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Abstract: Spherical Ti-MCM-41, synthetized by co-condensation
method, presented very promising activity in catalytic and
photocatalytic oxidation of diphenyl sulfide with H,0, to obtain
diphenyl sulfoxide and diphenyl sulfone. Mesoporous silica
materials with various titanium content were analyzed with
respect to chemical composition (inductively coupled plasma
optical emission spectrometry), structure properties (X-ray dif-
fraction), textural properties (low-temperature N, adsorption—
desorption), morphology (scanning electron microscopy), forms
and aggregation introduced titanium species (diffuse reflec-
tance spectroscopy, Raman spectroscopy), and surface acidity
(NH5 TPD). Titanium introduced in the samples was present
mainly in the form of highly dispersed species, presenting cat-
alytic and photocatalytic activities in diphenyl sulfide oxidation
with H,0,. Efficiency of the reaction increased with an increase
in titanium loading in the samples and was significantly
intensified under UV irradiation. The role of various Ti
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species in diphenyl sulfide oxidation was presented and
discussed.
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1 Introduction

Diphenyl sulfide (Ph,S) and products of its selective oxida-
tion, such as diphenyl sulfoxide (Ph,SO) and sulfone (Ph;SO,),
belong to the group of chemicals important in various indus-
trial branches. Diphenyl sulfide, among others, is used as an
intermediate chemical in pesticide, pharmaceutical, and dye
industries [1]. Diphenyl sulfoxide is an important chemical
used in various organic synthesis as well as a metal extraction
agent [2], while diphenyl sulfone is an important reactant in
many end-use industry branches, including chemical, phar-
maceutical, polymer, agrochemical, as well as paper [3]. The
increasing demand for these chemicals is expected in the
coming years, mainly in the agrochemical, polymer, pharma-
ceutical, and paper industries [1-3]. Various oxidants, such as
KMnO,, HNOs, RuO,4, NalO,4, and MnO,, can be used for selec-
tive diphenyl sulfide oxidation [4,5]. Such oxidizing agents
have to be used in equimolar amounts of diphenyl sulfide
and, in some cases, result in the formation of waste products
containing heavy metals [6,7]. The alternative, more environ-
mental-friendly method, is using hydrogen peroxide (H,0,)
as an oxidation agent for diphenyl sulfide conversion to
diphenyl sulfoxide and sulfone. However, in this case, the
process has to be conducted under catalytic or photocatalytic
regime [7-10]. Titanium oxide in the form of anatase, rutile
as well as mixtures of both these forms were reported to
be effective photocatalysts of Ph,S oxidation to Ph,SO and
Ph,S0, using H,0, as oxidant, while for the catalytic reaction
without UV irradiation, only anatase and mixture of anatase
and rutile were catalytically active, while pure rutile was
catalytically inactive [10-12]. Thus, the diphenyl oxidation
is possible by classical catalytic process, but UV-assisted
reaction (photocatalytic conditions) typically results in a
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significant intensification of the product formation [10,11].
Our previous studies [9] have shown that titanosilicate zeo-
lites, such as ferrierite (FER) and its delaminated form (ITQ-6),
presented very promising catalytic and photocatalytic activities
in Ph,S oxidation with H,0, resulting in Ph,SO and Ph,SO,.
It was shown that conversion of diphenyl sulfide in the
presence of microporous three-dimensional FER takes place
nearly exclusively on the external surface of the zeolite
grain. Penetration of micropores by Ph,S molecules is lim-
ited due to their size, which is estimated to be in the range of
0.24-0.93 nm, depending on the molecules orientation and
conformation [9]. While the micropores’ diameter in Ti-FER
is about 0.55 nm [9]. A significant increase in diphenyl sul-
fide conversion was found for the delaminated form of FER
— ITQ-6. In this case, interlayer space of zeolite is available
for the large molecules of Ph,S. On the other hand, smaller
molecules of dimethyl sulfide (DMS) can be effectively oxi-
dized with H,0, to dimethyl sulfoxide and dimethyl sulfone
in the presence of both microporous FER and micro-meso-
porous ITQ-6 [9]. In this case, the size of DMS molecule is
much smaller than size of micropores in FER, and therefore,
there are no internal diffusion restrictions. Thus, the acces-
sibility of porous structure, especially by bulky molecules,
is a very important point that should be considered in
the tailoring of the catalysts. Another important issue is
the content of titanium in the samples, which is reported
to be catalytically and photocatalytically active in organic
sulfates’ oxidation with H,0, [7,9]. To overcome the problem
of internal diffusion limitations of diphenyl sulfide and pro-
ducts of its oxidation, mesoporous silica materials of MCM-
41 type, with various titanium loadings, were tested in the
role of the catalysts and photocatalysts of Ph,S oxidation
with H,0,. The average pore size in the studied Ti-MCM-41
materials is about 3.2nm, thus significantly larger than
the size of Ph,S molecules. Mesoporous MCM-41 silica with
spherical morphology (shorter channels than in cylindrical
MCM-41) was used to limit the distance of reactants’ internal
diffusion and therefore increase the overall rate of diphenyl
sulfide oxidation.

