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ABSTRACT

A variety of air depolluting TiOy-based marketed products were applied on bituminous mixtures, sidewalk
pavements and facades, giving NOy oxidation ratios under ISO 22197-1:2007 in the 35-9%, 56-2% and 28-2%
ranges, respectively. Correspondingly, DeNOy toxicity indexes varied from —0.8 to 5.6, 0 to 14 and —4 to 1 pmol.

The three most efficient photocatalytic products were selected: two TiOp-water dispersions, for road and
sidewalk, and a TiO-covering, for facade. NOy purifying ability of these materials were evaluated when key
physical parameters were modified. The observed NOy conversion is positively correlated with UV-A irradiance
up to 10 W/m?, reaching a plateau, and negatively correlated with relative humidity, with a more pronounced
decrease above 35%. Inversely, no dependence with inlet NOy concentration is observed in the range of 0.14-1
ppmy.

Further, two first-order kinetic approximations were followed to calculate NO surface deposition rates, giving
2 to 8 102 m/s on the selected photocatalytic urban surfaces. Subsequently, the potential NO sink effect
induced in a photocatalytic urban canyon and a NOy-purifier was modelled taking NOy surface deposition rates
from 1073 to 107! m/s. Purifying devices could be utilised as a preferred option to help alleviate local atmo-

spheric NOy in high-polluted areas.

Introduction

In Europe, air pollution is a major concern due to its impact on health
and environment. On the one hand, the deterioration of the environment
due to human activity brings about and aggravates cardiovascular and
respiratory diseases. More specifically, the most common causes of
premature death associated with air pollution are heart and lung dis-
eases. As an additional consequence, the economy is affected by
generated lost working days and high health care costs. On the other
hand, ecosystems are also impacted by excessive levels of certain air
pollutants as ozone, nitrogen oxides, organic compounds and particulate
matter [1].

The EU proposes following a policy to achieve the goal of zero air
pollution in 2050 based on bringing ambient air quality standards closer
to WHO guidelines, reducing polluting emissions into the atmosphere
and controlling the main emission sources [2,3]. Despite the significant
reduction in pollutants as a result of the measures adopted, serious air
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pollution problems still persist [1].

Through Air Quality Directive, the EU regulates the atmospheric
levels of particles, tropospheric ozone and nitrogen oxides (NOx =
NO+NOy), among other key pollutants [4]. In particular, certain envi-
ronmental problems such as the production of ozone in the troposphere,
global warming or acid rain, have NOy as a relevant precursor agent,
which can also cause a deterioration in human’s health, mainly the
respiratory system [5].

In 2020, NOx emissions from the EU-27 fell by 48% since 2005, with
road transport being the main source, responsible for 37% of emissions.
Despite efforts, the annual NO, limit value (average of 40 pg/m?>) is
frequently surpassed at critical traffic points in urban areas due to
accumulated emissions from road traffic, a situation recorded in 2% of
the air quality monitoring stations, of which 69% are traffic stations [1].

Air quality plans contemplate various strategies aimed at reducing
air pollution in cities. The heterogeneous photocatalysis process is the
basis of construction materials that incorporate photocatalysts with the
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aim of reducing atmospheric pollution. In particular, the use of the
semiconductor TiO; is becoming widespread due to its ability to accel-
erate the decomposition of atmospheric NOy [6,7].

The absorption of UV-A light promotes the formation of electron-
hole pairs in the conduction and valence bands that initiate the oxida-
tion-reduction of various species adsorbed on the surface (oxygen,
water) [8,9]. It leads to the formation of intermediate compounds of
high reactivity that can decompose the adsorbed NOy, which is con-
verted into nitrate anions until it is washed away, e.g. by rain [10-13].
The mechanism of pollution decomposition is described elsewhere [14].

The research activity has been notable in recent decades, promoting
the development of materials in which TiO; is a constituent of the
coating that is deposited on the surface (e.g. glass, pavement, brick, etc.)
or else it is embedded in the construction material itself (e.g. concrete).
In many European cities, attempts have been made to take advantage of
this technology in order to alleviate air pollution [21-23,15-20,24-27].

Certainly, the role that commercial photocatalytic materials can play
in the air quality plans proposed by local governments needs to be
studied in depth. NOy removal efficiency of numerous TiO,-based ma-
terials has been previously investigated at laboratory scale
[10-13,28-35]. However, the range of photocatalytic products available
on the market is very varied and abundant. And, best of our knowledge,
no study has yet been conducted that has examined a large collection of
commercial products intended for application on urban surfaces neither
has selected the materials that are most suitable for use on these
substrates.

On the other hand, there are relatively few studies that calculate NOy
surface deposition rates based on the removal efficiencies estimated in
the laboratory, this parameter being crucial when modelling the impact
that the implementation of this technology could have in an urban
setting. In addition, the use of advanced numerical models is neither
direct nor simple, and is not normally available to air quality managers.
Simpler models are required that, using this parameter, allow the phe-
nomenon of surface deposition of NOy to be approximated.

