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Abstract

The aim of this research is to develop an efficient photocatalyst for the degradation of acrylonitrile under simulated sunlight.
In this work, Zr-doped FS-TiO,/SiO, photocatalyst was reported for the degradation of acrylonitrile. Sol-gel method were
used for the preparation of Zr-doped FS-TiO,/SiO, with the molar ratio of Ti:Zr varied from 1:0.07. The prepared photo-
catalyst was calcined at 450 °C for 2 h. The characteristics of Zr-doped FS-TiO,/SiO, were examined by X-ray diffraction
(XRD), ultraviolet—visible diffuse reflectance spectroscopy (UV—Vis DRS), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), Brunauer—-Emmett—Teller (BET) and X-ray photoelectron spectroscopy (XPS). XRD results
confirmed the presence of anatase phase of TiO,, and it also reveals that the Zr doping did not change the crystal phase of
TiO,. The absorbance of Zr-doped FS-TiO,/Si0, was significantly enhanced, as confirmed by the red shift in UV-Vis DRS
spectra. Zr doping inhibits the recombination of electron—hole pairs and enhanced the photocatalytic activity. The UV-Vis
DRS spectra show stronger absorption in Zr-doped FS-TiO,/SiO, photocatalysts compared to FS—-Ti0,/Si0,. XPS analysis
illustrated the presence of Zr**, Ti**, Ti**, O~ and OH groups in Zr-doped FS—Ti0,/SiO,. Then, the photocatalytic activ-
ity of the prepared photocatalyst was tested for the photocatalytic degradation of acrylonitrile under simulated sunlight. Zr
doping, together with F and S would enhance the surface area and charge separation, making it serve as a more effectual
photocatalyst than TiO, and FS-TiO,/SiO,. The degradation ratio of acrylonitrile reached 79.2% within 6 min of simulated
sunlight due to the doping effect of Zr into FS-TiO,/Si0O, photocatalyst. Zr doping could enhance the thermal stability of
anatase phase of TiO, and improve its surface properties.
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1 Introduction

The rapid progress in industrial society, biomass burn-
ing, transportation, urbanization and mining are becom-
ing the major point of discussion in the ecological and
environmental field. All these processes are responsible
for the increased level of pollution in the environment
which produces many negative effects on healthy lifestyle.
To reduce environmental pollution, it is very requisite to
find a sustainable strategy that maintains a clean and safe
environment for living beings. In this respect, a variety
of treatment methods are produced out of that photoca-
talysis is considered auspicious because it is low-cost,
environmentally friendly as compared with other meth-
ods. TiO,, ZnO, Sn0O,, ZrO,, and CeO, are the common
photocatalysts, among them photocatalysis with different
combination structures of TiO, has been thoroughly stud-
ied [1-3]. TiO, has emerged as one of the most promising
photo-induced catalysts and is repeatedly used to oxidize
inorganic and organic compounds in water and air because
of its long-term photo-stability and strong oxidative power
[4]. Generally, numerous parameters, including morphol-
ogy, crystallinity and specific surface area are responsible
for the better photocatalytic activity of TiO,. However,
poor conductivity and large bandgap of TiO, cause the
difficulty in the transfer of electrons, which limits the cred-
ible applications of TiO,. Accordingly, some approaches
have been employed to overcome the above-mentioned
shortcoming to improve the properties of TiO, to increase
its conductivity and reduce its bandgap [5]. Several ways
can be applied to achieve this goal, such as doping with
nonmetals and metals, surface modification by different
treatments and coupling of TiO, with other semiconduc-
tors materials, etc. [6-9]. Previously, it has been reported
that nonmetal doping could greatly enhance the absorp-
tion in the visible region. By contributing p-orbital, these
nonmetals could easily substitute the O, atom from the
lattice of TiO, [10-13]; because of this, the electronic
properties of TiO, alters and results in the greater reaction
rates for photocatalytic activity. Some investigations on
fluoride doping has concerned significant attention, which
led to the creation of surface oxygen vacancies and sur-
face O~ species [14—16]. In our previous study, the higher
photocatalytic activity of S-Bi co-doped F-TiO,/SiO, was
attributed to the increase in the number and strength of
surface-active sites [17].

