
E
a

M
U

a

A
A

K
H
A
N
A
C

1

t
p
d
w
t
(
s

m
(
f
e
a
b
t

e
t
l
t
p
a
t

0
d

Catalysis Today 161 (2011) 175–180

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /ca t tod

xperimental study of the NO and NO2 degradation by photocatalytically
ctive concrete

.M. Ballari ∗, Q.L. Yu, H.J.H. Brouwers
nit of Building Physics and Systems, Department of Architecture, Building and Planning, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

r t i c l e i n f o

rticle history:

a b s t r a c t

The application of photocatalytic concrete containing TiO2 in urban streets is a method to improve the

vailable online 11 November 2010

eywords:
eterogeneous photocatalysis
tmospheric reactions
O and NO2

air quality in highly polluted areas. By using this technology it is possible to degrade a wide range of
air contaminants, like nitric oxide (NO) and nitrogen dioxide (NO2), mainly emitted by automobiles. In
the present paper, the photocatalytic degradation of NO and NO2 is experimentally studied, and the
atmospheric reactions involving nitrogen oxides and solar radiation are analyzed as well. In addition, the
influence of different system parameters, such as inlet pollutant concentration, relative humidity, and
irradiance is investigated in detail.
ir purification
oncrete pavement

. Introduction

Heterogeneous photocatalytic oxidation is a promising and sus-
ainable technology to be applied to water and air purification. This
rocess applies a solid semiconductor catalyst, normally titanium
ioxide (TiO2), which is activated by ultraviolet (UV) light of certain
avelength. The main advantages of this technology are: (i) pollu-

ants can be completely transformed into innocuous products, and
ii) a wide range of contaminants can be treated due to its very low
electivity.

Nowadays, nitrogen oxides (NOx) represent a serious environ-
ental problem in highly contaminated areas. Nitrogen oxides

mainly NO and NO2) are produced during fuel burning processes,
or example in automobiles, causing a wide variety of health and
nvironmental impacts, like the formation of tropospheric ozone
nd urban smog through photochemical reactions with hydrocar-
ons. Furthermore, NOx together with SOx (sulfur dioxide and sulfur
rioxide) are the major contributors to the “acid rain”.

One of the European Union (EU) directives (1999/30/EC) [1]
stablished limit values for concentrations of the most represen-
ative air pollutants. However, NOx exceeds the maximum allowed
imit, especially in urban areas (e.g. in the Randstad conurbation,
he Netherlands [2]), and extra measures are needed to solve this

roblem. The application of TiO2 in concrete pavement has shown
promising effect in the removal of nitrogen oxides and attempts

o improve the air quality in urban streets [3–5].
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Currently, there are some international and national standards
available to assess the photocatalytic oxidation efficiency of semi-
conducting materials. Some of them employ only NO as the target
pollutant [6], while others use a mixture of NO and NO2 to perform
the test [7,8]. However, since the test is carried out in the pres-
ence of light, not only photocatalytic reactions take place but also
homogeneous and photolysis reactions of NOx occur, but so far, no
research has linked this to their photocatalytic oxidation.

In the present paper, the photocatalytic degradation of NO and
NO2 is experimentally studied and the homogeneous reactions
involving NOx are analyzed employing a photocatalytic concrete
stone, and a normal non-active concrete block as a blank sam-
ple. In addition, the influence of different system parameters, such
as inlet pollutant concentration, relative humidity, and irradiance
is investigated. Depending on the employed operating conditions,
part of the NOx conversion employing the photocatalytic stone cor-
responds to homogeneous reactions under UV light [9], but not just
to photocatalytic reactions alone.

2. Experimental

The applied experimental set-up is composed of a continuous
planar reactor housing the concrete stone sample, a suitable UV-A
light source, a chemiluminescent NOx analyzer, and an appropri-
ate gas supply system for NO and NO2 (Fig. 1). Table 1 shows the
main characteristics, dimensions and operating conditions of the

test setup employed to execute the NOx degradation experiments.