This manuscript refers to various activities developed within the
framework of the LIFE MINOx-STREET project (“Monitoring and
modelling NOy removal efficiency of photocatalytic materials: a strategy
for urban air quality management”) [36,37]. The main objective of the
project was to evaluate whether the results of multiple laboratory tests
and outdoor experiences evidenced the atmospheric NOy purification
capabilities of photocatalytic materials commonly marketed for urban
applications. Some of the fundamental issues raised were: a) What is the
range of NOy removal efficiency of the commercially available photo-
catalytic materials?; b) What is the influence of environmental condi-
tions on the most efficient materials?; ¢) What are their NOy surface
deposition rates?; d) What is the impact of the application of these
materials in urban atmosphere?

This paper presents the methodology followed and the results ob-
tained in relation to these questions. First, a number of standard tests
was carried out, using a strict ISO testing protocol, in order to compare
the potential urban functionality of photocatalytic materials as a nitro-
gen oxide sink. Second, the dependence with UV-A light, relative hu-
midity and ambient pollutant concentrations of the NOy purifying ability
for the highest efficient products was analysed. Third, their respective
NO surface deposition rates were estimated using two first-order kinetic
modelling approaches. In addition, an estimate was made of what the
NOxy sink effect could be by applying the selected materials in a street-
canyon or, alternatively, using them in an urban device thought as an
air purifier. Moreover, these scenarios have also been compared
assuming a maximized NOy removal capacity of such materials.

Methodology
In this section, the procedure used to compare NOy-removal capa-

bility of photocatalytic materials is presented. Subsequently, the influ-
ence that some physical parameters may have on said efficiency has
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been analysed in a range of values usually observed in urban atmo-
spheres. Finally, diverse kinetic approaches (first-order analysis and
Langmuir-Hinshelwood model) used to estimate the NO surface depo-
sition rates, that modellers need to evaluate the impact of this technol-
ogy at urban scenarios, are described.

Photocatalytic NOy activity of commercial materials on laboratory scale

Among the products that were available on the Spanish market, some
were chosen whose characteristics were considered appropriate, after
testing their NO air purification performance according to ISO
22197-1:2007, for putting them in place on roads, sidewalks and fa-
cades [38].

When TiO-based photocatalyst is not incorporated into the material,
the way of application of the active products on different surfaces (by
spraying, rolling, brushing), as well as a potential uneven distribution of
the catalyst, could influence the NO removal efficiency [13,39,40].
Excepting of the paving blocks or slabs for sidewalks offered with the
incorporated TiOy-based photocatalyst, the rest of the tested samples
were treated with active coatings following the manufacturers’ in-
structions. A more in-depth analysis of the influence that those operating
conditions may have on the measured photocatalytic activity really
exceeds the objective of the present work.

NO removal experiments were carried out by the Department of
Energy in CIEMAT. Succinctly, the experimental device used operates
with a bed type-flow reactor consisting of a stainless-steel flat cell that
houses the photocatalytic sample, with 100 mm (length) x 50 mm
(wide) x 15 mm (depth) size. A borosilicate glass window covers the
reactor, located 5 mm above the sample, allowing its illumination by
means of 2 UV-A Phillips TL-8 W/05 fluorescent lamps, with a maximum
emission at 365 nm wavelength, so that the irradiance on the surface of
the tested material is 10 W/m? UV-A. A 100 ppmy, NO/N, gas cylinder
was used to generate a mixture of test gases (NO, air, HyO) (50% relative
humidity —RH-) that is passed at 3 L/min rate over a rectangular
photocatalytic sample. After stabilization of the required inlet NO con-
centration (1 ppmy) under dark conditions (30 min), the quantity of NOy
that has been adsorbed by the test sample is determined. Afterwards, the
photocatalytic surface is illuminated for 5 h. The photocatalytic material
adsorbs and oxidizes NO to NOs as an intermediate of the photocatalytic
reaction to, finally, form nitric acid (or nitrate). Under the experimental
conditions described, reaction time is 0.5 s. During the test, the reactor
inlet and outlet volume fractions of NOy (ppmy) are analysed and
recorded (Signal Ambitech 447 chemiluminescence NOy analyser),
which makes it possible to determine the quantity of both NO and NOx
eliminated, and NO, formed. Finally, photo-irradiation is stopped and
zero calibration gas is supplied at the same flow conditions (30 min).
Then, the volumetric fraction of NOy is recorded, allowing the quantity
of NOy that is desorbed from the test sample to be determined.

From these supplied data, firstly, the NO removed from the inlet gas
and the NO, formed are calculated by means of the formulas:

NO(r) = (¢/22.4) / (Cnoyw — Cioy, )dt (€]

NO,(f) = (¢/22.4)/(CN02)dt (2)

where NO(r) and NO; (f) are the amount of NO removed and NO, formed
(pmol), respectively. Cno,, is the inlet NO volume fraction (ppm,) and
Cno,, and Cno, are the NO and NO; volume fractions at exit of the
reactor (ppmy), respectively, and ¢ is the airflow rate (dry gas basis, 0 °C
and 101.3 kPa) (L/min). The integration is taken over the time, in mi-
nutes, for which measurements are taken (5 h).

Next, the net amount of NO, removed (pmol) can be expressed as:

NO,(r) = NO,(ads) + NO(r) — NO2(f) — NOy(des) 3
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It is assumed that, in dark conditions, the total amounts of NO, adsor-
bed, NO(ads), and desorbed, NO,(des), by the photocatalytic sample are
negligible.

