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The study focuses on preparation, surface sites characterization and catalytic activity testing of pure
(TiO2), sulfated (TiO2-S), loaded with 1 wt% Pt (TiO2-Pt) and platinized/sulfated (TiO2-Pt-S) high surface
area anatase TiO2 (100% anatase, 340 m2/g). Sulfation was performed in 4 M H2SO4 solution and was
not followed by a high temperature calcination. TEM images reveal the formation of a 3 Å amorphous
layer over TiO2 and TiO2-Pt surface after their sulfation. Infrared spectrum of TiO2-S contains additional
absorption bands at 1235, 1333 and 1378 cm−1 that are assigned to S=O stretch and distorted adsorbed
SO2−

4 vibrations. Low temperature CO adsorption and organic species adsorption from heptane solutions
was performed for characterization of surface sites. TiO2-S showed 3–5 cm−1 shift of adsorbed CO
absorption band compared to initial TiO2. The quantity of adsorbed CO increased by a factor of 1.5
for TiO2-S indicating the increase of the quantity of surface Lewis sites. Sulfation also resulted in
disappearance of OH groups having absorption band at 3690 cm−1 that was attributed to substitution by
monodentate and bidentate sulfates. Four bases and two acids with different pK were used as probes in
solution titration revealing that the quantity of different acid sites in TiO2-S increases 1.07–2.17 times.
Unexpectedly the quantity of acid and base sites in TiO2-Pt-S decreases relatively to other catalysts
studied.
Catalytic activity of the samples in acetone deep photooxidation was measured as a function of acetone
vapor concentration in a flow-circulating reactor. All dependences are well described by the one site
Langmuir–Hinshelwood kinetic model. The maximum oxidation rate was similar for all samples and was
observed at acetone concentration above 1500 ppm. However, in the range of low acetone concentration
the activity of TiO2-Pt-S was about triple of pure TiO2 activity. The high activity of sulfated/platinized
and sulfated TiO2 is due to the much increased acetone adsorption constant.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The sulfation of titanium dioxide was recently acknowledged as
a way of enhancing its catalytic and photocatalytic activity. Rep-
utable companies like Sachtleben Chemie GmbH are producing ti-
tanium dioxide containing several percent of sulfur in the form of
sulfates for catalytic applications. Two companies in Russia which
are producing photocatalytic air cleaners already use only sulfated
TiO2 because it demonstrates higher photocatalytic oxidation (PCO)
rates for a variety of organic compounds. At the same time, the na-
ture of PCO rates increase if any is still under active investigation
and discussed by many researchers.

The evolution of understanding of the influence of TiO2 acidic
properties on its (photo)catalytic activity started from the 80’s of
the last century when researchers [1,2] had demonstrated the role
of the number of hydroxyl groups on the oxygen photoadsorp-
tion. Later Papp et al. [3] measured the number of TiO2 (Degussa
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P25 annealed at different temperatures) surface hydroxyl groups
by the n-butylamine titration method [4] and revealed the corre-
lation between this number and the rate of 1,4-dichlorobenzene
photocatalytic oxidation in water solution. Kwon et al. [5] obtained
the similar result with the WO3/TiO2 photocatalyst in the same
reaction. Authors supposed that the increased surface acidity and
therefore increased TiO2 adsorption affinity was the main factor
responsible for the photocatalytic activity increase.

Kantoh and Okazaki [6] investigated TiO2 samples prepared
from titanium tetraisopropoxide and TiOSO4. The TiO2 sample pre-
pared from TiOSO4 had both types of acid sites—Brønsted and
Lewis, the later ones being converted into the Brønsted sites after
addition of water due to the bidentate sulfate –Ti–O–SO2–O–Ti–
reaction. They also revealed the correlation between the amount
of surface OH groups and the amount of reacting aminoalcohols in
the autoclave.

Closely to the TiO2 sulfation treatment, Deng et al. [7] prepared
several TiO2 samples using the sol–gel method and treated some
of them with H2SO4. They demonstrated that the sulfated samples
had a higher conversion and stability during the gas phase photo-
catalytic oxidation of hexane, benzene and methanol. The authors
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explained such behavior by the two simultaneous trends: the in-
crease of the surface area of sulfated samples and the increase of
their surface acidity. The first reason was the main according to
the authors.

