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INTRODUCTION

Fine air cleaning to remove chemical and biological
pollutants is one of the most promising directions in the
development of heterogeneous photocatalysis. Tradi-
tional air cleaning methods for the removal of trace
impurities include adsorption by activated carbon, cat-
alytic combustion, and flame combustion.

These methods possess considerable disadvantages.
In fact, adsorption by carbon does not destroy pollut-
ants; it only converts them into adsorbed species, which
should be further utilized. Moreover, adsorption by car-
bon is ineffective in the removal of many highly volatile
compounds, such as carbon monoxide and formalde-
hyde. Toxic substances, for example, dioxins, can be
formed upon flame combustion or catalytic combus-
tion. Therefore, additional measures for emission con-
trol are required. According to economic evaluations,
photocatalytic air cleaning, which does not require
large-scale heating, can successfully compete with the
above two traditional methods. Indeed, the use of pho-
tocatalytic methods requires analogous capital outlays;
however, operating costs for the removal of a great
number of contaminants are much lower [1].

Among the advantages of photocatalytic air clean-
ing are its high efficiency at room temperature and
atmospheric pressure, low selectivity for the nature of
contaminants, and ability to deactivate or even mineral-
ize pathogenic microorganisms that are present in air.

In this work, we summarize the results of our recent
experimental studies on the kinetics and mechanism of
conversion of a number of typical air contaminants. We
consider the photocatalytic oxidation of CO and the
vapors of acetone, ethanol, organic sulfides, and dime-
thyl methylphosphonate on 

 

TiO

 

2

 

 powders.

EXPERIMENTAL

The samples used in this study, the experimental
procedure, and the analysis of products and reagents, as
well as the instrumentation, were described in the pre-
ceding paper [5].

The IR spectra were measured with the use of Vec-
tor 22 (Bruker) and Shimadzu 8300 FTIR spectropho-
tometers.

The photocatalysts in reactors were irradiated with
filtered or unfiltered light from a 1000-W xenon lamp
or with unfiltered light from a 1000-W DRSh mercury
lamp.

In the calculation of the quantum yields of photo-
processes, it was assumed that incident UV light (

 

λ

 

 <
380 nm) was almost completely absorbed by the sam-
ples of pure and modified 

 

TiO

 

2

 

. The quantum yields

were calculated from the equation 

 

ϕ

 

 =

 

 

 

n

 

 

 

×

 

 100%

 

,

where 

 

W

 

ox

 

 is the rate of photocatalytic degradation of
the test substance (mol/s), 

 

I

 

 is the intensity of incident
UV light (moles of quanta per second), and 

 

n

 

 is the
number of quanta required for the complete photocata-
lytic degradation of the test substance.

RESULTS AND DISCUSSION

 

1. Photocatalytic Oxidation of Carbon Monoxide

 

The photocatalytic oxidation of CO in air on 

 

TiO

 

2

 

prepared by the thermal decomposition of titanyl sul-
fate was performed in a flow-circulation reaction. The
dependence of the rate of photocatalytic oxidation of
CO on its concentration in the reactor was described by
the Langmuir–Hinshelwood equation. The rate of pho-
tocatalytic oxidation of CO reached a maximum value
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—The results of studies on the TiO
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 photocatalytic oxidation of model air pollutants are summarized.
The kinetics of photocatalytic oxidation of CO and the vapors of a number of simple organic substances was
studied in detail. It was found that, in the course of reaction, all of the test substances underwent complete min-
eralization. Gaseous substrates were converted with the participation of several types of reaction centers. The
photocatalytic oxidation of sulfur- and phosphorus-containing substances resulted in gradual deactivation of the
photocatalyst; however, its activity can be restored by washing the photocatalyst with water. It was found that,
along with oxidation, the steps of hydrolysis play an important role in the photocatalytic degradation of air pol-
lutants, such as dimethyl methylphosphonate and 2-chloroethyl sulfide.
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at a CO concentration in the mixture higher than
40000 ppm. In this case, the quantum efficiency of the
process was ~12% with consideration for the fact that
the oxidation of each CO molecule requires two pho-
tons [2]. At a low CO concentration of 500 ppm, the
measured quantum efficiency was ~0.6%. Under the
conditions used (temperature, 

 

40°C

 

; concentrations of
water vapor and CO, 4000 and 500 ppm, respectively),
the intensity of light and the concentration of the reac-
tion product (

 

ëé

 

2

 

) did not have a considerable effect
on the quantum efficiency. However, under these condi-
tions, an increase in the temperature significantly accel-
erated the reaction, and the apparent activation energy
was equal to 11 kJ/mol. Because the thermal reaction of
catalytic CO oxidation does not occur even at the high-
est temperature of 

 

160°ë

 

, the observed increase in the
reaction rate with temperature cannot be attributed to
the thermal steps of this simple reaction. It is believed
that the rate of photocatalytic oxidation increased with
temperature because of competition between CO and

 

H

 

2

 

O

 

 for adsorption onto reaction sites on the surface of

 

TiO

 

2

 

. Based on data on the heats of adsorption of CO
and 

 

ç

 

2

 

é

 

, we evaluated the expected apparent activa-
tion energy of the photocatalytic oxidation of CO as
7 kJ/mol. This value is consistent with the experimental
value of 11 kJ/mol. Although pure titanium dioxide
exhibits a moderate photocatalytic activity in CO oxi-
dation, this activity can be increased by an order of
magnitude by surface modification with platinum [3].

 

2. Photocatalytic Oxidation of Acetone Vapor

 

Acetone is a material commonly used for studying
gas-phase photocatalytic oxidation. This is partly due
to the fact that intermediate gaseous substances are not
formed in considerable amounts during the oxidation of
acetone vapor. As an example, Fig. 1 demonstrates the
kinetics of photocatalytic oxidation of acetone vapor on
Hombikat UV 100 

 

TiO

 

2

 

 powder in a small batch reac-
tor. After the introduction of acetone into the reactor,
approximately a third of the total amount was adsorbed
on the surface of 

 

TiO

 

2

 

 and two-thirds occurred in the
gas phase. Because the major portion of acetone
occurred in the gas phase, adsorption had almost no
effect on the kinetics of its consumption [4, 5]. There-
fore, the concentration measured in the gas phase
decreased to almost zero in a short time in accordance
with the Langmuir–Hinshelwood equation; thus, it is
consistent with the mechanism of photocatalytic oxida-
tion with a single type of reaction centers. The concen-
tration of carbon dioxide (the product of the complete
oxidation of acetone) linearly increased with reaction
time and flattened out at the end of reaction. The
absence of other carbon-containing substances from the
gas phase is typical of acetone oxidation.