The NO photocatalytic efficiency is frequently expressed as NO
conversion, yyo (%). This is a percentage measure of the NO removal,
formulated as:

o — (CNO;HC_ CNO"“’)~100 )

NO,

However, NO conversion is not the only factor that must be considered
to evaluate the active material performance, since photocatalytic
oxidation of NO involves a NO, generated as a reaction product that is
not fully oxidized to nitrate (Cyo,,, ) [41]. Therefore, the NO, formation,
Zno, (%), can be estimated by using:

C
o, = (—C’“"Z"“f)-loo ®)

NOjn

Moreover, NOy conversion, yyo, (%), must also be estimated, taking into
account inlet and outlet NOy concentrations, (Cyo,,) and (Cno,,,)>
respectively, as following:

G -C
Ino, = (—”"““CNO v”"‘"“‘) 100 ©

Furthermore, another additional parameter, named nitrate selectivity, S
(%), is used to calculate the percentage of removed NO that has been
finally oxidized to harmless nitrate instead of toxic nitrogen dioxide and
is obtained by using Eq. (7) [42].

_NO,(")

$ NO(r)

-100 @)

It should be noted that although the chosen photocatalytic product was
remarkably efficient in terms of NO removal, significant quantities of
NOs can be liberated into the atmosphere, and air quality, in terms of
impact on human health, would be undoubtedly degraded rather than
improved. Although European air quality regulations only set limit
values for NOo, the USA occupational health agencies OSHA, ACGIH and
NIOSH set exposure limit values, assuming a Time-Weighted Average of
8 h per day and 40 h per week over the entire working life, at 25 ppm,,
for NO and 1 to 3 ppmy for NO; [43]. Although this relationship suggests
that NO, is 8 to 25 times more toxic than NO, the reviewed studies use a
much more conservative approximation, assuming that NO; contributes
3 times more than NO from the point of view of air toxicity [44-46].
Here, a DeNOy index (pmol), which points to toxicity of the outlet gas
mixture from the photoreactor, based on that defined by other authors
[44,47] is defined as:

DeNO, = NO(r) — 3-NO,(f) ®

All these estimated parameters are then used for the ranking of the ac-
tivity of the materials.

Influence of environmental parameters on NO photocatalytic activity

Among the previously photocatalytic materials assayed under the
ISO 22197-1:2007, the three most promising were selected: a water
dispersion for road bituminous mixture, a water dispersion for sidewalk
concrete pavement and a covering for facade facing brick.

Afterwards, their NO photocatalytic activity was tested using the
mentioned standard as a basis but modified in order to investigate how
relevant operating parameters could determinate their performance
(Table 1). UV-A illumination was set to 1 h.
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Table 1
Experimental conditions of modified ISO 22197-1:2007 international
standard test.

TARGET OPERATING CONDITIONS VALUE
Flow rate (L/min) 3.0

Flow velocity above active surface (m/s) 0.2
Active surface (mm x mm) 50 x 100
Temperature (°C) 25

Inlet NO concentration (ppm,) 0.14to 1
Relative humidity (%) 20 to 85
Irradiance (300-400 nm) (W/m?) 2to 20

Estimation of NO deposition velocity on a photocatalytic surface

Nowadays, authors have defined the photocatalytic surface deposi-
tion velocity in diverse manners and no experimental method for its
determination is universally established [48-53]. Taking as a starting
point that NO efficiencies do not suffer mass transfer limitations, two
alternative forms of analysis useful in order to estimate said parameter
are presented.

Classical first-order kinetic analysis

It is commonly assumed that, when the ambient concentration of NO
does not exceed 200 ppby, a first-order kinetic approximation can be
used to describe its photocatalytic decomposition [33,54]. The first step
of this analysis consists of estimating, from the experimental data, an
activity coefficient (k) (s™D, as follows:

_ In(Cno,./Cnos)

k. =
T tr

9
where t, is the reaction time (s). However, k., depends on the reactor
design. To avoid this constraint, the use of an uptake coefficient, vy, has
been proposed [55], which is defined as the proportion of collisions of
the pollutant with the active surface leading to its adsorption and
oxidation and expressed as:

Tno ==~ (10)

considering that ay is the ratio between the photocatalytic surface and
the volume of air over the test piece (m_l) and v is the mean NO mo-
lecular velocity (m/s) calculated as:

_ /8-R-T
V= M an

in whose definition the ideal gas constant (R) (J/(mol K)), the absolute
temperature (T) (K) and the NO molar mass (M) (kg/mol) intervene.
Afterwards, a photocatalytic surface deposition velocity (Vynno0) (m/s)
can be obtained as following:

<l

Voo = 1 a2
4

In this manner, experimental data are used to estimate V,; yo, essential

for modellers to compute deposition fluxes. In this work, an inlet NO

concentration of approximately 0.14 ppm, has been chosen to infer this

parameter.

Langmuir-Hinshelwood kinetic model

Modelling of photocatalytic degradation of air pollutants, NO among
them, is frequently approached using the Langmuir-Hinshelwood (LH)
kinetic mechanism [30,56-61]. It is used here to derive a photocatalytic
NO surface deposition velocity, Vynno [62].

The disappearance rate of NO reactant per unit surface area, ryo
(ppmy m/s), is expressed in the LH mechanism as:
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kKad

=————C 13
15 KoyCro ™ 13

I'no

where Cyo is the NO concentration (ppmy), k is the reaction rate con-
stant (ppmy m/s) and K, is the adsorption equilibrium constant
(ppmy ), both kinetic parameters dependent on the temperature, irra-
diance, relative humidity and air pollutants level.