Colon et al. [8] also demonstrated that sulfated TiO2 annealed
at 600–700 ◦C had a higher photocatalytic activity in the water
phase phenol PCO than pure TiO2. The SO2−

4 ions were almost ab-
sent after the high temperature treatment. The authors attributed
this effect to the TiO2 surface stabilization by sulfates during the
annealing and keeping a higher specific surface area compared
with the pure untreated TiO2. In their later work [9] the authors
developed their previous conclusions and stated that the annealing
of the sulfated samples leads to the creation of bulk oxygen vacan-
cies through the dehydroxylation of the excess of adsorbed water
giving a highly defective photocatalyst. It gives an enhancement of
the PCO activity due to the improvement of the charge separation
and diffusion to the surface. In their most recent work [10] these
researchers conducted simultaneous TiO2 sulfation and Pt deposi-
tion and demonstrated that the samples obtained are more active
in the phenol PCO in water. The authors make the reasonable
guess that the Pt deposition is affected by the preliminary sulfa-
tion giving the higher dispersion of obtained Pt particles. Other
researchers [11] also attributed the improved activity of SO2−

4 /TiO2
to the surface area increase.

Keller et al. [12,13] observed higher time on stream stability
of sulfated sol–gel TiO2 in gaseous toluene photocatalytic oxida-
tion. Higher concentrations of H2SO4 resulted in higher photocat-
alytic activities. They attributed the enhanced stability to a lower
adsorption of toluene over the catalyst surface and possible in-
creased electron–hole pares separation. Muggli and Ding [14], on
the contrary, observed higher adsorption of gaseous organic com-
pounds. They also registered increased catalytic stability of sulfated
TiO2 compared to unsulfated one. As in the previously mentioned
works, these authors used high temperature calcination after the
H2SO4 treatment.

Yu with co-workers [15] suggested that the promoting effect of
sulphuric acid is explained by the removal of sodium ion impuri-
ties from the glass used as a support during the TiO2 thin films
preparation.

Results which were cited above could not explain the enhanced
photocatalytic activity of photocatalyst obtained by mild H2SO4
treatment with consequent washing and drying at a low (less than
150 ◦C) temperature since such SO2−

4 /TiO2 samples contain much
higher quantity of surface sulfates. In this case, the chemical and
physico-chemical interactions of photocatalytic reaction substrates,
products and intermediates should be taken into account. We had
focused on such an approach in our previous research [16–18].

Platinum deposition has been used for a long time to enhance
photocatalytic reactions over TiO2 in liquid and gas phase [19–28].
Therefore, addition of Pt combined with sulfation is expected to
provide further increase of TiO2 photocatalytic activity. This oppor-
tunity was not investigated before for gas phase reactions. More-
over, platinum deposition over some kinds of TiO2 can produce
photocatalysts with decreased activity in gas phase reactions [29].
Of special interest is the capability of sulfuric acid treatment to
improve the performance of these platinized TiO2 samples.

In the present work, we employ the combination of platinum
deposition and sulfation without subsequent high-temperature
treatment in order to increase TiO2 photocatalytic activity. The tan-
dem of solution titration and CO adsorption methods is harnessed
for characterization of TiO2 surface acidity measurements, which
is complemented by HR-TEM images of the catalyst surface.

Kinetic study on the acetone photocatalytic oxidation in a flow-
circulating reactor reveals that sulfation of platinized TiO2 results
in strong increase of acetone adsorption constant that provides
highly increased oxidation rate at the low acetone concentration
Table 1
Specific surface area, Pt and S content for TiO2, TiO2-S and TiO2-Pt-S samples

Sample SBET, m2/g Pt content, wt% S content, wt%

TiO2 341 – –
TiO2-S 335 – 1.54
TiO2-Pt-S – 0.95 1.45

while unmodified TiO2 outperforms at the high acetone concen-
trations.

2. Experimental

2.1. Materials and catalyst preparation

Titanium dioxide Hombifine N (Sachtleben Chemie GmbH, 100%
anatase, specific surface area 341 m2/g) was used as supplied.
H2SO4 (high-purity grade), H2PtCl6·6H2O (38.12 wt% Pt) were used
for TiO2 modification. Deionized water from a Barnsted EASYpure II
ultrapure water system was used for solutions preparation and
photocatalysts treatment.

The TiO2 sulfation method was described previously [17] and
was used here with a minor modification. A 1 g TiO2 sample was
placed into a round-bottomed 100 ml flask; 50 ml of the 4 M
H2SO4 aqueous solution was added. Then the flask was put into
a thermostat and kept at 50 ◦C for 2 h under continuous stirring.
Treated sample was then washed 6–7 times with deionized wa-
ter with subsequent centrifugation. The amount of sulfates in the
wash water was qualitatively controlled with a 1 M BaCl2 solution.
The prepared samples were finally dried in air at 120 ◦C for 2–3 h.
Untreated initial TiO2 sample and the sample modified with H2SO4
are referred to further in the text as TiO2 and TiO2-S, correspond-
ingly.