2 Materials and methods

2.1 Catalyst preparation
2.1.1 Synthesis of spherical MCM-41

Spherical MCM-41 material was prepared in accordance
with the procedure presented by Liu et al. [13]. Ethanol
(POCH) and aqueous ammonia (Sigma Aldrich) hexadecyl-
trimethylammonium bromide (CTAB; Sigma Aldrich, 98%)
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were dissolved in distilled water. Then, the mixture was
stirred for 15 min, then tetraethyl orthosilicate (TEOS; Sigma
Aldrich, 98%) was added and the obtained solution was
stirred continuously for the next 2h. As a result, the synth-
esis gel with the molar composition ratio of 1 TEOS:0.3
CTAB:11 NH3:58 ethanol:144 H,0 was obtained. The white
solid product was filtrated, washed with distilled water to
obtain pH = 7, and then dried at 60°C overnight. Finally, the
solid product was calcined at 550°C for 6 h (heating rate of
1°Cmin?). The obtained product is named s-MCM-41.

2.1.2 Synthesis of titanium containing spherical MCM-41

Titanium containing spherical MCM-41 samples were pre-
pared by co-condensation method with the intended Si:Ti
molar ratios of 95:5, 90:10, and 80:20. Tetrabutyl orthotita-
nate (Alfa Aesar, 299%) used as a titanium source and TEOS
used as a silica source were mixed in the mentioned earlier
proportions. The prepared solution was added dropwise to
the mixture of water, ethanol, aqueous ammonia, and
CTAB and stirred for 2 h. The solid product was recovered
by filtration, washed with distilled water to obtain pH = 7,
dried at 60°C, and finally calcined at 550°C for 6 h (heating
rate 1°C-min™?). As a result, the samples denoted as 3Ti, 8Ti,
and 12Tij, respectively, with the Si:Ti intended molar ratios
of 95:5, 90:10, and 80:20 were obtained.

2.2 Catalyst characterization

The titanium content in the obtained samples was deter-
mined by using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) using an iCAP 7400 instrument
(Thermo Science). Analysis was carried out by dissolving solid
samples in a mixture of 2mL of HF (47-51%, Honeywell),
2mL of HCl (30%, Honeywell), and 6 mL of HNO; (67-69%,
Honeywell) solutions at 190°C assisted by microwave diges-
tion Ethos Easy system (Milestone).

The X-ray diffractograms were measured with the use
of Bruker D2 Phaser. The measurements were performed
in the 2 theta ranges of 1-8° and 20-80° with a step of 0.02°.
The x-ray diffraction (XRD) patterns were recorded with a
counting time of 5 and 1s per step, respectively.

The morphology of the synthesized materials was
examined by scanning electron microscopy (SEM) method.
SEM images were recorded using a Hitachi S-4700 micro-
scope (Hitachi Instruments Inc.) equipped with a Noran
Vantage analyzer.

The textural parameters of the samples, such as specific
surface area and porosity, were determined by N, sorption
at -196°C using a 3Flex v.1.00 (Micromeritics) automated
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gas adsorption system. The samples were outgassed under
vacuum at 350°C for 24 h prior to the analysis. The specific
surface area of the samples was determined by using BET
(Braunauer-Emmett-Teller) equation, while the pore size
distributions (PSD) were determined by analysis of the adsorp-
tion branch of isotherm by using the Barrett-Joyner—Halenda
model. The total pore volume was established by means of the
total amount of adsorbed nitrogen at relative pressure p/p,
= 0.98.

The type of titanium species in the sample structures
was analyzed by diffuse reflectance spectroscopy, Raman
spectroscopy (UV-Vis DRS). The spectra in the range of
190-900 nm and with a resolution of 2 nm were recorded using
Lambda 650 S (Perkin Elmer) spectrophotometer.