When steady-state is established, assuming a plug flow, the NO
balance equation inside the reactor can be formulated as:

dc,
VairWNO = —ayvo 14)

where v is the air velocity along the sample surface (m/s).
The integration of Eq. (14), within the limits Cyo = Cno,, at x =
0 and Cno = Cno,, at x = L (L, length of the active surface), gives:

In(Cno, /CNow)
(Coy — CNow:)

avL
d
Vair (CNO,v,1 - CNO,,,“)

= kKa —Kau (15)

By employing the Eq. (15) and experimental data under variable inlet
NO concentration (in the 0.14 to 1 ppmy range), k and K,q are derived

setting out x = W versus y = In(Cno, /Cno,, )/ (Cno,, —Cno,,. )-

The intercept is equal to —Kgq. Finally, the slope, kK4, represents Vp, no
(m/s), assuming that K,qCnyo < 1 and, consequently, a first-order ki-
netics for the photocatalytic reaction is fulfilled.

NO, purifying strength at different scales by using high-performance
photocatalytic materials

Numerous laboratory studies show surface deposition rates of NO,
similar to those estimated for NO for various TiOs-based photocatalytic
materials [33,51,62,63]. In this study, it has been assumed that the NOx
surface deposition velocities for each selected photocatalytic material
are equal to the corresponding ones calculated for NO. Considering this
fact, the removal of atmospheric NOyx has been modelled that would take
place in two scenarios: (a) in a photocatalytic urban canyon (WxLxH =
38 m x 300 m x 16 m; and (b) in a photoactive purifying device (W x L x
H=0.3mx 0.3 mx 3 m), equipped with forced ventilation, aimed to be
used in an urban environment.

For both geometries, the system is treated as an ideal canyon with
plug flow in which the air mass travels parallel to its longitudinal axis
with a constant air speed [33,54]. Assuming first-order kinetics in the
surface photocatalytic process (Egs. (9)-(12)), the activity coefficient
(kr) and, subsequently, the NOy removal efficiencies (yyo,) can be
estimated.

In addition, two alternatives for photocatalytic NOy surface deposi-
tion have been considered: (1) the average of the estimated activity for
the three selected materials was used (5.6 102 m/s) and (2) an activity
that allowed obtain a NO removal performance of 100% under ISO test
conditions (0.1 m/s). Diverse air velocities ranges were also used for
modelling: (a) under a common range of surface wind speeds in urban
environments and (b) by using a helical extractor (0.3 m diameter and
150-1600 m>/h flow rates). In Table 2, main physical and photo-
catalytic parameters used for modelling NOy removal are shown.

For case (a), a maximum estimated NOy photocatalytic potential was
first calculated. It was subsequently corrected taking into account the
possible real transport limitations by a factor of two [64] and that the
urban canyon was illuminated by the sun only during the daytime period
(12 h). In case (b), it was considered that the device has been designed to
eliminate mass transport constraints and uses UV-A light lamps that
allow continuous daily performance.
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Table 2
Parameters used for modelling urban canyon and NOy-purifier scenarios by
using estimated or maximum Vp; no, -

Estimated Vi no, Maximum Vjp no,

(5.6 103 m/s) (0.1 m/s)
Urban NO,- Urban NO,-
canyon purifier canyon purifier
L (m) 300 3 300 3
Air velocity (m/  0.5-5 0.5-5 0.5-5 0.5-5
s)
Active surface 2.1 10* 3.6 2.1 10* 3.6
(m?)
Volume (m®) 1.8210° 0.27 1.8210° 0.27
ay (m™1) 1151071 13.3 1151071 13.3
t, (s) 600-60 6-1 600-60 6-1
k- (s7hH 6.45107* 7.47 1072 1.151072 1.33
Results

Comparison of the NO,, purification capacity of photocatalytic materials

The NOy air-purifying ability of a notable diversity of commercial
materials have been studied for their use on: road (bituminous mixture),
sidewalk (concrete pavement) and facade (concrete pavement and fac-
ing brick) (see Table 3) (more details are given in Table S1). Further
information are not described because confidentiality constraints
imposed by manufacturers.

Fig. 1 shows estimates, based on the results of the tests carried out
following standard ISO 22197-1:2007, for the quantity of NO removed,
NOy removed and NO, formed, related to the samples of the mentioned
photocatalytic materials. A great variability from near non-active to
highly active materials was found. The performance observed depends,
in addition to the photoactive product, on several characteristics of the
surface on which it is applied (e.g. the thickness, the porosity or the
surface texture of the surface layer) [13,39,40,65-68].

An important aspect to take into account in the characterization of
the NOy purification capacity of a certain photocatalytic material is the
conversion efficiency of the amount of oxidized NO; to nitrate. As it is
displayed in Fig. 2, the NO conversion found for the active materials that
have been tested does not correlate with their nitrate selectivity which
implies that, even if NO is removed from the air mass in the reactor, a
non-negligible amount of NO; is generated.

Three materials among those tested stand out for their high NO
removal activity: (BM-WD);, (PS-WD); and (CS-FC),, with efficiencies as
outstanding as 65%, found for the sidewalk.