To investigate the influence of Pt addition, a sample was pre-
pared by the NaBH4 reduction of adsorbed H2PtCl6. This sam-
ple is referred to as TiO2-Pt. Subsequent sulfation of this catalyst
produced sample marked TiO2-Pt-S. Platinum deposition was per-
formed according to the following method. 1 g of TiO2 suspended
in 20 ml of water was poured into a 50 ml beaker under stir-
ring. Then 0.2 ml of 0.257 M H2PtCl6 stabilized with 0.05 M HCl
was added. The Pt reduction was conducted by the dropwise addi-
tion of the 3-fold molar excess of a cold NaBH4 water solution. In
our case it was 2 ml of 3 mg/ml NaBH4 solution. The obtained
precursor was washed 3 times with water and dried at 120 ◦C.
The second step of preparation, sulfation, was identical to that for
TiO2-S sample.

Specific surface area, platinum and sulfur content were mea-
sured by the low temperature nitrogen adsorption (ASAP 2400,
USA) and by X-ray fluorescence analysis with VRA-20 instrument
correspondingly. The results are summarized in Table 1.

Using the fact that Pt deposition does not influence the specific
surface area [30] one can conclude from the data in Table 1 that
it does not depend on the TiO2 treatment in the present work and
equals to about 340 m2/g for all the samples.

TEM images were obtained with a JEM-2010 transmission elec-
tron microscope to describe the TiO2, TiO2-S and TiO2-Pt-S sam-
ples.

2.2. Surface titration and CO adsorption methods

Surface titration method used in this work is based on the ad-
sorption of organic acids and bases on the catalyst surface from an-
hydrous n-heptane (reference grade) solution [17]. Measurements
of the probe species concentration in n-heptane solution were per-
formed by a Perkin Elmer Lambda 35 UV/VIS spectrophotometer.
The chemical formula, strength and spectroscopic data of the used
probe species are presented in Table 2.
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Table 2
Thermodynamic and spectroscopic data on the probe species used in the surface
titration experiments

Probe species Strength, pK λmax, nm Absorption coefficient
ε × 10−3, L/(mol cm)

Acids
Benzoic acid, pKa = 4.2 230 11.5
C7H6O2

o-Nitrophenol, pKa = 7.17 270 6.81
C6H4(NO2)(OH)

Bases
Piperidine, pKb = 2.88 211 0.975
C5H11N
Pyridine, pKb = 8.77 251 1.72
C5H5N
o-Fluoroaniline, pKb = 10.8 230 9.06
C6H6FN
Diphenylamine, pKb = 13.2 282 16.1
C12H11N

Benzoic acid was preliminary purified via the double re-
crystallization whereas o-nitrophenol (Acros organics 99%), piperi-
dine (analytical grade), pyridine (analytical grade), o-fluoroaniline
(Acros organics 99+%) and diphenylamine (high-purity grade)
were used as supplied.

Further, 2 × 10−3 M solutions of these substances in heptane
were prepared. 3 mg portions of catalyst samples under study
were placed into the flasks with ground stoppers, and 5 ml so-
lution of probe species were added. By measuring absorbance of
the solutions before and after their contact with TiO2 one can esti-
mate the quantity of probe molecules adsorbed and consequently
the number of appropriate surface sites according to the formula

νads = D0 − D

ε · l · m
· V , (1)

where D0 and D are the absorbance of the solutions before and
after their contact with TiO2 (dimensionless), V is the solution
volume (L), l is the cell path length (cm), ε is the absorption coef-
ficient (L/(cm mol)), m is the catalyst mass (g).

A low temperature CO adsorption was studied for the TiO2
and TiO2-S samples which were pressed into the tablets with 10–
15 mg/cm2 density. Prior to the CO adsorption, the tablets were
treated in vacuum at 150 ◦C for 90 min. The Bruker Vector 22 FT-
IR spectrometer with 2 cm−1 resolution and 32 scans accumulation
regime was used for spectra recording.

2.3. Acetone photocatalytic oxidation

Kinetic measurements were conducted in the flow-circulating
system described in detail elsewhere [30,31]. This system includes
a quartz reactor thermostated at 40 ◦C, a membrane circulation
pump and a gas module connected with a stainless steel pipes.

Photocatalyst samples were uniformly deposited onto the 3 ×
3 cm glass support from aqueous suspension with subsequent
drying at room temperature. The density of obtained samples
(3 mg/cm2) guaranteed the complete absorption of incident light
from a 1000 W high-pressure Xe lamp. The lamp irradiation was
preliminary transmitted through water and 313-nm interference
filters. The UV irradiance was 7 mW/cm2.