However, metal doping introduced some impurity levels
between the valence and conduction band of TiO, which
can significantly increase the speed of the photocatalytic
process by reducing the electron-hole recombination [18].
Zirconium doping suppresses electron—hole recombina-
tion and increases the specific surface area that is most
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important for the enhanced photocatalytic activity of TiO,
[19]. Other studies reported the substitutional doping of
Zr** jons into the lattice of TiO,. In addition, ZrTiO, spe-
cies are formed in the presence of an excess of Zr*" ions.
The occurrence of both Zr** jons and surface NOx spe-
cies in a substitutional mode increases the total amount
of charge carriers and enhances the absorption into the
visible light region [20]. Furthermore, the addition of
multiple dopants into the lattice of TiO, has become an
active and promising method to improve the photocatalytic
performance of TiO, as compared to singly and doubly
doped system [21]. One such example is TiO, doped with
iridium, carbon, nitrogen and it was found that multiple
dopants reduce the band gap and shifts the absorption in
the visible light region. These results give better photo-
catalytic H, evolution as compared to TiO, [22]. In our
previous work, the photocatalytic activity was enhanced
by F-S doping in the lattice of TiO,. But due to the poor
stability of the photocatalyst, FS-Ti0O,/SiO, needs fur-
ther modification to increase the efficiency and stability
of the photocatalyst. Therefore, in the present study, we
report Zr-doped FS-TiO,/SiO, photocatalyst synthesized
by sol-gel method. The effect of Zr doping on the pho-
tocatalytic activity of FS-Ti0,/Si0, was investigated for
the degradation of acrylonitrile under simulated sunlight.
Here, acrylonitrile is selected as the target pollutant for
photocatalysis.

Acrylonitrile (AN) is an important industrial material
which is produced by the catalytic reaction of propylene with
ammonia. It is widely used as a raw material for the pro-
duction of synthetic rubber, plastics, acrylic fibers, resins,
nitriles and acrylamide. Effluents discharged from the latex
and chemical-manufacturing plants and acrylic industry
wastewater are the main source of acrylonitrile [23]. Acry-
lonitrile is harmful and irritant to humans, who inhaled or
directly contact with it. The symptoms for the inhalation of
acrylonitrile are headache, nausea, irritation to throat and
nose, vomiting and dizziness, whilst the long exposure of
acrylonitrile causes cancer [24]. Therefore, to safe the water
sources and environment, acrylonitrile wastewater must be
treated before being discharged into the environment. In the
previous literature, F- and S-doped TiO, has been studied
extensively for its photocatalytic activity, whereas Zr-doped
FS-TiO,/Si0, photocatalyst has not been reported so far. Zr
doping in FS-TiO,/Si0O, shows better photocatalytic activity.

2 Experimental section

2.1 Preparation of photocatalysts

Zr-doped FS-Ti0O,/Si0, and FS-TiO,/SiO, photocatalyst
were prepared by sol-gel method. 5 mL butyl titanate was
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dissolved in 13 mL of ethanol and this solution was stirred
for 20 min at room temperature to form solution A. Further
0.45 mL of 40% HF, 21 mL of ethanol, 4.2 mL of glacial
acetic acid, suitable amount of Zr (Ti:Zr ratio from 1:0.09)
and 1.05 mL of deionized water were mixed together to form
solution B. This solution was stirred ultrasonically for 5 min
to form a clear solution. After that, solution B was added
dropwise to solution A. After that, a suitable amount of
silica was added (which can act as a capable carrier) in the
above solution, which was continuously stirred for 2 h until
the gel was formed. Here, silica gel can effectively disperse
the titanium dioxide particles to inhibit their agglomeration,
and increase the adsorption capacity due to its large specific
surface area. The gel was aged for 10 h at room tempera-
ture, dried in an oven at 80 °C. After grinding the prepared
gel, Zr-doped FS-Ti0O,/Si0O, was obtained by calcinating
the gel powders in the air at different temperatures from
350 to 750 °C.

