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otocatalytic oxidation of diphenyl
sulphide to diphenyl sulfoxide over titanium
dioxide doped with vanadium, zinc, and tin
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Samples of TiO2 (P25) doped with zinc, tin, and vanadium, thermally treated at 550 �C for 6 h, were tested as

catalysts and photocatalysts for the oxidation of diphenyl sulphide to diphenyl sulfoxide and sulfone, using

hydrogen peroxide as an oxidation agent. Thermal treatment of pure TiO2 and its vanadium-doped forms

resulted in a decrease of anatase and an increase of rutile content. The opposite effect was observed for

TiO2 doped with zinc or tin, where thermal treatment resulted in the rutile to anatase phase transition.

The role of V, Zn, and Sn admixtures as TiO2 phase-composition controllers was postulated. The

catalytic and photocatalytic activity was found to be influenced more by the rutile and anatase contents

of the samples than the presence of admixtures. The rutile-containing samples, TiO2 and V-TiO2,

presented much better activity in the catalytic oxidation of diphenyl sulphide compared with the

catalysts that only contained the anatase phase, Sn-TiO2 and Zn-TiO2. The reaction efficiency was

significantly improved under UV radiation. In this case, the best photocatalytic activity was found for

calcined TiO2, containing both anatase and rutile components. An increase in rutile content, observed in

the vanadium-doped TiO2, decreased the efficiency of the photocatalytic diphenyl sulphide oxidation.

Thus, the presence of both anatase and rutile phases, with their favourable contributions, typical for P25,

is necessary for the effective oxidation of Ph2S to Ph2SO. Moreover, it was shown that for the second

oxidation stage, Ph2SO to Ph2SO2, the presence of the rutile phase is very important.
Introduction

Selective oxidation of organic sulphides to sulfoxides is one of
the key reactions in organic chemistry. The organic sulfoxides,
obtained in such a process, are important chemicals in many
branches of chemical industry, including, among others, drug
synthesis. A broad range of various oxidants for the selective
synthesis of sulfoxides have been proposed. Among them
KMnO4, HNO3, RuO4, NaIO4, and MnO2 were reported as
effective oxidation agents for the selective oxidation of organic
sulphides.1,2 However, in the case of using such oxidants,
equimolar amounts of deoxygenated compounds, including
heavy metals, are formed as waste products.3,4 To overcome
these undesired effects of conventional oxidants, hydrogen
peroxide can be used as an oxidation agent. In this case the only
product of H2O2 decomposition is H2O. Many authors, such as
Shaabani et al.,5 Golchoubian et al.,6 Sato et al.,7 and Noyori
et al.,8 reported hydrogen peroxide as a very promising oxidant
in various reactions that transform organic compounds.
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Hydrogen peroxide is also very promising for application on an
industrial scale due to its low production cost, safety in storage,
transportation, and operation. Thus, using hydrogen peroxide
as an oxidation agent is benecial from both an environmental
and economic point of view.

We focus on Ph2S oxidation using bare titanium dioxide
(P25) or metal-doped TiO2 as a catalyst. Titanium dioxide, in
addition to its good catalytic properties, is an effective photo-
catalyst in various reactions, such as the oxidation of organic
compounds. TiO2 is widely used as a photocatalytic material
because of its strong oxidising ability, high physical and
chemical stability, nontoxicity, low cost, and high availability.9,10

Recently, titanium dioxide has been used in solar cells, thin lm
optical devices, or as a gas sensor.11 Moreover, titanium dioxide
may be used in the environmental remediation of toxic or
harmful compounds by converting them to harmless products
via a photooxidation process.12

In this study, we use bare titanium dioxide (commercial P25)
and vanadium-, tin-, or zinc-doped TiO2 samples as catalysts
and photocatalysts. Titanium dioxide modied with metal ions
was used and veried as an effective catalyst and photocatalyst
in the oxidation of Ph2S. Reference TiO2 and metal loaded TiO2

powders have different crystal structures. The ratio between
anatase and rutile phases inuences the catalytic and
RSC Adv., 2020, 10, 4023–4031 | 4023
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photocatalytic activity of these materials in Ph2S oxidation.
Bettinelli et al.12 reported that the crystal structure, surface area,
crystallinity, and porosity of TiO2 materials, affect the photo-
catalytic activity of TiO2. It was noticed by Bettinelli et al.,12

