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Abstract. The interaction of NO2 with TiO2 solid films
was studied under UV irradiation using a low pressure flow
reactor (1–10 Torr) combined with a modulated molecu-
lar beam mass spectrometer for monitoring of the gaseous
species involved. The NO2 to TiO2 reactive uptake coeffi-
cient was measured from the kinetics of NO2 loss on TiO2
coated Pyrex rods as a function of NO2 concentration, irra-
diance intensity (JNO2 = 0.002–0.012 s−1), relative humidity
(RH = 0.06–69 %), temperature (T = 275–320 K) and partial
pressure of oxygen (0.001–3 Torr). TiO2 surface deactivation
upon exposure to NO2 was observed. The initial uptake co-
efficient of NO2 on illuminated TiO2 surface (with 90 ppb of
NO2 andJNO2

∼=0.006 s−1) was found to beγ 0 = (1.2±0.4)
×10−4(calculated using BET surface area) under dry condi-
tions atT = 300 K. The steady state uptake,γ , was several
tens of times lower than the initial one, independent of rel-
ative humidity, and was found to decrease in the presence
of molecular oxygen. In addition, it was shown thatγ is
not linearly dependent on the photon flux and seems to level
off under atmospheric conditions. Finally, the following ex-
pression forγ was derived,γ = 2.3×10−3 exp(-1910/T)/(1 +
P 0.36) (whereP is O2 pressure in Torr), and recommended
for atmospheric applications (for any RH, near 90 ppb of
NO2 andJNO2 = 0.006 s−1).

1 Introduction

Titanium dioxide (TiO2) is a very efficient photocatalyst
leading to the degradation of organic species under UV ir-
radiation (e.g. Henderson, 2011). In addition, TiO2 is known
to transform nitrogen oxides (NO/NO2), via catalytic hetero-

geneous reactions, to HNO3, which remains on the TiO2 sur-
face (Ibusuki and Takeuchi, 1994; Dalton et al., 2002; Deva-
hasdin et al., 2003; Negishi et al., 1998; Ohko et al., 2008).
Due to these photocatalytic properties TiO2 is widely used in
a variety of so-called de-polluting building materials aimed
to remove the nitrogen oxides from the atmosphere.

However, the antipolluting nature of the TiO2-containing
materials was recently questioned (Langridge et al., 2009;
Monge et al., 2010; Ndour et al., 2009a). Ndour et al. (2009a)
have shown that nitrate ions adsorbed onto mixed TiO2/SiO2
and pure TiO2 can be converted into gaseous NO and NO2
under UV irradiation. Moreover, it was shown that the in-
teraction of NO2 with TiO2 (Monge et al., 2010) and com-
mercial self-cleaning TiO2-containing window glass (Lan-
gridge et al., 2009) results in the formation of nitrous acid
(HONO) in the gas phase, that may have a negative envi-
ronmental impact (Monge et al., 2010). In contrast, Laufs
et al. (2010) working with TiO2 doped commercial paints
observed an efficient decomposition of HONO on the pho-
tolytic samples and concluded that the paint surfaces do not
represent a source of HONO. So the question seems to re-
main open, pending further studies.

Titanium dioxide, although being a minor component of
mineral dust particles (Karagulian et al., 2006), was shown
recently to be responsible for the photochemical reactivity of
atmospheric mineral aerosols (Ndour et al., 2008). Thus the
information on the photoinitiated uptake of atmospheric trace
gases to TiO2 surface is of great importance for the modelling
of the day time chemistry of the atmosphere. Only a few
studies are known, in which the uptake coefficient of NO2 to
irradiated pure TiO2 or TiO2-doped surfaces was measured
(Gustafsson et al., 2006; Monge et al., 2010; Ndour et al.,
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2008, 2009b). The information available for the uptake coef-
ficient of NO2 to the illuminated TiO2 surface remains lim-
ited and will be discussed below in association with the data
from the present study.

On the basis of the above information, it is clear that com-
plementary studies are needed in order to better determine
both the rate and products of the NO2 interaction with illu-
minated pure TiO2, real mineral aerosols, as well as with dif-
ferent de-polluting building materials containing TiO2. This
paper reports results of measurements of the uptake coeffi-
cient of NO2 to the TiO2 surface as a function of different
parameters such as NO2 concentration, irradiance intensity,
relative humidity, temperature and partial pressure of oxy-
gen. A detailed study of the reaction products is the subject
of our ongoing research.

