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bstract

The efficiencies of bulk TiO2 Degussa P-25 and TiO2 dispersed over alumina support in the photocatalytic removal of NOx (NO + NO2) admixtures
rom flowing NO–O2–N2 mixture modeling polluted air are compared. The TiO2/Al2O3 samples with different Ti contents prepared by the sol–gel
ethod are characterized by BET, XAFS and diffuse-reflectance UV–vis spectroscopy. At a TiO2 content above approximately 20 wt%, a thermally

table anatase phase is formed in TiO2/Al2O3 in which the Ti ions are six-coordinated. As the TiO2 content diminishes from ∼20 to 1 wt%, the
itanium coordination number gradually decreases, and the TiO2 phase is no longer detected. Most likely, isolated Ti ions in different coordinations
re predominant in such samples. It is found that, upon UV irradiation, NO oxidation to NO2 in flowing NO–O2–N2 readily occurs over bulk TiO2

nd TiO2/Al2O3 at TiO2 loadings higher than ∼20 wt%. No photoreaction is observed on Al2O3 without TiO2 and on TiO2/Al2O3 at TiO2 loadings
elow ∼10 wt%. Correlating these results with the XAFS and UV–vis data, it is concluded that the presence of a TiO2 phase on the alumina surface
s a prerequisite for the photocatalytic activity in the NO oxidation. The outlet concentrations of NO and NO2 as a function of irradiation time are
easured, and absorption capacities of the photocatalysts to NOx are quantitatively assessed. The performance of TiO2/Al2O3 is superior than that
f bulk TiO2, because much larger amounts of NO2 formed by the photoreaction can be strongly trapped by the support. The highest adsorption
apacity per unit catalyst weight is found for 50% TiO2/Al2O3. The NOx adsorption capacity of bulk TiO2 is found to increase upon humidification
f the reaction gas mixture.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Currently photocatalytic methods of indoor air purification
rom organic and inorganic pollutants are intensively being
eveloped. In most cases titanium dioxide is used as a photocat-
lyst, because it is highly active in degrading many organic and
norganic air pollutants, is biologically and chemically inert and
s of low cost [1–3]. Upon irradiation of TiO2 by UV light with

hoton energies exceeding the band gap (>3.0 eV for rutile or
3.2 eV for anatase), a complete oxidation (mineralization) of
arious organic substances adsorbed on its surface by air oxygen

∗ Corresponding author.
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vis spectroscopy

eadily occurs. Titanium dioxide is also applied for air purifica-
ion from nitrogen oxides (mainly from NO) [4–7]. Upon UV
rradiation of TiO2 in air or in O2–N2 mixtures polluted with
O, nitrogen dioxide is produced which partly evolves into the
as phase and partly remains adsorbed on the TiO2 surface.
n addition, IR spectroscopy reveals surface nitrate-like species
ontaining a NO3

− fragment [8–10]. Because the active sites of
iO2 are blocked by adsorbed NO2 and nitrates, the photocata-

yst gradually loses its photoactivity, and the NOx concentration
NOx = NO + NO2) at the outlet of the photocatalytic reactor
ends to approach the initial inlet NO concentration. The life

ime of the photocatalyst depends on many factors such as, for
nstance, initial NO concentration, amount of TiO2 in the pho-
ocatalytic reactor, flow rate, humidity of the polluted air, etc.
hotocatalytic activity of TiO2 can be completely restored by

mailto:bns@ioc.ac.ru
dx.doi.org/10.1016/j.jphotochem.2007.09.009
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eating the catalyst in an air or inert-gas flow at 400–500 ◦C or
y washing the catalyst with water which results in the removal
f adsorbed nitrate- and nitrite-like species blocking the active
ites on the surface [4].