2.2 Photocatalytic activity test

The photocatalytic reaction was performed in a quartz
reactor as shown in Fig. 1. Acrylonitrile was used as the
target pollutant to investigate the photocatalytic activity
of the as-prepared photocatalyst under simulated sunlight.
The concentration of the prepared acrylonitrile aqueous

solution was 10 mg/L. 180 mL of the solution was taken
into a quartz reactor, and then 500 mg of the photocatalyst
was weighed into it, after that the reactor was sealed with
quartz glass to prevent the volatilization of acrylonitrile.
Place the entire reactor in a special light-shielded reaction
box, turn on the stirrer, stir evenly, close the reaction box,
and make the reactor sealed. For the adsorption process,
the photocatalyst was placed in the dark for 35 min to
reach the equilibrium of adsorption and desorption, and
then turn on the xenon lamp (350 W, Shenzhen An Hong
Da Opto Technology Co., Ltd.). In the light process, a
fan is used to cool the xenon lamp. At the same time, cir-
culating cooling water is used to ensure that the reaction
liquid in the reactor is at room temperature for the pho-
tocatalytic reaction. During the photocatalytic reaction, a
sample solution of about 2 mL was withdrawn within the
specific interval of time and the absorbance was measured
using UV—Vis DRS spectroscopy. From the photocatalytic
activity test, the percentage of acrylonitrile degraded by
the prepared photocatalysts was determined from the fol-
lowing equation:

Removal (%) = (C,—C,)/C, X 100,

where C, is the concentration of acrylonitrile (mg/L) after
the adsorption and desorption equilibrium of the reaction
system; C, is acrylonitrile concentration (mg/L) in the reac-
tion liquid after a certain period of photocatalytic reaction.

Fig. 1 The photocatalytic reac-
tor designed for the degradation
of acrylonitrile

1- Spherical Xenon

Lamp
2- Reactor

3- Magnetic Stirrer

4- Sampling Port

5- Magnetic Stirrer
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2.3 Photocatalyst characterization

To find the crystal structure of Zr-doped FS-TiO,/SiO,
photocatalyst, X-ray diffraction (XRD) patterns were
obtained on a Rigaku D/max 2500PC diffractometer with
Cu Ko radiation (4=1.54056 /OX). A UV-Vis DRS spec-
troscopy was measured on Perkin Elmer Lambda 1050/950
UV spectrophotometer to find the light absorption of the
photocatalyst. Transmission electron microscopy (TEM)
(American FEI cooperation) F30 was used to analyze the
physical properties of the photocatalysts. The samples were
ultrasonically dispersed in ethanol which was supported on
the copper grid. A scanning electron microscope (SEM)
(HITACHISU8010) was used to study the morphology of
the prepared photocatalyst.

To check the chemical states of each element, present in
the photocatalyst, X-ray photoelectron spectroscopy (XPS)
was performed on a Thermo ESCALAB 250XI instru-
ment with Al KaX-ray source (hv=1486.6 eV). All bind-
ing energies were calibrated to the Cls peak of the instru-
ment at 284.62 eV. The specific surface area of the prepared

—FS-Ti0,/Si0, a
—Zr doped FS-TiO,/SiO,

Intensity (a.u.)

10 20 30 40 50 60 70 80
2-theta (degree)

Degradation ratio (%)

O T T T T T T
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Time (min)

photocatalyst was obtained using a Belsorp-mini nitrogen
gas adsorption instrument (BET).

3 Results and discussion

3.1 Structural characterization of Zr-doped FS-
Ti0,/Si0, photocatalyst

Figure 2 shows the XRD patterns of the prepared photo-
catalyst and their photocatalytic activity with an optimized
condition (Ti:Zr 1:0.07 and calcination at 450 °C for 2 h).
The XRD spectra of FS-Ti0,/Si0O, and Zr-doped FS-TiO,/
Si0, are shown in Fig. 2a. It can be seen that the crystal
phase of FS-Ti0O,/SiO, and Zr-doped FS-TiO,/SiO, were
anatase phase which was confirmed by the presented peaks
in XRD pattern. There was no prominent diffraction peak
of Zr in the XRD of Zr-doped FS-Ti0,/Si0, photocatalyst
because the concentration of Zr ions was below the detec-
tion limit of XRD and indicated the relatively uniform dis-
tribution of Zr. The crystallite size was calculated with the