The heterogeneity of NOy depolluting efficiency for road (35-9%),
sidewalk (56-2%) and facade (28-2%) is shown in Fig. 3.

For the photocatalytic bituminous mixtures tested, ignoring the

Table 3
Nomenclature used for types of substrates and photocatalytic products studied.
NOMENCLATURE

ROAD
BM bituminous mixture
CG photocatalytic cement grout
WD photocatalytic water dispersion
SIDEWALK
PPB paving block (integrated photocatalyst)
PPS paving slab (integrated photocatalyst)
PS paving slab
WD photocatalytic water dispersion
FACADE
(&) concrete surface
FB facing brick

FC photocatalytic facade covering
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Fig. 1. NOy removed, NO removed, NO, formed (pmol) of tested photocatalytic materials marketed for application on road, sidewalk and facade.
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Fig. 3. NOy removal capacity (yyo,) and DeNOy index estimated for different photocatalytic materials tested for their potential applications on urban settings.

extreme values corresponding to the samples (BM-WD); and (BM-CG)s,
the NOy conversions found were between 12% and 20%. Furthermore,
all samples presented a positive DeNOy index (0.1-5.6 pmol), except for
(BM-WD)s, for which it was negative (—0.8 pmol).

In relation to the photocatalytic pavements tested for implementa-
tion on sidewalks, the sample (PS-WD); displays outstanding photo-
catalytic activity. Furthermore, two large groups of NOy removal
efficiency can be observed: one in which the values are in the range of
30% to 19%; and another in which the range extends from 9% to 2%. In
no case was a negative DeNOy index (0-14 pmol) obtained.

Regarding the photocatalytic materials tested for application on the
facade, those in which the highest NOx conversion was observed were
(CS-FC); and (CS-FC)2 (28% and 19%, respectively), whose substrate in
both was the concrete. Its associated DeNOy index was approximately 5
pmol. Considering those photocatalytic materials whose substrate was

facing brick, a NOy removal performance of 15% to 2% and a negative
DeNOy index was observed for nearly half of the samples tested, up to
approximately —4 pmol, being of the order of 1 pmol for the rest.

In view of these results, the most appropriate materials were chosen
to undertake the characterization of the influence that environmental
variables exert on NO removal performance. For road and sidewalk
application, (BM-WD); and (PS-WD); were chosen, respectively. For use
in facades, although the photocatalytic samples with concrete substrate
showed higher NOy efficiencies and DeNOy indexes than those with
facing brick as substrate, given the massive use of this last type of sub-
strate in the municipality’s facades in which photocatalytic materials
were going to be implemented, those with a concrete substrate were
excluded from the selection process. Furthermore, although samples
(FB-FC); and (FB-FC), showed similar NOy conversions, the DeNOy
index of (FB-FC); was notably negative, which would have led to the
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choice of (FB-FC),. However, beyond the importance of photocatalytic concentration of NO increases, the reaction order then being less than 1
efficiency, another crucial element to consider in practice is the acqui- [8]. NOy conversion and selectivity follow the same trend described for
sition cost of the material to be used (€/m?). In this sense, the market NO, taking into account that not only the conversion of the latter does
price of (FB-FC); was two and a half times higher than that of (FB-FC);, not depend on the inlet NO concentration, but also the formation of NO,
so the latter was finally selected. is not affected, the latter being relatively small, of the order of 10%.
Table S2 collects the NOx photocatalytic performance provided by Regarding the dependence of NOy removal on UV-A irradiance, when
other authors, including basic information such as the selected photo- this parameter increases in a 2 to 10 W/m? range, a greater NO con-
catalytic material, the type of reactor used and the established test version is observed for all the samples analysed (Fig. 4 (b)). Above 10
conditions. It offers a global and updated view, although not exhaustive, W/m?, higher performances of the photocatalytic materials are not
of the diversity of studies carried out on photocatalytic materials based achieved, tending the NOy degradation curves to be asymptotic. It
on TiO; in which NO as inlet gas and flow-type reactors have been used. should be noted that the efficiency drops for values lower than 10 W/m?

are more notable in the case of road and facade. Selectivity behaves
accordingly and a non-zero NOy removal is observed even under a low

Analysis of NO photocatalytic activity in response to environmental UV-A irradiance, except in the case of the facade sample, which reaches
parameters a nearly inactive state.
Regarding the degree of dependence of NOy removal efficiency with
Once selected the photocatalytic materials for their implementation different RH levels, all photocatalytic materials showed a non-linear
on roads, sidewalks and facades, (BM-WD);, (PS-WD); and (FB-FC)y, the diminishment of conversion when RH rises, with an abrupt lessening
influence of different variables (Cno,,, UV-A irradiance and RH) on their when the RH gets above 35%, in the cases of roadway and facade (Fig. 4
NO removal performance was studied (Fig. 4). (c)). In the case of sidewalk, this inflection point is found at 50% RH. The
The NO conversion appears to be unaffected even when the inlet NO values arrive to almost zero for figures between 60 and 85% RH, in all
concentration varies widely in the range of 0.14-1 ppmy, in all cases cases. In the case of the facade test, the conversions found for NO are
studied (road, sidewalk and facade), as clearly shown in Fig. 4 (a). It is significantly different from those obtained for NOy, essentially due to a
noteworthy that this occurs within the entire tested range of inlet NO remarkable formation of NO».

