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Air pollution by nitrogen oxides represents a serious environmental problem in urban areas where
numerous sources of these pollutants are concentrated. One approach to reduce the concentration of
these air pollutants is their light-induced oxidation in the presence of molecular oxygen and a
photocatalytically active building material which uses titanium dioxide as the photocatalyst. Herein,
results of an investigation concerning the influence of the photon flux and the pollutant concentration
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on the rate of the photocatalytic oxidation of nitrogen(i) oxide in the presence of molecular oxygen
and UV(A) irradiated titanium dioxide powder are presented. A Langmuir-Hinshelwood-type rate law
for the photocatalytic NO oxidation inside the photoreactor comprising four kinetic parameters is

derived being suitable to describe the influence of the pollutant concentration and the photon flux on
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Introduction

Air pollution in urban areas, where many sources of polluting
organic and inorganic compounds are concentrated, presents a
severe risk to the human health."™ Forced by rigorous laws that
have been imposed to protect the environment by establishing
limiting values for the concentrations of the most frequent air
pollutants (e.g., national regulations of European countries on
the basis of the EC Directive 2008/50/EC®), severe efforts are
required to develop technical and non-technical measures to
reduce the concentrations of the air pollutants.”® Photocatalytic
active building materials such as paints, mortar, glass, tiles,
pavement stones, and other concrete products using TiO, as the
photocatalyst are known to act as sinks for gas phase pollutants.
Considered as a passive measure for the removal of air pollu-
tants they have been commercially available for some years.
Basic principles and first experiences with their practical
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the rate of the photocatalytic oxidation of nitrogen(i) oxide.

application have been reviewed in contributions to journals®™®

and are summarized in compendia.'”*®

A very important group of air pollutants are the nitrogen
oxides (mainly nitrogen(u) oxide, NO, and nitrogen(iv) oxide,
NO,).>* Therefore, an international standard has been pub-
lished using NO as the probe molecule to determine the activity
of photocatalytic products.”® The photocatalytic removal of this
compound from the gas phase has been intensively studied,*®*
but still very little is known about the influence of environmental
parameters such as temperature, humidity, light intensity, and
concentration of other air pollutants on the rate of the photo-
catalytic reaction. Bengtsson and Castellote®* have investigated
the influence of the NO concentration cyo, the light intensity E,
the temperature 7, the relative humidity #,, and the catalyst load
l. on the photocatalytic NO degradation rate at the TiO,-coated
surface of a white mortar in a closed photoreactor. The oxidation
kinetics were found to be of first order with the first order rate
constant having been approximated by an empirical correlation
including all mentioned variables:

"rno = (al exp(on/T) + ﬁlhfz +7,E"? + 61122)01\10 (1)

Several authors have used a Langmuir-Hinshelwood-type
rate law

Knocno )

rno = kno—————
NO = ANOT e

to describe the kinetics of the photocatalytic degradation of NO
in the gas phase.”®>®%%%2% yery recently some papers were
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published discussing the influence of the light intensity and the
humidity on the kinetic parameters in eqn (2). Hunger et al.®
have employed this rate law (eqn (2)) to analyze the kinetics of
the photocatalytic NO oxidation over TiO,-containing concrete.
They reported an influence of the light intensity E at a constant
relative humidity s, on the rate constant kxo given by
kno = o1 (=14 +/T+ xE). Despite the fact that their data show
a decrease of the kinetic parameter Kyo with increasing light
intensity E (¢f Table 5 and Figure 5 in ref. 60) the authors
assumed that Kyo is not a function of E (Kno # Kno(E))- At
constant light intensity E the dependence of kyo and Kyo on the
relative humidity s, was described by the empirical expressions
kno = a3h® and Kyo = ash,” + a6l + 0, respectively.®®

Ballari et al. investigated the effect of the NO concentration,
the light intensity, and the humidity on the rate of the photo-
catalytic oxidation of nitrogen(u) oxide at concrete pavement
stones.’>°! In a first paper® the authors analyzed their experi-
mental data with

K
rI”NO = kNO/<_1 + V 1 + OCE) NOCNO (3)

1 + Knoceno + Ku,0¢H,0

whereas in their subsequent work®'

"o = kno' (~1+ VT +3E)

Knoceno
1 + Knoceno + Kno, eNo, + Kn,0¢H,0

4

was used considering the competitive adsorption of NO,
formed during the photocatalytic oxidation of NO.

Very recently, Dillert et al®® have investigated the photo-
catalytic oxidation of NO over pure titania samples (Evonik-
Degussa Aeroxide® TiO, P25) varying the inlet concentration of
NO and the light intensity E at constant temperature T and
humidity &,. The results were analyzed in terms of Langmuir-
Hinshelwood kinetics, and it was observed that kyno =~
ETO85E01) and Ko x E-0944019 Baged on the assumption
that the coverage of the photocatalyst surface by the oxidizing
species is directly proportional to the flux of the incoming
UV(A) photons they derived a Langmuir-Hinshelwood-type rate
law with the light-dependent kinetic parameters kxo = "knoE
and Kyo = *kno'/ (deo + "knoE).**

Nowadays, numerical methods combining mass transport
and surface kinetics are used to predict the performance of
photocatalytically active construction materials under environ-
mental conditions.*>®*”7° However, for the precise prediction
of the rate of the photocatalytic reaction under consideration a
reliable rate law including all relevant environmental variables,
i.e., photon flux, humidity, temperature, and pollutant concen-
trations, is essential but still a desideratum. This work intends
to contribute to this task by presenting the derivation of a rate
law for the photocatalytic NO removal in air.