To carry out the experiments, one photocatalytic and one normal
commercial paving stone samples were used. The employed photo-
catalytic sample is a double layer stone with the upper layer being
photocatalytically active. This upper layer is prepared by mixing

dx.doi.org/10.1016/j.cattod.2010.09.028
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Nomenclature

A Area (dm2)
B Reactor width (dm)
C Concentration (ppm)
E Radiative flux (W m−2)
H Reactor height (dm)
L Reactor length (dm)
Q Flow rate (l min−1)
RH Relative humidity (%)
t Time (min)
V Reactor volume (dm3)

Subscripts
in Inlet condition
NO Nitric oxide
NO2 Nitrogen dioxide
NOx Nitrogen oxides
out Outlet condition

Table 1
Experimental setup main characteristics and operating conditions.

Description Operating conditions

Reactor
Length (L) 2 dm
Width (B) 1 dm
Height (H) 0.03 dm
Volume (V) 0.06 dm3

Photocatalytic/blank concrete stone
Length (L) 2 dm
Width (B) 1 dm

UV Lamps: Philips Compact S × 3
Input power 25 W
Emission wavelength 300–400 nm
Flow rate (Q) 3 l min−1

Relative humidity (RH) 10–70%
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Irradiance flux (E) 2–11 W m−2

NO inlet concentration (CNO,in) 0–1 ppm
NO2 inlet concentration (CNO2,in) 0–1 ppm

ry powders of normal concrete with TiO2 powder before adding
ater. According to X-ray fluorescence (XRF) analysis performed in

he upper layer of the stone, the present concrete sample has a TiO2
ontent of 5.9% by weight. In preparation of each experiment, the
ample surface is washed with water in order to remove fouling,
ontamination and potential reaction products due to a previous

Ox degradation.

After assembling the sample the reactor is closed and the gas
upply is started. The UV-A source is switched on as well in order
o stabilize the radiation, but the reactor stays covered to prevent

Fig. 1. Schematic representation
t [min]

Fig. 2. Representative experimental result. H = 3 mm, Q = 3 l min−1, CNO2,in∼0.5 ppm,
CNO,in ∼ 0.5 ppm, E = 10 W m−2 and RH = 50%.

the first degradation. With the help of the controls, the flow rate
and the relative humidity are adjusted. The supplied NO/NO2 con-
centration is adjusted to the desired inlet concentration, which is
monitored by the analyzer. When these conditions are stable the
data acquisition is started. After this period of time, the reactor
cover is removed to allow the UV-radiation passing through the
glass. The degradation for the uncovered reactor lasts for 20 min,
then the reactor is covered again and the experiment is contin-
ued for another 5 min. Within the last minutes of measurement the
NO and NOx concentrations return ideally to the original scale. An
example of a representative experimental result is shown in Fig. 2,
where the different steps mentioned above and the degradation of
NO and NO2 can be observed.

3. Results

Table 2 shows the results of NO/NO2 conversion and the oper-
ating conditions employed in every performed experiment. In
this table, four types of experiments are listed: (i) experiments
feeding only NO to the system; (ii) experiments employing only
NO2; (iii) experiments employing a mixture of NO and NO2, and
(iv) blank experiments using a non-photocatalytic sample. Within
these groups, different experiments were carried out by varying
the inlet concentration of NO or NO2 and operating conditions of
Figs. 3–7 show the obtained results under different operating
conditions. Figs. 3–5 show the experimental results of NO and NO2
outlet concentration with varying the inlet concentration of the
pollutants, the relative humidity and the irradiance when NO, NO2

of the experimental setup.
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Table 2
Experimental results of the photocatalytic NOx degradation under different operating conditions.

Experiment # HR (%) E (W m−2) CNO,in (ppm) CNO,out (ppm) CNO2,in (ppm) CNO2,out (ppm) NO conversion (%) NO2 conversion (%) NOx conversion (%)