Raman spectra of the samples were obtained using a
HORIBA Jobin Yvon LabRAM HR micro-Raman spectro-
meter, equipped with an 789 nm diode Nd:YAG laser, 1800
diffraction grating, as well as 100x Olympus objective. Laser
power was adjusted to approximately 9 mW. For each spec-
trum, four scans were taken and averaged.

The surface acidity of the samples was determined by
temperature-programmed desorption of ammonia (NH3-TPD).
The analysis was done in a flow quartz microreactor con-
nected directly to a mass spectrometer with a quadrupole
analyzer (PREVAC). Mass flow controllers (Brooks Instrument)
were used to adjust the flow rate of the gas mixture supplied
to the microreactor. The sample of 50 mg was outgassed
in a flow of pure helium (20 mL-min™) at 550°C for 0.5h.
Subsequently, ammonia sorption was performed in a flow
of 1vol% NHy/He gas mixture, with a rate of 20 mL-min" at
70°C for about 90 min. The physisorbed ammonia molecules
were removed from the sample surface in a flow of pure
helium. Then, desorption of ammonia was monitored with
a linear heating rate of 10°C-min™" to 600°C, in a flow of pure
helium (20 mL-min™"). Recalculation of the detector signal
into the ammonia desorption rate was possible due to the
calibration of the QMS with the use of a commercial gas
mixture.

2.3 Catalytic and photocatalytic studies

The activity of titanium-containing MCM-41 samples was
studied in catalytic and photocatalytic diphenyl sulfide
(Ph,S) oxidation, with hydrogen peroxide as an oxidation
agent, to sulfoxide (Ph,SO) and sulfone (Ph,SO,). For the
catalytic studies, the reaction mixture was prepared in a
round-bottom flask by adding 2mL of diphenyl sulfide
(Sigma Aldrich, 98%) solution (4 mmol-L™Y, 20 mL of acet-
onitrile used as a solvent, 10 uL of bromobenzene (Sigma
Aldrich, 299.5%) used as an internal standard, as well as
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25 mg of the synthesized catalyst. The reaction mixture was
stirred (1,000 rpm) at room temperature for 10 min and
then 5 uL of 30% hydrogen peroxide (Chempur, pure p.a.)
was added. The catalytic tests were conducted with the
H,0,/sulfide molar ratio of 5. The reaction was conducted
in the dark to eliminate the photocatalytic conversion of
Ph,S. The photocatalytic studies were performed with the
use of a round quartz cuvette, under UV irradiation, using
a xenon lamp (XBO-150, Instytut Fotonowy) as a UV light
source. The CuSO, aqueous solution (10 cm optical path,
0.1mol'L. ™Y as NIR and IR filter, as well as a 320 nm cut-
off filter, was used to avoid the excitation of Ph,S and its
direct photooxidation. During the irradiation, the suspen-
sion was constantly stirred. The reaction progress and
selectivity were monitored by high-performance liquid
chromatography. The mixture of acetonitrile and water
with the relative volume ratio of 70:30 was used as the
eluent. The reaction was conducted for 4 h and the reaction
mixture samples were taken in regular intervals at 10, 20,
30, 45, and 60 min of the reaction progress and every
30 min afterwards. Prior to the analysis, the liquid samples
were filtered (0.22 ym nylon membrane filter) and then ana-
lysed using the Flexar chromatograph (PerkinElmer) oper-
ating with the analytical C18 column (150 mm x 4.6 mm i.d.,
5um pore size). The chromatographic analyses were con-
ducted at 25°C and the UV detector was set at 254 nm.

3 Results and discussion

The spherical morphology of pure silica MCM-41 and its
modifications with titanium were proved by SEM. As can
be seen in Figure 1, all studied samples are composed of
spheres of different diameters. In the case of s-MCM-41,
most of silica spheres are in the range of 200-700 nm
with a small contribution of smaller unregular silica aggre-
gates deposited on silica spheres (Figure 1a). Spheres with
similar sizes were identified in the micrograph of MCM-41
modified with the lowest titanium content — 3Ti (Figure 1b).
For the 8Ti and 12Ti samples, with higher titanium load-
ings, apart from spheres, a significant contribution of
unshaped aggregates was identified (Figure 1c and d).
Moreover, an increase in titanium content in the samples
resulted in a tendency to stick to the spheres.