Experimental details

The photocatalytic oxidation of NO was measured according to
ISO 22197-1,>° employing a set-up (¢f, ESL,T Part I) consisting of
a test gas supply, a humidifier, three mass flow controllers

This journal is © the Owner Societies 2013

View Article Online

(Brooks Instrument), a photoreactor (PMMA, borosilicate
glass), a light source (Philips, Cleo Compact, Apnax = 355 nm,
15 W), and a chemiluminescent NO-NO, analyser (Horiba
APNA 360). For a single degradation test a TiO, sample was
placed into the photoreactor and covered with a UV(A) trans-
parent glass. The TiO, samples were prepared by pressing
(1080 kg m™> 1 min) the photocatalyst Evonik-Degussa
Aeroxide® TiO, P25 (0.85 g + 0.02 g) into a rectangular
plexiglass folder (height 0.2 cm, width 9.2 cm, length 4.3 cm).
The resulting briquettes with a geometric surface area of 3.96 x
107> m” were irradiated for three days with a UV(A)-lamp
(Philips, Cleo Performance UV type 3, Amax = 355 nm, 100 W)
at a light intensity of 10 W m™? to remove all organic con-
taminants possibly adsorbed on their surfaces. At the begin-
ning of each individual test run the NO volume concentration
was adjusted within a range from 0.05 to 1.3 ppm (cno,in =
(2-53) x 107° mol m~*) via a bypass mode without photoirra-
diation. Therefore, an air flow of 3.0 L min~* was combined
in a mixing chamber with the needed NO flow (V = (3.0-80) x
10 L min~%; 50 ppm NO in N,, Linde). Having established the
constant volume concentration a dark adsorption of the pollu-
tant on the catalyst surface was accomplished by switching
from bypass into reactor mode. After the pollutant volume
concentration had risen up to the initial NO concentration
again the photoirradiation was performed for 2 h. At the end of
the degradation reaction the lamp and the NO-flow were
switched off simultaneously. The NO concentration was con-
tinuously monitored until it had decreased to 0 ppm.

Most experimental runs were performed with compressed,
oil-free air but a few experiments have been performed with
molecular nitrogen and oxygen, respectively, being the carrier
gas. The light intensity was varied from 0 to 15 W m ™2 (0-44.8 x
10~® mol photons m~? s~ ! with Apa, = 365 nm) by changing the
distance between the UV(A)-lamp and the photoreactor. The
light intensity was directly measured before and after the
degradation test at three different positions in the photoreactor
exactly at the height of the surface of the photocatalyst
layer using a radiometer (UV(A)-365, Lutron Electronic)
equipped with a sensor collecting the UV(A) irradiation in a
range from 320 to 390 nm with a sensitivity maximum at
365 nm. The absolute humidity was calculated from the
measurement of the relative humidity and the temperature
using a hygrometer (ELV Elektronik AG, TFM 100), which was
placed inside the photoreactor. The temperature and the
humidity remained constant (T = 25 £ 3 °C, k, = 50 £+ 2%) in
all experimental runs.

Results

The photocatalytic degradation of NO on Aeroxide® TiO, P25
briquettes was studied in an experimental set-up in accordance
with ISO 22197-1 (ref. 20) varying the inlet concentration of NO
(2 x 107° < cnoyin < 53 x 107° mol m®) and the incident
photon flux (0 < E < 44.8 x 107° mol m~? s™') at constant
temperature (T = 298 K) and humidity (2, = 11.7 ¢ H,O m>). In
the absence of UV(A) light cno,out = ¢no,in Was found in the
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Fig. 1 Time course of the NO concentration at the reactor outlet observed
during a typical experimental run with an UV(A) irradiated Aeroxide®™ TiO, P25
sample.

presence as well as in the absence of the photocatalyst,
clearly indicating that no dark reactions occur. Within the
limits of experimental error no reduction of the NO con-
centration by homogeneous photoreaction(s) was observed
during UV(A) irradiation in the absence of the photocatalyst.
Under all investigated experimental conditions a decrease
of the NO gas phase concentration was observed under
UV(A) irradiation in the presence of the TiO, briquettes. The
change in the NO concentration at the reactor outlet during
a typical experimental run with UV(A) illumination is shown
in Fig. 1.