1 50.0 10.0 1.01 0.57 0.00 0.08 43.3 −14,313.0 34.9
2 50.4 10.0 0.49 0.19 0.00 0.05 61.8 −5154.8 51.3
3 50.0 10.2 0.11 0.02 0.00 0.01 82.9 −1561.7 71.8
4 10.2 10.1 0.52 0.06 0.00 0.02 89.2 −1813.9 84.6
5 30.5 10.1 0.52 0.14 0.00 0.05 72.7 −3627.7 63.9
6 49.2 10.1 0.52 0.22 0.00 0.05 57.2 −4319.9 46.8
7 69.0 10.1 0.52 0.26 0.00 0.06 49.0 −4636.5 37.9
8 49.6 10.9 0.52 0.22 0.00 0.04 57.6 −7493.7 49.9
9 49.4 10.0 0.52 0.25 0.00 0.05 51.1 −8982.2 41.9
10 50.5 8.1 0.52 0.29 0.00 0.05 44.2 −8902.2 35.1
11 50.0 6.0 0.52 0.32 0.00 0.04 37.5 −8194.7 29.1
12 49.6 4.1 0.52 0.37 0.00 0.04 29.2 −6769.0 22.3
13 50.7 2.1 0.52 0.42 0.00 0.03 19.8 −4676.3 15.1
14 49.8 10.0 0.06 0.12 0.99 0.54 −109.2 45.2 36.5
15 49.8 10.0 0.08 0.06 0.50 0.24 28.0 51.6 48.5
16 49.7 10.0 0.07 0.02 0.12 0.05 69.2 59.5 63.2
17 10.1 10.0 0.09 0.04 0.50 0.13 55.1 75.1 72.1
18 29.9 10.0 0.04 0.04 0.51 0.24 9.8 52.5 49.1
19 50.0 9.9 0.06 0.06 0.49 0.29 11.2 40.8 37.3
20 64.4 10.0 0.05 0.07 0.47 0.38 −40.9 19.8 13.8
21 50.0 10.7 0.06 0.06 0.49 0.28 11.5 42.6 39.0
22 50.0 9.9 0.06 0.06 0.49 0.29 11.2 40.8 37.3
23 49.4 8.0 0.06 0.06 0.49 0.32 10.7 35.9 32.9
24 49.3 6.0 0.06 0.06 0.49 0.35 9.9 29.6 27.4
25 50.1 3.9 0.06 0.06 0.49 0.37 9.1 23.9 22.2
26 49.8 2.1 0.06 0.06 0.49 0.41 11.4 16.2 15.6
27 49.9 12.1 0.50 0.24 0.54 0.32 51.4 40.7 45.8
28 49.9 10.3 0.50 0.27 0.54 0.38 44.9 30.5 37.4
29 49.8 8.0 0.50 0.31 0.54 0.41 38.0 23.4 30.4
30 49.9 6.0 0.50 0.34 0.54 0.45 32.2 17.0 24.2
31 49.8 4.2 0.50 0.36 0.54 0.47 27.5 12.7 19.8
32 49.6 2.1 0.50 0.40 0.54 0.50 18.5 7.1 12.6
33 68.7 10.1 0.49 0.37 0.54 0.62 24.1 −14.4 3.9
34 67.9 6.0 0.49 0.39 0.54 0.57 19.1 −6.4 5.7
35 67.2 2.0 0.49 0.44 0.54 0.56 9.6 −3.7 2.6
36 29.8 10.1 0.47 0.23 0.52 0.35 51.6 31.9 41.3
37 30.2 6.0 0.47 0.30 0.52 0.41 35.0 21.9 28.1
38 30.3 2.0 0.5 0.4 0.5 0.5 15.3 11.4 13.2
39 50.1 10.1 0.45 0.44 0.56 0.50 3.4 10.6 7.4k
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r both contaminants together are used respectively. When the
nlet concentration of NO or NO2 increases, both NO and NO2 outlet
oncentration grows as well. However, as expected, when the inlet
oncentration of the pollutants is decreased, the final conversion
f the reacting system increases. Regarding the irradiance and rel-

tive humidity effect, in all cases when the irradiance is increased
higher conversion of the pollutants is achieved. However, when

he relative humidity is enlarged, the NOx conversion declines.

