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Abstract: NOx is a pervasive pollutant in urban environments. This review assesses the current
state of the art of photocatalytic oxidation materials, designed for the abatement of nitrogen oxides
(NOx) in the urban environment, and typically, but not exclusively based on titanium dioxide (TiO2).
Field trials with existing commercial materials, such as paints, asphalt and concrete, in a range of
environments including street canyons, car parks, tunnels, highways and open streets, are considered
in-depth. Lab studies containing the most recent developments in the photocatalytic materials are
also summarised, as well as studies investigating the impact of physical parameters on their efficiency.
It is concluded that this technology may be useful as a part of the measures used to lower urban air
pollution levels, yielding ∼2% NOx removal in the immediate area around the surface, for optimised
TiO2, in some cases, but is not capable of the reported high NOx removal efficiencies >20% in outdoor
urban environments, and can in some cases lower air quality by releasing hazardous by-products.
However, research into new material is ongoing. The reason for the mixed results in the studies
reviewed, and massive range of removal efficiencies reported (from negligible and up to >80%) is
mainly the large range of testing practices used. Before deployment in individual environments
site-specific testing should be performed, and new standards for lab and field testing should be
developed. The longevity of the materials and their potential for producing hazardous by-products
should also be considered.

Keywords: photocatalysis; NOx; titanium dioxide; NO abatement; concrete; air purification

1. Introduction

Semiconductors, in particular titanium dioxide (TiO2), have been used for photocat-
alytic oxidation (PCO) in a number of fields since at least the 1980s [1]. These include
self-cleaning or ‘easy-cleaning’ outdoor surfaces, pollutant remediation from water, and
abatement of volatile organic compounds (VOCs) in indoor air, with varying degrees of
success [2–4]. This review will focus on their use when incorporated into outdoor surfaces
for the remediation of urban nitrogen oxides (NOx), as a passive system utilising sunlight
for activation and wind for mixing. There is a great deal of interest in this use as a fast,
easy and inexpensive solution to the issue of high levels of NOx present in the urban
environment. Its efficacy in these environments is still unproven however.

1.1. The Issue of Urban NOx Pollution

NOx, and in particular NO2, is a burning issue in the urban environment. It is
typically formed and released during high temperature combustion, for instance in engines,
where the presence of nitrogen and oxygen in the inlet air form NOx [5]. This means it
is particularly an issue in congested urban environments where it can regularly exceed
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threshold limits set by the European Union and World Health Organisation [5–8]. As
NOx is produced in situ along roadways in urban environments, it is a good candidate for
abatement by photocatalytic (PC) surfaces in the urban environment.

NO2 is both a hazardous pollutant itself, associated with a range of chronic and acute
health impacts [5], and is a part of the smog-ozone cycle, meaning its emissions contribute
directly and indirectly to worsening local air quality [9,10]. The release of reactive nitrogen
into the atmosphere also initiates a cascade of chemical processes that negatively impact
human and ecosystem health more broadly [11]. Therefore, there are both scientific and
political drivers for action to reduce NOx in urban environments, the European Directive
1999/30/EC dictates a maximum NO2 concentration in ambient air of 40 µg m−3 (21 ppb)
averaged yearly and 200 µg m−3 (104 ppb) hourly, which is not to be exceeded more than
18 times per year [6]. This means that, for compliance with the directive, NO2 abatement
methods must be evaluated over the complete diurnal and seasonal variations present
each year. For instance, high performance during day time in the summer months may
be balanced against poorer performance in dark, wet winter months, and zero removal
during night time.

1.2. Possible NOx Removal Methods

One of the potential technologies for NOx abatement is photocatalytic (PC) surfaces.
These surfaces can take many forms, but are most commonly concrete or asphalt, either
pre-cast with TiO2 or sprayed with a TiO2 emulsion, otherwise paints that contain TiO2
and can be sprayed onto walls, tunnels, sound barriers and other smooth vertical surfaces.

There are currently a number of commercial products available which claim to perform
this function, as well as many recent laboratory studies into its improvement, these are
described in the results Section 2. Photocatalytic oxidation (PCO) for NOx removal is an
attractive proposition for local governments, as well as private businesses, due to its ease
of use, instant impact and low cost when compared with other methods for ambient NOx
removal [12]. However, the available field studies show very mixed results in terms of
real-world performance, with reported removal efficiencies (REs) ranging from <2–80%.

Other solutions for lowering NOx involve source reduction through exhaust treat-
ments, as well as behavioral changes, which include increasing the use of public transport
or ‘active’ transport (e.g., cycling), relative to car use [13]. These methods may be effective
in lowering ambient NOx levels until long-term solutions can be realised via zero-emission
vehicles, for instance, hydrogen fuel cell or battery powered. However, these may be less
attractive to bodies aiming to lower urban NOx due to their slower impact and/or high
upfront cost [14]. On the other hand, other pollutants besides NOx must also be considered.
In the UK for instance, a comparison of NOx abatement strategies found that retrofitting
busses and replacing older diesel cars would be more cost-effective per ton of NOx than PC
coatings, particularly when the co-benefits of increased fuel-efficiency and lower emissions
of other species were considered [14].

There are still many questions remaining over the use of PC surfaces, both ideological
questions over whether it is better to reduce the source emissions of NOx and associated
emissions from combustion, rather than attempting to remove only dilute NOx from
ambient air, but also practical questions. These include concerns over the production of
harmful byproducts, conversion of NO to NO2 without removal, longevity under real-
world conditions, release of TiO2 nanoparticles, and whether enough air can physically
interact with the surface under representative conditions to provide significant removal.
The magnitude of potential benefits must be weighed against costs, relative to other
technologies, for individual scenarios. This review will focus on the efficacy of PC surfaces
for NOx removal in real-world environments and whether they are a viable solution in
principle, not the economic considerations.
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1.3. Photocatalytic Surface Principle of Operation

The operating principle of TiO2 photocatalytic surfaces is detailed in depth in a number
of works [15–17] and so will only be briefly described here.