X-ray diffractograms recorded in the low 2 theta range
show the presence of three reflections, (100), (110), and
(200), which characterize the hexagonal porous structure
of MCM-41 (Figure 2). Increasing content of titanium in the
samples resulted in decreasing intensity of these reflec-
tions, indicating less ordered porous structure. In the
case of the sample with the highest titanium loading
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Figure 1: SEM micrographs of S-MCM-41 (a), 3Ti (b), 8Ti (c), and 12Ti (d).

(12Ti), the shift of the (100) diffraction peak into larger 2
theta angle is possibly related to a decrease in the pore
size. No reflection characteristics of titanium oxides were
found in diffractograms recorded for the studied samples
(Figure 2, insert), indicating the deposition of titanium in
the form of highly dispersed species. The broad diffraction
peak, characteristic of amorphous silica, is centred at
about 24° [14].
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Figure 2: X-ray diffractograms of S-MCM-41, 3Ti, 8Ti, and 12Ti.
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The nitrogen adsorption—desorption isotherms of pure
silica S-MCM-41 and its modifications with titanium are
shown in Figure 3, while PSD profiles are presented in
Figure 4. Isotherms recorded for the studied samples are
classified according to the IUPAC standards as type IV and
are typical of mesoporous materials, such as MCM-41
[15,16]. The steep increase in nitrogen uptake at a relative
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Figure 3: Nitrogen adsorption-desorption isotherms of S-MCM-41, 3Ti,
8Ti, and 12Ti.
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Figure 4: Pore size distribution (PSD) determined for S-MCM-41, 3Ti, 8Ti,
and 12Ti.

condensation of nitrogen molecules inside mesopores, is a
characteristic feature of these isotherms. Introduction of
titanium into silica walls of MCM-41 resulted in a signifi-
cant decrease in nitrogen uptake, indicating decreased
mesopore volume (Figure 3). For the Ti containing MCM-
41 samples, an increase in nitrogen adsorption volume
above relative pressure of 0.8 is possibly associated with
the nitrogen condensation in the space between sticked
spheres. This hypothesis is in line with the results of SEM
analysis (Figure 1), which showed an increasing tendency
to spheres sticking with increasing titanium content in the
samples.

The PSD profile of S-MCM-41 proves its uniform distri-
bution of pore sizes with the maximum of the pore dia-
meters (D) at about 3.2nm (Figure 4). In the case of the
samples doped with titanium, a decrease in PSD maximum
intensity, due to decreased pore volume (V), is observed.
This effect is less significant for the 3Ti sample with lower
titanium content and more significant for the 8Ti sample
with higher titanium loading. In the case of the 12Ti sample
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with the highest titanium loading, the intensity of the PSD
profile was significantly reduced, and the maximum of PSD
was shifted to about 3.1 nm, indicating a decrease in pore
volume and a decrease of their size, which agrees with the
results of XRD studies (Figure 2).

In Table 1, the textural parameters of the samples are
compared. Specific surface area (Sgpy) and pore volume
(Vp) gradually decreased with an increase in titanium con-
tent for the samples containing more than 3wt% of tita-
nium. The average pore diameter for the S-MCM-41 and its
modifications with titanium is about 3.2 nm, however, in
the case of the sample with the highest titanium loading
(12T1) decreased to about 3.1 nm.

UV-Vis DRS was used for the analysis of form and
aggregation of titanium species in the studied samples
(Figure 5). Maxima in the spectra, located in the range of
238-255nm, are possibly superpositions of three bands
related to tetrahedrally coordinated Ti** cations incorpo-
rated into silica matrix, extra framework titanium species
— such as octahedrally coordinated Ti** cations and par-
tially polymerized hexacoordinated Ti species containing
Ti—O-Ti bridges. The band assigned to tetrahedrally coordi-
nated Ti** cations incorporated into silica walls is expected
at about 220nm and corresponds to the ligand-to-metal
charge transfer within tetrahedral TiO, and OsTiOH moi-
eties [9,17,18]. Extra-framework titanium species, including
isolated Ti** cations in the octahedral coordination, are
represented by band located at about 230-250 nm, while
the band at 260-320 nm is characteristic of partially poly-
merized hexacoordinated Ti species containing Ti-O-Ti
bridges [9,19,20]. The shoulder above 320 nm could be
assigned to TiO, in the form of small anatase and rutile
crystallites. The shift of the maxima in the direction of
higher values of wavelength with increasing titanium
content (Figure 5) indicates the formation of more poly-
merized titanium species. Similar results were reported
by Zakharova et al. [21] for mesoporous silica of SBA-15
type modified with different amounts of titanium. For the

