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Simulated Sunlight Irradiation Based Photocatalytic Degradation of
Acrylonitrile by Sn-F Co-doped TiO, /Si0, Nano Powder Catalyst
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Abstract: This study proved the significance of simulated sunlight irradiation response capability of Sn-F co-
doped TiO,/Si0O, ( Sn-F-Ti0,/SiO, ) photocatalysts, which were prepared by a simple sol-gel method and
were evaluated by acrylonitrile degradation for photocatalytic activity. The synthesized catalysts were
characterized by X-ray Diffraction ( XRD), Scanning Electron Microscopy ( SEM), Energy Dispersive
Spectrometer ( EDS ), X-ray Photoelectron Spectroscopy ( XPS ), Brunauer-Emmett-Teller ( BET ),
Ultraviolet-Visible Absorption spectroscopy (UV-Vis), and Photoluminescence Spectroscopy (PL). UV-
Visible spectroscopy demonstrated that Sn doping caused remarkable red shift in TiO,, which significantly
increased the absorption efficiency of the catalysts. The XPS results showed that Sn was successfully doped
into the TiO, lattice. The photocatalytic degradation of acrylonitrile indicated that the Sn-F-TiO,/SiO,
photocatalysts exhibited excellent photocatalytic activity when being annealed at 550 C for 2 h. The
degradation rate of acrylonitrile reached 67.7% after irradiation under simulated sunlight for 6 min, and the

hole was the most important active species.
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1 Introduction

Environmental conservation has attracted more
and more social attention with the improvement of
living standards, thus environment friendly treatment
technology is strongly needed. Acrylonitrile is a kind
of linear water-soluble polymer organic substance
which is highly toxic and is suspected to be a human
carcinogen. It can affect female fertility index, leading
to embryo toxicity and abnormal musculoskeletal
development, and it may also cause great toxicity to
organism  when

being  discharged into the

environment'''. As an important industrial raw

material, acrylonitrile has unparalleled function in
chemical industry that although the production of
acrylonitrile has met the market demand and brought
certain economic benefits, it poses a challenge to
environmental protection >’ .

Since the traditional removal methods for
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the drawbacks
ratio, and

acrylonitrile have of high cost,

insufficient removal rigid reaction

conditions, a new removal method is urgently needed.
In recent years, photocatalytic

developed rapidly and many

technology has

have been
5-6]
b

studies

conducted on photocatalytic hydrogen production*
photoelectrocatalysis' ') | and photocatalytic
degradation. Various mature catalyst modification
methods have also been applied, including template
method' ' | core-shell structure''”’ | and quantum dot

modification' "

I Photocatalytic degradation provides a
novel idea and is a simple approach for acrylonitrile
decomposition, which exhibits the advantages of low
cost, reaction at easy control condition, non-toxicity,
and good chemical stability' "

For most organic and inorganic substances,
titanium dioxide ( TiO,) photocatalyst can completely
oxidize target substances into water, carbon dioxide,
inorganic acid, and other low molecular substances

which are not harmful to the environment. However,
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the relatively large electronic band gap of TiO, limits
its photoresponse to solar irradiation. Besides, the fast
recombination of electron-hole pairs reduces the
quantum conversion efficiency of TiO,'"', which
suggests the major drawback of photocatalytic activity.
Therefore, considerable efforts have been made to
promote  photocatalytic ~ activity by  several
modifications.

In our previous studies, thephotocatalytic activity
had been promoted by F doping ( F-TiO,/SiO, ).
Meanwhile, SiO, which acts as a carrier can increase

the surface area '®.

For the purpose of further
improving the efficiency of the catalyst, scientists have
explored different technics to broaden the spectral
absorption region of titanium oxide, among which
metal ion doping is a promising method.

Metal ion doping can introduce defect position in
semiconductor lattice or change the crystallinity of the
semiconductor, thus affecting the electron-hole pair

recombination' """

. Among these metals, Sn and Ti
have similar ionic radii (re, = 0.69 A, ry, =
0.61 A)"™'  which makes Sn well doped into the
TiO, lattice. The present study explored the influences
of Sn doping and annealing process on catalyst surface
structure. Effects of Sn doping and annealing process
on the acrylonitrile degradation were also estimated,
and the active species for oxidation were investigated

by adding sacrificial agents.
2 Materials and Methods

2.1 Materials

Ethanol ( CH,CH,OH, AR), ice acetic acid
(CH,COOH, AR), hydrofluoric acid ( HF, AR),
isopropyl alcohol ( IPA, AR ), -ethylenediamine
tetraacetic acid ( EDTA, AR), tetrabutyl titanate
(TBT, AR), silica gel (mSiO, - H, O, 100 ~
200 mesh ), stannic chloride pentahydrate ( SnCl, -
5H, O, AR), p-benzoquinone ( BQ, AR ), and
acrylonitrile ( C; H; N, AR ) were used for the
experiment.
2.2 Catalyst Preparation