Input gas mixture consisted from air, water vapor (4500 ±
500 ppm) and acetone vapor (varying from 0 to 6000 ppm). The
input and output (after flow-circulating system) gas mixtures were
analyzed for the water, acetone and CO2 content with gas chro-
matographs equipped with FID and TCD detectors.

The rate of acetone oxidation Wox (mol/s) was calculated from
the difference between CO2 concentrations in the output and input
Fig. 1. TEM image of TiO2 Hombifine N.

gas mixtures after the steady state was reached according to the
following formula:

Wox = �C · u · 10−9

3 · R · T
, (2)

where �C (ppm) = Cout − Cin is the difference between CO2 con-
centrations in the output and input gas; u (cm3/s) is the gas flow
through the flow-circulating system; R = 0.082 (L atm)/(mol K);
T (K) is the temperature. In the present work u = 0.58–0.6 cm3/s,
T = 313 K, �C varied from 0 to 500 ppm. Formula (2) uses the fact
that one acetone molecule transforms into the three CO2 molecules
during the photocatalytic oxidation and it was controlled at each
steady state point by mass balance calculations. It means that no
other carbon-containing species except the acetone and CO2 were
detected during the experiments and the ratio �CCO2/�Cac was
practically equal to 3, where �CCO2 and �Cac are the differences of
the inlet and outlet concentrations of CO2 and acetone correspond-
ingly. The preference of using the �CCO2 instead of the directly
measuring �Cac value in the formula (2) is explained by the fact
that at a high acetone concentration the values of �Cac become
small compared with the absolute inlet acetone concentration. At
the same time, the inlet CO2 concentrations in our experiments
was equal to 0 so the �CCO2 was equal to outlet CO2 concentra-
tion. In this way, the precision of the �CCO2 value was noticeably
better than for �Cac.

3. Results and discussion

3.1. Surface investigation

High resolution TEM images of unmodified TiO2, modified with
sulphuric acid (TiO2-S) and with Pt and H2SO4 (TiO2-Pt-S) are pre-
sented in Figs. 1–3, respectively. All samples are relatively transpar-
ent. Therefore images contrast was enhanced for the better view.

The initial TiO2 consists of primary particles with the size of
≈5 nm, which are agglomerated into secondary particles of 500–
1000 nm diameter. The surface of particles is not clearly defined.
The arrow in Fig. 1 shows a single anatase particle with the well
defined lattice. The same particle is shown in the lower right part
of Fig. 1 after the Fourier filtration. The observed interfacial dis-
tance in the lattice is equal to 3.6 Å and the rows are situated
at the right angle to each other. The distance coincides well with
the lattice constant of anatase a = b = 3.733 Å. Therefore, the ob-
served particle face is believed to correspond to the (001) surface
of anatase [32].
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Fig. 2. TEM image of TiO2-S sample. A thin amorphous layer of about 3 Å thickness
covers the catalyst surface.

After sulfation under mild conditions, the TiO2 particles sur-
face underwent significant changes. Surface of the particles is more
clearly defined. The main difference in the TiO2-S sample shown
in Fig. 2 is that one can observe a thin amorphous layer of about
3 Å thickness covering the sample surface. A similar layer was also
observed over the surface of sulfated platinized sample TiO2-Pt-S
(Fig. 3A). This layer was completely absent in the unmodified ini-
tial TiO2 (Fig. 1). The Pt particle in TiO2-Pt-S catalyst is shown in
Fig. 3B.

Although the noticeable dissolution of TiO2 on macroscopic
scale occurs only in hot concentrated sulfuric acid [33], inter-
action with 4 M H2SO4 can result in slight surface dissolution.
Mogyorosi with co-workers [34] obtained titanium dioxide sam-
ples that contained 72.4 wt% anatase and 27.6 wt% amorphous
phase by the sol–gel method in an acidic environment. In [35]
the authors reported that amorphous oxo phase of titanium oxide
exhibits considerable activity toward photocatalytic degradation of
trichloroethylene in the gas phase.

If one calculates the surface sulfur concentration from the data
presented in Table 1 it will be equal to about 0.8 atom/nm2, i.e.
approximately one sulfur atom or SO2−

4 group per one surface Ti
atom. Therefore a thin amorphous layer in our case could be the
surface sulfates or the thin TiO(SO4) film.