Table 1: Textural parameters, chemical composition, and surface acidity of the sample

Sample Sger (Mg ™) Vp (em>g™) D, (nm) Si (Wt%) Ti (wt%) AS conc. AS dens. AS conc./Ti
(pmol-g™) (pmol-m™) (mol-mol™)

S-MCM-41 1,029 0.734 3.2 — — — — —

3Ti 1,039 0.797 3.2 34.16 3.00 102 0.098 0.16

8Ti 808 0.733 3.2 31.48 7.72 189 0.234 0.12

12Ti 725 0750 3.1 27.87 1176 260 0.359 0.11

Sger - specific surface area determined by BET method; V, - pore volume; D, - average pore diameter; AS conc. - acid sites concentration per 1g of
the sample; AS dens. - acid sites density per 1 m? of the sample; AS conc./Ti - ratio of acid sites concentration (determined by NH5-TPD) and titanium

content (determined by ICP-OES).
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Figure 5: UV-Vis DR spectra recorded for 3Ti, 8Ti, and 12Ti.

sample with lower titanium loading (7 mol%), the band at
about 250 nm was assigned to titanium dispersed on the
silica surface framework as tetrahedral Ti** cations, while
the shoulder at about 280 nm to Ti** cations in the octahe-
dral coordination. These bands are caused by 0*" to Ti*"
charge transfer in 4- and 6-coordinated titanium cations,
respectively [21]. For the SBA-15 samples with higher tita-
nium loadings (12 and 15 mol%), the band at about 315 nm,
indicating the presence of =Ti-O-Ti= bonds, was found.
Concluding, UV-Vis DRS analysis of the samples shows that
titanium was incorporated into mesoporous silica mainly in
the form of highly dispersed species. Moreover, the values of
band gaps, determined from UV-Vis DRS measurements for
the studied Ti-MCM-41 samples, are in the range of 3.16-3.24 eV
(results not shown).

Raman spectra of the studied samples are shown in
Figure 6. The bands at about 1120 and 480 cm ™" indicate the
presence of local Ti—(0-Si), units [22,23]. The band at
480 cm™ is related to the bending stretching vibration of
the =Ti—0-Si= species, while the band at about 1120 em ™ to
the asymmetric stretching vibration of the =Ti—0-Si= [24].
The characteristic frequency of =Ti—0-Si= is sensitive to
the coordination environment, and therefore, relatively
broad and asymmetric profile of this band may indicate
very flexible coordination of titanium incorporated into a
silica matrix [25]. The bands at 800 and 975cm™ are
assigned to siloxanol bridge vibrations and Si-O stretching
modes of silanol groups, respectively [23,26]. However, the
bands at 800 and 975 cm™ can also indicate the presence
of titanium in octahedral and tetrahedral coordination,
respectively [23,27]. The shoulder on the right side of the
band at 480 cm™ is assigned to the presence of extra-fra-
mework TiO, in the form of small anatase crystallites.
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Figure 6: Raman spectra recorded for 3Ti, 8Ti, and 12Ti.

Similarly, the small band at about 645 cm™ is observed in
the spectrum of the 12Ti sample with the higher titanium
loading [22,28]. The small band at about 610 em™?, identified
in spectra of the 8Ti and 12Ti samples, is assigned to small
crystallites of rutile [29].

Thus, the analysis of the UV-Vis DR (Figure 5) and
Raman (Figure 6) spectra lead to the conclusion that tita-
nium in the samples is present mainly in highly dispersed
forms. The low intensive bands, characteristic of rutile,
were identified in Raman spectrum of the 8Ti and 12Ti
samples. Moreover, small band indicating the presence of
anatase was found in a spectrum of 12Ti. These bands were
absent in the spectrum of the 3Ti sample. Because the TiO,
crystallites were not found in the XRD analysis of the studied
samples (Figure 2, insert), their size and content are below
the detection limit of this method. Thus, it can be concluded
that the contribution of small, aggregated titanium species
(rutile and anatase) increases with an increase in titanium
loading in the Ti-MCM-41 samples.