Sol-gel method was applied to prepare the
catalysts in this study. The preparation steps are as
follows. First, 5 mL. TBT was added to 13 mL ethanol
then

vigorously to form solution A. Next, 21 mL ethanol, 4

at room temperature, which was stirred

mL glacial acetic acid, 0.7 mL hydrofluoric acid, and
1.05 mL water were mixed with a certain concentration

of SnCl, for the molar rate of Sn : Ti to be 0.01 : 1 to
form uniform and transparent solution B. After being
stirred for 20 min, solution B was slowly added to
solution A, which was then added with suitable amount
of silica gel ( SiO, carrier). The obtained solution was
stirred until gel was formed, and Sn-F-TiO,/SiO, was
formed by aging the gel at 25 C and then dried. Sn-F-
TiO,/ SiO, nanoparticles were obtained by annealing gel
powders in air at different temperatures from 350 C to
750 C. TiO,/SiO,, F-TiO,/Si0,, and Sn-TiO,/SiO,
were prepared by the sol-gel method as described in
previous study''®’.
2.3 Evaluation of Photocatalytic Activity

A cylindrical quartz reactor with 100 mm height
diameter was used for the

and 60 mm inner

experiment. 150 mg photocatalyst powders were
dispersed in 150 mL acrylonitrile solution ( 10 mg/L).
The suspension was stirred in dark for 30 min to reach
adsorption equilibrium, and then a spherical xenon
lamp ( 350 w, Shenzhen An Hong Da Opto
Technology Co., Ltd.) was used as simulated sunlight
source, which was placed with a distance of 100 mm
above the reactor.

The photocatalytic degradation of the acrylonitrile
solution was performed in a batch experiment. The
concentration of the acrylonitrile in the solution was
determined by High Performance Liquid
Chromatography ( HPLC, Model: Tian Mei LC2000),
China; Column; SHIMADZU-GL Wonda Cract ODS-
2). The mobile phase was a mixture of deionized
water and methanol (7 : 3 V/V) with the flow rate of
1.0 mL/min and the detection wavelength of 210 nm.
The retention time for acrylonitrile was 7.24 min. The
removal of acrylonitrile was determined by

Removal (%) = (C, - C,)/C, x 100% (1)
where C, and C, are the concentrations of acrylonitrile
before and after the photocatalytic reaction
respectively.

2.4 Catalyst Characterizations

X-ray Diffraction (XRD) patterns were obtained
on a Rigaku D/max 2500 PC diffractometer with Cu
Ka radiation (A = 1.54056 A) at a tube current of
20 mA and a voltage of 40 kV. X-ray Photoelectron
Spectroscopy ( XPS) was measured on a Thermo
ESCALAB 250XT instrument with Al Ka X-ray source
(h, = 1486. 6 eV).
calibrated to the Cls peak of the instrument at
284.62 eV. Scanning Electron Microscopy ( SEM )

and Energy Dispersive Spectrometer ( EDS) images
.13 -
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HITACHI SU8010.
Photoluminescence Spectroscopy ( PL) spectra were
determined by an SHIMADZU RF5301PC using
380 nm line of an Xe lamp as the excitation source.

were obtained by

Brunauer-Emmett-Teller ( BET ) specific surface area
of the catalysts was obtained using a Belsorp-mini
nitrogen gas adsorption instrument.

3 Results and Discussion
3.1 XRD Analysis

Sn-F-Ti0O,/Si0,
different temperatures to verify the optimal preparation

catalysts were annealed at
conditions. The molar ratio of Sn : F was 0.01 : 1 and
the annealing time was 2 h. Fig.1(a) shows the XRD
patterns of the catalysts annealed from 350 C to
750 C, and the results indicate that the samples had
the same distinctive peaks with varying temperature.
The characteristic peaks at 26 = 25.26°, 37.86°,
48.08°, 53.86°, 55.09°, 62.82°, 68.93°, 70.28°,
and 75.10° corresponded to the anatase crystal planes
(JCPDS 21-1272), which shows that there was no
phase transition from anatase phase to rutile phase at
350-750 C. No peaks of Sn or SnO, phases were
observed for the low doping concentration of Sn. With
increasing annealing temperature, the diffraction peaks
gradually narrowed, indicating the increase of the
corresponding crystallinity. Crystal sizes of Sn-F-
TiO,/Si0O, particles were calculated with Scherrer
equation''® .