concentration, that is, both for concentrations below 200 ppb, for which
first-order kinetics can be assumed a priori, and for higher concentra-
tions, for which, very frequently, the conversion decreases as the
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Fig. 4. Mean value and standard deviation for NO and NOy conversions (yyo and yy,_, respectively), NO, formation (yy,,) and selectivity (S) of chosen materials for
urban applications (road -grey-, sidewalk —green— and facade —blue-) as a function of different parameters: (a) Cyo,,, (b) UV-A irradiance and (c) RH. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Photocatalytic NO surface deposition velocities

NO conversions have been calculated for a wide range of inlet con-
centrations (0.14 to 1 ppmy) for which the existence of first-order ki-
netics has been verified. Estimation of NO surface uptake and deposition
velocity (according to Egs. (9)-(12)) has been carried out in the range of
ambient levels, 0.14 ppmy NO, to which said kinetics is conventionally
associated [33,54] (see Table 4).

On the other hand, as highlighted in Fig. 5, using the LH model and
assuming that the slope of the linear regression gives the NO surface
deposition velocity (according to Eq. (15), the estimated values for each
selected material are: 7.4 1072 m/s, 8.2 10~ m/s and 1.5 10~ m/s
(road, sidewalk and facade, respectively).

Despite having used two different analysis methods, the surface
deposition rates estimated for each selected active materials are very
similar.

Analysis of NO, purifying strength at different scales by using high-
performance photocatalytic materials

The simulated atmospheric NOy photocatalytic removal performance
depends on the scenario geometry, the photocatalytic activity of the
applied material and the air velocity (see Fig. 6).

When the NOy surface deposition velocity is the average of those
estimated under the ISO standard, the NOy removal performance for the
urban canyon and NOy-purifier scenarios are very similar. In the range of
velocities studied, from 0.5 to 5 m/s, they are reaching values of 32 to
4%, for the first scenario, and 36 to 4%, for the second, decreasing as the
air velocity increases. However, when the limitations of mass transport
and hours of solar irradiation in the urban canyon scenario are consid-
ered, the values decrease significantly (7 to 1%).

Moreover, if the NOy surface deposition velocities were those
necessary to achieve 100% NOy removal performance under ISO con-
ditions, the NOy purification obtained, when there is no restriction
either to transport or UV-A lighting in the urban canyon, is at signifi-
cantly higher values (100 to 50%), being analogous to that achieved in
the NOy-purifier (100 to 55%). Under the somewhat more realistic hy-
pothesis that the aforementioned limitations occurred in the urban
canyon, performance would decrease significantly (22-11%).

Discussion

The information provided by manufacturers about their products
sometimes includes some reference to the evaluation of atmospheric gas
removal performance. However, a direct comparison of the results is not
possible, as they could have been obtained using different testing pro-
cedures or standards. On the other hand, the substrate chosen for the
application of said products will determine to a large extent, as it has
been already mentioned, the effectiveness obtained.

In this work, a miscellany of commercial photoactive products and
substrates frequently available in the Spanish market has been tested to
assess their air purifying ability in order to select the most promising
ones (Table S1). There is no universal standardized test and strengths
and weaknesses of experimental set-ups are on continuous review
[54,69-71]. Here, the ISO 22197-1:2007-1 standard, available in

Table 4

Estimated NO uptake coefficients and surface deposition velocities (mean and
standard deviation) for the selected materials from a first-order analysis carried
out under the following conditions: Cyo,, ~ 140 ppby, UV-A irradiance = 10 W/
m? RH = 50% and ¢ = 3 L/min.

Cinno(Ppby) Tno (107°) Vpnno(1073) (m/s)
ROAD 139 + 2 6.5+ 0.3 7.2+0.5
SIDEWALK 140 + 4 7.2+ 0.4 8.0 0.5
FACADE 141 +£ 3 1.5+ 0.3 1.6 £ 0.4
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CIEMAT, and well known and widely utilized in numerous scientific
studies, has been used as the unique standard in order to ensure that the
internal coherence of the comparison made is as great as possible.

Additionally, in order to contextualize the NO and NOx efficiencies
found in this study, a broad but not exhaustive bibliographic review of
related works has been carried out, collected in the Table S2. A wide
range of results obtained is evident depending on test conditions. Some
of those experiences, developed under the usual testing conditions of the
ISO standard, have been included, as well as some others that take it as a
reference but apply it with certain modifications. Furthermore, other
authors have carried out studies of NO conversion efficiencies on
different photocatalytic materials using other standards and reactor
geometries, in which the flow conditions are necessarily different and
the photocatalytic activity is consequently affected.

When the flow established in an ISO bed flow photo-reactor is
laminar, the transport of the gas to the surface is limited in fast het-
erogeneous reactions and vertical concentration gradients are present.
This implies an underestimation of the actual kinetics, which becomes
significant with uptake coefficients greater than 107° [30,54].

To overcome the diffusion restriction in ISO tests, several authors
have proposed different solutions. For example, the introduction of
physical barriers that induce turbulent mixing in the reactor and prevent
the appearance of vertical concentration gradients on the active surface
[54]. Other authors who have not modified the ISO reactor geometry
have promoted turbulent mixing using non-planar carrier materials, so
that the flow exclusively presents a concentration gradient in the di-
rection of gas advance [33]. Finally, several studies have used different
suitable reactor geometries to eliminate the mass transfer limitations
[39,51,58,69,72-75]. The lack of mass transfer constraints allows to
approximate the kinetics with a first-order formulation and an ideal
plug-flow model can be applied [76].