10 20 30 40 50 60 70 80
2-theta (degree)

d

0 2 4 6 8 10 12
Time (min)

Fig.2 a XRD patterns of FS-TiO,/SiO, and Zr-doped FS-TiO,/SiO, photocatalyst. b XRD patterns of Zr-doped FS-TiO,/SiO, photocatalysts
calcined at different temperature and ¢, d influence of calcination temperature and time on the activity of Zr-doped FS-TiO,/SiO,
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help of Debye—Scherrer’s formula using the major crystal
plane at (101) [25]. The crystallite size of FS-Ti0,/Si0,
and Zr-doped FS-Ti0,/SiO, were 16.9 and 13.4 nm, respec-
tively. It was found that the crystal phase for all the calcined
samples corresponded to the anatase phase (Fig. 2b) [26].
Figure 2b clearly shows that no characteristic peaks of the
rutile phase were formed in all the samples; it means dop-
ing with Zr does not allow the formation of the rutile phase
even at a higher temperature. As the calcination temperature
increased from 350 to 750 °C, the peaks became narrow
which confirmed the better crystallinity of the prepared pho-
tocatalysts. Instead, with the increased calcination tempera-
ture, the anatase phase was maintained with relative peak
intensities. This can be explained by the fact that Ti** is
less electropositive than Zr**. As a result of Zr doping, the
electronic cloud in FS-TiO,/SiO, will be more loosely held
thus favoring the formation of the less dense anatase phase
[26]. No characteristic peaks of Zr indicate the better disper-
sion of Zr in the prepared photocatalyst.

The effect of calcination temperature on the crystallite
size is shown in Table 1 (green rows). It was found that the
crystallite size and specific surface area were correlated with
the calcination temperature. First, the specific surface area
was increased when the temperature reached to 450 °C; after
that, it decreased as the temperature increased from 450 to
750 °C. The higher calcination temperature can cause the
photocatalyst to agglomerate the individual particles and
thereby increasing the crystallite size and reducing the spe-
cific surface area. The prepared Zr-doped FS-TiO,/SiO,
photocatalyst was evaluated for the photocatalytic degrada-
tion of acrylonitrile under simulated sunlight, to investigate
the effect of different calcination temperatures.

In Fig. 2c, the doping concentration of Ti:Zr was
the same but the calcination temperature was increased
from 350 to 750 °C. The degradation ratio of acryloni-
trile was increased (79.2%) when the calcination tem-
perature changed from 350 to 450 °C which results in
the enhancement of crystallinity and the specific surface
area of the prepared photocatalyst (Table 1). Further with
the increase in the calcination temperature, there was a

Table 1 Crystallite size and specific surface area of Zr-doped FS—
TiO,/SiO, photocatalyst obtained at different calcination tempera-
tures and time

Calcination temperature 350 450 550 650 750
0

Crystallite size (nm) 13.8 134 19.8 21.0 222

Specific surface area 213.17 221.22 219.55 214.70 208.20
(m*/g)

Calcination time (h) 1.0 2.0 3.0 40 5.0

Specific surface area 220.88 221.22 21691 214.03 211.87

(m®/g)

gradual decrease in the degradation ratio which may be
attributed to the agglomeration of the photocatalyst with
the increase in the crystallite size.

Figure 2d illustrates the effect of calcination time on
the photocatalytic degradation ratio of acrylonitrile. Here,
we used the same optimized condition but varied the cal-
cination time. It can be seen that as the calcination time
increases, the photocatalytic degradation ratio of acry-
lonitrile first increases and then decreases. When the pho-
tocatalyst calcination time was 2 h, acrylonitrile had the
highest removal rate, reaching 79.2%.

Therefore, the prepared photocatalyst has an optimized
calcination temperature (450 °C) with optimized calci-
nation time (2 h). As shown in Table 1 (blue rows), the
specific surface area of the photocatalyst increases as the
calcination time increases up to 2 h. When the calcination
time was 2 h, the specific surface area of the photocatalyst
had the highest value, which was consistent with the pho-
tocatalytic activity.