Thus, it becomes evident that, because of gradual photocat-
lyst poisoning by the reaction products, it is not possible to
ccomplish a long-term continuous photocatalytic conversion
f NO in a flow photoreactor system without intermediate cata-
yst regeneration. However, the efficiency of the photocatalyst,
.e., the total amount of NOx absorbed on the photocatalyst until
ull inhibition of its activity can be considerably increased by
pplying mechanical mixtures of TiO2 with adsorbents of a high
dsorption capacity, for example, TiO2 mixtures with zeolites A
nd Y [10] or with active carbon [11–13]. In these systems, the
ajor part of NO2 produced on TiO2 is captured by the adsor-

ents, while the active sites of TiO2 remain unoccupied. Even a
ore efficient way to increase the TiO2 performance in the pho-

ocatalytic deNOx was employed by Ichiura et al. [14]: they used
hin composite sheets prepared from a mixture of pulp slurry and
uspension of TiO2 and basic oxides (CaO, MgO) or CaCO3.
itrogen dioxide and HNO3 formed in the photoreaction are
eutralized by the oxides or carbonate, and the amount of the
Ox removed per unit weight of TiO2 considerably increases.
Another approach that enables one to substantially increase

he lifetime of TiO2 photocatalysts was used in [11–13,15]. The
easibility of applying photocatalytic technology for simultane-
us removal of NO and aromatic compounds (benzene, toluene,
thylbenzene and o-xylene) which are most abundant in the
ndoor air was investigated. At initial NO and aromatics concen-
rations of 0.2 and 0.03–0.04 ppm, respectively, no deactivation
f TiO2 is found to occur even after prolonged UV irradiation
for around 6 h). The steady-state NOx concentration is as low
s ∼0.025 ppm, and the aromatics concentration decreases to
.005–0.007 ppm [15].

As shown in a series of publications by Tanaka, Teramura et
l. [16–18], selective catalytic photoreduction of NO by ammo-
ia is a very efficient way for NO removal from indoor air. The
hotoreduction can be accomplished upon UV irradiation of
iO2 in a flow of NO (1000 ppm), NH3 (1000 ppm), 2–10% O2,
nd Ar (balance) at room temperature. A 83% NO conversion at
96% selectivity to N2 can be reached in this system. It is worth
oting that, when ammonia is present in the flow, NO oxidation
y oxygen is replaced by NO reduction with NH3 according
o the following equation: 4NO + 4NH3 + O2 → 4N2 + 6H2O.
his reaction is well known and widely used in practice for the
atalytic purification of exhaust gases produced by stationary
ower plants using V2O5–WO3/TiO2, MoO3–WO3/TiO2 and
ther catalysts [19].

The present study was aimed at elucidating the factors that
ay affect activity, selectivity and stability of Ti-containing bulk

nd supported photocatalysts for NOx removal from NO–O2–N2
ixtures taken as a model of polluted air and at improving the

ifetime and performance of the photocatalysts. High-surface

rea alumina widely used as a catalyst support was chosen for
he TiO2 dispersion. This material is known to exhibit high
dsorption capacity towards NO2—the major product of the
hotoreaction [20–23].
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. Experimental

.1. Preparation of Ti-containing samples

Commercial TiO2 Degussa P-25 (S = 55 m2 g−1) and
iO2/Al2O3 samples prepared by the sol–gel method (hereafter
enoted as TiAlsg) with TiO2 loadings of 96, 50, 23, 10 and
wt% were used.

The TiAlsg samples were prepared from sols of Al and Ti
ydroxides. The Al sol was obtained by dissolving Al(C3H7O)3
98%, Aldrich) in hot distilled water at 90–95 ◦C (H2O/Al = 100)
ollowed by adding 1.4 M HNO3 (HNO3/Al = 0.07) upon vigor-
us stirring for 1 h at 95 ◦C. The Al concentration in the resulting
ol was 0.015 g/mL.

The titanium hydroxide sol was obtained from a 6% solu-
ion of Ti(C3H7O)4 (97%, Aldrich) in isopropanol. A mixture
f isopropanol, 1.4 M HNO3 and water was added dropwise
nder stirring to the isopropanol solution for 2 h (H2O/Ti = 4,
NO3/Ti = 0.05, C3H7OH/Ti = 70). The Ti concentration in the

ol was 0.008 g/mL.
The Al and Ti sols thus prepared were mixed in various pro-

ortions depending on the TiO2 content. The sol mixture was
tirred for 0.5 h, and then the liquid phase was removed at 60 ◦C
sing a rotor evaporator. The resulting solids were calcined
n air flow at 500 ◦C for 2 h (the rate of temperature rise was
.2 ◦C min−1 at 20–120 ◦C and 0.5 ◦C min−1 at 120–500 ◦C).