The method of temperature-programmed desorption
of ammonia (NH3-TPD) was used for the analysis of surface
acidity of the samples. The main goal of these studies was
the determination of surface exposed Ti species (available
for the catalytic operation) contribution. It was assumed
that each surface available titanium cation forms one acid
site, that can be determined by NH3-TPD measurement.
Ammonia desorption profiles are presented in Figure 7,
while acid sites’ concentration (AS conc.) and acid sites’
density (AS dens.) are compared in Table 1. Any ammonia
chemisorption was detected for the pure silica sample —
S-MCM-41 (results not shown), while the introduction of
titanium into silica samples resulted in the formation of acid
sites, identified by ammonia chemisorption (Figure 7). The
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Figure 7: Ammonia desorption profiles measured for 3Ti, 8Ti, and 12Ti.

intensity of ammonia desorption profiles increases with
increasing titanium content in the samples. The main des-
orption peaks, located at about 160-170°C, indicate the
presence of relatively weak acid sites, which are possibly
associated with the presence of highly dispersed titanium
species. In the case of the 12Ti sample with the highest
titanium loading, the arm at about 250°C indicates the pre-
sence of stronger acid sites, which are possibly associated
with more aggregated titanium species. The nature of acid
sites in silica-titania systems has been analysed and dis-
cussed in the scientific literature [30,31]. Doolin et al. [30]
postulated that both Lewis and Bregnsted acid sites are
formed in such silica-titania samples. The Lewis centres
are related to surface unsaturated titanium cations in tet-
rahedral and octahedral coordination; however, it was also
suggested that tetrahedral sites are stronger Lewis acid sites
than octahedral sites [30]. On the other hand, Bronsted acid
sites can be formed by =Si—O-Ti= bridge hydrolysis, resulting
in the =Ti—OH group presenting weak Brgnsted-type acidity
[30]. Eimer et al. [31] postulated that the presence of Brgnsted
acid sites in Ti-MCM-41 with high content of titanium is pos-
sibly related to the weakening of the =SiO-H bond due to the
presence of Ti** ions in the vicinity of the silanol groups. In
the case of the larger Ti*" cations’ substitution into the posi-
tions of the smaller Si** ions, the bond length of =Ti—0-Si= is
different in comparison to =Si—0-Si=, which results in some
structure deformation. Additionally, Ti** cations in the vici-
nity of the =Si-OH groups may result in changes in the
electron density around silicon because of differences in elec-
tronegativity as well as the local structure deformations and
therefore weakening the =SiO-H bonds [31]. Assuming that
each surface available titanium cation generates one acid site,
the ratio of surface available titanium cations to titanium
content in the samples can be estimated (Table 1). This ratio
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is in the range of 0.11-0.16 and decreases with an increase in
titanium content in the samples.

Spherical silica-titania MCM-41 samples were studied
in the role of catalysts and photocatalysts of diphenyl sul-
fide (Ph,S) oxidation with hydrogen peroxide to diphenyl
sulfoxide (Ph,SO) and diphenyl sulfone (Ph,SO,) (Figure 8).
Catalytic activity of samples measured in the absence of
light increases with an increase in titanium loading. After
4h of the catalytic test, the Ph,S conversion (solid lines)
reached 70% for 3Ti, 80% for 8Ti, and 96% for 12Ti (Figure 8a).
In the case of 3Ti and 8Ti, Ph,SO was the main reaction
product obtained after 4h of the catalytic test with the
selectivity of 67% and 60%, respectively (Figure 8b). The
reaction conducted in the presence of 12Ti resulted mainly
in Ph,S0,, which was obtained with the selectivity of 56%
(Figure 8c). Efficiency of Ph,S oxidation was significantly
improved for the process conducted with UV light irradia-
tion. The Ph,S conversion after 4h of the catalytic run
reached 81% (an increase of 11% in comparison to the reac-
tion conducted in dark) in the case of 3Ti and 99% (an
increase of 19%) for 8Ti (Figure 8a, dashed lines). The best
photocatalytic and catalytic activities presented the sample
with the highest titanium loading, 12Ti, which was able to
completely convert Ph,S during 2.5h of the catalytic test.
Moreover, for the 8Ti and 12Ti samples, a very significant
increase in the selectivity to Ph,SO, was observed for the
reaction conducted with UV light irradiation (Figure 8c,
dashed lines). The selectivity to Ph,SO, reached after 4 h of
the catalytic tests 70% and 95% for 8Ti and 12Ti, respectively.
Thus, analysis of the results of catalytic and photocatalytic
tests shows that oxidation of Ph,S in the presence of the
studied catalysts is possible in the presence and absence
of UV irradiation; however, the efficiency of this reaction
can be significantly improved by UV irradiation of the reac-
tion mixture. Moreover, the reaction selectivity to deeper
oxidized product, Ph,SO,, was significantly improved
for the UV-assisted reaction. The selectivity to Ph,SO
decreased (Figure 8b), while the selectivity to Ph,SO,
increased (Figure 8c), with increasing duration of the cat-
alytic and photocatalytic tests, especially in the case of the
8Ti and 12Ti catalysts, indicating the possible formation of
Ph,SO as a primary product, which in the next step can be
oxidized to Ph,SO, (Ph,S — Ph,SO — Ph,S0,) [10].