3.2 Morphological characterization of Zr-doped FS-
Ti0,/Si0, photocatalyst

Figure 3a, d shows the SEM images of FS—-TiO,/SiO, and
Zr-doped FS-Ti0,/Si0, photocatalyst, at a calcination
temperature of 450 °C for 2 h. FS-TiO,/SiO, photocata-
lyst exhibits large irregular particles, formed by the phe-
nomenon of agglomeration (Fig. 3a). However, in case
of Zr-doped FS-Ti0O,/Si0,, a microsphere structure with
uniform size was formed. With Zr doping, the particle
size was decreased, which may be attributed to the pres-
ence of Zr** ions that inhibit the grain growth by provid-
ing dissimilar boundaries [27]. TEM images of Zr-doped
FS-Ti0,/Si0, photocatalyst at different locations are
shown in Fig. 3b, e. Crystal lattice fringes present in the
TEM images illustrate the sharp edge and high crystallin-
ity of the prepared photocatalyst. In Fig. 3b, e, the lattice
fringes corresponding to the anatase phase are observed.
The lattice fringes having spacing of 0.254, 0.367 and
0.245 nm corresponding to (101) plane of TiO,, (110)
plane of ZrO, and (200) plane of Ti,ZrO which was shown
in enlarged images in Fig. 3c, f. SEM and TEM results of
the prepared photocatalyst revealed that the addition of Zr
ions increases the dispersion of the photocatalyst which
results in the increased active site and specific surface
area. The probable reason for the increased dispersion of
the photocatalyst can be summarized as the decreased par-
ticles size, and the thermal stability of the anatase phase as
well as the formation of defects on the surface of FS-TiO,/
Si0,. The inter planer distancing and their corresponding
planes shows that Zr is properly doped and these results
have good agreement with XRD results.

@ Springer
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Fig.3 a, d SEM images of FS-TiO,/SiO, and Zr-doped FS-TiO,/SiO, photocatalyst. b, e TEM image of Zr-doped FS-TiO,/SiO, photocatalyst
at different location. ¢, f Enlarge part of b and e

3.3 XPS characterization of Zr-doped FS-TiO,/SiO, elements present in the prepared sample. XPS analysis
photocatalyst was performed on Zr-doped FS-TiO,/SiO, photocatalyst

calcined at 450 °C. The XPS survey spectra and high-
XPS is used to determine the oxidation states of each  resolution spectra of Ti2p, Ols, Fls, S2p and Zr3d are
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Fig.4 a XPS survey spectra of Zr-doped FS-TiO,/SiO,, high-resolution XPS spectra of b Ti2p, ¢ Ols, d Fls, e S2p and f Zr3d
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illustrated in Fig. 4 for Zr-doped FS—-TiO,/SiO, photocata-
lyst. Figure 4a shows the XPS spectrum, which represents
the existence of all element in the prepared photocata-
lyst. In this spectrum, the presence of carbon peaks was
attributed to the XPS instruments itself [28]. The high-
resolution XPS spectra for Ti2p are shown in Fig. 4b. Due
to the spin—orbit coupling, Ti2p split into doublet at bind-
ing energy 458.6 and 464.4 eV, respectively. The peaks of
Ti2p having binding energy at 458.6 and 464.4 eV corre-
spond to the Ti2p;,, and Ti2p,, chemical states. The differ-
ence in the binding energies (5.8 eV) of these peaks shows
the presence of titanium in the + 4-oxidation state [29].
However, a peak at binding energy 459.5 eV (Ti2p,,,) also
appeared in the spectra which corresponds to the titanium
present in the + 3-oxidation state [30]. These results indi-
cate that Ti*" ions occupy electrons from nearby oxygen
vacancies and transform to Ti** ions.