For reference, a Ti-ZSM-5 sample was prepared by the
VD method. Zeolite HZSM-5 (Si/Al = 15) was exposed to
iCl4 vapor in flowing He at 400–500 ◦C followed by water
apor hydrolysis of the Ti-species at 300 ◦C. Another Ti-ZSM-
sample was prepared using twice the same CVD procedure.
he Ti content varied from 1.8 wt% (1 CVD) to 5 wt%

2 CVD).

.2. Characterization of Ti-containing catalysts

Specific surface area (SSA) of the TiAlsg samples was deter-
ined by the BET method by air adsorption at 77 K as described

n [24]. The SSA values were 19, 275, 336 and 290 m2 g−1

or TiAlsg samples with TiO2 loadings 96, 50, 23 and 10 wt%,
espectively.

XAFS measurements were carried out at HASYLAB (DESY
n Hamburg, Germany) on the beamline E4 (Ti K-edge, 4966 eV)
sing a double-crystal Si(1 1 1) monochromator, which was
etuned to 50% of maximum intensity to exclude higher har-
onics in the X-ray beam. For XAFS analysis, 7–25 mg samples
ere mixed with polyethylene, pressed into self-supported pel-

ets (13 mm in diameter) and mounted to the vacuum chamber.
he spectra were recorded in the transmission mode at 80 K.
he spectra were measured several times in order to check

eproducibility. Reference spectra were recorded using stan-
ard reference compounds: TiO2 (rutile and anatase) and Ti-foil.
nalysis of the XAFS (XANES and EXAFS) spectra was per-
ormed with the software VIPER for Windows [25]. The fitting
as done in k- and r-spaces. The shell radius, coordination num-
er, Debye–Waller factor and adjustable ‘muffin-tin zero’ were
etermined as fitting parameters.



B.N. Shelimov et al. / Journal of Photochemistry and Photobiology A: Chemistry 195 (2008) 81–88 83

F ter va
N

w
w
p

2

u
d
o
r
r

s
i
R
a
I
p

d
r
m
i
i
t
w
l
a
s
3
3

m

o
G

o

3

3

3

(
w

region are very similar to that of bulk anatase. This suggests for-
mation of an anatase phase on the alumina surface which is stable
up to 500 ◦C. For the 10 wt% TiO2 loading, the spectrum in the
pre-edge region displays a single peak characteristic of isolated
ig. 1. Experimental setup—1: valves; 2: needle valves; 3: flow meters; 4: wa
Ox analyzer; 9: PC.

Diffuse reflectance UV–vis spectra (200–900 nm region)
ere recorded on a Specord M40 spectrophotometer supplied
ith an integration sphere. A pellet made of a pressed MgO
owder was used as reference.

.3. Photocatalytic experiments

A tubular quartz photoreactor (d = 30 mm, h = 250 mm) was
sed in these experiments. A thin layer of the Ti-catalyst was
eposited on the inner walls of the reactor from a suspension
f finely ground powder in distilled water. After deposition, the
eactor was dried at 120 ◦C overnight. The catalyst weight in the
eactor was about 0.2 g.

The photocatalytic NO oxidation was performed at atmo-
pheric pressure and ambient temperature using the setup shown
n Fig. 1. The 0.4% NO in N2, air and N2 streams (Linde Gas
us) were mixed using needle valves to obtain the desired NO
nd O2 concentrations and to adjust gas flow rate (440 mL/min).
n some experiments, the gaseous mixture was humidified by
assing through a water saturator at 20 ◦C.

The catalyst in the photoreactor was first activated in flowing
ried air at 500 ◦C for 1 h. Then the furnace was removed, the
eactor was allowed to cool down to ambient temperature, and a
ixture of 45–50 ppm NO, 7 vol.% O2 and N2 (balance) model-

ng polluted air was flowed until equal NO concentrations at the
nlet and outlet of the photoreactor were achieved. Thereafter
he catalyst in the photoreactor was irradiated from both sides
ith two compact 26 W black lights (Camelion, LH26-30). The

ight intensity was measured with a Photex UVA radiometer and
set of color filters in the range of 320–390 nm. The light inten-

ity distribution was as follows: 3.5% at 420–390 nm; 19.5% at

90–370 nm; 47% at 370–350 nm; 25% at 350–320 nm; 5% at
20–290 nm.