706050403020100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

E = 10 W m
-2

 C
 [

p
p

m
]

 NO out

 NO
2
 out

 NO in

 NO
2
 in

RH [%]

420

R

 E [W

ig. 3. NO and NO2 outlet concentrations employing a photocatalytic concrete stone and v
0.01 4.4 −35.6 3.8
0.43 −12.5 8.3 6.0

Fig. 6 shows the comparison between the NOx degradation
achieved by employing a concrete stone containing TiO2 and a nor-
mal stone without an active surface. Observing the obtained results
with the non-active sample, NOx is also degraded in the presence of
UV light, which indicates the existence of homogeneous reactions.
Finally, Fig. 7 shows an overview how the irradiance and the
relative humidity influence the degradation rate when both NO and
NO2 are fed to the system using a photocatalytic sample.
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arying the relative humidity, irradiance and inlet NO concentration. CNO2,in∼0 ppm.
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Fig. 4. NO and NO2 outlet concentrations employing a photocatalytic concrete stone and varying the relative humidity, irradiance and inlet NO2 concentration. CNO,in ∼ 0 ppm.
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Nevertheless, observing the results obtained with the blank
sample (Fig. 6), NOx is also degraded in the presence of UV light,
2

nd a normal non-active concrete stone. RH = 50% and E = 10 W m−2.

. Discussion

The photocatalytic oxidation mechanism of NOx is reported in
everal publications (e.g. [10–13]). All of them proposed the NO
xidation to NO2, and then NO2 to HNO3 due to the attack of the
ydroxyl radical generated in the photocatalyst activation stage.

he photocatalytic degradation process can be described by the
ollowing path:
12108

 m
-2

]

0/0.50.5/0.50.5/0

C
NO,in

/C
NO2,in

varying the relative humidity, irradiance and inlet NO2 and NO concentration ratio.

Adsorption of the involved gas species over the active sites of TiO2:

O2 + site → O2ads (1)

H2O + site → H2Oads (2)

NO + site → NOads (3)

NO2 + site → NO2ads (4)

Activation of TiO2 by generating holes and electrons:

TiO2 + h� (� < ∼390 nm) → e− + h+ (5)

Trapping of holes by water:

h+ + H2Oads → OH• + H+ (6)

Trapping of electron by oxygen:

e− + O2ads → O2
− (7)

Contaminants attack by hydroxyl radical:

NOads + OH• → HNO2 (8)

HNO2 + OH• → NO2ads + H2O (9)

NO2ads + OH• → NO3
− + H+ (10)

Recombination of electrons and holes:

e− + h+ → heat (11)
which indicates the occurrence of homogeneous reactions.
In the atmosphere a process takes place in which NO, NO2 and

O3 are both formed and destructed. This process, which is called
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ig. 7. Effect of the irradiance and relative humidity over the NO and NO2 outlet co

he “Leighton cycle” [8], starts with photolysis of NO2 under the
nfluence of UV irradiance:

O2 + h� (� < ∼430 nm) → NO + O (12)

The O-atoms created in this process then react instantaneously
ith O2 to form O3, and in an unpolluted atmosphere the NO reacts
ith O3 to form NO2 and O2 again:

+ O2 → O3 (13)

O + O3 → NO2 + O2 (14)

In addition, NO2 is also degraded by a reaction with O3:

O2 + O3 → NO3 + O2 (15)

The final balance of these reactions is the depletion of NOx into
xidized nitrogen products.

Analyzing the obtained results when only NO is fed to the
hotoreactor (Fig. 3), NO2, an intermediate of the photocatalytic
eaction, is generated in the system (Eq. (9)), especially when
he inlet NO concentration is higher. This indicates that under
hese operating conditions, the photocatalytic reaction and also the
omogeneous reactions cannot convert completely NO to nitrate.

n addition, from Fig. 3 it is also possible to observe that when the
rradiance is increased a higher conversion of NOx is achieved. This
s because more electrons and holes are produced during the pho-
ocatalyst activation stage (Eq. (5)) and therefore, more hydroxyl
adicals are formed (Eq. (6)). On the other hand, when the relative
umidity is increased, water competes with NO and NO2 for the
ame active sites (Eqs. (2)–(4)) and the NOx consumption declines.