2 Experimental

2.1 Preparation of TiO2 films

Solid TiO2 films were deposited on the outer surface of a
Pyrex tube (0.9 cm i.d.) using a TiO2 (Sigma Aldrich, Aerox-
ide P25, (50±15) m2g−1 surface area,∼20 nm particle di-
ameter) suspension in ethanol. Prior to film deposition, the
Pyrex tube was treated with hydrofluoric acid and washed
with distilled water and ethanol. Then the tube was im-
mersed into the suspension, withdrawn and dried with a fan
heater. As a result rather homogeneous (to the eye) films of
TiO2 were formed at the Pyrex surface. In order to elimi-
nate possible residual traces of ethanol, prior to uptake ex-
periments, the freshly prepared TiO2 samples were heated at
(100–150)◦C during (20–30) min under pumping. In order
to measure the mass of the sample on the Pyrex tube the de-
posited TiO2 film was mechanically removed at the end of
the kinetic experiments.

2.2 Flow reactor

Interaction of NO2 with solid TiO2 films was studied at 1–
10 Torr total pressure (He being used as the carrier gas with
0.07–0.35 SLM flow rate) using the flow tube technique
with mass spectrometric detection of the gaseous species in-
volved. A modulated molecular beam mass spectrometer
(BALZERS QMG 420) was used. The molecular beam, re-
sulting from a differential pumping system, was modulated
in the first vacuum chamber, allowing for a synchronous de-
tection via a lock-in amplifier. In the second vacuum cham-
ber containing the quadrupole mass spectrometer, the elec-
tron impact ion source (operating at 25–30 eV energy) was
surrounded by a copper device cooled by liquid nitrogen,
which allowed to significantly reduce the background spec-
trum. This chamber was pumped by means of a turbomolec-
ular pump. The ions were detected via an electron multiplier.
All the species were detected at their parent peaks. A typical
detection limit for NO2 was nearly 2×1010 molecules cm−3.

NO2/He

circulating
water or ethanol

pump

M
as

s 
 

Sp
ec

tro
m

et
er

Hereactor

sliding
injector

coating

reaction zone

6 UV lamps

Fig. 1. Diagram of the flow photoreactor used.

The absolute concentration of NO2 in the reactor was calcu-
lated from its flow rate obtained from the measurements of
the pressure drop of a NO2/He mixture in a calibrated vol-
ume flask. H2O was introduced into the reactor by flowing
He through a bubbler containing thermostated water. The
H2O flow rate was calculated from the H2O vapor pressure
and total (H2O + He) pressure and the measured flow rate of
He through the bubbler.

The main reactor (Fig. 1) consisted of a Pyrex tube (40 cm
length and 2.4 cm i.d.) with a jacket for the thermostated liq-
uid circulation. Experiments were carried out using a coaxial
configuration of the flow reactor with movable triple central
injector: the Pyrex tube with deposited sample was intro-
duced into the main reactor along its axis. This tube could be
moved relative to the outer tube of the injector. This allowed
the variation of the sample length exposed to NO2. The third
(inner) tube of the movable injector was used for circulation
of the thermostated liquid inside the tube covered with TiO2
sample. This allowed maintaining the same temperature in
the main reactor and on the sample surface in the measure-
ments of the temperature dependence. In addition, the sam-
ple could be heated up to a few hundreds◦C by means of a
coaxial cylindrical heater which could be introduced inside
the tube with the sample.

