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The photocatalytic degradation of nitrogen oxides (NOy ) employing concrete paving stones with titanium
dioxide is studied experimentally and theoretically. Experiments were carried out in a laboratory pho-
toreactor designed according to the standard ISO 22197-1 (2007) [7] to assess photocatalytic materials. A
kinetic model is proposed to describe the photocatalytic reaction of NO and NO; as well as the influence
of several parameters that can affect the performance of the stones, such as NO inlet concentration, reac-
tor height, flow rate, relative humidity and irradiance. The proposed kinetic model is in good agreement
with the experimental results, for instance the prediction of the NO and NO, concentration at the reactor
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1. Introduction

Photocatalytic reactions constitute one of the Advanced Oxida-
tion Technologies (AOT) applied to water and air purification. This
process involves a solid semiconductor catalyst, typically titanium
dioxide (TiO;), which is activated with ultraviolet light (UV) of cer-
tain wavelength. TiO; in the form of anatase has been the preferred
choice due to its strong oxidizing power under UV irradiation, its
chemical stability and the absence of toxicity. These reactions are
very attractive for treating pollution problems because: (1) in most
of the cases they transform pollutants into innocuous products and
(2) they have very low selectivity, thus wide range of contaminants
can be treated.

Nitrogen oxides (NOy) is the generic term for a group of highly
reactive gases, most of them emitted in air in the form of nitric oxide
(NO) and nitrogen dioxide (NO, ). Nitrogen oxides are formed when
fuel is burned at high temperatures, as is the case in combustion
processes in automobiles. NOy causes a wide variety of health and
environmental impacts, like the formation of tropospheric ozone
and urban smog through photochemical reactions with hydrocar-
bons. Furthermore, NOy together with SO, (sulfur dioxide and sulfur
trioxide) is the major contributor to the “acid rain”, one of the most
serious environmental problems across the world.

The European Union (EU) has taken important steps over the
past decade leading to a decrease in the emissions to air and water
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of a number of pollutants. One of its directives (1999/30/EC) [1]
establishes limit values for concentrations of sulfur dioxide, nitro-
gen dioxide and oxides of nitrogen, particulate matter and lead in
ambient air. Some of the pollutant emissions have since become
more or less manageable; however particulates, NOy and smog are
still problematic.

To date, anumber of researchers have investigated the dynamics
of the photocatalysis of nitrogen oxides. While some of the NOy con-
trol methodology is to reduce NOy back to N, [2], another approach
istooxidize NO to NO,, and then NO; to HNO3 through the hydroxyl
radical attack generated during the photocatalyst activation stage
[3-5]. The development of innovative materials that can be easily
applied on structures, with both de-soiling and de-polluting prop-
erties, is a significant step towards improvements of air quality.
The use of TiO, photocatalyst in combination with cementitious
and other construction materials has shown a favorable effect in
the removal of nitrogen oxides [6].

In the present work, the degradation of NOy compounds
employing concrete paving stones with TiO, to be applied in
road construction is studied experimentally and theoretically. The
experiments were carried out in a photoreactor designed accord-
ing to standard ISO 22197-1 (2007) [7] to assess semiconducting
photocatalytic materials employing NO as the pollutant source.
Furthermore, a kinetic model is proposed to describe the photocat-
alytic oxidation of NOy (NO and NO,) and external influences over
this reaction. A reaction rate expression for the oxidation of NO as
well as for the appearance and disappearance of NO; is postulated
and the kinetic parameters are determined employing the exper-
imental data. In addition, the influence of several parameters that
can affect the performance of these stones, such as NO inlet con-
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Nomenclature

ay active area per unit reactor volume (dm? dm—3)

A area (dm?)

B reactor width (dm)

C molar concentration (moldm—3)

E radiative flux (W dm~2)

H reactor height (dm)

k reaction rate constant (moldm=—2 min—1)

K adsorption equilibrium constant (dm3 mol-1)
reactor length (dm)

N number of experiments or total number of discrete

points in the numerical solution of the differential
equations (dimensionless)

Q flow rate (Imin—1)

r superficial reaction rate (moldm~2 min~1)
RH relative humidity (%)

t time (min)

v velocity (dm min—1!)

1% reactor volume (dm?3)

X Cartesian coordinate (dm)

Greek letters

o kinetic parameter related to the irradiance effect
(dm?w-T1)

Subscripts

act active

air air

in inlet condition

NO nitric oxide

NO, nitrogen dioxide

out outlet condition

w water

centration, reactor configuration, flow rate, relative humidity and
irradiance is investigated. Finally, the model predictions with the
estimated kinetic constants are compared with the experimental
results obtaining a good agreement between them.