NO and NO2 concentrations were measured with a chemilu-
inescent NO–NOx gas analyzer (Eco Physics, model CD70S) F
por saturator; 5: quartz photoreactor; 6: furnace; 7: temperature controller; 8:

r with an IR gas analyzer (Tement Instruments, модeль
asmetTM Dx-4000n) at a 5-s interval.
The temperature ramp during temperature-programmed des-

rption (TPD) experiments was 10 ◦C/min.

. Results and discussion

.1. Characterization of Ti-samples

.1.1. XANES and EXAFS
Fig. 2 depicts the XANES spectra of TiAlsg, Ti-ZSM-5

CVD) and two TiO2 modifications (anatase and rutile) which
ere used as reference samples.
The XANES spectra of 96 and 50% TiAlsg in the pre-edge
ig. 2. Normalized XANES spectra of TiAlsg, Ti-ZSM-5 (CVD) and bulk TiO2.
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Table 1
EXAFS data analysis of TiO2-based samples

Sample Ti–O distance (Å) Coordination
number

Debye–Waller
factor

Rutile
1.952 ± 0.07 3.7 ± 0.4 0.005 ± 0.001
2.031 ± 0.27 1.8 ± 0.1 0.006 ± 0.001

96% TiAlsg
1.954 ± 0.08 3.9 ± 0.4 0.005 ± 0.001
2.033 ± 0.29 1.7 ± 0.5 0.010 ± 0.002

50% TiAlsg
1.951 ± 0.09 3.8 ± 0.4 0.006 ± 0.001
2.032 ± 0.33 0.9 ± 0.4 0.004 ± 0.005

F

h
C
t
b
t

ig. 3. Normalized pre-edge height vs. energy position for Ti K-pre-edge fea-
ures.

i4+ ions or small Ti4+-containing clusters. Similar spectra were
btained for the Ti-ZSM-5 samples (1 and 2 CVD).

A more precise analysis of the coordination state of Ti was
erformed using the method of Farges et al. [26]. With both
he pre-edge peak position and normalized height it is possi-
le to asses the Ti coordination number (CN). The results are
ummarized in Fig. 3 in which the arrow depicts a direction of
ncreasing CN of Ti ions. Like in bulk TiO2, the CN in 96%
iAlsg is close to 6. At lower TiO2 content (50% TiAlsg), Ti is
enta- and hexacoordinated. The fraction of pentacoordinated Ti
toms increases at lower loading (10%). A mixture of tetra- and
entacoordinated Ti atoms is found in Ti-ZSM-5. The second
VD treatment results only in a minor increase of the average
oordination number.

Additional information about the local structure of Ti atoms
as obtained from EXAFS data (Fig. 4). The calculated Ti–O
istances and CN are presented in Table 1. EXAFS spectra of 96
nd 50% TiAlsg are very similar to those of rutile and anatase.
he calculated CNs are 6 and 5, respectively in agreement with

he XANES data analysis. EXAFS spectra of 10% TiAlsg and

oth Ti-ZSM-5 (1 and 2 CVD) differ markedly from the refer-
nce substances. They show the absence of a TiO2 phase and the
resence of mononuclear Ti4+Ox species with a distorted octa-

Fig. 4. EXAFS spectra of TiAlsg, Ti-ZSM-5 (CVD) and bulk TiO2.
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ig. 5. Diffuse reflectance UV–vis spectra of anatase, TiAlsg and Ti-ZSM-5.

edral oxygen coordinated sphere. It should be noted that the Ti
Ns of Ti4+ derived from EXAFS data are more reliable than

hose obtained from XANES. Therefore, small discrepancies
etween the CNs determined by these two techniques appears
o be quite reasonable.

.1.2. UV–vis spectra
The spectra of 23, 50 and 96 wt% TiAlsg (Fig. 5)1 are very

imilar to that of bulk anatase in accord with the above XAFS
ata suggesting the formation of an anatase phase in these sam-
les. For TiAlsg with TiO2 loadings of 10 wt% or less and for the
VD Ti-ZSM-5 samples, a marked blue shift of the long-wave
bsorption edge is observed. The blue shift for TiAlsg depends
n the Ti content and is 0.22 eV for 10% TiAlsg and 0.27 eV for
% TiAlsg. The largest shift (0.32 eV) is found for Ti-ZSM-5.