The NO concentration was adjusted to the desired inlet
concentration (in Fig. 1: cnoin = 1 ppm = 41 x 10~ ° mol m?)
bypassing the photoreactor. When this value was found to be
stable the reaction was started by switching the system into the
reactor mode without UV(A) irradiation (time ¢z). Immediately
thereafter, the NO concentration at the reactor outlet was found
to decrease, subsequently approaching again the initial inlet
concentration. This behaviour can be explained by the displa-
cement of air initially present inside the pipes and the photo-
reactor and by the dark adsorption of NO followed by the
saturation of the surface of the photocatalyst sample and the
exposed surface area of the photoreactor and the pipes with
adsorbed NO.** After the NO concentration was found to be
stable for at least five minutes, a shutter between the UV(A)
light source and the photoreactor was removed to start the
photocatalytic reaction (time ¢,5,). An immediate decrease of
the NO concentration was observed. Following two hours of
irradiation with UV(A) light, the light-source was switched off
and the supply of the NO gas was closed (time ¢ 5,). The NO
concentration was subsequently recorded until cyo = 0 ppm
(time tg) to allow the calculation of the amount of NO displaced
from the reactor after switching off the UV(A) light source, i.e.,
NO in the gas phase displaced by the air streaming through the
reactor and NO desorbing from all surfaces inside the photo-
reactor and the pipes.
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The total amount of the removed NO was calculated using
the equation

Nyem = Nads t ndeg — Ndes (5)
with
Y y 10, hy
P(Vair + VNo
Hads = % . % (CNo,in _ CNO,out) Al (6)
Y y LE hy
P(Vair + VNo)
Ndeg = % Z (eNojin — CNOout) * At (7)
10,y
Var <
Ndes :pR;r . Z CNO,out * At (8)

LEhy

As it becomes obvious from Fig. 1 the NO concentration was
slightly but continuously increasing during the entire duration
of the UV(A) irradiation in all experimental runs possibly due to
an inhibition of the photocatalyst by the accumulation of
photocatalytically generated NO oxidation products at the
photocatalyst surface. Since no steady-state concentration of
NO at the reactor outlet was reached an average rate of the
photocatalytic reaction was calculated by dividing the total
removed amount of NO by the geometric photocatalytically
active surface area of the sample and the irradiation time:

Nrem
—_— 9
A(ZEJW - ZOJH/) ( )

rno =

In the type of photoreactor employed in this study, i.e., a

plug-flow reactor, a gradient of the NO concentration over the

photocatalyst surface in the direction of the gas flow is present

during UV(A) irradiation. Therefore, an average NO concen-

tration inside the photoreactor was calculated from the mea-
sured concentrations:

1
CNO = ﬁ% (eNojin — €NOLout) (10)

The photon fluxes, the average NO concentrations inside
the photocatalytic reactor, and the average rates of the photo-
catalytic reactions are tabulated in Table 1. A 3D-plot of
the reaction rates vs. the mean NO concentrations and the
employed light intensities is presented in Fig. 2. It is obvious
from the results shown in this figure that in the range of NO
concentrations employed in this study (cyo < 52 X 10~ ° mol m ™)
at a high photon flux (£ > 40 mol m 2 s~ ") the reaction rates are
increasing nearly linearly with increasing NO concentration inside
the photoreactor while at a low photon flux (E < 20 mol m s %)
the reaction rates are initially also increasing with increasing NO
concentration but finally approaching a limiting value that clearly
depends upon the flux of UV photons. This asymptotic behaviour
of the graphs observed for low light intensity can easily be
explained by assuming a saturation of the TiO, surface with
adsorbed NO molecules. But then it is to reason that the satura-
tion of the TiO, surface by NO molecules is not only depending on
the thermodynamic adsorption equilibrium determined by the

This journal is © the Owner Societies 2013
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Table 1 Reaction rates of the photocatalytic NO oxidation at different UV(A) photon fluxes and NO concentrations

E Cno rNo E Cno ™No
Entry (10 °molm2s™") (10°molm™) (10°molm?s') Entry (10°molm?s") (10 °molm™®) (10 °molm>s"
1 3.15 1.34 11.3 28 28.2 1.18 11.6
2 4.15 3.50 23.6 29 28.6 2.76 26.3
3 4.15 6.59 39.4 30 31.0 5.67 51.7
4 3.26 11.8 73.9 31 30.2 10.8 90.9
5 3.20 18.8 82.0 32 29.0 10.8 124
6 3.20 25.1 104 33 28.6 23.6 169
7 3.20 35.0 82.2 34 29.2 30.6 202
8 3.20 43.8 83.0 35 28.8 38.8 237
9 3.20 51.4 102 36 29.0 46.7 265
10 10.7 1.40 12.7 37 30.4 1.51 16.1
11 10.4 3.49 23.3 38 31.2 2.99 30.8
12 10.5 6.41 41.8 39 31.0 5.59 53.5
13 10.7 10.7 74.8 40 30.9 10.4 100
14 10.7 15.6 92.7 41 31.1 15.1 139
15 10.7 23.6 115 42 32.0 22.1 178
16 10.7 31.1 133 43 31.5 28.2 209
17 10.9 38.2 118 44 31.4 36.1 235
18 10.9 48.1 137 45 30.6 43.1 278
19 21.0 1.55 15.7 46 44.2 1.58 18.2
20 20.8 3.59 32.2 47 47.7 2.91 32.5
21 20.4 5.88 60.9 48 45.5 5.80 63.3
22 20.4 10.6 96.1 49 45.7 9.12 97.1
23 20.2 15.5 135 50 45.6 14.8 144
24 20.7 22.2 170 51 43.8 21.6 192
25 20.4 29.7 193 52 44.1 28.9 230
26 20.4 37.0 222 53 42.7 34.8 282
27 20.4 44.7 227 54 43.9 40.8 325

Note: the standard deviation for cxo was smaller than 8% in all experimental runs.
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Fig. 2 Dependence of the photocatalytic reaction rate on the mean NO
concentration inside the photoreactor and the UV(A) photon flux. The grid was
calculated using egn (19) and the parameters presented in Table 4.

rate constants of the adsorption and desorption but also on the
photon flux. The higher the photon flux the lower will be the
amount of NO molecules adsorbed on the illuminated photo-
catalyst surface, i.e., the photo-stationary state surface concen-
tration of NO is clearly smaller than that in the dark. A rate law for
the photocatalytic NO oxidation on UV(A) irradiated TiO, has to
consider this.