TiO2 is a semiconductor with a band gap corresponding to wavelengths of light at
∼390 nm (3.2 eV) [16]. The stable polymorphs of TiO2 that are active for PC are anatase
and rutile TiO2 [18,19], and typically a mix of these is used in PC products, such as the
standard material P25 Evonik [20].

When a TiO2 surface is exposed to UV radiation < 390 nm in wavelength, electrons (e−)
are excited from the valence to the conduction band, leaving a hole (h+) in the conduction
band and creating an e−/h+ pair (see Figure 1). There are different pathways possible after
this point, including recombination of the e−/h+ pair, but the e− also has enough potential
energy to reduce O2 into O−2 superoxide radicals, and the h+ sufficient energy to oxidise
water and form OH, hydroxyl radicals. These reactive radical species can then initiate
reaction cycles with a number of species, including NO [16,21]. Oxidation of NO to HNO3,
which results in removal from the atmosphere, occurs through reaction with OH and moves
sequentially through to HNO3 via HONO and NO2, this is shown in Equations (1)–(5),
reproduced from Patzsch et al. (2017) [21]. The solid HNO3 that is produced at the surface
will build-up until it is removed by dissolution in water, either from rainfall or manual
washing, until that time HNO3 build-up will lower the efficiency of the surface [21].

TiO2
hν−−→ ecb

− + hvb
+ (1)

H2O + hvb
+ −−→ H+ + OH• (2)

NO + OH• −−→ HONO (3)

HONO + OH• −−→ NO2 + H2O (4)

NO2 + OH• −−→ HNO3 (5)

This sequential process is important as it means that when NO oxidation occurs
slowly, for instance at high humidity (RH > 70%), gaseous NO2 may be released before it is
converted to HNO3 [22]. According to more recent research conducted by Patzsch et al.
(2017) [21], release of NO2 may also be due to back-reduction of NO−3 that has built up on
the PC surface. Conversion of NO to the more toxic NO2 would represent a negative net
impact from the PC material. Other reactions pathways are also possible, including direct
oxidation of NO to HNO3 via reaction with HO2 hydroperoxyl radicals [23], these pathways
are summarised in a report made for the Environmental Industries Commission [12].

Figure 1. Excitation of TiO2 and possible outcomes, VOC is Volatile Organic Compound.
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There is potential for the formation of side products other than NO2 as a result of NO
oxidation in humid air, including HONO, H2O2, N2O and O3 [12,24]. These by-products
are evidenced in a number of studies on pure TiO2 [25–29] and are either detrimental to
air quality directly, do not result in net reduction of NOx, and/or contribute to ozone
production. The three recent reviews on this topic highlight the need for further analysis of
by-product formation [24,30]. TiO2 is not selective to reaction with NOx only, as described
previously, reactive radical species are produced, that do not discriminate between NOx
and other reactants. Depending on the co-pollutants present, other by-products can be
formed, for instance VOC oxidation to aldehydes [31–34], this may also poison the PC
surface and inhibit NOx oxidation. The oxidation of ammonia by PC surfaces, resulting
in the release of gaseous HONO has also been observed [35]. This further complicates
analysis of the impact of PC surfaces on overall air quality.

Knowledge of the PC operating principle can be used to develop improvements to
the surfaces. The key areas for improvement are selectivity of NOx oxidation to HNO3,
activity under visible light and resistance to poisoning/improvements in durability. A
large number of methods focusing either on the active material itself, or its support are
currently undergoing development and are discussed in Section 2.1.3.

1.4. Previous Reviews

There has not been a peer-reviewed journal previously published on this exact topic,
of PC materials for the abatement of ambient urban NOx, however, reports have been made
for governmental bodies [12,24,30], and review articles on more specific aspects of NOx
removal by PC methods have been published, such as: projects in Belgium only [36], indoor
air [3], PC concrete in Belgium [37] and photocatalytic concrete [38,39]. Reviews on more
general use of TiO2 photocatalysis, including self-cleaning materials, indoor air cleaners
and pollution remediation in water and waste streams, as well as the fundamentals of TiO2
photocatalysis have also been published [1,2,15–17,40–48].

The two most relevant, review style, publications to this article are the report on
‘Paints and Surfaces for the Removal of Nitrogen Oxides’ prepared by the Air Quality
Expert Group (AQEG) in 2016 [24] and the Environmental Industries Commission (EIC)
report titled: ‘Towards Purer Air: A review of the latest evidence of the effectiveness of
photocatalytic materials and treatments in tackling local air pollution’ (2017) [12]. They
both present an overview of recent field studies, as well as briefer overviews of lab studies
and modelling simulations and both end with their own model for PC NOx abatement.

The overall outlook of the AQEG report is negative and claims that the studies
reporting considerable NOx reductions use unrealistic conditions. They go so far as to say
that further study is not recommended, due to the lack of compelling field evidence, the
poor results from their model, and the potential for production of unwanted by-products
as a consequence of PC material deployment [24]. Conversely, the IEC report takes a
more positive view of TiO2 based PCO, quoting mixed results from the field studies but
claiming that: ‘substantial reductions in ambient NOx levels were observed’ in some
studies. They also produce their own model which reports much greater NOx reduction
than the AQEG model. They believe further field trials should be conducted and make a
series of recommendations for future trials [12]. The legitimacy of these stances will be
investigated during this review.

1.5. Scope and Method

There is a general consensus that TiO2 can photocatalytically oxidise NOx when
excited by UV light under controlled lab conditions, although with varying efficiency
depending on the material, its support, and the prevailing test conditions. Therefore,
this review will summarise recent and pertinent lab studies, however the main focus of
the review is evidence from field studies, pertaining to whether the surfaces can provide
significant NOx removal under real-world conditions. In this area there is not a general
consensus, studies that appear similar report a massive variety of REs, from a large number
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reporting negligible NOx abatement to studies reporting NOx removal of >80%, as well as
other studies reporting an increase in NOx concentration after application of PC materials.

