highly potential application of
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composite in the removal of toxic organic compounds in
wastewater.
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The unique structure of two-dimensional molybdenum disulfide (MoS,) with rich active sites makes it a promising catalyst,
whereas it also brings structural instability. Surfactant-assisted synthesis of MoS, can be regarded as a simple way to regulate the
microstructure. In this work, the surfactant additives were adopted to optimize the microstructure of MoS,/sepiolite
nanocomposite, and the effects of surfactants type and concentration were investigated. For the sample prepared with 1 mol/L
sodium dodecyl benzene sulfonate (SDBS), it exhibits the highest intensity for the peak of MoS, at 14.2°, highly dispersed MoS,
nanosheet on the sepiolite, the lowest absorption intensity of Rhodamine B (RhB) at 553 nm of the wavelength, and the highest
photocatalytic activity which is 2.5 times and 4.2 times higher than those prepared with 1 mol/L hexadecyl trimethyl ammonium
bromide (CTAB) and 1mol/L polyvinyl pyrrolidone (PVP) after a 150-minute irradiation, respectively. The above results
suggest SDBS is the optimal surfactant to optimize the microstructure of MoS,/sepiolite nanocomposite. This work could

provide new insights into the fabrication of high-quality MoS,-based nanocomposite.

1. Introduction

As a typical two-dimensional (2D) semiconducting material,
MoS, with a typical layered structure is formed by stacking of
planes. Each plane consists of covalently bonded S-Mo-S
atoms in close-packed hexagonal structure, and adjacent
planes are held together by van der Waals interactions.
MoS, has gradually aroused particular interest and enormous
attention due to its unique structure which endows MoS,
with excellent properties for various applications, including
photocatalysts [1-3], electrocatalysts [4], supercapacitors
[5], sensors [6], and lubricants [7]. However, the high specific
surface energy makes it easy agglomeration which results in
the decrease of active sites and edges [8]. In order to combat
these drawbacks, researchers put their effort to increase the
dispersion as well as reduce the layer numbers of MoS, nano-

sheets through different strategies, such as adopting a carrier
[9] and taking atomic layer deposition [10]. Nevertheless, the
high cost and complex method of preparation restrict them
to broad application. In fact, the surfactant-assisted synthesis
of MoS§, has the advantages of low cost, easy operation, and
excellent performance, and some surfactants are utilized to
optimize MoS,-based nanocomposite [11-15]. Sepiolite is a
typical clay mineral with the features of environment-
friendly and low cost, which makes it a good carrier for cata-
lyst because the large surface specific area and excellent
adsorption are benefit for the high catalytic performance
[16-19]. However, surfactant (cationic, anionic, and non-
ionic surfactant) with different charges will affect both
catalyst and carrier, due to the surface charge of sepiolite
[20, 21]. To date, only few researches have focused on the influ-
ences of surfactant on MoS, supported by mineral carriers.


https://orcid.org/0000-0002-0593-1387
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8868782

International Journal of Photoenergy

LY
L 4

IV

A\ /}\

e/

Intensity (a.u.)

NP

ww

A\
,[ Mw

W

v
PVP

SDBS

e CTAB ]

& Sepiolite
® Talc
¥ MoS,

80

FiGure 1: XRD patterns of the samples prepared with different surfactants.

1 ym

1 ym

1pum

F1GURE 2: SEM images of the samples prepared with different surfactants. (a) Control; (b) CTAB; (c) SDBS; (d) PVP.

In the previous study, we have found the excellent perfor-
mance of composites viaadopting minerals [22-24]. Subse-
quently, we succeeded in fabricating natural SEP bulks into
nano-sized fibers using high-speed airflow techniques [25]
and utilized them to achieve the agglomeration decrease of
catalysts [26]. Moreover, we also have prepared MoS,/sepio-
lite nanocomposite via a microwave hydrothermal method
[27]. In this study, the surfactant additives were used to opti-
mize the microstructure of MoS,/sepiolite nanocomposite,

and the effects of surfactants type and concentration were
also investigated. This work is believed to offer a new strategy
for preparing high-quality MoS,-based catalyst.