To estimate the value of the NO adsorption constant the
amount of NO adsorbing in the dark during the experimental

This journal is © the Owner Societies 2013
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Fig. 3 Langmuir adsorption isotherm of NO on Aeroxide® TiO, P25 in the dark.
Experimental conditions: T = 298 K, h, = 50%.

run period from tz to ¢y, is plotted versus the NO inlet
concentrations (Fig. 3). Assuming a Langmuir isotherm the
NO adsorption constant and the number of adsorption sites at
the photocatalyst surface were estimated by non-linear fitting of
the experimental data presented in this figure to be Kyo,dark =
5.0 x 10* m* mol " and nyo = 1.5 x 10~ % mol, respectively. In
relation to the irradiated geometrical surface area the later
value correlates with a number of adsorption sites of 3.8 x
10~® mol m™>. This value is in a good agreement with the value
of 2.7 x 10°° mol m? calculated from the data published
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Fig. 4 Dependence of the photocatalytic reaction rate of NO on the oxygen
concentration. Experimental conditions: cyo,in =1 ppm, £=10 W m~2, T=298K,
h, = 50%.

by Hesse and Bredemeyer for the anatase TiO, Sachtleben
Hombifine N.”"7?

To obtain information concerning the participation of molec-
ular oxygen in the photocatalytic reaction of NO at the TiO,
surface, experiments have been performed varying the O,
concentration in the feed gas by mixing the NO-N, test gas with
oxygen-free molecular nitrogen, pure molecular oxygen, and air
resulting in an NO inlet concentration of 1 ppm. The average
reaction rates obtained in this set of experimental runs are
plotted versus the O, inlet concentration in Fig. 4. It becomes
obvious from this plot that (a) the presence of molecular oxygen
is a prerequisite for the photocatalytic oxidation of NO under the
experimental conditions of this study, and (b) that the rate of the
photocatalytic oxidation of NO is increasing with increasing
oxygen concentration in a Langmuir-Hinshelwood-like fashion.
An O, adsorption constant of Ko, = 0.62 m® mol ™" was estimated
from the experimental data presented in Fig. 4.

Discussion

The experimental results presented above clearly show that
nitrogen(u) oxide is photocatalytically converted on the surface
of the Evonik-Degussa Aeroxide® TiO, P25 photocatalyst with a
reaction rate strongly depending on both the NO concentration
in the gas phase above the photocatalyst surface and the
photon flux impinging on its surface. During the reaction
nitrogen(iv) oxide is released from the photocatalyst surface
into the gas phase and nitrite as well as nitrate are formed and
accumulated on the TiO, sample (data not shown) indicating
that the NO conversion is an oxidative degradation process.
This is in agreement with published results showing that the
final product of the photocatalytic oxidation of NO in the
presence of TiO, as the photocatalyst is nitric acid (HNO3)
while HNO, and NO, have been identified as intermediate
products adsorbed on the photocatalyst surface and in the
gas phase over the photocatalyst. The photocatalytic NO oxidation

20880 | Phys. Chem. Chem. Phys., 2013, 15,20876-20886
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reaction proceeds consecutively as NO — HNO,/NO,” —
NO, — HNO;/NO; ™ at the photocatalyst surface as has been
observed by in situ Fourier transform infrared spectroscopy and
other methods.?*** When the UV light is turned on a rapid
decrease of the NO concentration is observed evincing a light-
induced reaction (Fig. 1). The time course of the NO concen-
tration during irradiation of the photocatalyst (Fig. 1) showing
a sudden decrease of the NO concentration immediately after
the onset of the UV(A) irradiation followed by a slower increase
of the concentration of the probe molecule without reaching a
constant value at the reactor outlet can satisfactorily be
explained by the dynamic behavior of the plug flow reactor
used in this work in combination with mechanistic ideas
originally expressed by Devahasdin and co-authors.>® In the
early beginning of the irradiation period no significant gradient
of the gas phase NO concentration inside the reactor in the
direction of the gas flow is present and the coverage of
the surface by adsorbed NO is high over the whole length of
the reactor resulting in a high reaction rate over the entire
photocatalytically active area. Oxidation products, i.e., HNO,/
NO,, NO,, and HNO;/NO; ™, are formed and accumulated on
the surface. The possibility of a photoadsorption process of
NO”""7? during this early stage of the photocatalytic reaction
cannot be excluded. After a multiple of the residence time the
gradient of the NO concentration in the direction of the gas
flow is fully established resulting in a high photocatalytic
reaction rate at the entrance region of the photocatalytically
active area, where the NO concentration is high, and a lower
reaction rate at the outlet, where the NO concentration is
decreased. During the entire irradiation time oxidation pro-
ducts are formed which compete with NO for the adsorption
sites on the photocatalyst surface thus decreasing the surface
concentration of NO and consequently the rate of NO oxidation.
It was reported that NO, is only weakly adsorbed on TiO,”* but
that “HNO; and related compounds were hardly released”
during the photocatalytic oxidation of NO on TiO,-coated
glass.”> A maximum density of ~2 molecules of HNO; nm >
TiO, was reported.”* With the maximum amount of oxidized
NO found during this work (fyem = 9.25 x 10~° mol) and the
geometric surface area of the sample a maximum density of ~1
molecule of HNO; per 1000 nm? is calculated to be produced
during a single experimental run performed in this work
indicating that the TiO, surface is far from being saturated by
adsorbed HNO;. It is therefore suggested that a dynamic
equilibrium between NO, HNO,/NO,, and NO, is established
comprising surface reactions as well as adsorption-desorption
equilibria, but that the final oxidation product is continuously
accumulated on the photocatalyst surface during the entire
experimental run, thus blocking the NO adsorption sites. Hence,
no steady-state concentration of NO at the reactor outlet is
reached during the entire time of the experimental run (cf. Fig. 1).