In this study, photocatalytic materials assayed show quite different
textures. Bituminous mixtures samples, within a 0.6 to 2.2 mm range
(Centre for Studies and Experimentation of Public Works CEDEX, Spain)
(personal communication); sidewalk samples tested present Concrete
Surface Profiles (CSP), following the standard developed by the Inter-
national Concrete Repair Institute [77], from CSP-4 to CSP-8; and facade
samples exhibit CSP-3 and CSP-8 profiles. The rough surface of photo-
catalytic samples, together with the short residence time imposed in the
ISO test, cooperate to induce a homogeneous vertical distribution of the
concentration of gaseous pollutant [33,54]. Thanks to this, it has been
possible to carry out a comparison of the photocatalytic ability for NOy
removal of a broad assortment of products offered for their urban
implementation and, subsequently, establish a ranking that would allow
a reasonable choice for each type of application (road, sidewalk or
facade).

Even more, for the three different photocatalytic materials that have
been finally selected, different inlet concentrations of NO have been
used (0.14 to 1 ppm,) and similar values of yy, have been obtained,
verifying a first-order kinetic behaviour [54,78]. Most of the reviewed
authors have observed an inverse dependence of the estimated NOy
conversion with inlet NO concentration within the 0.025-2 ppm, range
(Table S2), which implies a deviation from first order kinetics. However,
in the same test interval, some studies showed a positive linear corre-
lation between the NO levels at the inlet and outlet of the reactor. That
means the NO reaction rate constant and, consequently, the associated
uptake coefficient, did not suffer any change when altering the initial
NO concentration, verifying a first order kinetics [10,12,78].

The three materials selected for urban application showed a directly
proportional relationship between UV-A irradiance and NOy degrada-
tion efficiency, the latter remaining constant at values above 10 W/m?2.
Most of the studies analysed that have assessed this dependence worked
in a similar variable range (Table S2). As the irradiance raises, the
amount of surface TiOy-active sites available on the photocatalytic
material enlargers, redox reactions accelerate and, consequently, the
NOy removal efficiency grows up. However, the number of those is
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Fig. 5. Linear fit from NO photocatalytic decomposition data on road, sidewalk and facade selected samples by using the LH kinetic approximation.
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limited and, above a certain threshold, a greater light intensity does not
improve the performance [8,10,34,39,78-81]. This seems to be a com-
mon behaviour in photoactivated processes and corresponds with two
different states: first-order or half-order, depending on whether the
consumption of the electron-hole pairs is fundamentally determined by

the photooxidation or recombination process, respectively [82].

In addition, other authors have expanded the range of assay up to
nearly 50 W/m? establishing that at 10-20 W/m?, a maximum value is
reached, constant up to the upper limit tested [31,33]. Therefore, UV-A
radiation causes an increase in the NOy degradation curves that tend to
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be asymptotic. However, other authors that have extended the scope up
to 40-80 W/m?, also finding a positive correlation of uptake with irra-
diance though not asymptotic [83,84].

Regarding the repercussion of relative humidity on the NOy photo-
catalytic oxidation capacity, the reviewed authors have worked within
various ranges of RH values (Table S2). Most of these studies have evi-
denced a negative relationship between NOy conversion and relative
humidity throughout the study interval [28-30,33,38,40,57,72,81-85],
even becoming more noticeable at high relative humidity [33]). Besides,
some authors have informed that oxidising activity did not change
noticeably until a certain humidity level was reached and then
decreased [10,84]; and other studies have documented a growth in NOy
degradation with increasing relative humidity until an inflection point
in which an opposite or constant trend was established [13,56,79,81].
Finally, some research has not found a significant influence of RH on
NOy degradation [13,84].

The dependence of the photocatalytic reaction on humidity is com-
plex, and diverse behaviours can be observed depending on both the
photocatalytic materials tested and the conditions imposed on the
experiment. When humidity levels are low, the interaction of H,O
molecules with the active surface is the limiting factor of photocatalytic
reaction to take place, since it controls the formation of hydroxyl radi-
cals necessary for the oxidation of NO (oxidizing effect). On contrast, at
high relative humidity, the inverse behaviour of photocatalytic effi-
ciency and relative humidity is generally associated to the affinity of the
H30, NO and NO5 molecules for the same TiO5 centres. The access of the
target pollutants to active sites is more difficult, resulting in a low
effective NO oxidation (hydrophilic effect).

Regarding the behaviour of nitrate selectivity in response to varia-
tion in system parameters, most of the published studies reviewed
(Table S2) show results similar to those described in this work. When
responses to changes in inlet NO concentration are analysed, this
parameter remains constant up to 1 ppmy, decreasing significantly
above this concentration [41]. The selectivity also remains nearly con-
stant in a range of clearly higher NO concentrations (5 to 60 ppmy) [56].
In relation to the influence that an increase in UV-A irradiance may have
on nitrate selectivity, the study analysed [56] shows a clear growth at
NO concentrations of 5 ppm,. When concentrations are much higher, no
effect is observed. Finally, an increase in relative humidity causes a clear
decrease in nitrate selectivity [41,86] although, alternatively, at much
higher NO concentrations (40 ppm,) changes in relative humidity do not
seem to have any impact [56].