Light is a necessary “reagent” for photocatalytic
oxidation. Therefore, an increase in the intensity of a
light flux should increase the rate of acetone photooxi-
dation. Figure 2 shows this dependence for the initial

reaction rate of complete acetone oxidation. It can be
seen that, at low light intensities, the initial rate of the
reaction linearly increased with light intensity, whereas
it deviated from linearity at high intensities. This type
of dependence on light intensity is characteristic of
many photocatalytic reactions on semiconductor
oxides. In this case, it is likely that the nonlinear portion
of the curve is due to an increase in the probability of
recombination of photogenerated charge carriers at
high light intensities.

The rate of photooxidation can be studied by mea-
suring either the initial rate of reaction in a batch reac-
tor or the steady-state rate in a flow or flow-circulation
reactor. We will demonstrate below that these
approaches to the measurement of rates do not always
give identical results.

Figure 3 demonstrates the dependence of the initial
rate of complete oxidation of acetone vapor on the ini-
tial concentration of acetone in a batch reactor. The rate
curve flattened out at a concentration of about
1000 ppm; it corresponds to the Langmuir–Hinshel-
wood model with a single type of reaction centers. It is
of importance that the adsorption isotherm of acetone
retraces the rate curve of photocatalytic oxidation at
acetone vapor concentrations lower than 1000 ppm. At
higher concentrations, the multilayer adsorption of ace-
tone came into play and the adsorption curve increased,
unlike the rate curve of oxidation. Thus, at acetone
vapor concentrations lower than 1000 ppm, the rate of
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Fig. 1.

 

 Photocatalytic oxidation of acetone vapor in air on
Hombikat UV 100 

 

TiO

 

2

 

 in a 449-cm

 

3

 

 batch reactor. Cata-

lyst weight, 15 mg; illuminated surface area, 3 cm

 

2

 

; temper-
ature, 25

 

°

 

C; irradiation power, 20 mW/cm

 

2

 

; water concen-
tration in the gas phase, 5000 ppm (25%). Irradiation was
performed with full light from a DRSh-1000 lamp.
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photocatalytic oxidation was directly proportional to
the amount of adsorbed acetone. This provides support
for the hypothesis that photooxidation occurs in an
adsorbed state of molecules on the surface of a photo-
catalyst. At higher concentrations of acetone vapor, a
small decrease in the initial rate of oxidation was
observed. It is likely that this decrease was related to a
decrease in the accessibility of the surface of 

 

TiO

 

2

 

 to
oxygen because of the multilayer adsorption of ace-
tone.

Figure 4 demonstrates the effects of acetone concen-
tration and temperature on the rate of complete photo-
catalytic oxidation for the reaction performed in a flow-
circulation reactor in a steady state [6]. The curves can-
not be approximated by the Langmuir–Hinshelwood
model with a single type of reaction centers (dashed
lines). However, they are adequately described by a
model with two types of reaction centers that are char-
acterized by different rate constants of photocatalytic
reactions (solid lines in Fig. 4). As the temperature was
increased from 40 to 

 

80°ë

 

, the rate of photocatalytic
oxidation increased by a factor of ~1.5 because of an
increase in the reaction rate constant at centers with
strong acetone adsorption. As expected, the constants
of adsorption on the centers of both types decrease with
temperature. Based on IR spectroscopic data, the cen-
ters of weak adsorption can be attributed to hydroxyl

groups, whereas the centers with strong adsorption can
be ascribed to surface titanium atoms.

Thus, two types of reaction centers should be taken
into account in the consideration of the test photocata-
lytic reaction under steady-state conditions. This is
essentially different from the model of unsteady-state
reaction in a batch reactor; this model implies the con-
sideration of a system with a single type of reaction
centers. This difference between the kinetic peculiari-
ties of the process under different conditions can be the
consequence of a considerable change in the surface
properties of 

 

TiO

 

2

 

 in the steady-state occurrence of the
photocatalytic reaction. For example, under steady-
state conditions, the accumulation of large amounts of
partial oxidation products of the substrate on the sur-
face of the photocatalyst and the partial desorption of
water from the surface of 

 

TiO

 

2

 

 are possible. The mole-
cules of acetic acid, which is an intermediate in the
complete oxidation of acetone, can also serve as centers
for the weak adsorption of acetone through hydrogen
bonds.

In the photocatalytic oxidation of acetone vapor
under steady-state conditions, it was found that an
increase in the temperature above 

 

80–120°ë

 

 resulted in
a decrease in the rate of complete oxidation and in the
darkening (i.e., deactivation) of the initial white photo-
catalyst [3, 6]. The accumulation of partial oxidation
products preceded the observed deactivation of the pho-
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 Dependence of the initial rate of CO

 

2

 

 buildup

 

( )

 

 on irradiation intensity (

 

I

 

) in the photocatalytic oxi-

dation of acetone vapor on Hombikat UV 100 

 

TiO

 

2

 

 under
exposure to light with 

 

λ

 

 = 365 nm in a batch reactor at 

 

25°ë

 

.
Initial acetone concentration, 1000 ppm; sample surface
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Fig. 3.

 

 Dependence of the initial rate of 
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2

 

 

 

buildup

( ) on the initial concentration of acetone in the photo-

catalytic oxidation of acetone vapor and the isotherm of
acetone adsorption on the same sample of Hombikat UV
100 

 

TiO

 

2

 

. Temperature, 

 

25°C

 

. Irradiation was performed
with full light from a DRSh-1000 lamp.
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tocatalyst, as evidenced by a decrease in the rate of car-
bon dioxide release and an increase in the rate of ace-
tone consumption at deactivation temperatures. The
aldol condensation of acetone with the formation of
products that block the access of oxygen molecules to
the surface of 

 

TiO

 

2

 

 is the most probable reason for the
observed deactivation.