2. Experimental

2.1. Materials. The sepiolite was purchased from Hebei Prov-
ince, China. All chemical reagents were purchased from
Tianjin Damao Chemical Co., Ltd., without further purified.



International Journal of Photoenergy

/\
A
3 3 A
= = |
: : /|
Q o /
2 2 \
< <
< < \
g g
8 o
< <
// \
= — ,,'--’:‘l\_lx\_
T T T T
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
—— =30 min 90 min —— -30min 90 min
—— O min —— 120 min —— O min —— 120 min
—— 30 min 150 min —— 30 min 150 min
60 min 60 min
() (b)
100
B A A
80 - “
—_ < A
Z T 60-
H N =
- A\ = 40 .
3 ) T o
£ i 5 .
\ A 20- P e
0+
T :F — — T T T T T T T T T T
400 500 600 700 0 30 60 90 120 150
Wavelength (nm) Time (min)
—— =30 min 90 min —vy— PVP
—— O min 150 min —4+— SDBS
——— 30 min —— 120 min —eo— CTAB
60 min

()

(d)

FiGurek 3: Ultraviolet visible absorption spectra and photocatalysis performance of the samples prepared with different surfactants: (a) CTAB;
(b) SDBS; (c) PVP; (d) photocatalytic performance for RhB degradation.

2.2. Sample Preparation. The samples were fabricated by a
surfactant-assisted hydrothermal method, and the experi-
mental procedures are similar to reference [27]. In brief,
2mmol of (NH,);Mo,O,,-4H,0, 30 mmol of CH,N,S, and
appropriate dosage of a certain kind of surfactant (CTAB,
SDBS and PVP, respectively) with suitable concentration
were dissolved in 70 mL of deionized water and stirred for
30 min. Then, 0.6 g of sepiolite nanofiber powders prepared
via high-speed airflow techniques [25] for the natural SEP
bulks were added into the solution and kept stirring for
another 0.5h. Next, the mixture was sonicated for 10 min.
After that, 50 mL of the above suspension was transferred
to a 100 mL Teflon-lined stainless steel autoclave and kept
at 220°C for 3 h under microwave heating. After the samples
were cooled down to room temperature, the final products
were obtained by filtration, washed several times with deion-
ized water, and dried in the vacuum oven at 80°C for 12 h.

2.3. Characterization and Performance Tests. X-ray powder
diffraction (XRD) was performed by a D8 ADVANCE
X-ray diffractometer with nickel-filtered (V =40kV, I =40
mA) Cu K radiation as the X-ray source (A =1.54 A). The
morphologies of the as-synthesized samples were observed
by SEM (FEI Nano SEM450) under an accelerating voltage
of 1.00kV.

The photocatalytic activity of the as-prepared samples
was tested through the photocatalytic degradation of RhB
under visible light irradiation. 20 mg of samples were dis-
persed into 100 mL of RhB solution (20 mg/L), stirring the
produced suspension in the dark for 30 min to reach the
adsorption/desorption equilibrium. The suspension was sub-
jected to irradiation by a 500 W Xe lamp (A > 420 nm) under
stirring at ambient conditions. After 30 min, 6 mL of the sus-
pension was taken out and centrifuged to remove the photo-
catalysts. The filtrates were analyzed through recording the
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UV-Vis spectra by a Shimadzu UV-1800 spectrophotometer.
The calculated method of photodegradation efficiency was
shown in equation (1) where D represents the photodegrada-
tion efficiency of catalyst, A, represents the absorbance value
at the beginning of illumination, and A, represents the absor-
bance value at a certain time ¢ of illumination.

D(%) = (Ag = A;)/ A, (1)

3. Results and Discussion

Figure 1 shows the XRD patterns of the samples prepared
with different surfactants. The two main phases are sepiolite
and 2H-MoS, which are unchanged, indicating the structure
of nanocomposite kept stable after adding surfactant [28, 29].
Compared with the control sample, surfactant-assisted syn-
thesis of nanocomposite exhibits sharper peaks of MoS,
(101) and (110) facets at 33.5° and 58.3°, respectively, which
suggests the better crystallinity of MoS,. Meanwhile, the sam-
ple prepared with SDBS shows the highest intensity for the
peak of MoS, (002) facet at 14.2°, suggesting the increased
content of MoS, [30]. Besides, the sample prepared by the
similar process coupled with PVP or CTAB has almost no
influence on the MoS, phase in nanocomposite.