Litter et al.,13 and Wilke et al.14 that the incorporation of tran-
sition metals (V, Fe, Ru, Mn, or Au) as dopants into TiO2 may
shi the photocatalytic activity of thematerial toward the visible
light spectral range. Several papers15,16 have shown that vana-
dium as a TiO2 dopant increases photocatalytic activity of tita-
nium. However, some authors observed the opposite effect
when incorporating vanadium, a slight decrease in the TiO2

activity upon doping with vanadium.17,18 These signicant
differences may result from different doping methods and the
resulting phase composition of the V-TiO2 materials. Various
experimental parameters in the preparation of metal-doped
TiO2 can strongly inuence the photoactivity of the syn-
thesised samples.19 It was also reported that the photocatalytic
activity of TiO2 strongly depends on the amount of metals used
as dopants.19,20 Additionally, the use of metal ions with the same
or a smaller ionic radius than titanium(IV) seems to be crucial.
The substitution of dopant ions into the framework of titanium
dioxidemay decrease the band gap energy of suchmaterials and
therefore increase their visible light induced photoactivity.21

Moreover, the role of anatase and rutile phases in the Ph2S to
Ph2SO and Ph2SO to Ph2SO2 oxidation steps in the dark and
under UV irradiation is another important issue that is dis-
cussed in this study.
Experimental
Materials

The following chemicals were used in the studies: titanium(IV)
oxide (Aeroxide P25, >99.5%, Acros Organics), ammonium
metavanadate (100%, Merck Millipore), zinc chloride ($98%,
Honeywell Fluka), tin(II) chloride dehydrate (98%, Honeywell
Fluka), acetonitrile (99.8%, Aldrich), bromobenzene (>99.5%,
Aldrich), diphenyl sulphide (98%, Aldrich) and hydrogen
peroxide (30%, POCh).
Catalyst preparation

Titanium-supported vanadium, zinc, and tin catalysts were
prepared by incipient wetness impregnation. The samples with
the intendedmetal content of 0.1 wt% were obtained by soaking
the commercial titanium dioxide powder (P25) with an aqueous
solution of suitable metal salts: ammoniummetavanadate, zinc
chloride, and tin(II) chloride dehydrate. The volume of the
solutions used for impregnation was equal to the water sorption
capacity of P25. The samples that were soaked with metal salt
solutions, were closed in vessels and stirred for 2 h using a roller
mixer. Then, the samples were dried overnight and nally
calcined at 550 �C for 6 h (the temperature was increased from
room temperature to 550 �C at a rate of 1 �C min�1 and then for
the isothermal calcination step the temperature was held at
550 �C for 6 h).
4024 | RSC Adv., 2020, 10, 4023–4031
Catalysts characterisation

The vanadium content in the samples was analysed using the
Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) method. Firstly, 100 mg of the sample was dissolved
in a mixture of 8 cm3 HCl (30%), 2 cm3 HNO3 (67%), and 1 cm3

HF (50%) at 190 �C using an advanced microwave digestion
system (Ethos Easy, Milestone). The obtained solutions were
then analysed with respect to the deposited metal content using
an ICP-OES instrument (iCAP 7400, Thermo Science).

The phase composition and crystal size of the samples were
studied using X-ray diffraction (XRD) using a Brucker D2
diffractometer. The measurements were performed using Cu-
Ka radiation in the 2 theta range of 20–80� with a step of 0.02�.

Moreover, to determine the crystallographic forms of TiO2,
anatase, and rutile, Raman spectroscopic analysis was applied.
Raman spectra were obtained using a HORIBA Jobin Yvon
LabRAM HR micro Raman spectrometer. A 532 nm diode
Nd:YAG laser along with 1800 diffraction grating and 100�
Olympus objective were used. The laser power was adjusted to
approximately 9 mW. Two scans of 11 s each were taken.

Textural parameters of the samples were determined by N2

adsorption at �196 �C using a 3Flex (Micrometrics) automated
gas adsorption system. Prior to the measurement the samples
were outgassed under vacuum at 350 �C for 24 h.