We also studied the effects of air humidity and ace-
tone vapor concentration on the deactivation of 

 

TiO

 

2

 

.
Figure 5 shows data on the effect of the acetone vapor
concentration. At temperatures lower than 

 

100°ë

 

, an
increase in the concentration of acetone caused an
increase in the rate of deep oxidation. At temperatures
higher than 

 

100°ë

 

, the character of this dependence
changed: the higher the concentration of acetone, the
lower the rate. In this case, the maximum rate of com-
plete oxidation shifted to the region of high tempera-
tures with decreasing acetone concentration. This
behavior of the rate of photocatalytic oxidation can be
associated with the fact that, at a low concentration of
acetone, the rate of its condensation on the surface
decreased and photocatalyst deactivation slowed down.

As follows from Fig. 6, an increase in the concentra-
tion of water vapor had a promoting effect on the deep
photocatalytic oxidation of acetone at temperatures
higher than 

 

100°ë

 

; however, it decreased the rate at
temperatures lower than 

 

100°ë

 

. The maximum of the
rate shifted toward high temperatures with increasing
concentration of water vapor. The highest rate of the
photocatalytic oxidation of acetone was detected at a

water vapor concentration of 15000 ppm and a temper-
ature of 

 

120°ë

 

. The positive effect of water observed at
deactivation temperatures is also consistent with evi-
dence for a decrease in acetone concentration on the
surface of the photocatalyst because of displacement by
water. The second reason for the observed effect of
water vapor concentration can consist in the inhibition
of the aldol condensation of acetone because of water
poisoning of active Lewis sites of condensation.

Platinum is an effective catalyst for dark oxidation.
Platinum supported on titanium dioxide is favorable for
maintaining a high catalyst activity even at the temper-
atures of rapid catalyst deactivation. Indeed, Fig. 7
shows that the rate of acetone oxidation on platinized
titanium dioxide monotonically increased with reaction
temperature. In this case, the contribution of acetone
oxidation in the absence of light was limited and no
higher than 15%. Consequently, platinum participates
in the oxidation of acetone reaction intermediates on
the surface of titanium dioxide but practically does not
participate in the oxidation of parent acetone mole-
cules.

The activity of a platinized photocatalyst at elevated
temperatures is many times higher than the activity of
pure titanium dioxide [7]. The apparent activation ener-
gies of the complete oxidation of acetone on a plati-
nized catalyst under steady-state conditions were

 

11.5 

 

±

 

 

 

1.8

 

 kJ/mol for the purely photocatalytic process
and 

 

43.7 

 

±

 

 3.3

 

 kJ/mol for the pure dark reaction.
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Fig. 4. Dependence of the rate of complete photocatalytic
oxidation of acetone vapor (wacetone) in air on TiO2 on ace-
tone concentration at two temperatures: (1, 1') 40 and (2, 2')
80°C. Water vapor concentration, 4500 ppm. See the text
for comments.
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It is of interest to reveal the factors responsible for
an increase in the photocatalytic activity of platinized
titania as compared with that of pure titanium dioxide.
This is possible when the kinetics of photocatalytic oxi-
dation obeys the Langmuir–Hinshelwood equation. In
this case, the effect of platinization on the apparent rate
constants of acetone oxidation and adsorption can be
found. Figure 8 demonstrates the dependence of the
rate of complete acetone oxidation on the concentration
of acetone vapor for platinized and pure titanium diox-
ide. Dashed lines show the approximation of experi-
mental curves by the Langmuir–Hinshelwood equation
with a single type of reaction centers. It can be seen that
the experimental kinetic curves cannot be described by
this approximation. In the approximation of the curves
by a model with two types of reaction centers, the
agreement with experimental data was much better
(solid lines in Fig. 8).

The above data indicate that the rate of photocata-
lytic oxidation at a low concentration of acetone vapor
was higher on platinized titanium dioxide, whereas the
rate was higher on pure titanium dioxide at a high con-
centration of the vapor. Table 1 summarizes the adsorp-
tion and kinetic parameters of the deep photocatalytic
oxidation of acetone vapor on pure and platinized tita-
nium dioxide for the model with two types of reaction
centers. It can be seen that platinization increased the
rate constant of oxidation at strong adsorption centers;
in this case, the constant of adsorption at these centers

also somewhat increased. In contrast, the rate constants
of acetone oxidation and adsorption at weak adsorption
centers decreased. Because of this, the activity of pure
titanium dioxide was higher at high concentrations of
acetone. The adsorption constants obtained by measur-
ing the adsorption isotherm of acetone in the dark were
dramatically different from the adsorption constants
obtained by measuring the rate of the photocatalytic
reaction under steady-state conditions. It is believed
that this dramatic difference was due to a considerable
modification of the surface state of titanium dioxide
upon irradiation with UV light or acetone photoadsorp-
tion on the surface under the action of UV light. In par-
ticular, irradiation resulted in the removal of a portion
of adsorbed water molecules and in the liberation of
reaction centers, which can become accessible to ace-
tone adsorption.

3. Photocatalytic Oxidation of Ethanol Vapor

The deep photocatalytic oxidation of ethanol vapor
is a much more complicated process as compared with
the above systems, and a great number of parameters
should be taken into account for its quantitative inter-
pretation. As distinct from acetone, a considerable
amount of acetaldehyde, a gaseous intermediate of
deep oxidation, is formed in the photocatalytic oxida-

wacetone × 1010, mol/s

Fig. 6. The temperature dependence of the rate of complete
oxidation of acetone vapor (wacetone) on TiO2 under steady-
state conditions at three water vapor concentrations:
(1) 1050, (2) 3800, and (3) 15000 ppm. Acetone concentra-
tion, 500 ppm.

wacetone × 1010, mol/s

Fig. 7. Rates of deep oxidation of acetone vapor (wacetone)
on the 0.41% Pt/TiO2 photocatalyst under steady-state con-
ditions at various temperatures: (1) under UV light, (2) in
the dark, and (3) purely photocatalytic reaction. Acetone
vapor concentration, 530 ppm; water vapor concentration,
4500 ppm; photocatalyst weight, 38 mg. Illumination was
performed with filtered light from a DKSL-1000 xenon
lamp (λ = 334 nm).
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tion of ethanol vapor; acetaldehyde competes with eth-
anol for adsorption sites on the surface of the photocat-
alyst [3].