The blue shift of the absorption edge can be associated with
arious effects. First, it may be linked to the formation of TiO2
anoparticles of 1–5 nm in diameter in TiAlsg at low Ti loadings,
.e., to the quantum size effect of semiconductor particles [2].

n this case, the TiO2 nanoparticles on alumina surface retain
he crystal lattice structure of rutile or anatase, and the blue
hift results from an increase in the effective band gap of the

1 Spectrum of 96% TiAlsg is not shown in Fig. 5.
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NOx concentration nearly reaches the inlet NO concentration
within approximately 30 min after the onset of irradiation, i.e.,
no purification from oxides of nitrogen actually occurs at the

Fig. 7. Time dependence of outlet NO and NOx concentrations upon UV irra-
diation of 23% TiAlsg.
B.N. Shelimov et al. / Journal of Photochemistr

emiconductor because of the small particle size. The alternative
xplanation suggests the formation of isolated low-coordinated
i ions in the TiAlsg structure or the localization of these ions in

he ZSM-5 channels. In this case, the UV absorption band arises
rom the charge transfer from O2− to a neighbor Ti4+ ion, and
he energy of this transition depends on the Ti ion coordination.
his hypothesis agrees well with the XAFS data: no TiO2 phase
as found by this technique in TiAlsg at low Ti loadings and in
i-ZSM-5, while the CN of Ti ions tends to decrease.

The results obtained by XAFS and UV–vis spectroscopy can
e summarized as follows.

. Local environment and coordination number of Ti4+ ions
incorporated into alumina and ZSM-5 are governed both by
the titanium content and the nature of the support.

. At high TiO2 contents (>20 wt%), an anatase phase with Ti
CN = 6 is formed in TiAlsg which is stable up to 500 ◦C. As
the TiO2 content diminishes from∼20 to 1 wt%, the CN grad-
ually decreases, and the blue shift of the UV-light absorption
edge increases. In such samples, the fraction of isolated Ti
ions with different coordination environments appears to be
predominant.

This conclusion agrees with the earlier XRD and XPS
results [27]: no TiO2 phase is found in TiAlsg at TiO2 loadings
below 15 wt%, and the Ti4+ ions are uniformly distributed
inside alumina particles.

. In Ti-ZSM-5 obtained by CVD, the CN of Ti ions is close
to 4, and these ions are highly dispersed. Isolated Ti ions
or small clusters are suggested to be predominant in these
samples.

.2. Photocatalytic NO removal

It is found in blank tests that, in the absence of UV irradiation,
O concentration in the gaseous NO–O2–N2 mixture flowing
ver TiO2 and TiAlsg does not change, at least, for 2 h and no
O2 is detected at the outlet. Upon UV irradiation of bulk TiO2,
3 and 50% TiAlsg under the flow, NO is readily oxidized to
O2. On the contrary, when alumina without TiO2 or TiAlsg
ith TiO2 loadings of 10% or less are UV irradiated, the out-

et NO concentration does not change and gaseous NO2 is not
etected. Correlating these findings with the XAFS and UV–vis
haracterization of TiAlsg (see Section 3.1), we can conclude
hat the necessary prerequisite for the catalytic activity is the
resence of a TiO2 phase in the photocatalyst in which spatial
eparation of the photoinduced electrons and holes and their
igration to the semiconductor surface can occur.
It is worth noting that, upon UV irradiation of bulk or sup-

orted TiO2 in pure NO or in its mixtures with inert gases (He,
2), NO is reduced to N2 and N2O, the latter being a predom-

nant product [28–31]. Contrary to that, the reduction of NO is
ully suppressed if some oxygen is present, and no N2O is found
mong the reaction products (Fig. 6).
For bulk TiO2, and 23 and 50% TiAlsg, the outlet concen-
rations of NO, NO2 and NOx (NOx = NO + NO2) as a fuction
f irradiation time have been measured (Figs. 6–8). The follow-
ng common features are typical for these photocatalysts. Just

F
t

ig. 6. Time dependence of outlet NO, NO2, NOx and N2O concentrations upon
V irradiation of bulk TiO2.