SEM images directly show the morphology of sample
prepared with different surfactants (Figure 2). Sample pre-
pared with PVP suffers from serious agglomeration where
MoS, nanosheets transferred to a microsphere morphology
contrast to the control sample (Figures 2(a) and 2(d)), while
MoS, in nanocomposite remains the good dispersion when
CTAB or SDBS are added (Figures 2(b) and 2(c)). The sam-
ple morphology suggests that PVP is not suitable to optimize
the MoS, supported by sepiolite.

To further identify the optimal surfactant, photocata-
lytic degradation of RhB is adopted as a probe reaction.
As shown in Figure 3, the absorbance of RhB for all sam-
ples decreased at the maximum absorption wavelength
along with the increase of lighting time. However, the
sample prepared with SDBS has the maximum descent,
compared with those used CTAB and PVP after a 150-
minute irradiation (Figures 3(a)-3(c)). Moreover, the deg-
radation efficiency of RhB for the sample prepared with
SDBS reaches about 93% after irradiation of 150 minutes
(Figure 3(d)), which is much higher than those prepared
with CTAB (37%) and PVP (22%). Combined with the
results of XRD, SEM, and photocatalysis performance,
SDBS can be identified as the optimal surfactant.

The most suitable concentration of the SDBS is studied
subsequently. As shown in Figure 4, the samples prepared
with 1 mol/L and 1.5mol/L SDBS show the sharper peaks
of Mo§, (101) and (110) facets at 33.5" and 58.3°, respectively,
which indicates the appropriate concentration of SDBS can
increased crystallinity of MoS, in nanocomposite while sam-
ple prepared with too high (2 mol/L) or low (0.5 mol/L) con-
centration of SDBS is unsuitable.

Figure 5 shows the morphology of the samples pre-
pared with different concentration of SDBS. It can be seen
that MoS, in nanocomposite remains the architecture of
nanosheet and disperses on the sepiolite surface, but the
MoS, on the surface of sepiolite disperses sparsely when
the concentration is 0.5mol/L (Figure 5(a)). When the
concentration comes up to 1.5mol/L and 2mol/L, a few
parts of MoS, suffer from slight agglomeration (Figures 5(c)
and 5(d)). When the concentration is 1 mol/L, the MoS,
nanosheets are uniformly dispersed on the sepiolite surface
with the high density and no obvious agglomeration
(Figure 5(b)). Consequently, the concentration of SDBS has
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obvious influence on the dispersion of MoS, in the
nanocomposite.

The ultraviolet visible absorption spectra and photo-
catalytic performance of the samples prepared with differ-
ent concentration of SDBS are also studied to find the
optimal condition (Figure 6). The sample prepared with
I mol/L SDBS has the maximum descent for the absor-
bance of RhB compared with those used other concentra-
tions (Figures 6(a)-6(d)). In addition, photocatalytic
activity of samples toward RhB degradation can be as an
important evidence to obtain the optimal concentration of
SDBS, and the RhB degradation efficiency of the sample pre-
pared with 1 mol/L SDBS is the highest (Figure 6(e)). Thus,
the optimal concentration of SDBS can be identified as
1 mol/L.

4. Conclusions

In summary, MoS,/sepiolite nanocomposite was optimized
via a surfactant-assisted hydrothermal method, and the influ-
ence of surfactants type and concentration was also studied.
The results show that the photocatalysis activity of the nano-
composite prepared with 1 mol/L SDBS as the optimal condi-
tion toward RhB degradation reaches about 93%, which is
extremely higher than those used CTAB and PVP with the
same concentration. SEM images directly show the micro-
sphere MoS, suffering from serious agglomeration when
using PVP. Meanwhile, the increased content of MoS,is
exhibited with the present of SDBS. Among the sample pre-
pared with different concentrations of SDBS, 1 mol/L SDBS
as the optimal concentration makes the best crystallinity of
MoS, in nanocomposite. This work provides a new perspec-
tive for regulating the microstructure of MoS,-based catalyst.
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