This review was conducted by first analysing all related articles from the Web of
Science (WOS) database from 2017 onwards, using the following key words: photocatalytic
surfaces, photocatalytic materials, ambient air NOx removal, TiO2, SnO2. After analysis of
the articles, it was concluded that this did not contain a sufficient number of field studies,
and the search was widened to include all articles from the WOS and Scopus databases
from 2005 onwards that matched the key-words. The bibliographies of the chosen articles
were then manually reviewed, and papers citing the key articles were also searched, to
identify pertinent references. Initially, only peer-reviewed articles were considered but, due
to the nature of this field, there are many academic-commercial partnerships and resulting
technical reports, conference proceedings and theses, they contain some of the larger field
studies, and are cited in other reviews, and were therefore also included for completeness.

2. Results

The literature on this subject can be roughly split into lab studies, which typically
showcase new material improvements or demonstrate the impact of varying environmental
parameters on the performance of existing materials, and field studies where the impact
of PC deployments in urban environments is quantified. There are also a small number
of modelling studies, which aim to translate the lab studies into performance in the field.
Some studies contain both lab and field components and are included in the section that
appeared most relevant, but may be referenced in other sections.

The lab studies are split into studies related to, the impact of physical parameters on
removal, the durability of surfaces, and improvements to materials. The field studies are
split into sections depending on whether the PC surface is on (1) streets, i.e., horizontal
surfaces such as concrete or asphalt on roads and pavements, (2) walls, i.e., vertical surfaces,
typically using PC paints, or (3) semi-enclosed environments such as tunnels and car parks.

2.1. Laboratory Results

When comparing laboratory studies, it is important to note the conditions that were
used for obtaining the results as, particularly for removal efficiency (RE), a relative measure,
the final results will depend on external parameters as well as the actual material tested.
Approximately half of all the lab studies investigated use the ISO standard 22197-1:2007 [49]
(now superseded by BS ISO 22197-1:2016 [50]) which contains a specific test method for
determining the performance of PC materials when purifying nitric oxide (NO) from air. It
stipulates values for NO concentration (1 ppm), airflow (3 L min−1), irradiance (10 W m−2)
and sample area (49.5 mm ± 0.5 mm by 99.5 mm ± 0.5 mm), where these standards
are followed this is noted, otherwise a description of the conditions is given. A smaller
number of studies also use the similar Japanese Standards Association (JSA) standard JIS R
1701-1:2004 [51].

A different strategy for delivering results that transfer across studies is to compare
materials to a commercially available standard material, such as Evonik Degussa P25,
which is made up of 20 nm TiO2 nanoparticles, 25% rutile and 75% anatase. This method is
used in a number of studies, whereas other studies do not attempt to make their results
transferable.

Performance is typically quoted as a RE, which is calculated according to Equation (6),
where r is RE, CI is the inlet concentration and Co is the outlet concentration, after interac-
tion with the PC surface. This is a simple and intuitive metric, which is easy to compare
across studies, however, as it is a relative measure, the RE calculated for a material will
depend not only on the material itself but also on the test conditions, therefore REs can only
be reliably compared, if the exact same conditions are used (e.g., ISO standard conditions).
In this respect other metrics such as NOx removal in mg hr−1 m−2, calculated reaction rates,
or uptake coefficients may be preferable (in particular for producing models), however
these are less intuitive for the reader. Regardless, a standardised testing protocol and
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performance metric is necessary for accurate comparison between materials. This is not
currently present.

r = (1− Co

CI
) 100 (6)

RE can also be defined with respect to NO concentration only, NO2 only, or for
total change in NOx, each is likely to give a different percentage removal for the same
material. Therefore, it is important to differentiate between activity (overall conversion)
and selectivity of that conversion toward NO−3 on the PC surface, as opposed to conversion
between NO and other gaseous NOx or NOy species. Many lab studies simply quote RE
for NO converted to other species, which does not necessarily remove NOx or improve
air quality. In some lab studies, such as Khanal et al. (2021) [52], photonic efficiency is
also used for comparison between materials. Photonic efficiency is defined as the ratio
between reaction rate and flux of incident photons [53] and can be calculated based on the
photocatalytic activity of a sample, as described in Balayeva et al. (2018) [54].

2.1.1. Impact of Physical Parameters

An understanding of how external physical parameters, such as relative humidity
(RH), temperature (T), wind-speed (WS) or flow (Q), as well as irradiance and pollutant
concentration, impact the RE of PCO materials is key to their effective use. It is integral to
the design of pollution control systems as well as for overall assessment of their viability
and for producing models. Table 1 summarises the results of a number of studies which
investigate these effects.

Across the studies there is agreement that physical parameters have a significant
impact on PC efficiency, in terms of both activity and selectivity, with the exception of
temperature. Temperature changes within expected ambient levels were not reported
to have a significant impact in lab studies. One field study conducted by Chen et al.
(2011) [55] claims that as temperature increases the PC reaction rate decreases, whereas
Folli et al. (2015) [56] observed an increase in RE with temperature and attribute this to
higher diffusivity of pollutants to the surface. Overall it seems that temperature is not a
key environmental parameter affecting performance.

Humidity

RH strongly impacts performance. Increasing humidity has been shown to reduce RE
significantly, with studies typically reporting a linear fall in NOx RE when RH is increased
between 10% and 80% [57–59]. For instance, NOx RE drops from 85% to below 10% in
Hassan et al. (2013) [57], when RH increases from 20% to 80%. Some articles also report
loss of selectivity at high RH, for instance resulting in net NO2 production at RH > 70% in
Ballari et al. (2011) [22]. This is also reported in field studies including Folli et al. (2015) [56].