The UV-vis diffuse reectance spectra of the samples were
measured at room temperature using an Evolution 600
(Thermo) spectrophotometer. The spectra were recorded in the
range of 190–900 nm with a resolution of 4 nm. The bandgap
energy was estimated from the Tauc plot, (F(R)$hn)1/2 vs. hn,
where F(R) ¼ (1 � R)2/R is the Kubelka–Munk function.
Catalytic and photocatalytic studies

The samples of TiO2 (P25) doped with zinc, tin, or vanadium
were tested as catalysts and photocatalysts for the oxidation of
diphenyl sulphide (Ph2S) to diphenyl sulfoxide (Ph2SO) and
sulfone (Ph2SO2) using hydrogen peroxide as oxidation agent.
The reaction was performed in a 100 cm3 round-bottom ask
equipped with a stirrer, dropping funnel, and thermometer.
The reaction mixture consisted of 2 cm3 (0.4 mmol) of diphenyl
sulphide, 20 cm3 of acetonitrile as a solvent, 0.01 cm3 (0.1
mmol) of bromobenzene as an internal standard, and 25 mg of
the catalyst. The obtained mixture was stirred (1000 rpm) at
25 �C for 10 min and then 0.06 cm3 (2 mmol) of 30% hydrogen
peroxide was added. For the catalytic studies, the reaction was
performed in the dark in order to avoid the photocatalytic
conversion of Ph2S (conditions marked here as “in dark”).
Moreover, the reaction was also performed under UV radiation
(marked as “under light”). In this case, a 150 W xenon short arc
lamp was used as a UV light source (11.65 mW cm�2). To avoid
the excitation of Ph2S and its direct photooxidation, a 320 nm
cut off lter was applied, as well as a NIR and IR lter (10 cm
optical path, 0.1 mol dm�3 solution of CuSO4). The progress of
the reaction was monitored by analysing the reaction mixture
using the High Performance Liquid Chromatography (HPLC)
method using a mixture of acetonitrile/water as the eluent with
the volume ratio of 80 : 20. Samples of the reaction mixture
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 X-ray diffraction patterns of TiO2 (P25) and its modifications
with vanadium, zinc and tin.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 4

:5
9:

31
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were taken at regular intervals: every 10 min within the rst
hour and every 30 min aerwards. The samples were ltered
through the 0.22 mm nylon membrane lter and analysed using
the PerkinElmer Flexar chromatograph equipped with the
analytical C18 column (150 mm � 4.6 mm i.d., 5 mm pore size).
The column was maintained at 25 �C throughout analysis and
the UV detector was set at 254 nm.

Leaching of the deposited metal species from P25 was
studied for the selected catalysts by the chemical analysis of the
reaction mixture aer it was separated from the solid catalyst
using the ICP-OES method (iCAP7400, Thermo Science). More-
over, in order to check the catalytic activity of the metal species
leached from the solid catalyst, fresh reactants (H2O2 and Ph2S)
were added into the solution aer it was separated from the
catalyst and then the catalytic test was continued for a further
4 h. It was shown that the amount of metal leached was below
5 wt% of its initial content in the sample. Moreover, the
conversion of Ph2S was not detected for the reaction conducted
in solution aer the separation from the solid catalysts.
Results and discussion

The chemical compositions and textural parameters of the
studied catalysts are presented in Table 1. It can be seen that the
real content of the metals deposited on the P25 surface is
relatively close to the expected value of 0.1 wt%. The specic
surface area (SSA) of the samples is in the range of 9–38 m2 g�1.
It should be noted that all samples, including unmodied TiO2,
were calcined at 550 �C for 6 h. The SSA of the non-calcined P25
was about 40 m2 g�1. It can be seen that calcination resulted in
a signicant decrease in the SSA. In the case of calcined TiO2 the
most pronounced decrease in the SSA, to 9 m2 g�1, was
observed. For the samples modied with metals the decrease in
the SSA, especially for V-TiO2, was less pronounced. A similar
tendency was observed for the pore volumes of the studied
samples. Thus, it seems that the deposition of metals inu-
enced the process of TiO2 sintering. A similar effect was re-
ported and discussed in our previous paper for TiO2 doped with
vanadium.22

The phase composition of the samples was analysed using X-
ray diffraction and Raman spectroscopy. The results of these
analyses are presented in Fig. 1 and 2, respectively. The dif-
fractogram recorded for TiO2 (P25 calcined at 550 �C) encom-
passes reections characteristic of anatase and rutile phases.
We used MAUD soware for Rietveld analysis23 to rene the
anatase and rutile content, the results showed that the anatase
and rutile content in the TiO2 sample were 87 to 13%, with
Table 1 Content of the deposited metals and textural parameters of the