The diameter of Pt particles over the TiO2-Pt-S surface was in
the range of 1.5–2 nm (Fig. 3B). The calculation of sample sur-
face area occupied by Pt particles based on the total Pt content
given in Table 1 provides the value of approximately 0.33–0.44 m2

per g of the sample. Only a very small portion of the total TiO2
surface is covered with platinum particles. This agrees well with
previous characterizations of Pt-containing TiO2 of analogous Pt
content [27].

3.2. CO adsorption and surface titration

IR spectra of TiO2 and TiO2-S samples treated in vacuum
at 150 ◦C before CO adsorption are shown in Fig. 4. 1235 and
1333 cm−1 absorption bands appeared after the surface sulfation
(spectrum b). The 1333 cm−1 band is close to the stretching fre-
quency of S=O and the 1200–1250 cm−1 band is close to the
characteristic frequencies of SO2−

4 [10] with a lower symmetry C3v
or C2v corresponding to mono- and bidentate sulfates [36].

The adsorption of aliquots of CO gives rise to absorption band
situated at about 2190 cm−1 and appearance of absorption band at
2160 cm−1 at high CO pressure (40 Torr) (Fig. 5). The first type of
absorption band corresponds to CO adsorbed on the surface Ti4+
centers of TiO2 [37,38]. This band has a gradual shift of its max-
imum to the lower frequencies (wavenumbers) with the growth
(A)

(B)

Fig. 3. TEM images of sample TiO2-Pt-S. (A) A thin amorphous layer of about 3 Å
thickness can be observed on the surface; (B) the arrow shows the Pt particle. The
same particle is shown in the bottom left part of the image after the Fourier filtra-
tion. The observed interfacial distance in the metal lattice is equal to 2.3 Å.

of the amount of adsorbed CO. The position of this band is sup-
posed to be the indicator of the strength of surface acidic sites.
The stronger shift of this band to the higher wavenumbers rela-
tively to the valence absorption band of gaseous CO (2143 cm−1

[36]) corresponds to the stronger CO interaction with the surface
centers and, therefore, such centers are stronger Lewis acids. More-
over, using the absorption band areas one can estimate the relative
or absolute concentrations of surface Lewis sites according to the
modified law of absorbance in the form

A = A0 · d · C, (3)

where A is the absorption band area (cm−1), A0 is the CO ab-
sorbance coefficient for the particular adsorbent and wavenumber
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Fig. 4. FTIR spectra of TiO2 (a) and TiO2-S (b) samples treated in vacuum at 150 ◦C
for 90 min. Tablet densities were 15.3 and 11.3 mg/cm2 for TiO2 and TiO2-S sam-
ples, respectively.

(cm/μmol), d is the tablet density (mg/cm2) and C is the surface
sites concentration (mmol/g) [17].

In this way, the surface sites of TiO2-S sample are more acidic
than those of unmodified TiO2 since their value of �ν(CO) shift
to the higher frequency is 3 to 5 cm−1 higher for TiO2-S sample
than for pure unmodified TiO2 (Fig. 5). The difference of CO heats
of adsorption for these two samples could be estimated from the
following correlation reported by Zaki [39]:

�Hads(CO) = 10.5 + 0.5 · �ν(CO) kJ mol−1. (4)

The difference �Hads(CO) for TiO2 and TiO2-S samples is in the
range of 1.5–2.5 kJ mol−1 indicating that sites strength difference
is noticeable but not high.

The ratio of Ti4+ Lewis sites quantity over sulfated and unsul-
fated samples derived from the absorbance law varies from 1.4 to
1.6 for the first–third spectra (Figs. 5A and 5B) indicating that the
concentration of Lewis sites on the surface of TiO2-S sample is
about 1.5 times higher.

2157 and 2160 cm−1 adsorption bands (Fig. 5) correspond to
physically adsorbed or H-bonded CO [39] since the corresponding
surface OH group valence bands in the 3670–3730 cm−1 region
are decreased and shifted to the lower wavenumbers of 3500–
3600 cm−1 (Figs. 6A and 6B) during the CO adsorption. The total
change of IR spectra of TiO2 and TiO2-S samples during the CO
adsorption was barely visible. Therefore the resulting IR spectra
change in Fig. 6 is represented in the differential form with the
subtracted IR spectrum of TiO2 and TiO2-S samples taken before
CO adsorption.