The reactor was surrounded by 6 lamps (Sylvania BL350,
8 W, 315–400 nm with peak at 352 nm). The actinic flux in-
side the reactor was not measured in the present study, how-
ever, in order to characterize the irradiance intensity in the
reactor we have directly measured the NO2 photolysis fre-
quency as a function of the number of lamps switched on.
In these experiments NO2 was introduced into the photore-
actor through the central tube of the movable injector (shad-
owed to prevent NO2 photolysis inside it) and the concen-
tration of NO2 was monitored by the mass spectrometer as a
function of the NO2 residence time (up to 13 s) in the irradi-
ated part of the reactor. Experiments were carried out with
rather high NO2 concentrations (∼1014 molecule cm−3). Un-
der such experimental conditions, the loss of NO2 is due to
two processes: NO2 photolysis NO2 + hν→NO + O and a
secondary reaction with oxygen atoms

NO2+O→ NO+O2

Atmos. Chem. Phys., 12, 1013–1020, 2012 www.atmos-chem-phys.net/12/1013/2012/
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Fig. 2. Photolysis frequency of NO2 (JNO2) as a function of the
number of UV lamps switched on.

This latter being much faster than NO2 photolysis, the rate of
NO2 loss is:

d[NO2]/dt = −2 JNO2[NO2]

The values ofJNO2 determined from the exponential de-
cays of NO2 for different numbers of lamps switched on are
shown in Fig. 2. One can note that the resulting values of
JNO2 in our system (from 0.002 to 0.012 s−1) are close to the
corresponding values in the atmosphere.

2.3 Data analysis

The purpose of this study was to measure the uptake coef-
ficient of NO2 (γ ) determined as the probability of reactive
NO2 loss per collision with the TiO2 surface:

γ =
4k′

ω

V

S

wherek′ (s−1) is the first-order rate constant of NO2 loss,
ω the average molecular speed (355.9–383.9 m s−1 for T =

275–320 K),V the volume of the reaction zone, andS the
surface area of the TiO2 sample. To calculate the uptake co-
efficient, two parameters should be determined experimen-
tally: the rate constantk′ and the TiO2 film surface area ac-
cessible to NO2.

Figure 3 displays examples of NO2 loss kinetics in the
heterogeneous reaction with the TiO2 surface. These data
were obtained by varying the length of the TiO2 film in con-
tact with NO2, which is equivalent to varying the reaction
time. The NO2 decays were found to be exponential and
were treated with the first-order kinetics formalism, the rate
constant being determined as:

k′
= −

d ln([NO2])

dt
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Fig. 3. Examples of kinetics of NO2 consumption on TiO2 surface:
T = 300 K, sample mass = 0.3 mg cm−1, JNO2

∼=0.006 s−1. Cir-

cles: initial uptake,P = 1 Torr, [NO2] = 3.3×1012molecule cm−3,
flow velocity = 420 cm s−1; squares: P = 9 Torr, exposure
time = 150 min, [NO2] = 1.5×1012molecule cm−3, flow veloc-
ity = 42 cm s−1.
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Fig. 4. Dependence of the first order rate constant of
NO2 loss on TiO2 surface upon exposure time:T = 280 K,
P = 1–9 Torr, JNO2

∼=0.006 s−1, sample mass≈0.4 mg cm−1,

[NO2]∼=1013molecule cm−3.

where t is the reaction time defined by the ratio sample
length/flow velocity. The values of the first-order rate con-
stants,k′, determined from the decays of NO2 were corrected
for the diffusion limitation in the NO2 radial transport from
the volume to the reactive surface of the reactor (Bedjanian
et al., 2005 and refs therein). Corrections applied tok′ did
not exceed 10 %.

The data presented in Fig. 3 show a decrease of the NO2
loss rate with exposure time indicating TiO2 sample deactiva-
tion during the heterogeneous reaction: the value ofk′ for ini-
tial uptake is much higher than that observed after 150 min of
exposure to NO2 (note, that the flow velocities corresponding

www.atmos-chem-phys.net/12/1013/2012/ Atmos. Chem. Phys., 12, 1013–1020, 2012
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Fig. 5. Dependence of the initial rate of NO2 loss on the mass
of TiO2 sample (per 1 cm length of the support tube):P = 1 Torr,
T = 300 K,JNO2

∼=0.006 s−1, [NO2] ∼1012molecule cm−3.

to the two curves in Fig. 3 differ by a factor of 10). Depen-
dence ofk′ upon the exposure time of the TiO2 film to NO2
is shown in Fig. 4. One can note that the rate of NO2 loss is
decreasing with time approaching a steady state value after
approximately 2 h of exposure. This value, under the condi-
tions of these experiments, is by a factor near 50 lower than
the rate of initial NO2 uptake,k′

0, corresponding to the first
seconds of the TiO2 sample exposure to NO2. The data pre-
sented in Fig. 4 show that the steady state values ofk′ are
very similar for dry conditions and 40% RH, although the
TiO2 sample deactivation is faster under dry conditions.