Sample Metal content/wt%

TiO2 —
Zn-TiO2 0.098 (Zn)
Sn-TiO2 0.065 (Sn)
V-TiO2 0.073 (V)

This journal is © The Royal Society of Chemistry 2020
average crystallite sizes of 36 and 45 nm, respectively. The
introduction of small amounts of vanadium into TiO2 followed
by its calcination at 550 �C (V-TiO2) resulted in a signicant
decrease in the anatase and an increase in the rutile content. In
this case, the anatase and rutile contents, determined by the
Rietveld method, were about 45 to 55%, with average crystallite
sizes of about 45 and 115 nm, respectively. The effect of the
anatase to rutile transformation in the vanadium-doped TiO2

was conrmed by Raman analysis of the samples (Fig. 2).
Calcination of the V-TiO2 samples resulted in the appearance of
the bands characteristic for the rutile phase at 234, 449, and
612 cm�1.24 For the calcined TiO2 sample, these bands are
signicantly less intense or even invisible. A similar effect of the
anatase to rutile transformation in the presence of small
amounts of vanadium was recently reported by Shao et al.,25 as
well as in our previous paper.22 This phenomenon could be
explained by the possible incorporation of V4+ cations into the
vacant Ti4+ positions in anatase.26,27 Such a substitution is
possible due to the similar ionic radii of Ti4+ (0.061 nm) and V4+

(0.058 nm).27 Moreover, the same valence of these cations
results in the electroneutrality of the anatase lattice. Thus, it
seems possible that the incorporation of V4+ into the anatase
lattice acts as initiation nuclei for the anatase to rutile phase
transformation.28 The opposite effect was observed for TiO2

doped with zinc or tin, where the calcination of such samples
resulted in the disappearance of the reections characteristic of
rutile (Fig. 1). In the case of TiO2 doped with tin or zinc, only the
TiO2 based samples

BET surface area/m2 g�1 Pore volume/cm3 g�1

9 0.028
12 0.031
12 0.034
38 0.266

RSC Adv., 2020, 10, 4023–4031 | 4025
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Fig. 2 Raman spectra of TiO2 (P25) and its modifications with vana-
dium, zinc, or tin.

Fig. 3 Band gap energies of pure and metal-doped TiO2 (P25).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 4

:5
9:

31
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reections characteristic of the anatase phase were identied.
For both samples, the average anatase crystal size was very
similar (44–45 nm). The results of the XRD analysis are fully
consistent with the results of Raman analysis of the Sn-TiO2 and
Zn-TiO2 samples. The spectra recorded for these samples only
contain bands characteristic of anatase located at 143, 197, 399,
516, and 638 cm�1 (Fig. 2).24 Thus, the obtained results clearly
show that doping of titanium with small amounts of zinc or tin
inhibits the transformation of anatase to rutile. In contrast to
V4+ (0.058 nm), the ionic radii of Zn2+ (0.074 nm) and Sn4+ (0.069
nm) are too large to substitute Ti4+ (0.061 nm) in the anatase
lattice and therefore the initiation of the anatase to rutile phase
transformation based on this mechanism is not possible.
Sangchay29 reported that depending on the SnO2 content in
TiO2, various contributions of rutile were achieved upon the
thermal treatment of the samples at 700 �C. In the case of the
samples with a low SnO2 loading (1 wt%), the formation of rutile
was not observed and small amounts of the rutile phase even
disappeared. For the samples with a higher SnO2 content
a partial transformation of anatase to rutile was observed.

Titanium doped with vanadium, tin, or zinc was tested as
a catalyst and photocatalyst for diphenyl sulphide (Ph2S)
oxidation to diphenyl sulfoxide (Ph2SO) and sulfone (Ph2SO2),
using H2O2 as the oxidant. Ph2SO and Ph2SO2 were the only
detected products of Ph2S oxidation, therefore only selectivity to
Ph2SO is shown in the gures. The selectivity to Ph2SO2 can be
calculated by subtracting the selectivity of Ph2SO from 100%.