Next, the Ols peak can be deconvoluted into four peaks
as shown in Fig. 4c. The peak at binding energy 529.4 eV
was attributed to the lattice oxygen present in TiO, [31].
Another three peaks at binding energy 530.7, 533.7 and
535.2 eV were corresponding to the surface defects/absorbed
hydroxyl groups [32], terminal OH group with an O-Ti**
covalent bond [33] and water in vapor phase [34]. Figure 4d
shows the high-resolution XPS spectra for Fls, deconvoluted
into three peaks. The peak with binding energy 683.9 eV
was assigned to the F~ anions, i.e., adsorbed on the surface
of the photocatalyst (i.e., Ti-O—F or Ti-F bond, surface
fluorination) [32]. The peaks at binding energy 686.5 and
688.1 eV were attributed to the substitutional F replacing
O atoms resulting the structure of the type TiO,_.F, and a
non-stoichiometric solid solution of F in TiO, [35]. Fluorine
doping improves electron migration because of its higher
electronegativity as compared to oxygen. These electrons
were localized by Ti*" to create Ti** trap states which can
reduce the rate of charge recombination. The S2p XPS spec-
tra of Zr-doped FS-Ti0O,/Si0O, are shown in Fig. 4e. After
deconvolution, doublet of S2p peaks are observed. The
peak at binding energy 169.5 eV (S2p;,,) and a shoulder
peak at binding energy 170.6 eV (S2p,,,) indicate the pres-
ence of + 6 oxidation state of S, when some of the Ti**
ions in TiO, lattice were replaced by S®* ions was consist-
ent with previously reported work [36, 37]. Figure 4f shows
the high-resolution XPS spectra of Zr3d. After fitting, two
peaks with binding energy 182.1 and 184.4 eV were found
in the prepared photocatalysts. The doublet in the Zr3d spec-
tra (182.1 and 184.4 eV) could be attributed to Zr3ds,, and
Zr3ds, of substitutionally doped Zr*" ions, since the peak
of Zr3ds, lies between that of ZrO, (183.5 eV) and metallic
Zr (179.0 eV) [38, 39] consistent with TEM results. Thus,
it is confirmed from XPS analysis that Zr ions are incorpo-
rated into the TiO, lattice and replace some of the Ti** ions,
because the electronegativity of Zr is higher than that of Ti.

It may be possible that some Zr—O-Ti links were formed
from where the electrons transfer from Ti** to Zr** ions.

3.4 Optimization of photocatalysis parameters

UV-visible DRS spectra were performed to investigate
the band structure of the prepared photocatalyst. Figure 5a
shows the UV-Vis DRS spectra for pristine P25, FS-TiO,/
Si0, and Zr-doped FS-TiO,/Si0,. It can be found that,
before the photocatalytic reaction, FS-TiO,/Si0, and Zr-
doped FS-Ti0O,/SiO, photocatalysts has the strong absorp-
tion in the range of 200-380 nm, which was higher than
that of commercial P25. However, in comparison between
FS-TiO,/Si0, and Zr-doped FS-TiO,/SiO,, the stronger
absorption was shown by Zr-doped FS-TiO,/SiO, photo-
catalyst, because Zr doping further enhances the absorption
near the visible region. After the photocatalytic reaction,
when the reaction was repeated five times, the FS-Ti0,/Si0O,
and Zr-doped FS-TiO,/SiO, photocatalysts showed weaker
absorption properties. This weaker absorption was respon-
sible for the damage of photocatalyst during the photocata-
lytic process (data obtained from XPS analysis as shown in
Table 2). The loss of light absorption was minute in the case
of Zr-doped FS-Ti0,/SiO, photocatalyst, indicating that Zr
modification improves the stability of the light absorption
performance of the photocatalyst. The results show that Zr-
doped FS-TiO,/Si0, photocatalyst revealed higher activity
after repeated reuse as compared to FS—-Ti0,/Si0O,.