2. Experimental setup and measurements

The recommendations of the standard ISO 22197-1 (2007) [7]
were largely followed for the practical conduction of the present
study. The applied experimental device is composed of a pla-
nar reactor cell housing the concrete stone sample, a suitable
UV-A light source, a chemiluminescent NOy analyzer, and an
appropriate gas supply (Fig. 1). Table 1 shows the main charac-
teristics, dimensions and operating conditions of the experimental
setup that were employed to carry out the photocatalytic NO
degradation experiments. In most of the cases, when one exper-
imental parameter was changed, all other experimental conditions
remained standard as presented in Table 1, with the exception of:
(i) when the reactor height was changed, a NO inlet concentration
equal to 1.34moldm~3 was used instead of the standard value of
4.47 moldm~3, and (ii) when the flow rate was changed to 51 min—1,
experiments for every NO inlet concentration were performed. For
more details of the experimental setup employed in this study see
[8].

For the development of a kinetic model and the related experi-
ments, one commercial paving stone sample was used. Therefore,
differences in measurement results due to varying surface rough-
ness or unequal distribution of catalyst can be neglected. The
employed sample is a double layer stone with the upper layer being

Table 1
Experimental setup main characteristics and operating conditions.

Description Standard conditions ~ Varying parameters
Reactor

Length (L) 2dm -

Width (B) 1dm -

Height (H) 0.03dm 0.02-0.04dm

Volume (V) 0.06dm? 0.04-0.08 dm?
Photocatalytic stone

Length (L) 2dm -

Width (B) 1dm -
UV lamps: Philips compact S x 3

Input power 25W -

Emission wavelength 300-400 nm -
Flow rate (Q) 31min~! 3-51min~!
Relative humidity (RH) 50% 10-80%
Irradiance flux (E) 10Wm~—2 0.3-13Wm2

NO inlet concentration

(Cno,in)
NO; inlet concentration

(Cnoy,in)

447 x 10-8 moldm—3 (0.45-4.47) x 10-8 moldm 3

Omoldm™— -

photocatalytically active. This upper layer was prepared mixing
dry powders of normal concrete with TiO, powder before adding
water to the mixture. Further information about the concrete recipe
cannot be provided because it is confidential information of the
manufacturing company. In preparation of each experiment, the
sample surface is washed with water in order to remove fouling,
contamination and potential reaction products due to a previous
NOy degradation. For the measurement, the sample with the reac-
tive surface upwards is placed in the reaction chamber. With the
help of an elastic sealing compound all gaps and joints around the
sample are caulked that way that the fed air can only pass the reac-
tor along the reactive sample surface. In doing so, a metal sheet
of the dimension 87 mm x 192 mm was deployed as a template for
the sealing. Then, the active sample surface is kept exactly identical
for all measurements.

After assembling the sample the reactor is closed and the gas
supply is started. The UV-A source is switched on as well in order
to start the radiation stabilization, but the reactor stays covered to
prevent first degradation. With the help of the controls the flow
rate and the relative humidity are adjusted. The supplied NO con-
centration is adjusted to the desired inlet concentration, which is
checked by the analyzer. When these conditions appear to be sta-
ble the data acquisition is started. Then, the bridge to avoid the
photoreactor is closed and the gas flows along the surface of the
concrete sample. During this time the measured NO outlet con-
centration of the reactor first decreases and then approaches again
the original inlet concentration. This phenomenon describes the
saturation of surface with NO as well as the non-contaminated
air removal from the reactor. After this period of time, the reac-
tor cover is removed to allow the UV-radiation passing through
the glass. The degradation for the uncovered reactor lasts for
30 min, then the reactor is covered again and the data acquisition
is continued for further 5min. Within the last minutes of mea-
surement the NO and NOy concentrations return ideally to the
original scale. An example of a representative experimental result
is shownin Fig. 2, where the different steps mentioned above can be
observed.