In the preliminary catalytic and photocatalytic tests that were
conducted in the absence of H2O2 for the calcined TiO2 sample,
no Ph2S conversion was observed during the 3 h of the tests
(results not shown). This shows that the oxidation of diphenyl
sulphide cannot be achieved in the absence of hydrogen
peroxide, even in the presence of oxygen from the air. Other
catalytic and photocatalytic tests were performed in the pres-
ence of H2O2 as the oxidant. The results of Ph2S oxidation in the
4026 | RSC Adv., 2020, 10, 4023–4031
presence of bare TiO2 sample are presented in Fig. 4. The
conversion of diphenyl sulphide in the dark is signicantly
lower compared with that observed under illumination. These
results clearly show that the catalytic conversion of Ph2S in the
presence of TiO2 is feasible as a thermal catalytic process,
however, the efficiency of the reaction is signicantly intensied
when it is performed as a light assisted process. This is not
surprising if we take into account the fact that P25 TiO2 is a very
efficient photocatalyst of various reactions involving oxygen and
hydrogen peroxide activation.30 It should be noted that the Ph2S
conversion reached 100% aer 30 min of the photocatalytic
process. However, a simultaneous conversion of diphenyl
sulphide to both reaction products, Ph2SO and Ph2SO2, is
a serious problem in terms of commercial applications.
Therefore, one of the main goals of this study was to develop
a catalyst with a high selectivity for the specic reaction
product.

The results of the catalytic and photocatalytic studies for the
V-TiO2 sample are presented in Fig. 5. In this case, the Ph2S
conversion in the dark increased gradually during the reaction
time, reaching nearly 60% aer 3 h of the catalytic test. The
selectivity to Ph2SO signicantly decreased during the reaction
run, starting from 96% at the beginning of the experiment and
decreasing to about 58% aer 3 h. In the case of the light
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Results of catalytic (in dark) and photocatalytic (under light)
diphenyl sulphide oxidation by H2O2 in the presence of the V-TiO2

sample. Diphenyl sulphide conversion (top) and diphenyl sulfoxide
selectivity (bottom).

Fig. 4 Results of catalytic (in dark) and photocatalytic (under light)
diphenyl sulphide oxidation by H2O2 in the presence of TiO2. Diphenyl
sulphide conversion (top) and diphenyl sulfoxide selectivity (bottom).
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assisted reaction, an increase of the Ph2S conversion by 30–40%
in comparison with the experiment in the dark was observed.
Aer 3 h the Ph2S conversion did not exceeded 90% with the
selectivity to Ph2SO of about 98%. Thus, the photocatalytic
activity of V-TiO2 was lower than that of bare TiO2, but the
selectivity to Ph2SO was signicantly improved.

Fig. 6 presents the results of the catalytic and photocatalytic
studies on TiO2 modied with zinc (Zn-TiO2). The Ph2S
conversion in the dark reached about 10% aer 1 h and
remained at this level for the next 2 h. Thus, the catalytic activity
was signicantly lower compared with TiO2 and V-TiO2. The
selectivity to Ph2SO was in the range of 77–86% and decreased
slightly during the reaction run. In the case of the light assisted
reaction, a much higher Ph2S conversion, in comparison with
the reaction in the dark, was obtained in the presence of the Zn-
TiO2 catalyst. The complete Ph2S conversion was observed aer
2 h of irradiation. In contrast to bare TiO2, using Zn-TiO2 as
a catalyst resulted in the oxidation of diphenyl sulphide nearly
exclusively to diphenyl sulfoxide. Selectivity towards Ph2SO
dropped insignicantly from the 100% observed aer 2 h to
This journal is © The Royal Society of Chemistry 2020
98% which was measured aer 3 h of the photocatalytic
process. Thus, Zn-TiO2 was found to be less active in the pho-
tocatalytic conversion of Ph2S compared with bare TiO2, but
more active than V-TiO2. However, what is important is that the
Zn-TiO2 material showed a much higher selectivity in the
conversion of Ph2S to Ph2SO compared with TiO2 and V-TiO2.

The Sn-TiO2 catalyst showed a slightly higher activity in the
dark (Fig. 7) than Zn-TiO2. The Ph2S conversion reached ca. 20%
aer 1 h and remained at this level for the next 2 h. It means,
that the diphenyl sulphide conversion was about two times
higher than that observed for Zn-TiO2. The selectivity to Ph2SO
was in the range of 67–77% with only slight uctuations during
the reaction. In the case of the light assisted process, the Ph2S
conversion was signicantly higher and reached 100% aer
2.5 h. The selectivity to Ph2SO was particularly high, but it
dropped from 99% (aer 1.5 h) to 91% during the next 90min of
irradiation.