Published data on the detection of a number of inter-
mediate products of the photocatalytic oxidation of eth-
anol both on the surface of TiO2 and in the gas phase are
available. We used in situ IR absorption spectroscopy
[8] for studying the composition of products in the oxi-
dation of ethanol in a batch reactor (quartz cell). In this
cell, by turning a holder with a fixed thin pellet of tita-
nium dioxide, we could either remove or place the pel-
let of TiO2 in the optical path of the spectrometer. Thus,
we measured either the sum of the spectra of the gas
phase and the surface or the spectrum of only the gas
phase.

The onset of the photocatalytic oxidation of ethanol
was accompanied by the appearance of absorption
bands due to acetaldehyde and acetic acid in the IR
spectra of the gas phase. The IR spectrum of the surface
of titanium dioxide after illumination for 100 min
exhibited many absorption bands that corresponded to
the adsorbed intermediates of ethanol oxidation
(Fig. 9). Table 2 summarizes the assignment of the
absorption bands of this spectrum based on published
data. The compounds detected on the surface of TiO2
include acetic acid, acetaldehyde, and carbonates, as
well as the carbonyl and carboxyl groups of compounds
whose structures were not clearly identified. According
to the IR spectroscopic data and published data [9], the
reaction path of the photocatalytic oxidation of ethanol
on TiO2 can be described by the following reaction
scheme:

In this reaction scheme, acetic acid can lead to the for-
mation of ëé2 and HCHO as a result of photocatalytic
decarboxylation (steps 3 and 5 in the scheme) [10].

The above reaction scheme involves five intermedi-
ates, which compete for the same reaction centers and
undergo oxidation with different rate constants. Thus,
the complete kinetic model of this reaction scheme
should include at least ten parameters; because of this,
it is problematic to use this model for obtaining reliable
kinetic data. However, because only acetaldehyde
occurred in considerable amounts in the gas phase dur-
ing the photocatalytic oxidation of ethanol vapor with a
low partial pressure, under these conditions, the follow-
ing simplified two-step reaction model, which takes
into consideration only acetaldehyde as a single gas-
eous intermediate [11], can be used:

CH3CH2OH  CH3CHO  2CO2.

Figure 10 demonstrates the dependence of the rates
of the first and second steps of ethanol oxidation on the
concentrations of ethanol and acetaldehyde vapors. The
experimental functions cannot be described by the
Langmuir–Hinshelwood model with a single type of
reaction centers. In accordance with published data
[12], adsorption centers that are accessible to only eth-
anol or only acetaldehyde or to both of the substances
simultaneously occur on the surface of TiO2. Based on
this assumption, the rates of the first and second steps
of photocatalytic oxidation W1 and W2, respectively,
should obey the equations

(1)

C2H5OH CH3CHO CH3COOH CO2

HCHO HCOOH

1 2 5

4

3 6

1 2

W1 WE

kEKECE

1 KECE KACA+ +
--------------------------------------------,+=

W2
kA

AKA
ACA

1 KA
ACA+

-----------------------
kAKACA

1 KECE KACA+ +
--------------------------------------------.+=

Table 1.  Adsorption and kinetic parameters of the photocatalytic oxidation of acetone vapor in air on unplatinized TiO2 and
platinized titanium dioxide containing 0.41 wt % Pt based on the Langmuir–Hinshelwood model with two types of reaction
centers (1 and 2)

Sample

Photocatalytic oxidation of acetone Adsorption of acetone (in the dark)

k1 × 1010,
mol/s

, ppm–1 k2 × 1010,
mol/s

, ppm–1 a1 × 107,
mol/m2 K1, ppm–1 a2 × 107,

mol/m2 K2, ppm–1

TiO2 24 0.088 23 0.00097 6 0.0026 27 0.00012

Pt/TiO2 29 0.10 8 0.00035 5 0.0038 29 0.00017

Note: k1 and k2 are the rate constants of photocatalytic oxidation of ethanol;  and  are the constants of ethanol adsorption (under

light) on two types of reaction centers under steady-state conditions; a1 and a2 are the adsorption values corresponding to monolayer
surface coverage; and K1 and K2 are the constants of ethanol adsorption on two types of reaction centers in the dark.

K1
L( ) K2

L( )

K1
L( )

K2
L( )
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Here, k denotes the rate constants of oxidation; K
denotes the adsorption constants; C denotes gas-phase
concentrations; the subscripts A and E refer to acetalde-
hyde and ethanol, respectively; and the superscripts
denote the accessibility of reaction centers to adsorp-
tion. The first term reflects the contribution of oxidation
at centers that are accessible to only ethanol or only
acetaldehyde, and the second term reflects that at cen-
ters that are accessible to both of the molecules. All of
the experimental curves in Fig. 10 are adequately
described by Eqs. (1) with constant parameters. The
exception is the rate WE, which was chosen individually
for each particular ethanol concentration. It is likely
that the necessity of this choice was due to the fact that
one of the products of ethanol oxidation (acetic acid)
occupied a portion of the centers of ethanol adsorption.
Therefore, the rate of ethanol oxidation at centers spe-
cific for ethanol decreased with increasing ethanol con-
centration.

For practical applications of the photocatalytic
removal of ethanol vapor from air, it is of importance to
choose oxidation conditions under which the minimum
formation of an undesired intermediate product (acetal-
dehyde) and the maximum selectivity for the product of
complete oxidation (ëé2) are observed. An increase in
the intensity of catalyst irradiation with UV light
increased the selectivity for ëé2; however, in this case,

the overall quantum efficiency of ethanol oxidation
decreased. In this case, the rate of photocatalytic oxida-
tion of acetaldehyde increased more rapidly than the
rate of ethanol oxidation because of an increase in the
mole fraction of acetaldehyde in the steady-state com-
position of the gaseous reaction mixture.