3. Theoretical model

The photocatalytic oxidation mechanism of NOy mixtures is
reported in several publications (e.g. [3-5]). All of them pro-
posed the NO decomposition to NO,, and then NO, to NOsH
through the hydroxyl radical attack generated during the pho-
tocatalyst activation stage (see Table 2). The kinetic expression
normally proposed for the NO degradation reaction rate is the
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Fig. 1. Schematic representation of the experimental setup. 1. Synthetic air. 2. NO source. 3. Gas washing bottle. 4. Temperature and relative humidity sensor. 5. Flow
controller. 6. Gas photoreactor. 7. Paving stone sample. 8. Light source. 9. NOy analyzer. 10. Computer. 11. Bridge.
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Fig. 2. Representative  experimental result. H=3mm. Q=3Imin.

Cnojn =4.47 moldm—3. E=10 W m~2. RH = 50%.

corresponding to the Langmuir-Hinshelwood model [4,5] which
is widely employed for the photocatalytic degradation of a large
number of contaminants [9,10]. Nevertheless, only a few times
the photocatalytic kinetic model includes the reaction dependence
with other reactants and/or intermediates concentrations (in this
case NO;) [4]. Moreover, the reaction rate should be expressed
as a superficial rate for a gas-solid heterogeneous system [11].
Following this model, applied to a heterogeneous reaction, the
Langmuir-Hinshelwood kinetic model for NO disappearance rate
and NO, appearance/disappearance rate for irreversible reactions,
per unit area of active surface and for constant relative humidity
and irradiance reads:

o = — knoKnoCno 1)
1+ KnoCno + KN02 CN02
kno, Kno, Cno knoKnoG
™NO, = 2 2 2 NOANO“-NO (2)

1+ KnoCno +Kno,Cnvo, 1+ KnoCno + Ko, Cno,

where ryo and ryo, are the superficial reaction rate
(moldm~2min~!) of the NO disappearance and NO, appear-
ance/disappearance. Cyo and Cno, are the corresponding molar
concentration (moldm=3) of NO and NO, (which are related to
the NO and NO, concentrations in ppm through the air volume
under normal condition of 1bar and 20°C). kno and ko, are the
corresponding reaction rate constants (moldm~2min~!) for NO
and NO,. Kno and Kyo, are the adsorption equilibrium constant

Table 2
Photocatalytic reaction mechanism of nitrogen oxides.

Activation TiO; +hv— h* +e-

Absorption H3Ogas + Site < Hy Oy
Oggas + Site < 03445
NOgas + Site < NOyqs
NO2gas + Site <> NOy,qs

Hole trapping H;0,45 +h" — *OH+H"*

Electron trapping Opads t€~ — 03~

Hydroxyl
attack

NO,4s +*OH — HNO,
HNO, +*OH — NOysqs +H,0
NOaqs +*OH — HNO3

Recombination h*+e~ — Heat

(dm3 mol-1) for NO and NO,, respectively, assuming that these
species compete for the same active sites.

Since Hunger and Brouwers [12] have found that this kind of sys-
tem employing a photocatalytic concrete stone in a flow reactor is
not controlled by the interfacial mass transport, a one-dimensional
convection-controlled model can be assumed for the NO and NO,
balance equations:

d¢

Uair% = avI'no (3)
dCno

UairTZ = avIno, (4)

where ay is the active surface area per unit reactor volume:

2
ay = Aact El[:] dmact (5)

- 3
Vreactor H dmreactor

and with the following inlet conditions:
Cno(x = 0) = Cno,in (6)
CNo,(x = 0) = Cno,,in (7)

3.1. Kinetic parameters estimation

In order to solve the coupled NO and NO, mass balances with
the kinetic expressions corresponding to Egs. (1) and (2), a forward
discretization of the differential equations (Egs. (3) and (4)) can be
applied (Euler method):

y Noist —Cnoi knoKnoCno,i
A X — X Y1+ KnoCno,i + Kno, Cno, i

(8)
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Table 3

Non-linear parameters optimization employing the Excel Solver tool and the numer-
ical solution of the NO and NO, differential mass balance for constant relative
humidity and irradiance.

Table 4

Non-linear parameters optimization employing the Excel Solver tool and the numer-
ical solution of the NO and NO, differential mass balance employing the extended
kinetic model for relative humidity and irradiance influence.