The comparison of the presented results shows the impor-
tant inuence of the incorporated metal additives, even in very
small amounts, on the catalytic and photocatalytic properties of
RSC Adv., 2020, 10, 4023–4031 | 4027
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Fig. 7 Results of catalytic (in dark) and photocatalytic (under light)
diphenyl sulphide oxidation by H2O2 in the presence of the Sn-TiO2

sample. Diphenyl sulphide conversion (top) and diphenyl sulfoxide
selectivity (bottom).

Fig. 6 Results of catalytic (in dark) and photocatalytic (under light)
diphenyl sulphide oxidation by H2O2 in the presence of the Zn-TiO2

sample. Diphenyl sulphide conversion (top) and diphenyl sulfoxide
selectivity (bottom).
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titanium dioxide. The analysis of the results of the conversion of
diphenyl sulphide and selectivity towards diphenyl sulfoxide
shows that the photocatalytic reaction is a much more effective
approach for the production of Ph2SO compared with the
thermal catalytic reaction. Of all the materials in this study, Zn-
TiO2 is the most promising catalyst, as it allowed the complete
and exclusive conversion of diphenyl sulphide to diphenyl
sulfoxide. Further efforts will be made to optimise the zinc
content and the procedure of catalyst synthesis. Also, further
studies are required to elucidate the role of dopants; however,
taking into account our recent ndings we assume, that
a reasonable explanation of the role of V, Zn, and Sn admixtures
is their function as phase composition controllers.31

For the V-TiO2 sample, in contrast to the other studied
catalysts, a complete conversion of diphenyl sulfoxide was not
obtained in the photocatalytic test. This could be related to the
fast decomposition of H2O2 over V-TiO2, and therefore a limited
efficiency of Ph2S oxidation due to the lack of an oxidising
agent. Since V-TiO2 contains the highest amount of rutile-TiO2,
the decomposition of hydrogen peroxide can be attributed to
4028 | RSC Adv., 2020, 10, 4023–4031
the efficient reduction of hydrogen peroxide, as demonstrated
for various rutile and anatase samples.32 To verify this hypoth-
esis a further photocatalytic test was carried out, in which an
additional portion of H2O2 was added aer 2.5 h of the reaction.
This action did not result in any signicant changes in the Ph2S
conversion and selectivity proles (Fig. 8). Thus, it seems that
a relatively low Ph2S conversion observed in the presence of the
V-TiO2 catalyst is not related to the limited accessibility of H2O2

in the reaction mixture during the catalytic test.
Analysis of the presented results raises questions regarding

the source of different efficiencies of the Ph2S conversion in the
dark and upon irradiation and the source of different catalytic
and photocatalytic performances of the studied catalysts.

The mechanisms of photocatalytic reactions over TiO2 have
been studied for last ve decades.30,33,34 Upon TiO2 excitation,
photogenerated holes and electrons can participate in the
oxidation and reduction reactions. In particular, hydrogen
peroxide can either be oxidised or reduced:
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Results of photocatalytic (under light) diphenyl sulphide
oxidation by H2O2 in the presence of the V-TiO2 sample. After 2.5 h of
the test a new additional portion of H2O2 was added.
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H2O2 þ hþ/HO
�

2 þHþ (1)

H2O2 + e� / HOc + OH� (2)

Photogenerated electrons may also react with oxygen mole-
cules with the formation of superoxide radical anions:

O2 þ e�/O
��
2 (3)

Valence band holes oxidise water molecules or hydroxyl
groups yielding hydroxyl radicals:

H2O + h+ / H+ + HOc (4)

OH� + h+ / HOc (5)

Among the generated species, the hydroxyl radicals and
superoxide radical ions can play a key role in oxidation of
diphenyl sulphide. Upon illumination (l > 320 nm) the studied
materials may generate hydroxyl radicals and superoxide ions.
The question arises whether both HOc and O��

2 participate in the
process of diphenyl sulphide oxidation. To further understand
the mechanism, tert-butyl alcohol (t-BuOH), which is a hydroxyl
radical scavenger, was added to the reaction mixture. The
results of this experiment for the calcined TiO2 sample, pre-
sented in Fig. 9, show that elimination of hydroxyl radicals from
the reaction mixture signicantly decreased the diphenyl
sulphide conversion, compared with the reaction in the absence
of t-BuOH. Thus, it can be concluded that hydroxyl radicals play
a signicant role in diphenyl sulphide oxidation. On the other
hand, the elimination of hydroxyl radicals from the reaction
mixture did not completely suppress the diphenyl sulphide
conversion, thus it seems that both hydroxyl radicals and
superoxides are indispensable in the process. Elimination of
the hydroxyl radicals signicantly decreases the selectivity of
the reaction to Ph2SO and increases the selectivity to the over-
oxidised product, Ph2SO2. However, a similar effect was
observed for the dark reaction (data not shown). Therefore, the
adsorption of reactants competing with adsorption of the t-
BuOH may play a certain role. Also, O��

2 ions could be more
effective than the hydroxyl radicals in the oxidation of Ph2S to
Ph2SO2. There are also studies on the photocatalytic Ph2S
oxidation to Ph2SO governed by oxidation with a superoxide.35

Due to its apparent complexity and the involvement of both
photoinduced and thermal processes, a detailed analysis of the
mechanism will be the scope of further studies. For all the
studied catalysts, a decrease in the selectivity to Ph2SO and an
increase in the selectivity to Ph2SO2 were observed for the tests
conducted in the dark and upon irradiation. In the case of the
materials consisting of both anatase and rutile forms (bare TiO2

and V-TiO2) the dark conversion of Ph2S was signicantly more
efficient compared with that catalysed by anatase-based semi-
conductors (Sn-TiO2 and Zn-TiO2). Anatase/rutile composites
mostly promoted the production of Ph2SO2. On the other hand,
reactions catalysed by anatase materials mostly led to the
production of Ph2SO. These results point at a specic interplay
between anatase and rutile, which results in the enhanced
This journal is © The Royal Society of Chemistry 2020
selective production of Ph2SO2 in the dark. This effect disap-
pears under UV irradiation, when Ph2SO was produced almost
exclusively. Synthesis of Ph2SO2 under photocatalytic condi-
tions was observed only aer the complete conversion of Ph2S to
Ph2SO. This suggests that the oxidation of Ph2S to Ph2SO2 is
a two-step reaction, involving Ph2SO as an intermediate. At this
stage, however, the direct oxidation of Ph2S to Ph2SO2 cannot be
excluded. To recognise the efficiency of both possible reaction
steps, the catalytic oxidation of the intermediate reaction
product, Ph2SO, to the nal product, Ph2SO2, was tested in the
dark and upon irradiation. The results of these studies, pre-
sented in Fig. 10, are striking. In the case of the two most active
catalysts, TiO2 and V-TiO2, the efficiency of the oxidation of
Ph2SO to Ph2SO2 was signicantly higher in the dark, while for
the other two samples, Sn-TiO2 and Zn-TiO2, the results ob-
tained in the dark and under irradiation were much worse.
Thus, it seems that UV irradiation does not accelerate the
oxidation of Ph2SO to Ph2SO2, but in fact it even hinders it. This
observation corresponds to the results of diphenyl oxidation
presented in Fig. 3–6, where selectivity of the Ph2S conversion to
Ph2SO2 was much higher in the dark. In the case of all the
studied samples, it seems that the rst stage of diphenyl
sulphide oxidation, Ph2S / Ph2SO, is UV sensitive, while the
second oxidation stage, Ph2SO / Ph2SO2, is not. Apparently,
photoinduced reactive oxygen species do not facilitate this
reaction. This is another argument against the oxidation of
Ph2SO to Ph2SO2 by hydroxyl radicals.

The differences in catalytic and photocatalytic performance
of the studied samples are also intriguing. TiO2 was doped with
very small amounts of vanadium, tin, or zinc, and then calcined
at 550 �C for 6 h. During calcination, there were signicant
changes in the phase composition of the samples. As shown by
XRD (Fig. 2) and Raman spectroscopy (Fig. 3), in the case of V-
TiO2 the contribution of rutile signicantly increased compared
with calcined pure TiO2, while the opposite effect was found for
Sn-TiO2 and Zn-TiO2, where rutile present in the starting TiO2

(P25) material disappeared. Thus, the TiO2 and V-TiO2 samples
RSC Adv., 2020, 10, 4023–4031 | 4029
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Fig. 10 Results of the oxidation of Ph2SO to Ph2SO2 over TiO2 and its
modifications with metals in the dark (top) and under the light
(bottom).