Specific experiments have been carried out in order to de-
termine the TiO2 surface area involved in interaction with
NO2 under experimental conditions used. For that, the NO2
loss ratek′ was measured as a function of the thickness of
TiO2 coating. The results observed for the initial (corre-
sponding to the first 10–30 s of exposure) uptake of NO2 on
TiO2 are shown in Fig. 5 as a dependence of the rate constant
of NO2 loss on the mass of TiO2 deposited per unity length
of the support tube (equivalent to the thickness of the coating
which was assumed to be homogeneous and evenly dense).
The observed linear dependence of the reaction rate on the
thickness of the TiO2 film indicates that the entire surface
area of the TiO2 samples (at least, for samples with masses
up to 1 mg cm−1) is involved in the interaction with NO2 and,
consequently, the BET surface area should be used for calcu-
lations of the uptake coefficient. The data presented in Fig. 5
provide the following value for the initial uptake coefficient
of NO2 on the illuminated TiO2 surface (JNO2

∼=0.006 s−1)
under dry conditions atT = 300 K:

γ0 = (1.2±0.4)×10−4

where the uncertainty includes the statistical one and those
on the BET surface area and on the measurements ofk′

0.
It should be noted that the value obtained forγ 0, being
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Fig. 6. Uptake coefficient as function of the initial concentra-
tion of NO2: T = 280 K, P = 9 Torr, JNO2

∼=0.006 s−1, sample

mass = 0.32 mg cm−1. Error bars represent estimated 20 % uncer-
tainty on the measurements ofγ .

calculated with the BET surface area (50 m2g−1), should
be considered as a lower limit. On the other hand, the
upper limit of γ 0 can also be estimated. Thus, applying
the geometric (projected) surface area to the data observed
with the smallest mass of TiO2 used in these experiments
(Fig. 5,m = 0.08 mg cm−1, k′

0 = 12.7 s−1) one gets the value
of 1.9×10−3 for the uptake coefficient which is an upper
limit of γ 0.

Similar experiments carried out under dark conditions al-
lowed to determine the initial uptake coefficient of NO2 on
TiO2 in the absence of irradiation (calculated with BET sur-
face area):

γ0(dark) = (6.0±2.0)×10−6

under dry conditions atT = 300 K.

3 Results

The present study was focused on the determination of the
steady state value ofγ as a function of different parameters;
even though the initial uptake was measured under certain
experimental conditions (see above). The experimental data
presented below for the uptake coefficient,γ , correspond to
its steady state value. Experiments were carried out with
TiO2 masses near 0.3 mg cm−1 at total pressure of 9 -10 Torr
of Helium in the reactor and mostly atT = 280 K. This rel-
atively low temperature was chosen as the standard temper-
ature of this study in order to be able to ensure a reasonable
level of relative humidity at the rather low total pressure in
the reactor.

Atmos. Chem. Phys., 12, 1013–1020, 2012 www.atmos-chem-phys.net/12/1013/2012/
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Fig. 7. Uptake coefficient as a function of the irradiation inten-
sity (number of lamps switched on):T = 280 K,P = 9 Torr, sample
mass = 0.47 mg cm−1, [NO2] ≈2×1012molecule cm−3. The line is
drawn to guide the eye.

3.1 Dependence on NO2 concentration

The dependence ofγ on the gas phase concentration of NO2
measured under dry conditions and RH = 32% with [NO2]0
varied in the range (0.06–1.32)×1013 molecule cm−3 is
shown in Fig. 6. One can note that the uptake coefficient
decreases upon increase of the initial NO2 concentration.
The negative dependence on [NO2] may be due to the sur-
face saturation by the adsorbed precursor and/or depletion
of photo-produced intermediates. With the purpose of com-
parison, the measurements of the uptake coefficient under
different experimental conditions presented below were car-
ried out with the initial concentration of NO2 fixed at nearly
2×1012 molecule cm−3. This value is the result of a compro-
mise between the need to work at lower concentrations and
the NO2 detection sensitivity.