Parameter Value 95% Confidence interval
kno (moldm—2 min—1) 0.47 x 1077 0.01 x 1077
Kno (dm? mol-') 3.40 x 107 0.08 x 107
kno, (moldm~2 min~') 15.38 x 107 0.02x 1077
Kno, (dm3 mol ) 124 x 107 0.13 x 107
N 29
2 Number of data.
e Cnoy i+1 — CNoy i
o Xip1 — Xj
—a - kno, Kno, Cio, .i knoKnoCno, i 9)
v 1+ KnoCno.i +Kno, Cno,.i - 1+ KnoCivo,i + Kno, Crvo, i
So:
knoKnoCno, i Xip1 — X
1 i
Cnojix1 = —0v ; = +Cno,i (10)
’ 1+ KnoCno,i + Kno, Cno,.i Vair '
CNoy.it1
_ kno, Kno, Cno, i knoKnoCno.i Xiv1 — X;
Y\ T+ KnoCno,i +Kno, Cno,.i 1+ KnoCnoi + Ko, Cro,.i Vair

+Cno,.i
(11)

wherei=1,...,Nand L=(x;+1 —x;)(N—1).

The optimum values of all kinetic parameters present in Eqs.
(10) and (11) for constant relative humidity and irradiance were
obtained employing the Excel (Microsoft) “Solver” tool. These
results and the 95% confidence intervals are shown in Table 3.

3.2. Relative humidity and irradiance influence

With the objective to incorporate the relative humidity and irra-
diance effect over the NO, photocatalytic reaction rate, the previous
proposed kinetic model can be extended.

The influence of the relative humidity depends to a large extent
on the type of material used. When high values of relative humid-
ity are applied, the hydrophilic effect at the surface is gaining over
the oxidizing effect. The water molecules are adsorbed and pre-
vent therefore the adsorption of the pollutants and their reaction
with the TiO,. Therefore, while increasing relative humidity the
total efficiency of the system regarding the degradation of NOy
is decreasing [13]. NOx and water compete for free active sites at
the catalyst surface and consequently, water can be considered as
an additional reactant and an extended Langmuir-Hinshelwood
model can be applied [10]. Therefore, for the present case this
extended model could consider the influence of humidity, with the
previous Kno and Ko, as apparent adsorption equilibrium con-
stants in the presence of water vapour:

K/
Kno = —NO 12
NO = TR Con (12)
K
NO,
Kno, = —92 13
NO2 = T K Cu (13)

where Cy, is the water molar concentration (moldm=3) and Ko
KI/\IOZ and Ky, are the “intrinsic” adsorption equilibrium constants

(dm?3 mol-1) for NO, NO, and water, respectively.

Regarding the UV-light effect, it is supposed that the irradiance
only has an influence on the reaction rate constants for NO and NO,

Parameter Value

ko (moldm=2 min—") 2.96 x 10-6
K, (dm® mol-1) 8.48 x 108
k;\loz (moldm—2 min-1) 1.34x 104
Ko, (dm3 mol-1) 3.02 x 108
o (dm2wW-1) 2.37x 10!
Ky (dm3 mol-1) 5.07 x 10*
N2 71

2 Number of data.

(kno and kyo, ). This assumption is based on the fact that NO and
NO, degradation takes place through the hydroxyl radical attack.
These hydroxyl radicals are formed by the holes trapping with
water, after holes are generated during the photocatalyst activa-
tion by UV-light (see Table 2). Therefore, a mathematical expression
of the reaction constants in function of the radiative flux E can be
proposed:

kno = kiyo(—1+ /1 + aE) (14)
kno, = Ko, (—1+ /1 +aE) (15)

with ki, and ky,, (mol dm—2min-!), and o (dm2W-') being
factors to be fitted from the experiments. This expression takes
account of the linear and the square root dependency of the reaction
rate with the light intensity that is announced in several publica-
tions [13] for really high and low irradiance, respectively. When
UV-radiation is absent, i.e. E=0, the reaction rate becomes zero.
For small E, Egs. (14) and (15) tend to k'wE/2, and for large E they
tend to k'v/oE.

Replacing Egs. (12)-(15) into Eqs. (1) and (2), a complete kinetic
model for the photocatalytic degradation of NOy considering the
main factors with influence over the reaction can be obtained:

knoKioCno
NO""NO
'NA = — —14++/1+4+aE 16
N T T T Koo + K, Cno, T RonCr S
—kin. KL Cno, + K K Cno
rNOZ _ NO; "NO, 2 17'NO (71 + 1+O{E) (17)

- 1T+K{oCno + Ko, o, +KwCw

It is noteworthy that Egs. (16) and (17) have the same function-
ality as an extended Langmuir-Hinshelwood model for different
reactants competing for the same free active sites [10]. In addition,
the derived reaction rates for NO and NO, are comparable to the
expression obtained by Imoberdorfet al. [13] from a photocatalytic
mechanism of an organic pollutant.