fter the start of irradiation, the outlet NOx concentration rapidly
rops to a minimum value (NOx(min)), remains at this minimum
evel for a certain time (retention time, t(ret)), and then slowly
rows approaching a steady state in which NOx(ss) is nearly
qual to the inlet NO concentration. For bulk TiO , the outlet
ig. 8. Time dependence of outlet NOx concentration upon UV irradiation of
he photocatalysts.
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Table 2
Photoadsorption capacity to NOx of the TiO2-based photocatalysts

Photocatalyst Inlet NO concentration (ppm) Specific photoadsorption capacity

�mole NOx g(Cat)−1 mole NOx (mole TiO2)−1 × 102

TiO2 Degussa
P-25

55 60 0.48
35 (H2O)a 104 0.83

50% TiAlsg 48 320 5.12

23% TiAlsg

48 180 7.18
60 205 8.19
145 131 5.22
46 (H O)a 61 2.45
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0% TiAlsg 50

a Humidified gaseous mixture.

teady state (Fig. 6). Similar results have earlier been reported
n [4]. Supported 23 and 50% TiAlsg demonstrate much better
tability: even after 2 h of irradiation, the outlet NOx concentra-
ion is by 20–30% less than the inlet NO concentration, i.e. the
hotocatalytic deNOx although incomplete still occurs (Fig. 8).
he initial photoactivity of all the catalysts is fully restored by
eating in flowing dry air at 450–500 ◦C.

It should be noted that the outlet NO concentrations for bulk
iO2 and 50% TiAlsg at the steady state are markedly lower

han the inlet NO concentration (Fig. 6 illustrates this for bulk
iO2). The outlet NO2/NO ratio under the steady state depends
n TiO2/Al2O3 ratio in the photocatalyst. The NO2/NO ratio
s 0.25–0.27 for bulk TiO2 (Fig. 6), whereas the NO2 fraction
onsiderably decreases for 50% TiAlsg, and the NO2/NO ratio
rops to 0.09–0.11. For 23% TiAlsg, all NO2 produced by the
hotoreaction remains adsorbed (Fig. 7). Hence, the NO2/NO
atio for a specific photocatalyst is controlled by the rate of NO
xidation to NO2 and by the rate of NO2 adsorption on the
atalyst.

The efficiencies of the photocatalysts in the removal of
itrogen oxides from the O2–N2 flow have been quantitatively
ssessed by calculating the total amount of NOx adsorbed by
he photocatalysts for 2 h of UV irradiation by integrating the
inetic curves of Fig. 8. The specific capacities per 1 g of the cat-
lysts or per 1 mole of TiO2 in the catalysts are given in Table 2.
he specific adsorption capacities of 50 and 23% TiAlsg per
g of the catalyst exceed that of bulk TiO2 by a factor of 5.3
nd 3.0, respectively at approximately equal initial NO content
f 48–55 ppm. The difference in the adsorption capacity per 1
ole of TiO2 is even higher. Thus, the performance of the photo-

atalysts with TiO2 dispersed on alumina with highly developed
urface is considerably superior than that of bulk TiO2, because
uch larger amounts of NO2 formed by the photoreaction can

e strongly trapped by the support.
It is worth noting that the supported catalysts far exceed bulk

iO2 in the retention time (tret). For example, tret is about 30 min
or 50% TiAlsg at NOx(min) concentration close to zero, while
ret is around 4–5 min for bulk TiO2 at NOx(min) concentration

f 2–3 ppm (Fig. 8).

Humidification of the initial gaseous mixture favors the
emoval of oxides of nitrogen on bulk TiO2: specific adsorption
apacity to NOx is enhanced by a factor of 1.5–2 (Table 2) and

e
t

H

No activity

ret increases to ∼15 min at a simultaneous insignificant increase
f the minimum NOx concentration to 7 ppm (Fig. 8). During
he first several minutes of irradiation, a momentary release of
O2 into the gas phase is observed which is apparently due to
hotodesorption of the NO2 accumulated on TiO2 surface dur-
ng preliminary dark exposure to the initial gas mixture owing to
artial NO oxidation. After approximately 2 h of irradiation, the
utlet NOx concentration reaches ∼80% of the inlet NO concen-
ration. However, the analysis of the outlet gas shows that the
O2/NO ratio equals one, i.e., considerably greater than that

or the dry gaseous mixture. No promoting effect of gaseous
ixture humidification is found for 23% TiAlsg (Table 2).
At the present time, the mechanism of NO photoxidation by

xygen on TiO2 is not known in detail. It is often suggested the
ey role of OH radicals and anion-radicals O2

− formed upon
he capture of photogenerated holes and electrons by surface
ydroxyls and oxygen molecules [4,32]:

iO2
hv�h+ + e− (1)

H− + h+ � •OH (2)

2 + e− � O2
− (3)

here h+ and e− are hole and electron centers, respectively.
eactions (2) and (3) suggest spatial separation and migration
f the photoinduced electrons and holes to the TiO2 surface.