3.2 Dependence on irradiation intensity

Dependence of the uptake coefficient on the illumination in-
tensity was studied by switching on the different number of
lamps in the reactor, from 1 to 6. As shown above, this corre-
sponds to the variation of the NO2 photolysis frequency from
0.002 to 0.012 s−1. The results obtained under dry conditions
and at RH = 20 % are shown in Fig. 7. One can note that less
than two-fold increase ofγ is observed whereas the irradia-
tion intensity is changed by a factor of 6. This observation
seems to be of great importance as it shows that theγ -values
measured at low irradiation intensities could not be extrapo-
lated in a linear way to those relevant to the atmosphere. The
three series of experiments presented below were carried out
using 3 lamps switched on (JNO2

∼=0.006 s−1).
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Fig. 8. Uptake coefficient as a function of relative humidity:T =

280 K,P = 9 Torr,JNO2
∼=0.006 s−1, sample mass = 0.38 mg cm−1,

[NO2] ≈2×1012molecule cm−3, RH = (0.06–69) %.
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Fig. 9. Temperature dependence of the uptake coefficient mea-
sured atT = 275–320 K under 0.8 and 30% relative humidity:
P = 9 Torr,JNO2

∼=0.006 s−1, sample mass = 0.34 mg cm−1, [NO2]

≈2×1012molecule cm−3.

3.3 Dependence on relative humidity

The data presented in Figs. 4, 6 and 7 observed under differ-
ent relative humidity in the reactor show that the steady state
uptake coefficient is not sensitive to this parameter. Figure 8
displays the results of the measurements ofγ in the extended
range of RH, from 0.06 to 69 %. The presented data clearly
show that the uptake coefficient is independent of RH in this
range. The dashed line in Fig. 8 corresponds to the mean
value ofγ = 2.8×10−6.

3.4 Dependence on temperature

The temperature dependence of the uptake coefficient mea-
sured in the temperature range (275–320) K is shown in

www.atmos-chem-phys.net/12/1013/2012/ Atmos. Chem. Phys., 12, 1013–1020, 2012
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Fig. 10. Uptake coefficient as a function of partial pressure
of oxygen: T = 280 K, P = 9 Torr, JNO2

∼=0.006 s−1, sample

mass = 0.38 mg cm−1, [NO2]≈2×1012molecule cm−3.

Fig. 9. The uptake coefficient is found to increase with in-
creasing temperature. The data observed with two different
RH at T = 280, 290 and 300 K are similar in the range of
experimental uncertainty indicating insignificant RH depen-
dence ofγ at these temperatures. The solid line in Fig. 9
represents an exponential fit to the experimental data and pro-
vides the following Arrhenius expression forγ :

γ = (2.3±0.9)×10−3exp[(−1910±130)/T ]

atT = 275–320 K (uncertainties are 1σ statistical ones).

3.5 Dependence on O2 concentration

In this series of experiments the uptake coefficient of NO2
was measured in the presence of O2 in the reactor. The par-
tial pressure of oxygen was varied between 0.002 and 3 Torr,
the total pressure (O2 + He) in the reactor being near 10 Torr.
The results of these experiments are shown in Fig. 10. A
slight inverse dependence of the uptake coefficient on O2
pressure is observed: an increase of the oxygen pressure by
three orders of magnitude leads to a decrease ofγ by a fac-
tor of 3. Similarity of the data observed with different RH
(0.9 and 36 %) indicates that the uptake coefficient remains
independent of the relative humidity in the whole range of
oxygen concentrations used. The solid line in Fig. 10 rep-
resents a fit to the experimental data and corresponds to the
following expression:

γ = 3×10−6/(1+P 0.36)

whereP is the partial pressure of O2 (in Torr).