According to the second type of experiments performed in this
tudy employing only NO2 as the pollutant, the same behavior
hen varying irradiance, relative humidity and inlet concentration
as observed (Fig. 4). Nevertheless, the inlet concentration of NO in

he reactor is not equal to zero. This occurs because NO2 can react
ith the water vapor producing NO, as follows:

NO2 + H2O → NO + 2HNO3 (16)

However, for this group of experiments, in most cases NO is
lso degraded in the photoreactor, except when the inlet NO2 con-
entration or the relative humidity is high (Fig. 4). In both cases,
he homogeneous photolysis reaction of NO2 producing NO (Eq.
12)) is more significant than the degradation photocatalytic steps.
n the first case, the availability of NO2 is high and therefore the

hotolysis of NO2 is faster. On the other hand, when the relative
umidity is high the photocatalytic degradation of NO is lower, so
he apparition of this component becomes more significant.

When both contaminants NO and NO2 are employed in the same
roportion to feed the system (Fig. 5), the NO oxidation reaction is
30
10

R
HE [W m -2

]

ration using a photocatalytic concrete stone. CNO,in ∼ 0.5 ppm and CNO2,in∼0.5 ppm.

slightly faster than the NO2 degradation. However, when the rel-
ative humidity is high, then the photocatalytic reaction rates are
slower and NO2 is produced in the system, most likely because the
photocatalytic oxidation of NO produces NO2 as intermediate (Eqs.
(8) and (9)).

It is also possible to compare experiments applying different
NO/NO2 concentration ratios employing a photocatalytic sample
and also a non-active stone (Fig. 6). When NO2 is high (e.g. CNO2 =
0.5 ppm) it is possible to observe NO2 degradation, even without a
photocatalytic active surface, because of the NO2 photolysis under
UV light (Eq. (12)). In addition, as discussed above, when only NO is
fed to the reactor and a photocatalytic stone is used, NO2 appears
in the system. However, when a normal stone is applied, NO2 is not
formed indicating again that it is an intermediate of the photocat-
alytic reactions (Eq. (9)).

Finally, an overview of the effect of relative humidity and
irradiance over the NO and NO2 degradation is shown in Fig. 7.
The tendency is identical to Figs. 3–5 (increment of conversion
with increment of irradiance and decrement of relative humid-
ity), except for the NO2 conversion when the relative humidity
changes to higher values. In this case, due to the lower photocat-
alytic reaction rate, as explained before, NO2 is produced in the
system, especially for higher values of irradiance. This is proba-
bly because under high irradiance the oxidation of NO to NO2 is
still fast and NO2 is accumulated. On the other hand, when the
irradiance is low, the NO oxidation rate decreases and less NO2 is
produced.

5. Conclusions

In the present work, NO and NO2 photocatalytic and homo-
geneous reactions are experimentally studied employing a
photocatalytic concrete stone and a normal non-active concrete.
Different experiments were carried out employing a continu-
ous photoreactor applying NO and NO2 as the target pollutants.
Different operating conditions were selected to perform the exper-
iments (varying NO and NO2 inlet concentration, relative humidity
and irradiance respectively). The following conclusions can be
drawn:

• Homogeneous reactions are observed when NO2 is fed to the
photoreactor under UV light.

• NO2 is detected as an intermediate in the photocatalytic process,
especially when the reaction is not fast (e.g. when RH = 70%) or

when NO2 is not fed to the system. In these cases, NO2 is produced
in the photoreactor during the NO photocatalytic oxidation, and
then NO2 cannot be completely converted to nitrates.

• NO is formed in the system, even in the presence of a photocat-
alytic sample, when only NO2 is fed at high concentration or at
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high relative humidity, because the homogeneous photolysis of
NO2 becomes dominant.
For the other employed operating conditions, a successful NO and
NO2 degradation was observed applying a photocatalytic con-
crete stone containing TiO2.

This paper contributes to understand different national and
nternational standards for the assessment of photocatalytic mate-
ials, where in some of them, both NO and NO2 are employed as the
arget pollutants. In addition, this research also helps to a better
omprehension of the mechanism that governs the NOx reduction
n a photocatalytic street with DeNOx concrete stones. Nitrogen
xides are not just reactants for the photocatalytic oxidation, but
lso they can interact in a complex way with other components
resent in the atmosphere.

From these experimental data, an intrinsic kinetic model for the
Ox degradation, including heterogeneous as well as homogeneous

eactions, is foreseen. With such kinetic model, the simulation of
Ox concentration distribution in a DeNOx street can be developed.
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