In this case one could see that at least 3 types of OH-group
vibrations disappear upon CO adsorption on the unmodified TiO2
sample (Fig. 6A)—3670, 3690 and 3714 cm−1 adsorption bands;
only 2 types of OH-groups vibration bands (Fig. 6B)—3674 and
3713 cm−1—decrease upon CO adsorption on the surface of TiO2-S
sample. It means that, probably, two types of surface OH-groups of
pure TiO2 corresponding to 3670 and 3690 cm−1 bands were con-
verted into a one type surface OH-groups for the TiO2-S sample
corresponding to 3674 cm−1 band during the sample sulfation. In
other words, it is possible that there is adsorption of SO2−

4 ions in
the mono- or bidentate forms by the interaction with terminal and
(A)

(B)

Fig. 5. IR spectra of catalysts during low temperature CO adsorption: (A) TiO2,
(B) TiO2-S. Numerals above the spectra correspond to CO pressure: (0) no CO ad-
mission; (1) 3 Torr; (2) 11 Torr; (3) 21 Torr; (4) 40 Torr. Tablets densities were 15.3
and 11.3 mg/cm2 for the TiO2 and TiO2-S samples, respectively.

bridge OH-groups that converts them into the one type of S atom
bonded OH-groups.

Another very powerful method to study acid–base surface sites
is adsorption of probe molecules from solutes [40,41]. Results of
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(A)

(B)

Fig. 6. Changes of IR spectra of TiO2 (A) and TiO2-S (B) in the valence OH vibrations
region during the CO adsorption. All the spectra are the result of subtraction of the
initial spectrum of the samples before CO adsorption.

the TiO2, TiO2-S and TiO2-Pt-S samples titration by probe organic
species are presented in Table 3. In our previous research [17] only
one type of organic base and acid was used for titration giving the
correlation of activity with the total quantity of surface acidic and
basic sites. An attempt to classify the range of acidic sites by their
strength is done in the present work.

The strongest species—benzoic acid (pKa = 4.2) and base
piperidine (pKb = 2.88)—should adsorb on a variety of basic and
Table 3
Quantity of adsorbed probe species on the surface of TiO2, TiO2-S and TiO2-Pt-S
samples

Probe species Strength, pK Adsorbed quantity, mmol/g (molecules/nm2)

TiO2 TiO2-S TiO2-Pt-S

Acids
Benzoic acid pKa = 4.2 1.25 (2.2) 0.96 (1.7) 0.66 (1.2)

o-Nitrophenol pKa = 7.17 0.60 (1.1) 0.27 (0.5) 0.08 (0.1)

Bases
Piperidine pKb = 2.88 0.85 (1.5) 1.13 (2) 0.77 (1.4)

Pyridine pKb = 8.77 0.67 (1.2) 0.72 (1.3) 0.47 (0.8)

o-Fluoroaniline pKb = 10.8 0.23 (0.4) 0.50 (0.9) 0.24 (0.4)

Diphenylamine pKb = 13.2 0.16 (0.3) 0.28 (0.5) 0.20 (0.35)

acidic sites, respectively, giving the highest quantity of adsorbed
probe species for all the three studied samples (Table 3). At the
same time, the weakest acid, o-nitrophenol (pKa = 7.17), and
base, diphenylamine (pKb = 13.2), should adsorb only on rela-
tively strong basic and acidic sites giving the lowest quantity of
adsorbed species. In this assumption we have neglected the pos-
sible specific adsorption of some of the probe species which was
not investigated in this work. One should keep in mind that spe-
cific adsorption can result in an over-estimation of surface sites
quantity compared with the actual one.

Colon with co-workers [9] estimated the total quantity of acid
sites on the surface of sulfated TiO2 to be equal to 1 μmol/m2

by the microcalorimetric pyridine adsorption. The highest concen-
tration for TiO2-S sample (Table 3) is equal to 1.13 mmol/g or
3.3 μmol/m2 although the SO2−

4 species surface concentration is
even higher in our case. Thus, the mild sulfation technique pro-
duces higher surface concentration of acidic groups.

The comparison of adsorption data for pure TiO2 and TiO2-S
samples (Table 3) shows that quantity of basic sites (total and
only strong) decrease after the H2SO4 treatment. At the same time,
quantities of acidic sites are increased including the most strong
ones measured by diphenylamine titration. The ratio of acidic sites
quantities for TiO2-S and TiO2 samples is equal to 1.33, 1.07, 2.17
and 1.75 for piperidine, pyridine, o-fluoroaniline and diphenyl-
amine, respectively, and is in satisfactory agreement with the
CO absorption band intensities ratio which is equal to about 1.5.
Therefore, both methods give the correlating results about quan-
tity and strength of acidic centers.