4 Discussion

The results of the present study can be compared with avail-
able data from previous studies. The dark reaction of NO2
with TiO2 surface was investigated in three studies using
a Knudsen cell reactor coupled to a quadrupole mass spec-
trometer (Underwood et al., 1999, 2001; Setyan et al., 2009).
The following values were determined by Underwood et
al. (1999, 2001) for the initial uptake coefficient ([NO2]
being varied from 3×1011 to 3×1014 molecule cm−3):
γ 0(dark) = 4×10−4 using geometric surface area and∼10−7

for the uptake coefficient, corrected for the effect of bulk dif-
fusion. The value ofγ 0 (dark) = 6×10−6 determined in the
present study using BET surface area, lies between the above
two values. On the contrary, Setyan et al. (2009) have not ob-
served any NO2 uptake on the TiO2 surface. Although these
authors did not give any estimation of the upper limit of the
uptake coefficient, simple calculations show that the value of
γ 0 from the present study would lead to an initial drop of
NO2 signal at least by a factor of 1.5 under their experimen-
tal conditions. The reason for the lower NO2 uptake to TiO2
surface in the study of Setyan et al. (2009) compared with
the present one, could be the mode of preparation of solid
samples. Note that in the present work TiO2 samples were
heated under pumping prior to uptake measurements.

A deactivating behaviour of TiO2 in the reaction with NO2
under UV irradiation observed in the present study supports
the previous observations of Ohko et al. (2008). These au-
thors have observed that the photocatalytic activity was de-
creased with accumulation of HNO3 on the TiO2 surface and
concluded that the produced HNO3 inhibited the photocat-
alytic heterogeneous reaction as a physical barrier. They re-
ported that, when the steady state was reached, the photocat-
alytic activity remained at nearly 8% of the initial one. This
value is in a fair agreement with a few percent steady state
photocatalytic activity observed in the present study. In con-
trast to these two studies, time independent uptake of NO2 on
TiO2 films was observed by Ndour et al. (2008): no surface
deactivation has been observed on the synthetic TiO2/SiO2
samples exposed over hours to NO2 concentrations up to 300
ppb. In several previous studies (e.g. Lin et al., 2006; Ohko
et al., 2008) it was observed that the photocatalytic activity
of the TiO2 film can be fully regenerated after rinsing with
water. In the present work, we have observed similar be-
haviour: the deactivated TiO2 sample was regenerated after
being immersed in water.

Gustafsson et al. (2006) studied the uptake of NO2 on
illuminated P25 TiO2 aerosols using initial NO2 concen-
trations similar to those of the present study (∼=2×1012

molecule cm−3). The measured uptake coefficient was found
to negatively correlate with relative humidity and to range
from 9.6×10−4 for 15% RH to 1.2×10−4 for 80% RH.
Considering the method used by Gustafsson et al. (2006)
(continuous flow of the aerosol/NO2 mixture, i.e. rather
short aerosol to NO2 exposure times) these values should

Atmos. Chem. Phys., 12, 1013–1020, 2012 www.atmos-chem-phys.net/12/1013/2012/
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be considered as corresponding to initial uptake and can
be compared withγ 0 = 1.2×10−4 determined in the present
study under dry conditions. Agreement between the results
from the two studies seems to be reasonable, especially if one
considers that the uptake coefficients measured by Gustafs-
son et al. (2006) seem to represent an upper limit ofγ 0
because the aerosol surface area available for the reaction
was calculated from the measured aerosol size distribution
by assuming that the particles have the same surface ar-
eas as spheres of the same electrical mobility. Gustafsson
et al. (2006) observed a negative correlation between the
HONO formation rate in the reaction of NO2 with TiO2 and
relative humidity. This behaviour was interpreted as a re-
sult of increased water adsorption inhibiting NO2 adsorption
and/or electron/hole transfer processes at the TiO2/gas inter-
face. In the present study the impact of RH on the initial
uptake of NO2 has not been studied, however we have not
observed any influence of RH on the uptake coefficient of
NO2 under steady state conditions.

The only value for the steady state uptake coefficient of
NO2 on an irradiated pure TiO2 surface was reported by
Monge et al. (2010). These authors measuredγ = 1.5×10−6

at T = 298 K, 30 % relative humidity under atmospheric
pressure of N2 and [NO2] = 3.8×1012 molecule cm−3. This
value is in a good agreement with that measured in the
present study atT = 298 K:γ∼=3.8×10−6 (see Fig. 9). How-
ever, it should be noted that when comparing the above two
numbers one should consider that the results were deter-
mined under different irradiance conditions, the NO2 pho-
tolysis rate being 6×10−3 and 4.75×10−4 s−1 in the present
study and in Monge et al. (2010), respectively.