Employing the extended reaction rate expressions (Eqs.(16) and
(17)), the optimum values of the redefined kinetic parameters were
calculated (Table 4). These values are in concordance with those
presented in Table 3 and they were obtained employing additional
experimental data varying the relative humidity and irradiance.

4. Experimental results vs. modelling

It is possible to analyze the effect of different operating vari-
ables on the system by resorting the estimated kinetic parameters.
This analysis can include a comparison between simulated values
obtained with the model and experimental measurements.

Fig. 3 shows the model predictions employing the kinetic
parameters presented in Table 3 and the experimental data cor-
responding to the NO and NO, outlet concentration in function
of the NO inlet concentration to the reactor for two different
flow rates and for constant relative humidity and irradiance (50%
and 10W m~2, respectively). When the inlet concentration of NO
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Fig. 3. Model predictions vs. experimental data. NO and NO, outlet concentra-
tion in function of the NO inlet concentration. H=3 mm. E=10W m~2., RH=50%.
(a)Q=3Imin~'.(b)Q=5Imin~"'.

increases, both NO and NO, outlet concentrations rise as well.
However, as expected, decreasing the initial concentration of the
pollutant the final conversion of the reacting system increases.

The effect of the flow rate is possible to analyze comparing
Fig. 3(a) and (b). When the flow rate is increased the resident time
in the reactor decreases. Therefore, for low flow rates a larger con-
version of the pollutant is observed.

The reactor configuration in the present experimental setup can
only be changed varying the reactor height. If the reactor height is
varied, no change in the outlet concentration is observed, as NO
and NO, concentrations are shown in Fig. 4. The explanation of this
behavior can be found considering the height effect over the air
velocity or resident time and over the total reactor volume. On the
one hand, with higher reactor height lower air velocity and longer
resident time are obtained resulting in a higher conversion. On the
other hand, the reactor volume is larger and for the same photocat-
alytic active surface a smaller degradation conversion is achieved
due to the products dissolution in the gas phase. These parameters
(resident time and reactor volume) have opposite effects over the
final conversion, resulting in a constant outlet concentration for
different reactor heights.

Regarding the irradiance and relative humidity effect, Fig. 5(a)
and (b) shows the obtained results varying these two parameters,
respectively, and employing the kinetic model presented in Egs.
(16) and (17). When the irradiance is increased a higher conversion
of the systems is achieved because more electrons and holes are
produced during the photocatalyst activation stage and therefore,
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Fig.4. Model predictions vs. experimental data. Effect of the reactor height over the
degradation rate. Q=3 1min~". Cyo, = 1.34moldm—3. E=10W m~2. RH=50%.

more hydroxyl radicals are formed. However, when the relative
humidity is enlarged water competes with NO and NO, for the same
active sites and the NOy consumption declines.

Finally, Fig. 6 shows the complete model predictions (Egs. (16)
and (17)) corresponding to the NO and NO, outlet concentration
in function of the NO and NO, experimental data obtained in the
photoreactor. These last values should be over a line with a slope
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Fig. 5. Model prediction vs. experimental data. Q=31min~!. H=3mm.
Cnojn =4.47moldm~3. (a) NO and NO, outlet concentration in function of
the radiative flux. RH=50%. (b) NO and NO; outlet concentration in function of the
relative humidity. E=10Wm~2,
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Fig. 6. NO and NO; outlet concentration predicted by the complete model including
the relative humidity and irradiance effect vs. the experimental data.

close to unity and an ordinate intercept equal to zero, as Fig. 6 shows
as well. In all cases, the model predictions show a good agreement
with the experimental results.

5. Conclusion

In the present work, a theoretical and an experimental study
of the photocatalytic degradation of nitrogen oxides was con-
ducted. A heterogeneous kinetic expression for the NO degradation
and for the NO, appearance/disappearance was proposed. Several
experiments were carried out according to a suitable ISO stan-
dard for photocatalytic materials assessment employing only NO
as the pollutant. Different operating conditions were selected to
carry out the experiments (varying NO inlet concentration, reac-
tor height, flow rate, relative humidity and irradiance). Employing
these experimental data and the reaction rate expressions, the
kinetic parameters for NO and NO, and the main reaction influences

were determined. In all cases, a very good correlation between the
experimental data and the computer simulations with the esti-
mated kinetic parameters was obtained, allowing to explain the
degradation of NO and the apparition of NO, in this kind of systems.
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