Catalytic activity of the samples, both in dark and
under UV irradiation, increased with an increase in tita-
nium content in the catalysts; thus, there is no doubt that
titanium is responsible for their catalytic and photocata-
lytic activities in the studied reaction. As it was shown by
UV-Vis DRS (Figure 5) and Raman (Figure 6) studies, the
catalyst samples contain titanium mainly in the form of
highly dispersed Ti species. However, an increase in titanium
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content results in the formation of small rutile and anatase
crystallites. Thus, a question arises — which form of titanium
species is responsible for catalytic and photocatalytic activation
of the MCM-41-based samples. In our previous studies [11],
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commercial TiO, (P25), containing both anatase and rutile,
and pure anatase and rutile [10] were tested in the reaction
of Ph,S oxidation with H,0,. It was shown that the Ph,S con-
version was observed in dark and was significantly intensified
by UV irradiation. Thus, it could be concluded that TiO, crystal-
lites are active in both catalytic and photocatalytic Ph,S oxida-
tion. On the other side, our recent studies of titanosilicate
zeolites showed that monomeric titanium cations incorporated
into zeolite framework are also active in catalytic and photo-
catalytic Ph,S oxidation with H,0, [9]. Thus, both monomeric Ti
sites and TiO, crystallites have been reported to be active cat-
alysts and photocatalysts of Ph,S oxidation. Detailed analysis of
the results obtained for bulky TiO, crystallites [11] and titano-
silicate zeolites [9] shows significant differences in selectivity to
the reaction products. In the case of P25 selectivity to Ph,SO,,
the product of deeper Ph,S oxidation was significantly lower
than in the case of titanosilicate zeolites with higher titanium
content and opened porous structure. Thus, it could be sup-
posed the higher activity of monomeric titanium cations in
zeolite framework than TiO, crystallites in Ph,SO to Ph,SO,
oxidation. Of course, this hypothesis needs additional studies
to be proved. In the case of the studied samples containing
mainly titanium in highly dispersed forms with small contri-
bution of small TiO, crystallites, these selectivities to Ph,SO, are
higher than for P25 and lower than for titanosilicate zeolites
(with higher titanium content and opened porous structure).
Thus, the obtained results are in line with the postulated
hypothesis. The studies of Ph,S oxidation with H,0, over
pure anatase and pure rutile samples, reported in our previous
paper [10], showed that the reaction in the presence of anatase
is observed both under catalytic and photocatalytic conditions.
In contrast to rutile, which was active only under conditions of
photocatalytic oxidation of diphenyl sulfide (no Ph,S conver-
sion was detected without UV irradiation). Moreover, the reac-
tion conducted in the presence of anatase is more selective to
Ph,SO,, whereas in the presence of rutile, mainly Ph,SO was
produced. In the case of the studied samples, various titanium
species were identified by UV-Vis DRS (Figure 5) and Raman
(Figure 6) studies, which contribute to their overall catalytic
and photocatalytic properties. The presence of anatase was
identified in the case of the 12Ti sample, presenting the highest
selectivity to Ph,SO,, which supports the hypothesis postulated
in our previous paper [10]. The PhyS conversion observed for
3Ti and 8Ti at the beginning of the catalytic and photocatalytic
tests is very similar (Figure 7). Thus, it seems possible that in the
case of highly dispersed Ti species, mainly incorporated into
silica walls f, Ph,S to Ph,SO oxidation may proceed without UV
irradiation. This interesting effect will be analyzed in the future
studies.

Catalytic activity of individual titanium sites, expressed
as turnover frequency (TOF) values, is presented in Table 2.