The quantity of strong acidic sites on the surface of platinized
TiO2-Pt-S sample is equal to 0.2 mmol/g and is also greater than
for pure TiO2 sample. At the same time, the total acidity measured
by piperidine adsorption is the lowest among the three studied
samples (Table 3). The quantity of basic sites over TiO2-Pt-S sam-
ple is two-fold lower than for initial TiO2 and about 1.5-fold lower
than for sulfated TiO2. Such a decrease in acid and base sites quan-
tity in TiO2-Pt-S is unexpected and cannot be explained by surface
blocking by Pt particles since their surface was estimated above
and is equal to just 0.33–0.44 m2/g. Moreover, in the next sec-
tion it will be demonstrated that TiO2-Pt-S sample possesses the
highest photoactivity.

In our previous work [30] it was shown that treatment of TiO2
with NaBH4 which we are using for Pt reduction even without ad-
ditions of H2PtCl6 resulted in significant changes of catalytic prop-
erties. Namely, the treated catalyst possessed lower activity in the
low temperature range but higher activity at elevated temperatures
and higher stability toward thermal deactivation in acetone photo-
catalytic oxidation. Adsorbed boron species probably in the form
of borates can effectively block the Ti4+ surface species that are
responsible for surface acidic sites. That is why in the kinetic ex-
periments we additionally investigated TiO2 with 1% of deposited
Pt but without further acidic treatment (marked as TiO2-Pt) to elu-
cidate the effect of sulfation on the photooxidation rate.
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Fig. 7. Steady-state acetone photocatalytic oxidation rate as a function of its con-
centration in the flow-circulating reactor for different photocatalysts: (2) TiO2;
(") TiO2-S and (Q) TiO2-Pt-S, (F) TiO2-Pt. In the inset is shown the region of
small concentrations.

3.3. Kinetics of acetone vapor photocatalytic oxidation

The dependence of the steady-state rates of the acetone vapor
photocatalytic oxidation on its concentration for TiO2, TiO2-S, TiO2-
Pt-S and TiO2-Pt samples is shown in Fig. 7. All the data points are
well described by the one adsorption site Langmuir–Hinshelwood
equation:

WOX = kr · Kads · C

1 + Kads · C
, (5)

where kr and Kads are the photooxidation rate and acetone adsorp-
tion constants; C is the acetone gas phase concentration. Constant
kr in this equation also could be considered as the maximum pho-
tooxidation rate at high acetone concentration (Kads · C � 1). Solid
curves shown in Fig. 7 are the result of approximation of experi-
mental data. Calculated values of kr and Kads are listed in Table 4.

Constant kr is equal to 33×10−10 mol/s for TiO2-Pt-S and TiO2-
S samples and is slightly higher (38 × 10−10 mol/s) and slightly
lower (31×10−10 mol/s) for pure TiO2 and TiO2-Pt samples, corre-
spondingly. The curves in Fig. 7 show that at acetone concentration
above 1500 ppm, unmodified TiO2 possesses the highest oxidation
rate that is connected with the highest rate constant for this sam-
ple whereas TiO2-Pt demonstrates the lowest oxidation rate that
we believe is associated with partial blocking of TiO2 surface with
boron species produced from the NaBH4 treatment.

In general, at high acetone concentration levels (>1500 ppm)
all samples have similar photocatalytic activity because the acetone
monolayer formation has been completed on samples surfaces. Un-
der these conditions the value of adsorption constant Kads does not
play any significant role and activity is determined by the quantity
of active sites and turnover rate. The quantity of active sites can
be estimated as equal if one takes it proportional to the surface
area, which in turn is similar for all samples. Thus, turnover rate
is also similar for all the catalysts. This means that the electron–
hole separation is also similar for sulfated and untreated samples
in contrast to hypothesis of works [12,13].

In many cases contaminants concentrations are low and are
not enough for significant surface coverage of photocatalyst. Under
Table 4
Results of approximation of acetone photocatalytic oxidation by the Langmuir–
Hinshelwood model (5)

Sample kr , 10−10, mol/s Kads, ppm−1

1% Pt/TiO2 (unsulfated) 31.13 ± 0.5 4.7×10−3 ±3.8×10−4

TiO2 38.3 ± 1.5 5.3×10−3 ±8.3×10−4

TiO2-S 33.2 ± 0.4 2.2×10−2 ±1.8×10−3

TiO2-Pt-S 33.8 ± 0.5 4.1×10−2 ±4.4×10−3

such conditions, the adsorption characteristics of the photo(cata-
lyst) have the critical importance. This situation corresponds to the
low acetone concentration level (<500 ppm).