Temperature is another easy-to-change parameter.
Figure 11 demonstrates the effects of temperature on
the steady-state rate of oxygen consumption and on the
selectivity for oxidation to ëé2 in the photocatalytic
oxidation of ethanol vapor on titanium dioxide. As in
the case of acetone vapor, it can be seen that the rate of
oxidation increased as the temperature was increased to
100°ë and then decreased, probably, because of the
thermal deactivation of the catalyst. The condensation
of the resulting acetaldehyde on the catalyst surface is
the most probable reason for TiO2 deactivation [12].
The selectivity of oxidation with respect to ëé2 contin-
uously decreased with temperature; this was likely due
to the deactivation of reaction centers that were respon-
sible for the deep oxidation of ethanol [12].

In the photocatalytic oxidation of ethanol on plati-
nized TiO2 (Fig. 12), the rate of oxidation was higher
than that on pure TiO2 by a factor of ~1.5. The selectiv-
ity of oxidation to ëé2 continuously increased with
temperature, although the rate of oxidation somewhat
decreased at a temperature higher than 80°ë. In this
case, the observed increase in the selectivity can be due
to the thermal oxidation of acetaldehyde on platinum

A
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Fig. 9. IR absorption spectrum of TiO2 after illumination
with full light from a DRSh-1000 lamp for 102 min in the
presence of ethanol vapor in air at room temperature (A is
absorbance). See Table 2 for the assignment of absorption
bands 1–8.
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Fig. 8. Dependence of the rate of oxidation of acetone vapor
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tration: (1, 1') on pure TiO2 and (2, 2') on 0.41% Pt/TiO2
with Pt supported by NaBH4 reduction; temperature, 40°C;
water vapor concentration, 4500 ppm; photocatalyst
weight, 25 mg (in both cases). Illumination was performed
with filtered light from a DKSL-1000 xenon lamp (λ =
334 nm). See the text for comments.
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particles. In the oxidation of ethanol on the above pho-
tocatalyst in the dark, the reaction rate and selectivity
for ëé2 increased with temperature; however, both the
rate of oxidation and the selectivity were lower than
those on the irradiation of the catalyst with light by a
factor of ~4.

It is most convenient to study the effect of titanium
dioxide platinization on the product composition of
photocatalytic ethanol oxidation by performing the
reaction in a batch reactor. In addition to acetaldehyde,
a small amount of CO was detected on pure titanium
dioxide among the intermediate oxidation products
released into the gas phase [11]. On the platinized cat-
alyst, the rate of carbon dioxide release was two times
higher and CO was not detected; however, acetic acid
was detected in a low concentration in the gas phase.
Thus, catalyst platinization not only accelerated photo-
catalytic oxidation but also eliminated the formation of
CO, which is an undesirable product of the partial oxi-
dation of the initial substrate.

4. Photocatalytic Mineralization of Organic Sulfides

The use of photocatalysis seems attractive for the
degradation of chemical warfare agents because of the
ability of heterogeneous photocatalysts to perform the
complete oxidation (mineralization) of a wide variety
of organic compounds. Because chemical warfare

agents are extremely toxic substances, we used their
low-toxicity analogues (simulants) in the experiments.
The following three substances were used for simulat-
ing the chemical warfare agent yperite (mustard gas,
bis(2-chloroethyl) sulfide): diethyl sulfide, 2-phenethyl
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Table 2.  Assignment of absorption bands in the IR spectrum
of the surface of TiO2 in the photocatalytic oxidation of eth-
anol (Fig. 9)

Peak no. ν, cm–1 Structure responsible
for absorption*

1 1753 Acetic acid

2 1725 Acetaldehyde

3 1660

4 1628 Water

5 1568 RCOO– (1) (antisymmetrical)

6 1517 RCOO– (2)

7 1437

8 1404 RCOO– (1) (symmetrical)

* Figures in parentheses refer to the types of adsorbed carboxy-
lates.
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Fig. 10. Dependence of the rates of the first (w1) and second
steps (w2) of oxidation of ethanol vapor in air on Hombi-
fine N TiO2 on acetaldehyde concentration at three concen-
trations of ethanol vapor: (1, 4) 250, (2, 5) 500, and (3, 6)
1000 ppm ethanol (w1 and w2, respectively). Temperature,
40°ë; water vapor concentration, 5000 ppm. Illumination
was performed with filtered light from a DKSL-1000 xenon
lamp (λ = 334 nm).
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2-chloroethyl sulfide, and 2-chloroethyl ethyl sulfide.
The photocatalytic mineralization of their vapors in air
was performed in batch and flow reactors.

In the photocatalytic oxidation of diethyl sulfide
vapor in a flow reactor (Fig. 13) with a short contact
time, diethyl sulfide and a few gaseous photocatalytic
oxidation intermediates (ethylene, ethanol, and acetal-
dehyde) were detected at the reactor outlet. The final
oxidation product (ëé2) was detected in small amounts
only at the very beginning of the reaction. The oxida-
tion of diethyl sulfide did not take place without irradi-
ation of the photocatalyst. As can be seen in Fig. 13, the
concentration of diethyl sulfide in the gas phase at the
reactor outlet gradually increased in the course of the
reaction and the concentration of oxidation products
decreased; that is, catalyst deactivation was observed.

To find a catalyst that is most stable to deactivation,
we tested Degussa P25 titanium dioxides (50 and
75 m2/g), Hombikat UV 100 titanium dioxide
(347 m2/g), and homemade TiO2 (120 m2/g) under
identical conditions. The photocatalysts were com-
pared with respect to the amounts of diethyl sulfide
converted in the reaction in 455 min. We found that the
amount of converted diethyl sulfide was proportional to
the total surface area of the photocatalyst; in this case,
Hombikat UV 100 TiO2 was deactivated at the lowest
rate [13]. This was due to the fact that the photocatalyst
with a large surface area (347 m2/g) can bind a greater
amount of deactivating products in adsorbed states.

Therefore, the experiments with sulfides described
below were performed with the use of Hombikat UV
100 TiO2.

High air humidity had an adverse effect on the con-
version of diethyl sulfide; an optimum humidity was
found to be about 20%. An increase in the intensity of
light by a factor of 10 resulted in an increase in diethyl
sulfide conversion by a factor of only ~1.5.

The photocatalytic oxidation of diethyl sulfide was
also studied in a batch reactor and in situ in a cell of an
IR spectrometer [14]. Diethyl sulfide was completely
photooxidized to inorganic products at a sufficient
duration of the experiment. Ethylene and acetaldehyde
were detected as gaseous intermediate products of the
photocatalytic oxidation.