After Zr doping, it was found that the photocatalytic
activity with different precursors of the same element
(Zr) was not the same. Therefore, here, the precursors of
Zr, which shows the best photocatalytic activity should be
selected. Figure 5b shows the photocatalytic activity evalu-
ation of FS-Ti0,/Si0O, photocatalysts modified with differ-
ent zirconium precursors. Three different precursors of Zr,
i.e., zirconium oxychloride, zirconium nitrate, and zirco-
nium oxynitrate were used to prepare Zr-doped FS-TiO,/
SiO, photocatalyst by sol-gel method with different ratio
of Ti to Zr from 1:0.09 under optimized condition. A series
of experiments are performed with acrylonitrile under the
influence of simulated sunlight. The results show that the
photocatalytic degradation rate of ZrOCl, after 6 min was
53.7%, which was lower than that of the FS-TiO,/SiO,
photocatalyst.

The photocatalytic degradation rate of Zr (NO;), after
6 min was 78.3%; however, the degradation rate of the
pure FS-TiO,/SiO, photocatalyst has no noticeable change
as compared with the other two zirconium precursors. Zr
(NO;); shows the best photocatalytic activity; therefore, in
this study, Zr (NO;); was used as the precursor of Zr to
prepare the corresponding photocatalyst. Figure 5S¢ shows
the evaluation of the photocatalytic activity of Zr-doped
FS-Ti0,/Si0, photocatalysts with different doping ratios of
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Fig.5 a UV-Vis DRS spectra before and after the reaction of Zr-doped FS-TiO,/SiO, photocatalyst. b, ¢ Effect of Zr on the photocatalytic
activity with different Zr precursor and molar ratio. d Effect of Zr ratio on the stability of prepared photocatalyst

Table 2 Percentage of each element present in FS-TiO,/SiO, and Zr-
doped FS-Ti0O,/SiO, photocatalysts before and after the reaction

Name of the elements FS-TiO,/SiO, Zr-doped FS-TiO,/

SiO,

Before After Before After

reaction  reaction reaction  reaction

(%) (%) (%) (%)
Cls 41.65 42.38 52.42 57.08
Ti2p 37.92 52.35 21.16 35.62
S2p 1.73 2.24 2.49 2.52
Fls 18.70 3.03 23.93 4.78
Loss rate of F 83.8% 80.0%

Zr under the optimized condition. The molar ratios of Ti:Zr
varies from 1:0.0 to 1:0.09 and their corresponding pho-
tocatalytic degradation ratio for acrylonitrile within 6 min
are 74.1, 75.7, 76.1, 77.8, 79.2, and 62.6%, respectively.
It can be seen that the degradation efficiency of Zr-doped
FS-Ti0,/Si0, photocatalyst was found to be increased with

@ Springer

the increase in the Zr doping ratio from 0.00 to 0.07 and
decreased as the doping ratio was increased further. The
maximum degradation efficiency (79.2%) to degrade acry-
lonitrile was observed with a doping ratio of 0.07. The rea-
son for the decrease in the degradation efficiency with a
higher doping ratio may be attributed to the formation of a
new recombination center of photogenerated electrons on
the surface of TiO,. Appropriate doping ratio can improve
the photocatalytic activity of Zr-doped FS-TiO,/SiO, pho-
tocatalyst. As compared with FS-TiO,/Si0,, Zr-doped
FS-Ti0O,/Si0, photocatalyst shows higher photocatalytic
activity. Hence, according to the experimental findings, the
optimal doping ratio of Zr-doped FS-TiO,/Si0, photocata-
lyst is 1:0.07.

To check the stability of prepared photocatalyst, the
experiments were repeated five times. Figure 5d shows the
Zr-doped FS-TiO,/Si0O, photocatalysts modified with dif-
ferent doping ratios of Zr after five repeated experiments.
It was found that when the ratio of Ti to Zr was 1:0, the
degradation ratio was 74.1% and after the fifth reaction, it
decreased to 36.4%. Similarly, when the Zr doping increases,
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the degradation ratio decreases after the completion of the
fifth photocatalytic reaction. After the repeated experiment,
the maximum photocatalytic degradation rate for acryloni-
trile within 6 min was 45.25%, which was higher than that
of FS-TiO,/Si0, photocatalyst.