It is also interesting to compare the data on NO2 uptake
to pure TiO2 from the present study with those measured
on mineral dust originating from different locations of the
Sahara desert (Ndour et al., 2009b). The reported uptake
coefficients of NO2 (25 ppb) on four different Sahara sand
samples were between 0.35 and 1.46×10−7 at T = 298 K,
25% relative humidity, in an atmosphere of N2. The value
of γ measured in the present study on pure TiO2 under these
conditions is near 8×10−6 (from Fig. 6 and temperature de-
pendence ofγ ), i.e. by a factor of 50–200 higher. Consid-
ering that TiO2 content in the sand samples used by Ndour
et al. (2009b) was between 0.2 and 1 wt% and assuming that
their photoreactivity was mainly due to TiO2, the agreement
between the results observed on pure TiO2 (present study)
and real dust samples with low TiO2 content (Ndour et al.,
2009b) seems to be very satisfactory.

So far, the effect of oxygen on the rate of NO2 loss on ir-
radiated TiO2 surface has been considered only in one study
(Monge et al., 2010). These authors have observed that the
uptake coefficient of NO2 on pure TiO2 was highly influ-
enced by the presence of O2, and reported a value ofγ one
order of magnitude higher in 1 atm of N2 compared with that
in N2:O2 (85 %:15%) mixture. Interestingly, the application
of the expression for the dependence ofγ on the pressure

of O2 from the present study,γ∼ (1 + P 0.36)−1, to the ex-
perimental conditions used by Monge et al. (2010), gives a
factor of 6.5 for the expected difference between the values
of γ in presence and absence of oxygen. This seems to indi-
cate that the analytic expression for the dependence ofγ on
O2 pressure derived in the present study at rather low pres-
sures of oxygen is applicable under atmospheric conditions.
The effect of oxygen was suggested to be due to competi-
tion between O2 and NO2 for scavenging the electrons at the
surface of the photocatalyst (Monge et al., 2010).

The extended data set obtained in the present study for
the uptake coefficient of NO2 to the TiO2 surface seems to
allow calculatingγ values for atmospheric conditions. De-
pendencies ofγ on temperature and pressure of oxygen can
be combined, giving the following final expression forγ :

γ =
2.3×10−3exp(−1910/T )

1+P 0.36

whereT is the temperature (K) andP is the oxygen pressure
(Torr). This expression is applicable for any atmospheric rel-
ative humidity and forJNO2 = 0.006 s−1. Let’s note that the
dependence on the photon flux is not significant, at least,
in the range ofJNO2 values between 0.002 and 0.012 s−1

considered in the present study. An important parameter
in the calculation ofγ is the concentration of NO2. The
above expression was derived from the experiments carried
out with [NO2] ≈2×1012 molecule cm−3 (nearly 90 ppb for
P = 1 atm). As shown in Fig. 6, at lower NO2 concentrations
the value ofγ will be higher.

The atmospheric and environmental impact of the in-
teraction of NO2 with irradiated TiO2-containing mineral
aerosols and depolluting materials is strongly dependent on
the gaseous and surface bound products of this process. In
previous studies, HONO (Gustafsson et al., 2006; Ndour et
al., 2008; Monge et al., 2010; Beaumont et al., 2009) and NO
(Ohko et al., 2008; Monge et al., 2010) in the gas phase as
well as nitric acid/nitrate anion on the surface (e.g. Dalton et
al., 2002; Devahasdin et al., 2003; Lin et al., 2006; Ndour et
al., 2008; Negishi et al., 1998; Ohko et al., 2008) were ob-
served as the NO2 + TiO2 reaction products. In the present
study we have observed HONO, NO and, in addition, N2O
to be released into the gas phase as a result of the heteroge-
neous reaction of NO2 with TiO2 surface. The formation of
NO−

3 on the surface of the TiO2 sample was also observed by
means of ion chromatography. The individual yields of the
gas phase products were found to be strongly dependent on
the experimental conditions such as relative humidity, tem-
perature and concentration of oxygen in the reactive system.
A detailed product study of the heterogeneous NO2 + TiO2
reaction is a subject of our current work and will be published
in a separate paper.
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