Deactivation in a batch reactor was studied by the
successive complete oxidation of several equal portions
of the parent substance on the same photocatalyst. Fig-
ure 14 shows the kinetic curves of diethyl sulfide con-
sumption and ëé2 buildup. It can be seen that, from
cycle to cycle, the rate of consumption of the parent
substance and the average rate of ëé2 release
decreased. It is of interest that all of the curves that
illustrate ëé2 concentration changes exhibit two por-
tions and the rates of ëé2 release at these portions are
similar in all of the curves. It is believed that the rate of
ëé2 release at the initial portion was low because of the
consumption of photogenerated primary charge carri-
ers mainly for the primary partial oxidation of diethyl
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sulfide molecules. The rate of ëé2 release increased
only after completion of this primary oxidation of
diethyl sulfide. Indeed, among all of the organic sub-
stances present on the surface of TiO2 in the course of
photocatalytic oxidation, diethyl sulfide molecules
exhibit the lowest ionization potential [14]. Therefore,
intermediate products were oxidized more slowly than
the parent substrate. The quantum efficiency of the pho-
tocatalytic oxidation of diethyl sulfide decreased from
3.3% in the first cycle to 0.27% in the fifth cycle. The
total weight of diethyl sulfide mineralized in the five
cycles of photocatalytic oxidation was a third of the
weight of titanium dioxide. Assuming that the concen-
tration of active centers on the photocatalyst surface is
equal to 5 × 1014 cm–2 [15], we can evaluate the ratio of
the number of moles of oxidized diethyl sulfide to the
amount of active centers of the TiO2 sample. This ratio
was equal to 1. In other words, the turnover number of
each active center before its deactivation was equal to
unity.

The most likely reason for the deactivation of TiO2
is the accumulation of the complete oxidation products
of diethyl sulfide on the surface. Figure 15 demon-
strates the diffuse-reflectance IR spectra of the surface
of titanium dioxide upon completion of each cycle of
the photocatalytic oxidation of diethyl sulfide. It can be
seen that three intense absorption bands at 1045, 1135,
and 1226 cm–1 were observed. The first two absorption
bands are usually attributed to adsorbed monodentate
sulfates [16], whereas the band at 1226 cm–1 can be
ascribed to adsorbed sulfonic acid [17]. Indeed, this
absorption band was not observed after completion of
the first cycle, in which carbon was almost completely
converted into ëé2; however, it was observed in the
subsequent cycles, in which the oxidation of adsorbed
organic substances occurred incompletely.

The oxidation of diethyl sulfide in a coil reactor
allowed us to identify a greater number of both volatile
and strongly sorbed intermediates and final products of
diethyl sulfide oxidation [18]. Before the complete
deactivation of the photocatalyst, only ëé2 (the gas-
eous product of complete oxidation) was detected at the
reactor outlet in accordance with the stoichiometry of
deep oxidation:

ë4H10S + 8O2  4CO2 + 4H2O + H2SO4.
After photocatalyst deactivation, the concentration

of ëé2 at the reactor outlet dramatically decreased and
many gaseous products of partial oxidation were
detected. Among them, the main products were acetal-
dehyde, diethyl disulfide, SO2, ethylene, and acetic
acid. The following nonvolatile and low-volatility prod-
ucts were detected in wash water from the surface:
diethyl disulfide, diethyl trisulfide, diethyl sulfoxide,
ethanesulfonic acid, ethanesulfinic acid, diethylsul-
fone, etc.

The washing of the deactivated photocatalyst with
water almost completely restored its activity. However,
after more than ten photocatalyst deactivation–reactiva-

tion cycles were performed, the time of catalyst opera-
tion in diethyl sulfide oxidation until deactivation
somewhat shortened, likely, because of the etching of
the photocatalyst surface by sulfuric acid formed in the
reaction. It was also found that a decrease in the con-
centration of diethyl sulfide in the starting reaction mix-
ture resulted in that a greater amount of diethyl sulfide
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Fig. 15. Diffuse-reflectance IR spectra of Hombikat UV 100 TiO2 after the photocatalytic oxidation of each of the five portions of
diethyl sulfide in a batch reactor (Fig. 14). The spectrum of the initial TiO2 sample was subtracted from all of the IR spectra.

underwent mineralization before photocatalyst deacti-
vation. An increase in the weight of the photocatalyst in
the reactor also significantly increased the time before
deactivation in diethyl sulfide oxidation. It is believed
that an increase in the weight of the photocatalyst
caused an increase in the illuminated surface area of the
photocatalyst and, consequently, increased the conver-
sion of diethyl sulfide because of more efficient utiliza-
tion of light from the lamp. However, individual exper-
iments on the photocatalytic oxidation of acetone dem-
onstrated that the rate of acetone oxidation after
increasing the weight of the photocatalyst supported on
the walls practically did not increase. Consequently, it
may be expected that, in the case of diethyl sulfide, an
increase in the rate of oxidation also occurred because
of an important role of the stage of the transfer of com-
plete and partial oxidation products to unilluminated
portions of the photocatalyst rather than because of an
increase in the illuminated surface area of the catalyst.
It is believed that partial oxidation products were trans-
ferred to unilluminated portions of the photocatalyst to
free the illuminated surface of the catalyst for photocat-
alytic oxidation.

The nature of the detected products of the photocat-
alytic degradation of diethyl sulfide allowed us to pro-

pose a conceivable scheme of the photocatalytic pro-
cess (Scheme 1). The process begins with the removal
of an electron from the sulfur atom by a mobile hole.
The resulting radical cation is further transformed by
the cleavage of the C–S bond and/or oxygen addition at
the sulfur atom (i.e., sulfur oxidation). Reactions with
an increase in the oxidation state of carbon atoms can
occur simultaneously. The final oxidation products are
SO2, water, carbon dioxide, and sulfuric acid.