The specific surface area and crystal sizes at
different annealing temperature ranges are shown in
Table 1.

The photocatalytic activities of the Sn-F-TiO,/
Si0, catalysts with different annealing temperatures for
acrylonitrile degradation under simulated sunlight
within 6 min were tested and the results are presented
in Fig.1(b). It can be found that with the increase of
the annealing temperature from 350 C to 550 C, the
degradation rate of acrylonitrile increased from 36.1%
to 67.7% , while as the temperature rose further, the
photocatalytic degradation rate decreased to 47.59%,
which is attribute to the increase of the -catalyst
crystallinity and the decrease of the specific surface
area (Table 1). Owing to the reduction in the specific
surface area, hole density was decreased on the
surface of the catalyst, which also resulted in the less
electron-hole recombination and thus improved the
catalyst activity. However, further increase in the

.14 -

temperature may lead to the agglomeration of the
catalysts and therefore decreased the photocatalytic
activity.

(101)

Intensity(a.u.)
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20 (°)
(a) XRD patterns of Sn-F-TiO,/SiO, catalysts prepared from 350 C to
750 C

- 350 C
0r . 450 °C “
4550 C

O 630 C 7

Degradation ratio( %)

Irradiation time (min )

(b) Influence of annealing temperature on the activity of Sn-F-TiO,/
SiO, catalysts
Fig.1 Influence of temperature on crystal structure and

photocatalytic activity of Sn-F-TiO,/SiO, catalysts

Table 1 Specific surface area and crystal size of Sn-F-
Ti0,/Si0, catalysts from 350 °C to 750 °C

Specific surface area  Crystal size

Annealing temperatures( C )

(m?/g) (nm)
350 221 123
450 220 15.7
550 218 15.3
650 216 17.1
750 210 19.5

3.2 Surface Morphology of the Catalysts

To clarify the effect of Sn doping on the surface
morphology of the catalysts, SEM and EDS images of
the catalysts including TiO,/SiO,, F-TiO,/SiO,,
and Sn-F-TiO,/SiO, were obtained as presented in
Fig.2.
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(a) TiO,/Si0,( 60 k)

100nm 100nm

(d) F (Sn-F-Ti0,/Si0, )

(e) Sn (Sn-F-Ti0,/Si0,)

(b) F-Ti0,/Si0,(60 k)

100nm

(f) Ti (Sn-F-Ti0,/SiO,)

Fig.2 SEM images of Ti0,/Si0,, F-Ti0,/Si0,, and Sn-F-Ti0,/Si0, catalysts as well as EDS images of Sn-F-Ti0,/

Si0, catalysts

SEM images showed that TiO,/SiO,, F-TiO,/
Si0,, and Sn-F-TiO,/SiO, catalysts were secondary
particles formed by the irregular accumulation of
primary particles. Sn doping had no obvious effect on
the grain morphology and the aggregation of F-TiO,/
Si0, samples. Compared with TiO,/SiO, catalyst, F-
TiO,/Si0, catalyst possessed a large number of tiny
grains on the surface, which might be due to the
corrosion of hydrogen fluoride on the surface of the
sample. In the process of sample preparation, the
presence of fluoride ions could loosen the surface of
the nanocrystals and reduce the bulk density of the
samples. After doping Sn into F-TiO,/SiO, catalyst,
the morphology had no obvious difference with the F-
TiO,/Si0, catalyst, implying that Sn doping did not
influence the rough surface structure. EDS images
showed that F, Sn, and Ti elements were evenly
distributed in Sn-F-TiO,/Si0O, catalysts.