3.5 Photocatalytic mechanism

In general, the photocatalytic activity of a photocatalyst
depends on the light absorption, specific surface area,
recombination rate of photogenerated electron—hole pairs
and crystallinity [40]. According to the above-mentioned
results, the remarkably enhanced photocatalytic activity
for the degradation of acrylonitrile by Zr-doped FS-TiO,/
SiO, photocatalyst could be explained by the schematic
diagram as shown in Fig. 6. Zr-doped FS-Ti0,/Si0, pho-
tocatalyst provides additional ways of trapping holes and
reducing the recombination of electro—hole pairs. During
the photocatalytic reaction, the photocatalyst was irradiated
with simulated sunlight. The electrons go directly from the
valence band of TiO, to the doping level of Zr** ions or
from the energy level of S to the conduction band of TiO,.
Meanwhile, the photogenerated holes in the valence band of
TiO, move to the energy level of S and the photogenerated
electron in the conduction band of TiO, moves to the dop-
ing level of Zr**. On the surface of Zr-doped FS-Ti0,/SiO,,
the adsorbed oxygen captured the photogenerated electron
present in the doping level of Zr*" which act as electron trap
centers resulting in the formation of O, active species (O,")
[41]. Moreover, the acrylonitrile adsorbed on the surface
of Zr-doped FS-Ti0,/SiO, can be oxidized by the holes in
the valence band of TiO, or in the energy level of S to pro-
duce hydroxyl radicals (OH). These active species are most
important for the photocatalytic reaction which degrades the
acrylonitrile further [42]. Afterward, Zr-doped FS-TiO,/
Si0, photocatalyst shows stronger absorbance in the visible
region and enhanced the photocatalytic activity. This may be
due to the substitutionally doped Zr** ions which form the

e adé V)

electron trap sites (as confirmed by XPS results) and energy
level of S which separate the photogenerated electron and
holes effectually.

On the other hand, the large specific surface area with
a decreased particle size of FS-Ti0,/SiO, after Zr doping
was also a significant point for the enhanced photocatalytic
activity. Small particle size reduces the distance for the pho-
togenerated electron towards the surface of the photocatalyst
which results in the increased reaction sites on the surface.
Furthermore, the enlarged specific surface area of the Zr-
doped FS-Ti0,/Si0, in addition contributed to the increased
photocatalytic activity as confirmed by BET results. In addi-
tion, it must be noted that, some of F~ ions are present on
the surface of the photocatalyst. Fluorine doping improves
the formation of surface acidic sites and oxygen vacancies,
support the adsorption capacity of FS-TiO,/SiO, photocata-
lyst and increase the separation of electron—hole pairs [43].

4 Conclusions

Zr-doped FS-Ti0,/Si0, photocatalyst was successfully syn-
thesized by sol—gel method. The prepared photocatalyst has
a large surface area and small crystallite size between 13
and 17 nm which has been achieved by optimized condition,
i.e., calcination at 450 °C for 2 h with 1:0.07 ratio of Ti:Zr.
The XRD results indicated the presence of anatase phase
of TiO, and it was also confirmed from XRD analysis that
metal doping did not change the crystal structure of TiO,. In
FS-TiO,/Si0, photocatalyst, the F doping increases the sur-
face acid sites and generates the Ti** state, whereas S doping
enhances the absorption in the visible region. After Zr dop-
ing, further enhancement in the absorption due to the for-
mation of electron trapping sites in Zr-doped FS-TiO,/Si0O,
photocatalyst. The XPS results reveal the presence of F, S,
Zr and Ti** states. After the repetition of fifth cycle, the pho-
tocatalytic activity of Zr-doped FS-TiO,/SiO, photocatalyst

Active oxygen

. f1 < 208 species
( We> ./ 05 —
Light == ™ T ' i
> Source — Zr doping in FS-TiO, .= || Acrylonitrile
‘,«" A » ‘ > +
CO, + H,0
-

\./.
FS-Ti0,/S10,

* OH ——OH
Zr doped FS-TiO,/SiO,

Fig.6 Schematic diagram for the proposed photocatalytic mechanism of Zr-doped FS-TiO,/SiO, photocatalyst

@ Springer



887 Page100f10

B. Bharti et al.

increased 8.9% for the degradation of acrylonitrile as com-
pared to the FS-Ti0O,/SiO, photocatalyst.
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