Irradiance

Increased irradiance, in particular in the form of UV-A radiation, is shown to in-
crease the performance of PC materials, as would be expected [22,57–60]. In Husken et al.
(2009) [58], the relationship of both light wavelength and intensity with degradation
performance is described, and separated into two regimes, where below one ‘sun equiva-
lent’ reaction rate increases linearly with UV intensity, this is also described in previous
works [61–64]. Although, in Hunger et al. (2010) [65] it is reported that at very low ir-
radiance, <10 W m−2, the dependency deviates from the linear relation. In Gallus et al.
(2015) [66] (a field study) it is also suggested that in polluted environments if the level of
irradiance is below a threshold value (4 W m−2), this can allow pollutant build-up at the
PC surface and result in rapid deactivation.
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Table 1. Impact of Physical Parameters

Material Test Setup UV Irradiance Inlet Concentration Removal T (◦C) RH (%) Reference

Protectam FN2
(Evonik P25)

ISO standard, two flow
reactors (laminar

flow, ideally-mixed flow)
1.0 mW cm−2 0.1–1.0 ppm NO

or 0.1 ppm NO2

NO: 75 µmol m−2 h−1,
NO2: 50 µmol m−2 h−1 25 50 Zouzelka et al. (2017) [67]

Anatase TiO2 (N-400) ISO standard photoreactor 10 W m−2 1 ± 0.015 ppm NO
Mortar with 5–10% NP-400:
∼15% NO, mortar with 20%

NP-400: 70% NO
25 ± 2 50 ± 5 Rhee et al. (2018) [68]

Concrete block with
0.59 wt% TiO2

ISO standard planar reactor 10 W m−2 1 ppm NO

39% NOx under ISO conditions,
45% Under optimal conditions in
the field (high sun (890 W m−2),

low RH (40–55%), low wind (1.9 m s−1)).
Negligible removal if dew

covered or raining.

25 50 Ballari et al. (2013) [69]

Italcementi, TX-Active
photocatalytic mortar

Field tests in a tunnel
and ISO standard testing 0.6–1.6 W m−2 50–850 ppb NOx

0–2% NOx, UVA irradiance was
below the targeted values

(above 4 W m−2), de-activation and
reduction in photocatalytic activity

were recorded

- 70–90 Gallus et al. (2015) [70]

Anatase TiO2
nanoparticles

Modified testing from
JIS TR Z 0018
standard [51]

0.5–2.4 mW cm−2 430 ppb NO
NOx removal 8–65%

dependent on flow, RH
levels and light intensity

24 ± 2 20–80 Hassan et al. (2013) [57]

Anatase TiO2

Flow reactor
adapted from
ISO standard

5.8 W m−2 100–2000 ppb NO 15–50% NOx, NO2 removal negative
under certain conditions 25 0–75 Martinez et al. (2011) [71]

Commercial paving
stone with TiO2

ISO standard
flow reactor 0–15 W m−2 0.1–1 ppm NO 0–68.4% NO, dependent

on parameters - 10–80 Husken et al. (2009) [58]

Concrete with TiO2
‘Similar’ to

ISO standard 2–11 W m−2 0–1 ppm NO and NO2
NO/NO2 ratio from 0 to 1

More NO2 produced
when conditions are

less favourable
- 10–70 Ballari et al. (2011) [22]

Mortar with
rutile TiO2 rods

Flow reactor
(not ISO standard) 10–40 W m−2 20 ppm NO 24–69 mg hr−1 m−2 NOx - 30–70 Staub de Melo

and Trichês (2012) [59]
T = Temperature; RH = Relative Humidity
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Flow

Lower flow over the surface gives increased contact time between the polluted air
and PC surface and so is expected to improve the RE of the surface, a number of studies
investigate the effect of flow on RE between 1 and 5 L min−1 and observe improved RE
at lower flows [57–59,71]. For instance, RE increasing from 22% to 67% when flow is
dropped from 5 L min−1 to 1 L min−1 [58]. This is relevant to the prevailing wind-speed
and direction when PC materials are deployed in the field.

Inlet Concentration

Similarly, when the initial concentration of a pollutant (typically NO) is increased,
the RE over the PC surface drops significantly [22,58,60,71]. This effect is reported clearly
in Martinez et al. (2011) [71], where an increase in inlet NO concentration from 100 to
2000 ppb, results in a drop in NOx RE from 44% to 14%, whilst NO2 production increases,
yielding an NO2 RE of −20% at 2000 ppb (denoting overall production of NO2). At greater
concentrations the amount of NOx removed by the surface will increase in absolute terms,
but the RE will drop with increasing inlet concentrations [65]. The ratio of NO:NO2 will
also impact RE for NOx as NO is removed more effectively than NO2 by PC surfaces [55,72].
This is not well captured in most lab studies under ISO standard conditions pure NO is
introduced. Whereas in the field both NO and NO2 will be present, in a ratio depending
on the prevailing conditions, but also typically in much lower concentrations than in the
above mentioned studies.

Co-Pollutants

The impact of co-pollutants such as VOCs is not well described in lab or field studies.
Presumably as it is difficult in the lab to manufacture pollutants mixtures that accurately
represent the ambient environment (which is also variable) and that in the field the effect of
co-pollutants is difficult to separate from other factors. In studies where efficiencies of the
field results differ significantly from those in the lab it is sometimes claimed that high VOC
levels may be responsible for this [55,73]. A mechanism for this effect would be increased
competition for hydroxyl radicals and adsorption sites, and potentially poisoning of the
surface with VOC reaction products [74,75].

VOCs have been shown to interact with and be removed by PC surfaces in studies
on indoor air cleaning [3,31,64], that are not the focus of this article, but highlight that
these surfaces are not inert to VOCs and that increased VOC concentration may inhibit
NOx removal. In outdoor air a key issue related to VOC interaction with PC surfaces is
the production of hazardous byproducts. In a lab study by Toro et al. (2016) [34], using a
stirred tank reactor, the interaction of a mixture of VOCs with PC asphalt and concrete was
investigated. When a mixture of benzene, toluene, p-xylene and tri-methylbenzene was
administered over the PC surface there was uptake of all VOCs onto the surface, with vary-
ing degrees of efficiency, whilst formaldehyde and acetaldehyde were produced through
degradation of the VOCs. In studies of the indoor environment significant aldehyde pro-
duction is also seen, as well as the production of ketones [31]. This may be detrimental
to air quality directly, as formaldehyde and acetaldehyde are carcinogens, and indirectly
as they are considered O3 precursors and may contribute to increased O3 production and
accelerate the formation of photochemical smog.