3.3 PL Study

For semiconductor nanomaterial, the PL spectra
were related to the transmission behavior of
photogenerated electron-hole pairs. Fig. 3 illustrates
the PL spectra of different catalysts. The PL spectra of
F-TiO,/Si0, catalyst samples showed several strong
emission peaks in the range of 350 nm to 550 nm.
When Sn was doped, the peak emission intensity

decreased to a small extent, which indicates that Sn
doping inhibited the recombination of photo-induced
electrons and holes, thus improving the activity of the

catalysts'>' .
Ti0,/Si0,
F-Ti0,/Si0,
Si-F-Ti0,/Si0,
E
<
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Fig.3 PL spectra of TiO,/Si0,, F-Ti0,/SiO,, and Sn-
F-Ti0,/Si0, catalysts

3.4 XPS Analysis

The surface composition and the valence state of
the elements in the catalysts were determined by XPS.
Fig.4(a) shows the XPS survey spectra, in which all
added elements can be observed. In Fig.4(b), F 1s
had two peaks positions, which suggests that F

.15 .
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existed in two different states. The binding energy
located at 687.8 eV was caused by the substitution of
F atoms for the position of oxygen atoms in the TiO,
lattice' ™’ . Tt reveals that the preparation of catalyst
samples by the sol-gel method with HF as the
precursor could enable F atoms to enter the lattice of
TiO,. The binding energy located at 684.7 eV was
due to the adsorption of F ions on the TiO,
surface'”’ | which implies that Sn doping had no
effect on the state of adsorption for F ions. Fig.4(c)
presents the O 1s spectra of Sn-F-TiO,/SiO,, where

the peaks were at binding energies 529.9 eV and

o

£ =
=

[
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1 1 1 1 1
0 200 400 600 800 1000 1200
Binding energy(eV)
(a) XPS survey spectra
533.4 eV 01s

E 529.9 eV

Z
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[

o=t

1 1 1 1 1 1 1

524 526 528 530 532 534 536 538 540
Binding energy(eV)

(c) O1s

533.4 eV, indicating that there were at least two
chemical states of oxygen. The peak near the position
of 533.4 eV belonged to the oxygen in the hydroxyl
groups ( - OH)'?'  suggesting the existence of
- OH
ions are important species for photocatalysis. The peak
near the position of 529.9 eV belonged to the oxygen
in the TiO, lattice'**'. Fig.4(d) shows Sn 3d peaks at
two positions of binding energies (486.4 eV and
495.0 V), and the cause was the tetravalent tin ions
into the lattice of TiO,'”’, which indicates that Sn
was successfully doped into the TiO, lattice.

hydroxyl ions on the sample surface. These

687.8 eV
Fls
e
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i
z
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<
==}
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(d) Sn3d

Fig.4 XPS survey spectra and high resolution XPS spectra of Sn-F-Ti0,/Si0, catalyst

3.5 Ultraviolet-Visible Absorption Spectroscopy
(UV-Vis) Analysis
The light absorption of the catalysts before and
after Sn doping was investigated by UV-Visible
spectra. As shown in Fig.5, the absorption edge of the
Sn-F-Ti0,/Si0, catalyst shifted a little toward longer

.16 -

wavelength compared with the F-TiO,/SiO, catalyst
samples. In particular, the absorption of light was
obviously enhanced from 380 nm, indicating that Sn
doping could expand the optical adsorption performance
of F-TiO,/SiO, and then improve the
absorption efficiency of the catalysts to light.

catalysts
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Fig.5 UV-Vis absorption spectra of Ti0,/SiO,, F-

TiO,/Si0,, and Sn-F-Ti0,/Si0, catalysts

3.6 Photocatalytic Activity

The photocatalytic activities of Sn-F-TiO,/SiO,
catalysts were evaluated by acrylonitrile degradation
under simulated sunlight. Fig.6 shows the degradation
efficiency of acrylonitrile with TiO,/SiO,, F-TiO,/
Si0,, and Sn-F-TiO,/SiO, photocatalyst samples. As
shown in Fig.6, the degradation rate of acrylonitrile
reached 67. 7% after irradiated under simulated
sunlight for 6 min with Sn-F-TiO,/SiO, catalyst.
Apparently, this degradation efficiency was higher
than F-TiO,/SiO, and TiO,/SiO,, and the result was
consistent with those of UV-Visible and PL spectra.