The inset in Fig. 7 shows the photocatalytic oxidation rates in
this low concentration range. The TiO2-Pt catalyst is still the least
active sample. Pure TiO2 sample has a bit higher rate of pho-
tooxidation. The sulfated TiO2-S sample has intermediate activity
and the highest activity is demonstrated by the platinized and
sulfated TiO2-Pt-S sample. For example, at the acetone concen-
tration level near 150 ppm the PCO rate close to 13, 16, 24 and
29 × 10−10 mol/s values for TiO2-Pt, TiO2, TiO2-S and TiO2-Pt-S
samples, respectively. Moreover, at the lower acetone concentra-
tion levels this difference will be even higher indicating that in
such low concentration conditions the sulfated and especially sul-
fated platinized TiO2 samples work more than 3 times effectively.

Here we have to discuss two moments. On the one hand, there
is the dramatic increase of adsorption properties of platinized TiO2
treated with sulphuric acid (TiO2-Pt-S) against the untreated one.
Indeed, the sulfation procedure increased the Kads by an order
of magnitude from 0.0047 to 0.041 ppm−1. The absolutely simi-
lar sulfation procedure in the case of non-platinized TiO2 resulted
in only 4 time increase of Kads from 0.0053 to 0.022 ppm−1 value.
The stronger influence of sulfation procedure on the photoactivity
of Pt-loaded TiO2 samples probably could be explained by the re-
moval of oxygen containing boron species from TiO2 surface. Such
species could form as a result of NaBH4 oxidation with H2PtCl6
during the chemical deposition procedure.

On the other hand, there is not a big difference in adsorption
constant between Hombifine TiO2 and its platinized form TiO2-Pt
but more than two-fold increase in adsorption constant for TiO2-
Pt-S as compared to TiO2-S samples. We attribute this behavior to
the suppressing influence of Pt-deposition procedure which pro-
duces the oxygen containing boron species on the TiO2 surface. In
fact, in the case of TiO2 and TiO2-Pt samples, the possible posi-
tive effect of Pt deposition was suppressed by the adsorbed boron
species unlike the case of TiO2-S and TiO2-Pt-S samples where the
sulfation procedure after the Pt-deposition washed out the boron
species. Two additional observations support this assumption:

(1) A 11B NMR signal was observed in the TiO2-Pt sample corre-
sponding to the 0.012 wt% of tetrahedral BO4 species. And this
signal was not observed in the TiO2-Pt-S sample giving us an
idea that it was simply washed out during the sulfation pro-
cedure.

(2) The sample prepared by the reverse sequence, i.e. Pt de-
position was done after the sulfation procedure (TiO2-S-Pt),
demonstrated a lower photocatalytic activity than TiO2-Pt-S
sample but still higher than untreated and platinized TiO2
and TiO2-Pt samples in the flow-circulating system at the 500
ppm acetone vapor pressure. It means that there are remaining
boron species on the surface of TiO2-S-Pt sample suppressing
its photoactivity just because the Pt-deposition procedure was
the last.

Based upon the data above we could say that in any case the
sulfation procedure makes the more pronounced effect on the TiO2
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photoactivity against VOC’s PCO unlike the Pt chemical deposition
based on the H2PtCl6 reduction with NaBH4.

Most probably, an additional study of the surface state before
and after the reaction would expand our understanding of the ori-
gin of high photocatalytic activity at the low acetone concentration
level. In our opinion such investigations should include compara-
tive FTIR reflectance spectroscopy of TiO2 surface in the course of
prolonged PCO experiments to accumulate the surface changes.

4. Conclusions

Low temperature CO adsorption and titration with dissolved or-
ganic probe species were used for characterization of surface acid
and base sites of pure and sulfated TiO2 catalyst. The agreeing re-
sults indicate that the quantity and strength of surface acid sites
increases as a result of this treatment. Deposition of platinum and
sulfation decreases the number of surface acid and base sites com-
pared to sulfated TiO2.

The dependence of steady-state rate of acetone vapor pho-
tocatalytic oxidation for TiO2, SO2−

4 /TiO2, (1% Pt)/TiO2 and (1%
Pt, SO2−

4 )/TiO2 samples obeys the Langmuir–Hinshelwood kinetic
model. All samples have a similar activity in the high acetone
concentration range that signifies the completion of acetone mono-
layer coverage on the surface.

In the low concentration range, the more acidic sulfated TiO2
possesses a higher photocatalytic activity due to the increase of
acetone adsorption constant which correlates with the surface
acidity according to CO and organic probe species adsorption data.

The highest photoactivity of (1% Pt, SO2−
4 )/TiO2 sample can be

explained by cumulative effect of platinum and SO2−
4 addition on

acetone adsorption constant.
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