The nature of the oxidizing species responsible for the
photocatalytic oxidation of NO and the resulting reaction path-
way was discussed in several publications most of which propose
a hydroxyl radical-mediated conversion of NO via HNO, to yield
NO,, which is subsequently oxidized by the attack of a hydroxyl

This journal is © the Owner Societies 2013
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Table 2 Proposed photocatalytic reaction pathway of NO with hydroxyl radicals
being the oxidizing species

Process Reaction

Generation of
charge carriers

TiO, + hv — TiO,(h" +¢e")

Recombination of
charge carriers

TiO,(h* + ) - TiO,

Trapping of TiO,(h") + Hy0,qs — TiO, + *OHyqs + H'
charge carriers TiO,(h*) + OHags~ — TiO, + *OH,qs
TiO(e7) + Ozaqs — TiO; + 0,

Oxidation by
hydroxyl radicals

Noads + .OHads - HNOZ ads
HNO,; .qs + *OHaqs = NO, 4q5 + H,O
Nozads + .OHads - HN03 ads S N03 ad57 +H

+

Adsorption- H,0 + site & H,0,45
desorption 0, + site s O, 445
equilibria NO + site & NOgyqs

HNO, + site & HNO, nqs
NO, + site & NO, .q5
HNO; + site < HNO; aqs

radical to the final product HNO;. The respective photocatalytic
oxidation pathway of NO, where water and all nitrogen com-
pounds present at the photocatalyst surface are in equilibrium
with the gas phase, is outlined in Table 2.°27%*

Profound objections have been raised against this pathway
by Ohko and co-workers,>**>’* who claimed the contribution
of a terminal (bridging) oxygen species, TiO,(O%), and oxygen
vacancies, TiO,([0), at the TiO, surface to the photocatalytic NO
oxidation. The NO reaction pathway suggested by this group is
presented in Table 3.

Table 3 Proposed photocatalytic reaction pathway of NO with lattice oxygen
species being the oxidizing species?4?°

Process Reaction

Generation of
charge carriers

TiO, + hv — TiO,(h" +e")
Recombination of TiO,(h" + e”) — TiO,
charge carriers

TiO,(h*, Og) — TiO,(0%)
Tioz(e_) + Ozads - Tioz + OZ._ads

Trapping of
charge carriers

Oxidation by TiOy(h") + NOygs + HyOaq5s = HNO, g5 + HY
holes TiO,(h") + HNOy g5 = NOpaqs + H'
TiO,(h") + NO, qas + HyOqds = HNO;4a5 + H'

Oxidation by
lattice oxygen
radicals

TiOZ(O.S) + NOads + Hzoads — TlOz(\:‘) +

HNO, ads T OHiads

Ti0,(0%) + HNO, 5q5 — TiO5(0g) + NO, g5 + H
TiOZ(O.S) + HNOZads - TIOZ(D) + HNOsiads
TiOZ(O'S) + HN037 ads TiOZ(Os) + HNO3 ads
TiOy(0%5) + NOy ags + HyOaq5 — TiO,(0) +