Fig. 9 Results of the photocatalytic conversion of diphenyl sulphide
oxidation by H2O2 in the presence of the TiO2 (P25) sample after the
addition of a hydroxyl radicals scavenger (t-BuOH).
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contain both anatase and rutile phases, while in Sn-TiO2 and
Zn-TiO2 only the anatase phase was identied. Considering the
signicantly different catalytic performances of each catalysts,
which follows the rutile content and very small amounts of the
doping metals (about 0.1 wt%), it seems that the phase
composition is the most important factor governing the cata-
lytic and photocatalytic properties of the samples. The role of
the deposited metals as phase composition controllers was very
important for the phase transformations of TiO2 (P25) during
the calcination process.

The rutile containing samples, TiO2 and V-TiO2, presented
much better catalytic activity in the dark compared with the
samples that only contain the anatase phase, Sn-TiO2 and Zn-
TiO2. It seems that rutile plays a crucial role in the second
oxidation stage, Ph2SO/ Ph2SO2, while anatase is signicantly
less active in this reaction (Fig. 10). In the case of the diphenyl
sulphide oxidation upon irradiation, the best activity was found
for calcined TiO2, which contains both anatase and rutile
components. A further increase in the rutile contribution,
observed in the V-TiO2 sample, decreased the efficiency of the
photocatalytic diphenyl sulphide oxidation. Thus, the presence
of both anatase and rutile phases, with their favourable
4030 | RSC Adv., 2020, 10, 4023–4031
contributions typical for P25, is necessary for the effective
oxidation of Ph2S to Ph2SO. For the second oxidation stage the
presence of rutile seems to be necessary to effectively catalyse
the oxidation of Ph2SO to Ph2SO2.
Conclusions

Zinc, tin and vanadium introduced into TiO2 (P25) governed the
phase transformations that occurred during its thermal treat-
ment (550 �C/6 h). For TiO2 and its vanadium-doped form (V-
TiO2), thermal treatment resulted in a decrease of the anatase
and an increase of the rutile content in comparison with non-
calcined P25. This effect is possibly related to the location of
V4+ cations in the Ti4+ vacancies in the anatase lattice and
therefore to the initiation of the anatase to rutile phase trans-
formation. The opposite effect was observed for TiO2 doped
with zinc or tin, where thermal treatment resulted in the
complete rutile to anatase phase transition. The ionic radii of
Zn2+ and Sn4+ are too large to substitute Ti4+ in the anatase
lattice and therefore the possible initiation of the anatase to
rutile phase transformation was not observed.

'The TiO2 samples doped with vanadium, zinc, or tin were
tested as catalysts and photocatalysts for diphenyl sulphide
This journal is © The Royal Society of Chemistry 2020
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oxidation to diphenyl sulfoxide and diphenyl sulfone using
hydrogen peroxide as an oxidation agent. The differences in
catalytic and photocatalytic activity were more due to the content
of the rutile and anatase phases in the samples than to the
introduced V, Zn and Sn admixtures. The catalysts containing
rutile, TiO2 and V-TiO2, were signicantly more active in diphenyl
sulphide oxidation than the catalysts that only contained the
anatase phase, Sn-TiO2 and Zn-TiO2. In the case of TiO2 and V-
TiO2, both oxidation products, diphenyl sulfoxide and sulfone,
were formed with signicant contributions; while in the case of
Sn-TiO2 and Zn-TiO2 the selectivity towards diphenyl sulfoxide
dominated over the selectivity towards diphenyl sulfone. The
efficiency of diphenyl sulphide oxidation increased under UV
radiation. The best photocatalytic activity was for the sample
containing both anatase and rutile (TiO2). For the V-TiO2 sample,
with increased rutile content, a decrease in the efficiency of
photocatalytic diphenyl sulphide oxidation was observed. Also,
the Sn-TiO2 and Zn-TiO2 samples, only containing the anatase
phase, presented lower photocatalytic activity than calcined TiO2.
Thus, the presence of both anatase and rutile phases, with their
favourable contributions typical for P25, is necessary for the
effective oxidation of Ph2S to Ph2SO. It was shown that rutile
plays a crucial role in the second oxidation stage, Ph2SO to
Ph2SO2, while anatase is less active in this reaction.
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