In general, the TiO2 photocatalytic oxidation of
2-phenethyl-2-chloroethyl sulfide occurred via the
same reaction paths as the photocatalytic oxidation of
diethyl sulfide vapor. In the photooxidation in a flow
reactor, chloroethylene, acetic acid, 2-chloroethanol,
benzaldehyde, benzoic acid, and styrene were detected
as products. High air humidity and a decrease in the
reaction temperature were favorable for the inhibition
of photocatalyst deactivation [19]. Under these condi-
tions, water can compete for adsorption sites on the sur-
face of the photocatalyst and keep a portion of the sur-
face free from a strongly adsorbed substrate. Oxygen
molecules, which are required for oxidation, can be
adsorbed simultaneously at sites occupied by water. It
is believed that some oxidation products are dissolved
in a water film on the surface of TiO2; thereby, active
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centers become free for the occurrence of oxidation
reactions.

Many volatile and nonvolatile oxidation intermedi-
ates were detected in the photocatalytic oxidation of
2-chloroethyl ethyl sulfide vapor in a coil reactor [20].
The main products that desorbed into the gas phase
were CO2, SO2, chloroethylene, acetaldehyde, chloro-
acetaldehyde, acetic acid, diethyl disulfide, and 2-chlo-
roethyl ethyl disulfide. Unlike the photocatalytic oxida-
tion of diethyl sulfide, considerable amounts of the
unoxidized parent substrate were extracted from the
surface of TiO2 after completion of a 2-chloroethyl sul-
fide oxidation cycle. Moreover, 2-chloroethyl ethyl sul-
foxide and bis(2-chloroethyl) disulfide were also
sorbed in considerable amounts. Evidently, the pres-
ence of the parent substrate on the surface of the photo-
catalyst after a photocatalytic oxidation cycle is per-
formed is due to the lower reactivity of substrate mole-
cules toward oxidation (as compared to the reactivity of
partial oxidation products) because of an electron den-
sity shift to the chlorine atom. It was found that 2-chlo-
roethyl ethyl sulfide was partially hydrolyzed (by 17%)
on the surface of TiO2 when the reaction was performed
in the dark at room temperature. As in the case of
diethyl sulfide, a decrease in the concentration of 2-
chloroethyl sulfide in the starting reaction mixture
makes it possible to mineralize a greater amount of the
parent substrate before photocatalyst deactivation.

The IR spectroscopy of the photocatalyst surface in
the course of reaction revealed the accumulation of var-
ious sorbed partial oxidation products and sulfuric acid.
The “annealing” of the deactivated photocatalyst under
UV light in air without substrate supply resulted in a
decrease in the intensities of bands that correspond to

organic compounds and in an increase in the absorption
band of monodentate sulfates. The washing of the cata-
lyst with water after completion of the oxidation of
products adsorbed on the surface resulted in the
removal of monodentate sulfates, and the remaining
low-intensity absorption bands corresponded to biden-
tate sulfates. Thus, sorbed bidentate sulfates can con-
tribute to the development of photocatalyst deactiva-
tion, which cannot be removed by washing with water.

The nature of the detected products of photocata-
lytic oxidation allowed us to propose a few main reac-
tion paths for the conversion of 2-chloroethyl ethyl sul-
fide on the surface of illuminated titanium dioxide: the
hydrolysis of the carbon–sulfur bond, the cleavage of
the sulfur–carbon bond, the oxidation of sulfur atoms,
and the oxidation of carbon atoms (Scheme 2). This
reaction scheme also corresponds to the photocatalytic
oxidation of 2-phenethyl-2-chloroethyl sulfide vapor
in air.

5. Photocatalytic Degradation of Dimethyl 
Methylphosphonate Vapor

Many chemical warfare agents are organophospho-
rus compounds containing a pentavalent phosphorus
atom bound to alkyl and alkoxy groups. These are, for
example, sarin, soman, tabun, and VX. Dimethyl meth-
ylphosphonate, which contains a methyl group and
methoxy groups, can simulate some properties of these
chemical warfare agents.

We studied the photocatalytic degradation of dime-
thyl methylphosphonate vapor in air in a small batch
reactor containing 7.4 g of Hombikat UV 100 TiO2.
After 0.5 µl of dimethyl methylphosphonate was evap-

CH3CH2–S–CH2CH3

S oxidation α-C and β-C
oxidation

Other
reactions

CH2=CH2
CH3CH2OH

CH3CHO
CH3COOH

Et2S2
Et2S3
Et2S4

EtSO2H
EtSO3H

C–S bond cleavage

Et–SO–Et
Et–SO2–Et

COS
CS2

Et–S–CO–CH3
EtSCH2CH2OH
EtSCH2CH2SEt

SO2 CO2 H2SO4

Scheme 1. Schematic diagram of the main reaction paths and the products of the TiO2 photocatalytic degradation of
diethyl sulfide vapor in air.
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orated in the reactor at room temperature, the substrate
was completely adsorbed on the surface of TiO2 and
absent from the gas phase. Figure 16 shows the kinetic
curves of ëé2 buildup in the gas phase after the onset
of UV irradiation of the photocatalyst in the successive
oxidation of four 0.5-µl portions of dimethyl meth-
ylphosphonate on the same photocatalyst sample. It can
be seen that the ëé2 buildup curves corresponding to
the oxidation of the first two portions of dimethyl meth-
ylphosphonate are practically coincident. The oxida-
tion of the subsequent portions was accompanied by the
inhibition of carbon dioxide release. This was likely
due to photocatalyst deactivation because of the accu-
mulation of phosphoric acid (the product of the com-
plete oxidation of dimethyl methylphosphonate) on the
surface of the photocatalyst. It can also be seen that,
even after partial deactivation of the photocatalyst, the
photocatalytic mineralization of dimethyl methylphos-
phonate occurred much more rapidly than the photocat-
alytic oxidation of diethyl sulfide under similar condi-
tions (cf. Fig. 14).

We found that methanol was released into the gas
phase even before the onset of photocatalyst irradiation.
This fact is indicative of the intense dark hydrolysis of
dimethyl methylphosphonate. Figure 17 shows the
kinetic curves of dark hydrolysis in air with 30% rela-

tive humidity in the presence and in the absence of tita-
nium dioxide. It can be seen that the concentration of
methanol vapor released upon the hydrolysis on tita-
nium dioxide was higher than the concentration of
methanol vapor formed with no catalyst by three orders
of magnitude. Because the catalyst cannot shift the
equilibrium of hydrolysis in the gas phase, it is believed
that the strong adsorption of a hydrolysis product
occurred on the surface of the photocatalyst to shift the
observed position of the hydrolysis “equilibrium.”