HNOg3 445 + OH g5

TiOZ(O.s) + NOZads + Hzoads - TIOZ(D) + N037ads

Reaction of oxygen TiO,() + OH .45 — TiO,(O,) + H'
vaccancies

Note: TiO,(Os), and TiO,(0°;) are terminal (bridging) oxygen species at
the TiO, surface, and TiO,([]) represents bridging oxygen vacancies.
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Both suggested mechanisms for the photocatalytic oxidation
of NO have the common assumption of a surface reaction
between adsorbed NO and one or more adsorbed oxidizing
species formed upon the absorption of a photon by the photo-
catalyst, i.e., a hydroxyl radical (*OH,qs), a superoxide radical
anion (0,* .gs), the corresponding hydroperoxyl radical
(HO," .a5), or an electron-deficient oxygen (TiO,(O%)) terminating
the TiO, surface plane. In both photocatalytic oxidation path-
ways outlined in Tables 2 and 3 three holes are required to
produce the species oxidizing NO to its final reaction product
HNO;/NO; ™, and molecular oxygen is assumed to be the princi-
pal acceptor for the conduction band electrons generated by the
excitation of the TiO, photocatalyst. The results obtained while
varying the O, concentration in the gas phase (Fig. 4) clearly
indicate that molecular oxygen is the only suitable electron
acceptor in the reaction mixture and its presence is a pre-
requisite to initiate the photocatalytic oxidation of NO. There-
fore, it seems very likely that high amounts of O,* /HO,* are
produced by the transfer of electrons from the conduction band
of the excited semiconductor to molecular oxygen adsorbed on
the surface of the photocatalyst. The reaction between NO and
HO,"* yielding NO, and *OH (NO + HO,* — NO, + *OH) is known
to occur in the gas phase” and it cannot be excluded that the
reaction likewise occurs on the TiO, surface. The direct for-
mation of HNOj; initiated by the oxidation of NO by HO,* (NO +
HO,* — HOONO — HNOj;), which was proposed to occur
during the photocatalytic oxidation of NO,*?® is known to be
only a minor reaction channel of the NO + HO,* gas phase
reaction’®’® and seems to be unlikely in the photocatalytic
reaction. It should be emphasized that only recently experi-
mental evidence for the suggestion that the hydroxyl radical
might not even be required for the photocatalytic oxidation of
NO and that the superoxide radical anion is to be regarded as the
main oxidant was presented by Martinez et al.*’

The possibility of homogeneous reactions in the gas phase
between NO and desorbed reactive oxygen species, e.g., '0,, O;,
*OH, and HO,*, which have been identified over irradiated TiO,
surfaces”®®® where they are possibly photocatalytically produced
and subsequently desorbed into the gas phase, as well as secondary
reactions between nitrogen compounds in the gas phase and/or at
the photocatalyst surface, e.g., NO + NO, + H,O — 2HNO, (ref. 29)
and NO + NO; — 2NO,,>* are usually not considered when the
reaction pathway of the photocatalytic NO oxidation is discussed.

The kinetics of the photocatalytic gas phase oxidation of tetra-
chloro ethene,” trichloro ethene,®® and methanal,® to cite only
three examples, have been successfully analyzed by deriving rate
laws based on the reaction steps of a definite mechanistic scheme.
As detailed in the preceding discussion, in the present case the
chemical nature of the species responsible for the oxidation of NO
and its oxidation products as well as the initial steps of the NO
oxidation are still unknown. Therefore, only an empirical rate law
based on three fundamental (but of course debatable) assumptions
which, however, takes into account the adsorption-desorption
equilibria presented in Table 2 can be derived:

Assumption 1: the photocatalytic reaction of nitrogen(n)
oxide in the presence of TiO, is a bimolecular surface reaction
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between adsorbed NO and an oxidizing species with a reaction
rate given by

"rno = "knoboxfno (11)

where 0ox and Oy are the fractions of sites occupied by the
oxidizing species and by NO, respectively.

Assumption 2: while the chemical nature of the species
oxidizing the adsorbed NO molecule is unknown (vide supra)
it is assumed that the surface coverage by the oxidizing species,
Oox, is proportional to the number of “free” electrons or holes
in the TiO,. It has been shown®® that the respective concentra-
tions of both charge carriers are given by equations having the
same mathematical form

Cefree” charge carrier — X1 (71 + v 1+ X2E> (12)

The kinetic parameters y, and y, in eqn (12) are a set of
kinetic parameters reflecting the kinetics of the charge carrier
recombination in the photocatalyst, of the adsorption of water
and molecular oxygen at the photocatalyst surface, and of the
interfacial electron transfer, as well as the light absorbing
properties of the photocatalyst. Eqn (12) takes into account
the known linear and square root dependence of the reaction
rate for low and high photon flux, respectively.”® Rate laws
containing the right hand side of this equation have been used
to analyze the influence of the photon flux on the photocatalytic
degradation of tetrachloro ethene,?” trichloro ethene,®® methanal,®
nitrogen() oxide,’ and nitrogen(1) oxide-nitrogen(iv) oxide
mixtures®" in the gas phase. Therefore, it seems to be reasonable
to insert the expression

kenolox = 1 (*1 +1+ le) (13)

into eqn (11), where in this particular case the reaction rate
constant "kyo is included in the parameter y;.

Assumption 3: following a concept suggested by Ollis®*
the surface concentration of adsorbed NO is obtained by the
steady-state approximation

dono
TR Tads

— T'des — Trem = 0 (14)

assuming that there is no mass transfer limitation and that NO
does not compete with other nitrogen-containing compounds
for the same adsorption sites but considering the competitive
adsorption of H,0 proposed by several researchers,*>°2>356:60:63
Consequently, the NO surface concentration is related to the
respective gas-phase concentration by

d(jil\;o = *knoeno (1 = 0,0 — Ono) — YknoOno
(15)
- Xl(_l + \/m)ONO =0
With an additional steady-state condition for water,
dOu,0
q; [ads T Tdes a6)

= “kmocn,0(1 — 0,0 — Ono) — Y 00H,0 = 0
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the surface coverage by H,O is given by

kH,0CH,0

0,0 = (1— 9NO>“/€H200H20 + Tmo

17)