Physical Parameters Summary

In summary, the prevailing conditions at proposed sites for PC NOx abatement,
particularly RH, irradiance and co-pollutant concentrations, will have a significant impact
on the performance of PC materials, and may be the deciding factor in whether the
surfaces significantly improve air quality, have a negligible impact, or are detrimental to
net air quality.
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2.1.2. Durability

There are a mixture of field and lab studies that address the issue of durability, the most
comprehensive contain lab tests conducted before and after [66,76] or even during [77,78]
field exposure, to quantify changes in performance over time.

Many factors contribute to the overall activity of the surface beside the active PC
component and when considering overall longevity of a PC surface the structural durability
of the support surface must also be appraised. The main parameters, apart from the type
and weight percentage of the individual photocatalyst, that affect activity over time, are
the surface roughness, colour, porosity and microstructure of the support, as well as its pH
and how well distributed the PC particles are within the support [79–83].

In particular, the physical form of the structure will control the available surface for
oxidation, and ratio of release:adsorption for the intermediate NO2 produced. Concrete
supports undergo carbonation over time which alters their phase composition and can affect
surface area, pH and porosity, altering PC performance [79]. This may be improved with the
addition of microsilica, acting as a pozzolanic material, according to Kaja et al. (2019) [79].
The method of incorporation also has an effect on durability, the main differences being that
surface applications, such as spray-coating with a TiO2 emulsion, use less active-material
as the material is concentrated at the surface, whereas pre-mixing into concrete or asphalt
before casting is more expensive, but, as the PC is spread throughout the bulk of the
material, they remain active as the surface is worn [84]. In the case of field studies, the
prevailing conditions, i.e., pollutant concentrations and rate of abrasion, will alter the
lifetime of the PC surface, meaning that for instance surfaces used as part of a road surface
may wear faster than those used for a pavement or bicycle lane [76], or paints used in
a polluted tunnel may deactivate quickly compared with painted walls in less polluted
environs [66].

It is also important to consider temporary loss of performance versus permanent wear
and loss of PC material. The RE of a surface may fall rapidly after significant NOx exposure,
but this can be at least partially regained by washing off nitrates from the surface, whereas
loss of performance due to wearing away of the active surface or poisoning with other
species is permanent. A summary of the pertinent studies is given below, including the
key studies into durability catalogued in Table 2, as well as others.

In Witkowski et al. (2019) [85], lab tests were performed on a PC concrete block after
7 years of field exposure as part of a bicycle lane, however standard testing methods were
not used. The test setup used a low flow (2 L min−1), low concentration for a lab test
(100 ppb), and defined reduction percentage by change in NO only. A 70 W and 300 W
light source were used. Testing dirty samples directly from the field gave 4% NO removal,
and cleaning samples only increased the NO removal to 5%, however selectivity to NO−3 ,
relative to NO2 production, did improve, increasing overall NOx removal from 1 to 4 ppb.
When a stronger 300 W light source was applied to the cleaned sample, NOx removal of
34 ppb was recorded, showing that the surface was still active once cleaned and operated
under idealised conditions. However, the NO2 increases recorded demonstrate that dirty
surfaces under low light conditions could have a negative impact on overall air quality.
Although the paper demonstrates that NOx abatement by the surfaces was still possible,
the performance could not be compared to the initial RE as this was not recorded.
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Table 2. Durability.

Active Material Test Setup Duration ∆ Activity ∆ Selectivity Reasoning Reference

Commercial P25 TiO2
and lab synthesised

HT-ET TiO2

Lab: borosilicate reactor,
30 mL min−1 airflow,

total NO flow: 2.21 µmol h−1,
lamp λmax = 365 nm,

irradiance: 9 mW cm−2

18 h NO conversion fell
from 100% to 68%

Conversion of NO
to NO2 increases

rapidly from 0 to 50%

HNO3 and NO−3 formed on
surface deactivate TiO2

J. Araña et al. (2019) [72]

‘Nano-TiO2’

Lab and field:
bicycle lane in Poland and

novel lab setup,
100 ppb inlet NO,

70 and 300 W lamps,
flow of 120 L hr−1

7 years
Only measured after wear,
4–45% NO RE depending

on test conditions

NO2 production was equal to
NO removal for dirty samples

under 70 W light

TiO2 still present in
samples after 7 years Witkowski et al. (2019) [85]

Ultrathin
BiOBr/BiOI

Lab: continuous
flow reactor 360 min Negligible change

Increased NO2
production as NO−3
on surface increases

Adsorbed NO−3 alters
the surface environment,

changes oxidation process
Shi et al. (2019) [86]

Concrete with
TiO2 and activated

carbon spray coating

Lab: stainless steel reactor,
RH 48–53%, T = 25 ◦C,

light intensity 0.3 mW cm−2

‘multiple tests’,
followed by regeneration

and accelerated wear
from polishing

Quoted for NO and NO2
separately, ranging from
78.2% to 25.84%, reduced

RE after repeat tests,
partially regained after

regeneration, and further
lowered after wear

-

Regeneration by washing
with water removes

nitrates from the surface.
Some RE capability is retained

after wear as
the coating is able to
penetrate the surface

Chen et al. (2011) [55]

Asphalt and concrete
with spray

TiO2 coating

Lab and field:
tested according to JIS R 1701 [51]

in the lab and with
nitrate extraction method
on pavements in the field

5 months of ‘light wear’

Loss of 50% in RE over 2.5 months,
calculated lifetimes of 6–11

months for concrete and
10–16 months for asphalt

-
Sprays coatings on

the surface are
subject to wear

Osborn et al. (2014) [77]

Blocks of Portland
cement containing

pozzolanic material
with anatase or

rutile TiO2 at
varying thicknesses

Lab and field:
lab studies conducted
on blocks before and

after 1 year field
exposure

1 year of wear on
roads and pavements

Loss of 79–87% of
initial RE after

1 year, 21–29% of
initial RE regained

after washing

-

The blocks showed considerable
loss of PC area due

to abrasion and wear.
Blocks with a thicker PC
layer are recommended.