To test the above hypothesis, using statistical ther-
modynamics methods and assuming that all of the sub-
stances occurred in the gas phase, we calculated the
equilibrium constants of the two-step dissociation of
dimethyl methylphosphonate:

(CH3O)2P(O)CH3 + H2O

= CH3OP(O)(OH)CH3 + CH3OH,

CH3OP(O)(OH)CH3 + H2O

= (HO)2P(O)CH3 + CH3OH.

The equilibrium constants of the first and second steps

were found to be  = 8.9 × 10–8 and  = 6.1 × 10–7,
respectively. The equilibrium gas-phase concentration
of methanol vapor calculated using the above constants,

Keq
1( ) Keq

2( )
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Scheme 2. Schematic diagram of the main reaction paths and the products of the TiO2 photocatalytic degradation of
chloroethyl ethyl sulfide vapor in air.
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which corresponds to the conditions specified in
Fig. 17, was 4 ppm. This value is consistent with the
experimental value of 7 ppm.

Acid and/or basic sites on the surface catalyze
hydrolysis. We studied the effect of the surface acidity
of titanium dioxide on the rate of hydrolysis of dime-
thyl methylphosphonate at room temperature. The
amounts of acid and basic sites on the surface of tita-

nium dioxide were controlled by treatment with sulfu-
ric acid or sodium hydroxide.

Table 3 summarizes the results of testing titanium
dioxide in the hydrolysis reaction. Although water is a
necessary reactant in the hydrolysis reaction, an
increase in the relative humidity of air to 50% signifi-
cantly decreased the rate of this reaction. This can be
due to the water poisoning of surface centers that are
responsible for hydrolysis. Indeed, an attempt to per-
form the hydrolysis of dimethyl methylphosphonate in
an aqueous suspension of titanium dioxide did not
result in a detectable change in the substrate concentra-
tion even after 23 days [21]. The treatment of the sur-
face of TiO2 with sulfuric acid also dramatically inhib-
ited the hydrolysis. In contrast, the treatment of TiO2
with a moderate amount of an alkali ([OH–] = 1 mol/l)
increased the rate of hydrolysis. However, at a sodium
hydroxide concentration higher than 4 mol/l, the rate of
hydrolysis became lower than that on untreated tita-
nium dioxide. It is believed that a moderate amount of
acid sites on the surface of TiO2 is a necessary condi-
tion for the rapid dark hydrolysis of the test substrate.
The activity of titanium dioxide in the photocatalytic
oxidation of acetone vapor changed oppositely to
changes in the rate of hydrolysis and reached a maxi-
mum in a sample treated with 10 M sulfuric acid.

CONCLUSIONS

We studied the TiO2 photocatalytic oxidation of gas-
eous model substrates in a flow of air. We found the fol-
lowing:

The rate of the TiO2 photocatalytic oxidation of CO
increased as the concentration of CO was increased
from 0 to 0.4 vol % in accordance with the Langmuir–
Hinshelwood model with a single type of reaction cen-
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Fig. 16. Kinetic curves of the buildup of carbon dioxide in
the course of the photocatalytic oxidation of four 0.5-µl por-
tions of liquid dimethyl methylphosphonate successively
injected into air in a 434-cm3 batch reactor. Curve numbers
correspond to the portion numbers of the substrate oxidized.
The illumination conditions and temperature are specified
in Fig. 14.
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reactor in the course of the dark hydrolysis of dimethyl
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Table 3.  Initial rate (w0) of the dark hydrolysis of dimethyl
methylphosphonate vapor on TiO2 samples treated with
aqueous solutions of sulfuric acid and sodium hydroxide at
various air humidities and room temperature

Solution composi-
tion for the treat-

ment of TiO2

w0 × 109, mol l–1 min–1 

Air humidity, %

0 50

10 M H2SO4 3.02 2.06

1 M H2SO4 21.1 3.84

Untreated 166 48.2

1 M NaOH 210 65.5

4 M NaOH 171 41.0

10 M NaOH 53.8 37.4

Note: In the course of testing, 2 µl of dimethyl methylphosphonate
was introduced into a 434-ml batch reactor with a 7.5-mg
TiO2 sample arranged within the reactor and the rate of
buildup of methanol vapor was measured. Humidity was
regulated by purging the reactor with air with a correspond-
ing concentration of water vapor.
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ters and monotonically increased with reaction temper-
ature. The platinization of TiO2 considerably increased
the photocatalytic activity in the oxidation of CO.

The rate of oxidation of acetone vapor under steady-
state conditions was adequately described by the Lang-
muir–Hinshelwood model with two types of reaction
centers on the surface of TiO2. The deactivation of TiO2
began at temperatures higher than 100°C; the rate of
deactivation decreased as the concentration of acetone
vapor was decreased or the concentration of water
vapor in the gas phase was increased. On platinized
TiO2, deactivation may not occur because of a high rate
of dark reactions at elevated temperatures.

The TiO2 photocatalytic oxidation of ethanol was
adequately described by the semiempirical Langmuir–
Hinshelwood model that takes into consideration the
occurrence of three types of active centers: centers
accessible to both ethanol and acetaldehyde and centers
accessible to only ethanol or only acetaldehyde. An
increase in the intensity of UV irradiation of TiO2
increased selectivity for the deep photocatalytic oxida-
tion of ethanol to ëé2.

Organic sulfide vapors underwent complete photo-
catalytic mineralization on TiO2 and gradually deacti-
vated the catalyst, whose activity can be restored by
washing with water. The photocatalytic oxidation of
these sulfides began with the oxidation of the sulfur
atom by photogenerated holes. Among the TiO2 sam-
ples tested, Hombikat UV 100 TiO2 exhibited a maxi-
mum activity in the photocatalytic oxidation of sulfides
because it possessed the highest specific surface area.

The photocatalytic degradation of dimethyl meth-
ylphosphonate vapor was accompanied by dark hydrol-
ysis with the formation of methanol. The highest activ-
ity in hydrolysis or photooxidation was found in TiO2
pretreated with an alkali or an acid, respectively.
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