Ky,0cH,0
— (1 — Ony)——H20CH0
( No)l + Kn,0¢H,0

After inserting eqn (17) into eqn (15) and rearrangement of
the resulting equation the coverage of the TiO, surface by NO is
obtained:

*kno .
T o .. C¢NO
| + KH:OCHZO

ukNO d
_— k v (—1 14+ ¢ E
g KHzocHZOCNO + %kno + )Cl( +vit+tni )

Ono =

(18)

With these approximations the overall rate of NO elimina-
tion in terms of the NO concentration in the gas phase over the
photocatalyst is thus given by

rno = 1 <—1 +v1+ XzE>

*kno
c
1 4+ Ku,0¢H,0

akNO d
—_ k v (—1 1+ E
1+KHZOCHZOCNO+ No + 11 (1 + /T4 1E)
(19)

The observed dependence of the photocatalytic reaction rate
on the concentration of molecular oxygen (Fig. 4) is easily
explained if y; is assumed to be a function of the oxygen
concentration given by

NO

_Ko,co, (20)

X1 =7 1+ Ko,co,

It was already shown that in the case when y,E « 1 the term

(=1+ /T+ y,E) in eqn (19) can be approximated by the linear
term 0.5y,F of its Taylor series expansion®” resulting in

akiNOCNO
e - A22p 1 + Kn,0cH,0
No =T “kno d X%
k L)
1+ KH20CHZOCNO + “kNo + D)
Akno o (21)
, (deo + msz) (14 Kn,0¢m,0)
_ X1)CzE 2
2 1 4kNno
112 “NO

(deo + D E) (1+ Kn,ocn,0)
Defining k; = y1%2/2 and *kyo’ = “kno/(1 + Ku,0€m,0) the rate
law given by eqn (21) reads as

‘dk U
NO ¢
dkno + ke E O
'{lkNOI .
dkno + K E O

"rno = kiE (22)

1+

which is equivalent with the rate law recently applied by Dillert
et al. to analyze a smaller set of the reported NO reaction rates.**
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After substituting cxo = ¢no into the eqn (19) the four kinetic
parameters 1, 2, “kno/(1 + Ki1,0CH,0), and dkno were obtained
from the experimental data presented in Table 1 by mathema-
tical regression routines using a genetic algorithm (GA), and a
particle swarm optimizer (PSO). The reason for this approach is
that by local, gradient based optimization techniques no rea-
sonable fitting results are obtained. It is assumed that the
objective function, in this case the sum of the squared differ-
ences between the data predicted by the kinetic model and the
experimental data, has several local minima and/or sharp edges
and discontinuities. Therefore, it is inevitable to use a global
optimization technique like a GA or a PSO to receive optimal or
near-optimal parameter values (details of these optimization
procedures are presented in the ESI,T Part II).

The results of this non-linear regression of the experimental
data are presented in Table 4. In Fig. 5 the calculated rates
using eqn (19) and the data given in Table 4 are plotted versus
the experimental reaction rates revealing a good agreement
between the experimental data and the data predicted by the
kinetic model.

One assumption made to derive the rate law was that the
reaction rate is not limited by mass transport. Therefore,
“knotno(1 — 0,0 — Ono) = 'Tno holds and with the lower
boundary, given by (1 — 0y 6 — 0no) = 1, the rate constant of the
NO adsorption can be estimated from the experimental data

to be %kno > (@ ~5%x 103 m sfl). The calculated value

CNO

Table 4 Results of the non-linear parameter optimization

Kinetic parameter Unit Value

11 molm 2s* 3.22 x 1078

12 m? s mol™* 9.36 x 10°
*keno ms " 2.44 x 107°

1+ KHZOCHZO

Yno molm2?s! 4.95 x 1077

Note: number of data = 54; RSS <9.95 x 10~ *°

350 T T T T T T

300 4 -
T 250 g
o
£
S 200 - 4
1S
@
=)
= 150 -
Z
©
8 100 -
o
l.kz
50 g
r _ r 2_
. ryo(calc.)=0.9910°r, (exp.) (R"=0.991)
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0 50 100 150 200 250 300 350

rolexp.)/ 10° mol m?s™

Fig. 5 Plot of the calculated reaction rates vs. the experimental reaction rates.
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*kno
1+ Ku,0cH,0
straint. From the NO adsorption isotherm presented in Fig. 3 it

=244 x 1073 ms~! (Table 4) satisfies this con-

*kno
dkno (1 4+ Kny,0¢H,0)
while the evaluation of the influence of the NO concentration
on the photocatalytic reaction rates at the low photon flux of
~5 x 10~ ® mol photons m~? s, where saturation is observed

is estimated that > 5 x 10* m® mol ™',

“kno
dkno (1 4+ Kny0¢H,0)

=4.92 x 10* m? mol™!

> 10° m?® mol™". The

(¢f Fig. 2), resulted in

*kno
dkno (1 4+ Kny0¢H,0)
from the regressed values given in Table 4 is in fairly good
agreement with these estimates as well as with published Kyo
values ((3.28 + 2.06) x 10* m® mol *,>* 1.27 x 10* m*® mol *,*®
(1.07-1.95) x 10° m® mol™",*° 8.48 x 10° m® mol™" (ref. 61))
obtained from the analysis of the concentration dependence of
the photocatalytic NO oxidation rate. Other related rate laws
(see Table 5) were applied to analyze the experimental data
presented in Table 1 but were found to be inapplicable, there-
fore, the suitability of the rate law derived here (eqn (19)) to
describe the influence of the NO concentration and the inci-
dent photon flux on UV(A) irradiated TiO, samples is evident.