The NO oxidation proceeds by the following sequence of
eactions:

O + •OH � HNO2 (4)

NO2 + •OH � NO2 + H2O (5)

O2 + •OH � HNO3 (6)

O + O2
− � NO3

− (7)

he increase in the adsorption capacity of TiO2 upon humidi-
cation of the gaseous mixture may be linked to the following

ffects. First, the production of •OH radicals may increase by
he following reaction:

2O + h+ � •OH + H+ (8)
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Fig. 9. TPD spectrum of bulk TiO2 after the photoreaction.

s a result, the rate of NO oxidation by reactions (4)–(6) can
row. Second, water can wash out, at least partly, NO2 and HNO3
rom the surface thus liberating the active sites necessary for
hotocatalysis.

.3. TPD after UV irradiation

After the steady state in the photoreaction had been achieved,
V lamps were turned off, the catalysts were purged with dry
itrogen at room temperature, and then TPD measurements were
arried out. In the case of bulk TiO2, NO2 is the major desorp-
ion product (Tmax = 375 ◦C), while the fraction of NO desorbed
Tmax = 355 ◦C) is only 10% (Fig. 9).

It appears that both peaks arise from the decomposition of
itrate and nitrite species accumulated on the TiO2 surface in the
ourse of photooxidation. On the contrary, for 23% TiAlsg, the
ow-temperature NO desorption peak (Tmax = 150 ◦C) dominates
n the TPD spectrum, and the NO2 fraction (Tmax = 160–180 ◦C)
s much less significant (Fig. 10). Most likely, these peaks

re linked to the desorption of NO and NO2 from the alu-
ina surface: according to [23], oxides of nitrogen desorb from

ure Al2O3 in this temperature interval. The relatively small
igh-temperature desorption peaks at 400–430 ◦C in Fig. 10 pre-

Fig. 10. TPD spectrum of 23% TiAlsg after the photoreaction.

a
0
f

R

[

[
[
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umably arise from the decomposition of N-containing species
n the titania surface.

. Conclusion

The performance of Ti-based catalysts for the photocatalytic
emoval of NOx from a gaseous O2–N2 mixture polluted by
O can be largely improved by dispersion of TiO2 over a high

urface-area alumina. The specific adsorption capacities to NOx

f 50 and 23% TiAlsg per catalyst unit weight exceed that of
ulk TiO2 by a factor of 5.3 and 3.0, respectively, at approx-
mately equal initial NO contents in the gaseous mixture. The
ecessary prerequisite for the catalytic activity is the presence
f a TiO2 phase in TiAlsg which is evidenced by XAFS and
V–vis spectroscopy at TiO2 contents higher than ∼20 wt%.
he TiO2 semiconductor phase provides fast migration of the
hotoinduced electrons and holes to the surface to produce •OH
adicals and anion-radicals O2

− from hydroxyls, adsorbed H2O
nd O2 molecules which apparently play a key role in the NO
hotoxidation to NO2, HNO3 and nitrate species.

By contrast, upon UV irradiation of the TiAlsg samples with
ow Ti contents, in which the fraction of isolated low-coordinated
i4+ ions is high, localized (Ti3+–O−)* pairs are predominantly
reated by the photoinduced charge transfer from lattice oxygen
o the Ti4+ ions. It appears that this transition state is inefficient in
he •OH and O2

− production likely because of fast deactivation
nd recombination.

A pronounced promoting effect of humidification of the
eaction-mixture on the adsorption capacity to NOx found for
ulk TiO2 is also worth noting. Most likely, the effect is linked
o faster •OH radical production from adsorbed water as well as
o the liberation of the blocked active sites by washing strongly
dsorbed reaction products.
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