For the selected photocatalytic samples, it has been verified that the
experimental system operates as a plug flow reactor in which there are
no diffusion limitations or, in other words, that the photooxidation
process is not controlled by the transport of the gas molecules downward
to the test sample and, consequently, can be described by a first-order
kinetic law.

Under mentioned conditions, two kinetic approaches have been used
in order to calculate Vpp no, a classical first-order kinetic analysis and the
LH model. The estimated values for each type of urban use were very
similar for both, from 2 to 8 103 m/s, although the first is notably
simpler at experimental and calculation levels than the latter. Other
authors have calculated values of surface deposition rates of NO and
NO,, for different photocatalytic materials, by using an experimental
set-up based on ISO, and applying the aforementioned analysis methods,
obtaining values in most cases of the same order of magnitude
(Table S3). On the other side, NO surface deposition rates have not been
estimated in the present work. However, studies in which the photo-
catalytic elimination of NOg has been tested under laboratory condi-
tions, offered values of surface deposition rates for this contaminant that
are very similar to those reported for NO, equal to or an order of
magnitude smaller (Table S3). These surface deposition velocities for
NOy pollutants serve the purpose of calculating what the removal of
ambient NOy could be in a real urban scenario, as required by atmo-
spheric dispersion models.
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The removal efficiency of atmospheric NOy using photocatalytic
materials on urban surfaces is limited in practice by several factors. The
first of them is the capacity of the material used. In this sense, current
research focuses on the development of increasingly efficient TiO2-based
materials, some of them with very notable NOy surface deposition rates
of the order of 30 10> m/s (Table S3). However, the substrates used are
not those commonly applied in urban environments and the values ob-
tained are still far from those calculated to achieve maximum ideal NOy
removal performance. Another factor to take into account is the complex
conditions of turbulent mixing in the urban canyon, conditioned by
wind flows and street geometry, which can impose even greater re-
strictions on transportation than those estimated. Furthermore, the wind
speed and the active surface area to volume ratio will influence effi-
ciency, with this decreasing the greater the intensity of the wind and the
narrower the urban canyon. On the other hand, UV-A lighting can be
reduced much during the daytime period compared to the proposed one
(12 h), depending on the orientation of the street and the shadows cast.
Finally, without attempting an exhaustive list, it might be noted that the
truly active surface on the street is obviously less than that available
(traffic on the road, parked vehicles, windows on the facades, etc.).

There is, however, the alternative of using the NOy purification ca-
pacity of these materials using devices that increase the ratio of active
surface area to volume of treated air and regulate the airflow through
them as appropriate. These elements can have interior mesh that further
increases the active surface and have UV-A lamps inside that ensure
uninterrupted photocatalytic activity. The design of these purifiers can
be adapted to the needs of the environment that is intended to be pu-
rified [63,88], resulting in a feasible proposal that could contribute to
improving the quality of local urban air.

Conclusion

A robust testing methodology is mandatory to ensure the appropriate
choice of products capable of removing NOy from ambient air, consid-
ering the applications projected on a real scale, among all those offered
as potentially successful. Numerous usable options in the Spanish mar-
ket have been evaluated and compared. For that aim, a standard ISO test
has been chosen. The results point out that the achievement in NOy
purification is determined both by the way in which the TiO,-photo-
catalyst is integrated into a product and by the surface on which it is
applied, which entails a high degree of disparity in the results obtained.
Not all products tested under ISO 22197-1:2007 assay have shown
significant photocatalytic activity but some of them have demonstrated
a substantial capacity to remove NOx (>10%).

The appropriate range of different physical parameters, UV-A irra-
diance, inlet NO concentration and relative humidity, necessary to
guarantee the photocatalytic NOy removal competence of the three
materials elected for application in an urban environment has been
determined. The dependence of the performance on these variables
presents a general trend very similar to that found by the majority of the
authors consulted, except for the concentration of the gas-phase
pollutant. For this parameter, a constant value has been observed in a
range of values up to 1 ppm,, which has made it possible to verify the
establishment of a first-order kinetic regime.

Taking mentioned ISO standard as a basis, but using an inlet NO
concentration of 140 ppby, two different numerical approaches have
been utilised to infer NO surface deposition velocities for the selected
photoactive materials, to be applied on different urban surfaces,
adjusting the degradation rate to a first order kinetics, arriving both
methods to very similar results. Furthermore, although this standard has
not been implemented to infer any NO, surface deposition rate, avail-
able studies revised have yielded values similar to those associated to
NO, being the same magnitude or an order smaller. These estimates are
crucial in numerical simulations to figure out the foreseen impact of this
technology in urban atmosphere and evaluate its use in relation to air
quality policy planning.
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The NOy removal efficiency of different selected commercial pho-
tocatalytic materials has been simulated, using a first-order kinetic
approach, under different environmental conditions, in two scenarios
(an urban canyon and a purifying device). The improvement of urban air
quality is limited when these products are applied to urban canyon
surfaces, but this type of materials could be used in air cleaning devices
although before installation a larger-scale modelling is needed to
confirm that alleviate local NOyx atmospheric pollution.
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