It should be noted that the derived rate law (eqn (19))
predicts decreasing rates of the photocatalytic oxidation of
NO with increasing concentration of water in the gas phase
over a TiO, sample. Such a decrease of the reaction rate with
increasing concentration of water in the gas phase was in fact
reported by several authors,*??%°3:56,60,63

The rate law presented in eqn (19) was used to analyse kinetic
data recently published by Hunger et al.®® (see ESI,t Part III). A
good agreement between experimental and calculated data is
observed (ESLT Fig. S-5) suggesting that the derived rate law is
not only valid to describe the photocatalytic oxidation of
nitrogen(u) oxide at the surface of the photocatalyst used here
(Evonik-Degussa Aeroxide®TiO, P25) but also suitable to

value calculated

Table 5 Alternative rate laws used to analyze the experimental data given in
Table 1

Rate law

*kno
CNO
deo(l + KﬁzoC’Hzo)
n *keno
¢NO
dkno (1 + Kiyocn,0)
ﬂkNO
. dkno (1 + Ky,oc OLNO
"o = knoVE—— ( akl:\;o H:0)
1+ CNO
deo(l + KHZOCHZO)
akNO
: dkno (1 4 Kuyocn,o
‘rNO:Xl(—lJr\/lJr)(zE) ( aszo 2
+ c
deo(l + KH;OCHZO) No
*kno

T  ¢NO
1 + Kn,o¢H,0

eno + 21 (14 1+ 1E)

"rno = kno E

1

)'JNO

rvo = 21 (1 + /14 1E) o

1 + Ku,0¢H,0
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describe the photocatalytic reaction of this pollutant in the
presence of other titanium dioxide samples as well as in the
presence of titanium dioxide containing building materials.

Finally, it has to be emphasized again that the rate law
derived here and found to be suitable to describe the influence
of the pollutant concentration and the photon flux on the rate
of the photocatalytic oxidation of nitrogen(un) oxide is an
empirical formula not precisely defining the kinetic parameters
71 and y,. Knowledge concerning the chemical nature of the
oxidizing species and additional information about the under-
lying mechanism of the photocatalytic oxidation reaction(s) of
nitrogen(n) oxide as well as about the competitive adsorption
between nitrogen(u) oxide and its oxidation products on the
photocatalyst surface are highly desired to derive a possibly
more accurate rate law.

Conclusions

The rates of the photocatalytic oxidation of nitrogen(u) oxide at
different photon fluxes and NO concentrations have been
determined. Based on several assumptions concerning the
mechanism of the photocatalytic NO oxidation an empirical,
Langmuir-Hinshelwood-type rate law was derived comprising
four kinetic parameters which were calculated by means of a
non-linear optimizing program. A good agreement between the
experimental reaction rates and the rates predicted by the
derived rate law was observed. Therefore, a prediction of the
reaction rates of the photocatalytic NO oxidation on UV(A)
irradiated TiO, samples at varying nitrogen(u) oxide concentra-
tions and photon fluxes and possibly at varying humidity seems
to be feasible.

Nomenclature

A Geometric photocatalytically active surface area (m?)

c Concentration (mol m ™~ or ppm)

o Average NO concentration in the photoreactor
during irradiation (mol m™?)

E Light intensity (W m~?) or photon flux (mol m~>s™*)

Py Ry Relative and absolute humidity ([—] and g m ™)

kno Kinetic parameter in a Langmuir-Hinshelwood-

type rate law (mol m > s ' or mol m > s™*

k, 2k’ Rate constant of the adsorption (m s %)

Ik Rate constant of the desorption (mol m™? s™)

k Rate constant of the surface reaction
(] or mol m?s™")

Knodark  Adsorption constant of NO in the dark (m® mol ™)

Ku,0, Ko, Adsorption constant of water and molecular oxygen
(m*® mol ™)

Kxo Kinetic parameter in a Langmuir-Hinshelwood-
type rate law (m® mol ")

I Catalyst load

n Amount (mol)

p Pressure (Pa)

r Reaction rate of a surface reaction (mol m~> s~ )

'no Average reaction rate of NO (mol m > s™*)
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R Gas constant (J K~' mol ™)

R Correlation coefficient of a regression
t Time (s)

T Temperature (K)

1% Volume flow (m® s™")

oy Piy Viy 0; Fitting parameters

A1y A2 Set of kinetic parameters reflecting the charge
carrier recombination in the photocatalyst, the
adsorption of water and molecular oxygen at the
photocatalyst surface, the interfacial electron
transfer, and the light absorbing properties of
the photocatalyst (mol m~> s™' and m”* s~ mol™")

0H207 Ono, Oox
Coverage of the photocatalyst surface by H,O, NO,
and the oxidizing species, respectively

A Wavelength (nm)
Subscripts

ads Adsorbed

air Air

deg Degraded

des Desorbed

in Inlet conditions
irr Irradiation

max Maximum

out Outlet conditions
rem Removed
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