Textured surface increases
initial RE but is

more susceptible to wear

Staub de Melo et al. (2012) [76]

Concrete blocks
with 0.59 wt%
TiO2 content

Field: paving
blocks in residential street

20 months cumulative
for all materials

Activity lost after
2.5 months and
then 11 months

-

Coating lost due to normal
wearing via vehicles,

weathering, and deposition
of soils

Ballari et al. (2013) [69]
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In J. Araña et al. (2019) [72], the temporary effect of the build-up of nitrate on the
PC surface is investigated for both P25 and a novel lab synthesised TiO2 catalyst (called
HT-ET). The study is not conducted under ISO conditions, just 20 mg of powdered catalyst
is used in each test, under a total flow of 30 mL min−1, containing 2.21 µmol h−1 of NO,
with the sample irradiated at 9 mW cm−2. After 18 h under these conditions NO conversion
fell from 100% to 68% and selectivity to NO2 increased from 0 to 0.7 for the conventional
TiO2 sample, meaning that although significant activity in terms of NO removal remained
for the 18 h period, significant removal of overall NOx was only evident in the first few
reaction hours. Similar poor results for P25 are reported in other studies [87,88]. This shows
that even without the presence of other pollutants, dirt, or wear caused by abrasion the
selectivity and activity of PC surfaces will fall following exposure due to the build of nitrate
products, and shows that NO2 is not efficiently removed by these surfaces. Although
nitrate will to some extent be washed off by rainfall in field environments.

In a 2014 study by Osborn et al. [77], which aimed to quantify the durability of a
PC surface made by spraying a TiO2 suspension on to asphalt or concrete, lab tests were
conducted using the JIS R 1701-1:2004 standard [51] and a nitrate extraction method, a
correlation factor linking the methods was then identified. Afterwards, samples were
installed in the field for 5 months and monitored via nitrate extraction each month. The
results were used to calculate regression models representing decay of the surface RE over
time. The most rapid loss of performance was seen in the first month and service lives of
6–11 months for concrete and 10–16 months for asphalt, when used as a pavement surface,
were calculated.

Application of PC paint in tunnels is seen as a promising scenario for their use due to
the high surface area to volume (SA/V) ratio, and possibility of applying consistent high
UV irradiance, as described in Section 2.2.3. However, during the 2015 field study in the
Leopold II tunnel, Brussels (described in Section 2.2.3 and in [66]) significant passivation of
the surface and decrease in selectivity following field exposure was observed. Lab tests
confirming this are described in Boonen et al. (2015) [89], a reduction of NO removal
activity by a factor of 12 was recorded, together with a 50% increase in NO2 yield from
NO oxidation. This is attributed to the deposition of particles, e.g., soot, and adsorption
of semi-volatile organic compounds on to the surface. Activity could only partially be
restored by rinsing with water and prolonged exposure to UV light in clean air. The study
recommends that, as well as the site-specific modelling and field testing recommended by
other studies prior to making large-scale installations, specific testing should be conducted
to identify the rate of deactivation under the prevailing conditions in individual tunnels.
This could be performed by introducing polluted tunnel air to the same photo-reactor used
in lab studies, with UV illumination at the same level as expected in the tunnel [89].

The 2013 study conducted by Hassan et al. [57] investigates lab and field performance
of TiO2 photocatalytic coatings under a range of conditions, it is catalogued in Table 1. The
durability of surface coated asphalt is also investigated through an accelerated wear test
using a loaded wheel. After 20,000 cycles of the wheel there was an average drop of 68% in
NOx RE. The authors note that the test resulted in significant distortion of the material that
may have been excessive relative to a field deployment.

In the combined field and lab study by Chen and Chu (2011) [55], where a TiO2 coated
highway was investigated, rapid build up of HNO3 and partially oxidised intermediates
on the PC surface was observed in lab experiments, this was evidenced by a decline in
removal rate (from 58.5% to 34.3% for NO2) and a visible change in the material colour
from white to yellow/brown after repeated exposure tests. The performance of the surface
was partially regained after washing (rising to 43.0%), indicating that performance can
be partially regenerated by washing or rainfall. Artificial wear induced by polishing the
surface was also investigated. After polishing, NO2 RE dropped from 58.5% to 25.8%,
suggesting that the amount of wear in a specific environment is also key to durability
estimates. However, in this study neither the level of cumulative exposure after the repeat
experiments, or a quantitative assessment of the amount of wear is given. Standard ISO
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testing was not used, instead a reactor was built that could have an automobile exhaust
connected to the inlet to provide pollutants (setup described in Chen and Liu (2010) [90]),
this is a more realistic testing method than the ISO standard, however inlet concentrations
are not reported in the study.

In the 2012 study by Staub de Melo et al. [76], concrete blocks with TiO2 incorporated
by casting into the top-layer, were tested for RE before and after one year of exposure in
the field. Significant reduction in efficiency after the field installation was observed, the
blocks from the road section had an average drop in efficiency for NOx degradation of
87 ± 7% and for the blocks from the pavement an average reduction of 79± 8%. This could
be partially regained by washing, leading to 21 ± 5% and 29 ± 6% recovery in RE for the
road and sidewalk, respectively. This demonstrates that wear is a significant issue at this
timescale and that although some loss in efficiency, resulting from dirt or partially oxidised
products covering the surface, is reversible; other wear, due to physical loss of the mortar
and exposing aggregates, is irreversible. This study also demonstrated that materials with
a greater surface roughness and texture can yield greater initial RE, but are also more
susceptible to wear, especially if used in roadways. PC layer thicknesses of 3–10 mm are
used in this study, it recommends that greater thicknesses are used to increase durability.

In the field study conducted by Fan et al. (2018) [84], asphalt coated with a TiO2
suspension showed visible wear after two days of tire-abrasion, durability was improved
somewhat by heat-treating the surface, although the effect of this on RE was not quantified.