70

—a— Sn-F-Ti0,/Si0,
—o— F-Ti0,/Si0,
—A—Ti0,/Si0,

Degradation ratio(% )

0 1 2 3 4 5 6
Irradiation time (min)
Fig.6 Degradation efficiency of acrylonitrile with
Ti0,/Si0,, F-Ti0,/Si0,, and Sn-F-Ti0,/Si0,
catalyst samples

Furthermore, the photocatalytic degradation of
acrylonitrile was first-order kinetically fitted ( as
shown in Table 2). The linear correlation coefficients
R® of the three catalysts in the reaction systems were

99.9%, 99.9% , and 99.8% , respectively, indicating
that the photocatalytic reaction conformed to be the
first-order reaction kinetics model. Compared with
7.90 min~" ( TiO,/SiO, catalyst) , the apparent rate
constant increased from 10.12 min~' ( F-TiO,/SiO,
catalyst) to 11.44 min~' ( Sn-F-TiO,/SiO, catalyst) ,
which indicates that Sn doping could further improve
the reaction rate.

Table 2 Apparent rate constants and correlation coefficients
for the first-order Kinetics
degradation of acrylonitrile

of photocatalytic

Apparent rate constants  Correlation coefficients

Photocatalysts (min-") (R?)
TiO,/Si0, 7.90 0.999
F-TiO,/SiO, 10.12 0.999
Sn-F-TiO,/Si0, 11.44 0.998

3.7 Stability of Sn-F-Ti0,/Si0O,

After five replicate experiments, the catalysts
which
means that Sn-F co-doped samples were relatively
stable and remain high efficiency in
photodegradation under simulated sunlight irradiation
(as shown in Fig.7).

maintained good photocatalytic efficiency,

could

70

60 b

50

40 + o

30 +

20 + b ° .

Degradation ratio(%)

10

- - - -

6 12 18 24 30

Trradiation time (min)
Fig.7 Recycle efficiency of Sn-F-Ti0,/SiO, catalyst
samples under simulated sunlight

4 Investigation of Active Species

During the photocatalytic reaction, the active
species of oxidation mainly included hydroxyl radicals
( +OH), hole (h"), and superoxide
(0O, + 7). Sacrificial agents were added to distinguish
the activity of

anion

oxidative species during the

c17 -
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photocatalytic degradation of acrylonitrile, consisting
of IPA for - OH, EDTA for h*, and BQ for O, - ~.
Fig.8 demonstrates the photocatalytic degradation of
acrylonitrile by Sn-F-TiO,/SiO, under simulated
sunlight through adding different sacrificial agents.
Results reveal that the use of three different sacrificial
agents led to the decline of the photocatalytic
degradation activity to a certain extent, indicating that
the corresponding -+ OH, h*, and O, -~ were related
to the photodegradation process. When IPA, EDTA,
and BQ were added,
decreased, and the removal rates of acrylonitrile were
38.17%, 1.90%, and 14. 80%, respectively. It
implies that the hole was the most active species

the photocatalytic activity

during the photodegradation of acrylonitrile. Usually,

hydroxyl radicals are crucial during the

photodegradation of pollutants, while they mainly

extract and add hydrogen atoms in carbon-hydrogen

26]

bonds to decompose pollutants'**'. However, in the

absence of carbon-hydrogen bonds, holes play a

major role in oxidation"*"” .

Degradation ratio( %)

Irradiation time (min )

Fig.8 Effects of different sacrificial agents on the

photodegradation activity of acrylonitrile by
Sn-F-Ti0,/Si0, catalysts

Acrylonitrile contains a carbon-nitrogen triple
bond, wherein the bond is very strong, so the
degradation of acrylonitrile is mainly dependent on the
holes. According to Fig.§8, it can be found that - OH
and O, - ~ played auxiliary roles.

5 Conclusions

Sn-F-TiO,/Si0, catalysts were prepared by a sol-

gel method. Acrylonitrile was degraded under

simulated sunlight to evaluate photocatalytic activities.
.18 -

The activity of Sn-F-TiO,/SiO,
degradation was systematically
investigated. Improved by Sn doping, Sn-F-TiO,/
showed 67.7%
acrylonitrile. Characterization results indicated that
with  F-TiO,/SiO,, Sn-F-TiO,/SiO,
catalysts had smaller crystal size, smaller grain

catalyst for
acrylonitrile

SiO, catalysts degradation of

compared

surface, and looser granules, which was in favor of
even dispersion of the catalyst powders in the reaction
systems. PL was also slightly weakened, which
implied the inhibited recombination of photo-induced
electrons and holes. Red shift of absorption edge
occurred and thus the utilization rate of light was
higher, which enhanced the photocatalytic activity.
The XPS results indicated that Sn was successfully
doped into the lattice of the catalysts. Addition of
sacrificial agents into the reaction systems showed that
the hole was the most important active species for the
photocatalytic activity.
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