DE GRUYTER

Silica-titania mesoporous silicas of MCM-41 type as effective catalysts

-_ 9

Table 2: Turnover frequency (TOF) of Ph,S to Ph,SO oxidation determined for 1h of reaction

Sample Ti surface sites (umol-g™") TOF, dark (h™") TOF, light (h™") Ref.

3Ti 102* 1,477 1,440 This study
8Ti 189* 938 1,138 This study
12Ti 260* 1,067 1,511 This study
Ti-FER-25 375% 241 532 [9]
Ti-ITQ-6-25 375% 892 1,243 [9]

*Ti surface available sites determined by NH5-TPD measurements.
#Ti surface available sites determined from chemical analysis (ICP-OES);

TOF values were calculated for the first step of Ph,S oxida-
tion (Ph,S — Ph,S0). The number of surface Ti sites in the Ti-
MCM-41 samples was estimated by NH;-TPD measurements.
The TOF values, determined after 1h of reaction, are very
similar for the sample with the lowest titanium loading, 3Ti,
for the reaction conducted under catalytic (dark) and photo-
catalytic (UV) conditions. For the samples with larger tita-
nium content, 8Ti and 12Ti, frequency of catalytic cycles
significantly increased under UV irradiation (Table 2). For
comparison, the TOF values for Ph,S to Ph,SO oxidation in
the presence of Ti zeolitic materials — Ti-FER and Ti-ITQ-6 (in
both samples, the Si/Ti molar ratio is about 60) are shown in
Table 2. For these zeolitic materials, it was assumed that all
Ti sites are located on the surface. The TOF values, deter-
mined for Ti-FER under catalytic and photocatalytic condi-
tions, are significantly lower compared to the Ti-MCM-41
catalysts. It could be explained by relatively narrow FER
pores, which are unable to accommodate large Ph,S mole-
cules. Thus, in this case, only Ti sites located on the outer
surface of zeolitic grains can effectively participate in cata-
lytic and photocatalytic processes [9]. The TOF values deter-
mined for Ti-ITQ-6, characterized by layered structure, are
higher than for Ti-FER, but still lower compared to the best
catalysts of the Ti-MCM-41 series. In this case, the interlayer
space is available for Ph,S molecules, but small channels in
layers are still too small to accommodate large molecules of
diphenyl sulfide [9]. Thus, this comparison clearly shows a
very important role of porous structure in the conversion of
large Ph,S molecules.

A very important question is related to the role of UV
irradiation in the intensification of Ph,S oxidation with
H,0, over highly dispersed Ti species. Some possible mechan-
isms have been postulated. One of them postulates the for-
mation of titanium-hydroperoxide complexes, =Ti-O-0-H,
which can decompose hydroxyl radicals, OH, much easier
than H,0, [32,33]. Also, small polymeric Ti-O-Ti—O-Ti chains
may activate Ph,S oxidation. In such chains, the reduction
of Ti*" to Ti*" by guest species may result in the formation
of photocatalytic single-sites active in the formation of OH

it was assumed that all Ti sites are available for the catalytic reaction.

radicals from H,0, [34]. It is postulated that such one-dimen-
sional chains can act as an antenna-like system collecting light
and forming electron-hole pairs, which similarly to bulky
TiO,, can recombine or diffuse [35]. The role of such dispersed
Ti species in the photocatalytic process is still not fully recog-
nized and intensively discussed in the literature [36,37].

4 Conclusions

Spherical Ti-MCM-41 materials, obtained by co-condensa-
tion method, presented catalytic, and photocatalytic activ-
ities in the reaction of diphenyl sulfide oxidation with H,0,
to diphenyl sulfoxide and diphenyl sulfone. Titanium intro-
duced into silica samples was present mainly as highly
dispersed species (e.g., monomeric cations, chains), how-
ever, for the samples with a larger titanium content also
small crystallites of anatase and rutile were identified.
Diphenyl sulfide conversion increased with increasing tita-
nium content in the samples. The efficiency of diphenyl
sulfide oxidation significantly increased for the reaction
conducted under UV irradiation. Also, such photocatalytic
conditions significantly intensified the formation of diphenyl
sulfone, especially in the case of the sample with the highest
titanium content. Results of the catalytic tests indicate Ph,SO
as a primary reaction product, which in the next step can be
oxidized to Ph,SO, (Ph,S — Ph,SO — Ph,SO,).
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