In a pilot study in Antwerp by Boonen and Beeldens (2013) [37], paving stones were
tested in the lab after 5 years in the field and still maintained some activity for removal of
NO, although it is not clear what fraction of their initial activity was maintained [12,37].

In the 2013 field study by Balleri et al. [69], an effective (19% NOx removal) area
of TiO2 concrete lost all efficiency after 2.5 months in the field. A second ‘more durable’
coating was added, which lasted for 11 months before losing all RE, but the changes in the
coating to increase durability were not disclosed.

In the 2019 study conducted by Jiménez-Relinque et al. [78] (described further in
Section 2.2.1), a novel method for measuring the PC RE of materials, in situ in the field
was developed [91]. This allowed for quantitative assessment of changes in RE over time,
in the field. During the 17 month period, cement slurries containing TiO2 and coated on
to asphalt, as well as TiO2 cast into concrete tiles were shown to retain activity, whereas
TiO2 emulsions coated onto asphalt lost all activity. This again demonstrates that durability
can drop significantly over month timescales but also that substrate material choice and
method of incorporation may be key to the longevity of performance. This is discussed
further in Section 2.1.3.

Durability Summary

A number of the durability studies do not clearly quantify change in efficiency relative
to time or exposure, but merely show ‘some removal’ after a time length of exposure. From
the studies available that make quantitative comparisons of performance, before and after
field deployment or exposure to NOx in the lab, it is clear that durability is an issue for these
materials and that their lifespan seems to be on the order of months rather than years, and
in some cases days [69,84]. There are both short-term losses in performance, due mainly to
nitrate build-up, that are at-least partially reversible, and longer term, irreversible, loss of
performance due to abrasive wear and poisoning.

2.1.3. Material Improvements

In 2007 Hunger and Brouwers made a comparative study of the available commercial
concrete products containing TiO2 [92]. They included products from the two companies
that hold patents concerning the use of TiO2 in paving blocks in Europe, Mitsubishi [93]
and Italcementi [94]. The tests were conducted under conditions corresponding to a draft
version of the ISO standard, as well as alternative test conditions deemed more relevant to
ambient use. In total, 12 samples were tested and under the conditions used (Q = 3 L min−1,
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RH = 50%, NO = 1 ppm, I = 10 W m−2), which represent optimum laboratory conditions,
there was large variability between the materials. The average recorded NOx REs range
from 2.8% to 44.6%, showing that there are large differences in efficiency between com-
mercial products, and proper selection will be key to a successful installation. This testing
shows that even under idealised lab conditions current commercial materials are not able
to offer consistently high REs, this performance will also be expected to drop under less op-
timal ambient conditions, and with prolonged field use. This, and the negligible abatement
reported for many field studies shows the need for further improvements to PC surfaces.
In lab studies conventional TiO2 is shown to be unselective when oxidising NOx and can
lead to an increase in NO2 concentrations, this led a 2016 review of photocatalytic concrete
to claim that more research is needed in both the photonic efficiency and selectivity of TiO2
based photocatalysts to make them viable [38].

Research into PC development can broadly be split into, doping of the TiO2 itself,
and optimising the TiO2 support material or method of incorporation. Recent, pertinent
studies are documented in Table 3. These studies aim to make improvements to the known
weaknesses of TiO2 for the oxidation of NOx. Key areas for improvement are, selectivity to
nitrate (particularly at high humidity), resistance to poisoning, and activity under visible
light. Durability of the material is also a concern.

The band gap of TiO2 is relatively large (3.0–3.2 eV) and therefore it is active under UV
light below 400 nm in wavelength, which appears at low intensity in the ambient urban
environment. Therefore, a shift in the band gap to a lower energy, within the visible range
(which accounts for 43% of incoming solar radiation, compared with 3–5% for UV), that is
still great enough to initiate the oxidation of NOx, would increase the activity of the surface
under ambient conditions [95,96]. A large amount of research has aimed at increasing the
efficiency of light harvesting under solar excitation, whilst preserving or improving the
fraction of electron hole pairs that do not recombine [97].

Doping

Doping the TiO2 surface, or forming a nano-composite with other species, such as
noble metals, metal-oxides and carbon, is generally aimed at increasing the activity of the
material, chiefly through shifting the band gap towards the visible region and preventing
electron/hole recombination. There has been extensive research into this, with studies
investigating doping with Fe [96,98,99], Fe2O3 [100], Cu [98] , Sn [101], Zn [102], Zn-S [103],
Au-N [104], Al2O3 [105], Pd [88,106], Pt [107], Pt/Au [108], Ag [109,110], g-C3N4 [111,112],
graphene [113], Sn and Ce/Mn-graphene [114], other forms of carbon [53,115] and min-
erals from clay [116]. Many of these have previously been summarised in tables in
Martinez et al. [98,101]. Studies have also reported improvements to selectivity and visible
light activity resulting from co-doping with Nb,N [117] and W,N [118–120]. Doping with
Pd specifically is claimed to have a large range of benefits, including increased selectivity
and resistance to nitrate poisoning, as well as shifting the band gap towards visible light,
making it an attractive prospect [106,121,122].
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Table 3. Material Improvements

Material Test Setup Dopant Support Method of Incorporation ∆ Activity ∆ Selectivity Reasoning Reference

BiOX Mortars ISO - 1:3 ratio of sand
to Portland cement

Powder incorporated
in cement at 10 wt%

BiOX Mortars: 7.6% NO,
4% NO2, P25: 4.3% NO,

1% NO2

BiOX Mortars: 83%
P25: 24%

Presence of oxygen
vacancies together with

a strong oxidation
potential

Nava-Núñez et al. (2020) [123]

P25, KRONOclean
7000 and lab

synthesised SiO2-TiO2
composite

ISO C
Microsilica

(pozzolanic material)
in Portland cement

PC as 5 wt%
of the binder

Microsilica addition
imporoves post-carbonation

activity

Microsilica addition
imporoves post-carbonation

selectivity

High SSA, maintained
after carbonation
due to high pH

Kaja et al. (2019) [79]

Blue TiO2 ISO Fe and Cu Sample disk Hydrothermal-assisted
sol-gel method

NO oxidation:
Blue Fe-TiO2: 70%

Blue Cu-TiO2: 57.71%
Blue TiO2: 54.57%

P25: 34.96%.

NO2 selectivity:
P25 TiO2:36.08%
Blue TiO2: 21.7%

Blue Cu-TiO2: 4.3%
Blue Fe-TiO2: 11.65%

Oxygen vacancies
and smaller
band-gap

Martinez-Oviedo et al. (2020) [98]

Commercial TiO2

Continuous
flow

reactor
g-C3N4 Portland cement

Suspension Mixed
into cement

before casting

2% g-C3N4 addition
increases NOx

removal from 37.5
to 227.3 µmol m−2 h−1

- Smaller band gap Yang et al. (2019) [124]

KRONOClean
7050 TiO2

ISO - Portland cement Liquidized powder
incorporated in cement

360% NOx removal
compared to plain

cement
-

Addition of TiO2
alters microstructure

as well as adding
PC effect

Jin et al. (2019) [125]

P25 TiO2

Continuous
flow

reactor,
similar to
ambient

conditions

Sn Sample disk
Dispersed in acetone
and distributed on a

sample disk

Blue Sn-TiO2: 72% NOx
removal, compared with

42% for P25

Blue Sn-TiO2:
29.42% NO2 formation,
compared with 125.19%

for P25

Multiple reasons
including: band gap

reduction, increased SSA,
and efficient e−/h+

separation

Martinez-Oviedo et al. (2019) [101]

KRONOClean
7000 TiO2

Chamber test C Asphalt

PC powder
suspended in water,

sprayed onto
asphalt, and heated

For 2 g m−2,
after 3 h

C-TiO2: 90% NOx RE,
compared with 55%

for P25

- Smaller band gap Fan et al. (2017) [126]

TiO2 RhB solution - CNT and rGO
composite

Solvothermal
method

1.5× the rate
of pure TiO2

-

Decreased e−/h+

recombination, increased
hydroxyl content

at surface

Huang et al. (2018) [115]
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Table 3. Cont.

Material Test Setup Dopant Support Method of Incorporation ∆ Activity ∆ Selectivity Reasoning Reference

Aeroxide P25
TiO2, Evonik

Continuous
flow reactor V and Fe

Selection of cement
matrices, including

high alumina cement
(HAC) and air

lime

Binder:aggregate
ratio of 1:3

and TiO2 as
0.5, 1 and 2.5 wt%

of binder

Fe showed better
improvement than

V, even though
V harvested more

visible light

High NO selectivity
with low release

of NO2 for air lime
and HAC systems

Selectivity values
for NO degradation
were high (>60%),
yielding calcium
nitrates that are

easily removed from the
photocatalyst surface,

thus enhancing the
PCO reaction

Pérez-Nicolás et al. (2017) [96]

Range of
commercial TiO2

products

Specific ‘PHOTONSITE’
setup, validated against

ISO standard
-

Asphalt and
concrete tiles

Slurries, emulsions
and precast

into bulk

Faster RE loss
on asphalt than
concrete, RH of
preceding days

impacts RE

- Substrate hygro-inertia
alters acute impact of RH Jiménez-Relinque et al. (2019) [78]

Commercial anatase,
Evonik Aerodisp

W740X

Flow reactor adapted
from ISO standard - Glass and mortar

Coating made
with acrylic

binder
-

Significantly lower
selectivity on glass,

also falling
with exposure

On mortar NO2 produced
is absorbed, meaning less

competition for adsorptive sites
Martinez et al. (2011) [71]

Commercial TiO2
and carbon
doped TiO2

ISO Carbon
Concrete with

varying surface
roughness

Dry powder
or suspension

Increased RE for:
rougher surfaces,

doped TiO2, suspension
method and finer

powders

-

Rougher surface improves
deposition, increased SSA
and distribution improve

uptake, dopants shift
absorbance toward visible

Husken et al. (2009) [58]

Nanostructured
TiO2

ISO Atomically
dispersed Pd Glass fibre Annealing

and spray drying

Increase in NOx
RE by 10 times
with 1 wt% Pd,
relative to P25

- Single Pd atoms on TiO2
dominate NOx removal Fujiwara et al. (2017) [106]

Fe2O3/TiO2
nanocomposite

Similar to ISO but
100 ppb NO and

0.3 L min−1
Fe2O3 -

‘Original low-
temperature plasma

assisted strategy’

Activity of composite
lower than

Degussa P25

63% for composite,
compared with

25% for P25

Nanocomposite has a lower
band gap and improved
electron-hole separation

Balbuena et al. (2016) [100]

Aeroxide P25
TiO2, Evonik ISO g-C3N4 and CaCO3 - Suspended in water,

then annealed

5 times greater
than pure TiO2

under visible light

Alters with
composition, moved
DeNOx index from

negative to
positive

CaCO3 reduces NO2
production, composite is

synergistic and shifts bandgap
toward visible region

Papailias et al. (2017) [112]

P25, anatase
and rutile TiO2

Self-designed
flow reactor -

Concrete with
varying cement,
glass and sand

aggregrate ratios

Wet-mixed,
compacted and

cured

NO removal
in mg hr−1 m−2

increased with
porosity and
glass content

-

Porosity increases the
area available for reaction

and glass increases
transmission of light

Poon and Cheung (2007) [80]

Aeroxide P25
TiO2, Evonik

and Hombikat
ISO - Zeolite ZSM-5

Sol-Gel
synthesis

Composite TiO2: 41%
NO conversion,

P25: 45%

Composite TiO2: 19%
NO2 selecticity,

P25: 65%

Zeolite gives extra
available SSA and

act as sink/reservoir
for HNO3

Tawari et al. (2016) [127]
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There is promising work in this field but almost none of the modified materials have
actually been deployed in field studies, this is partly due to them being novel, recently
developed materials, but also because doping with noble metals such as Pd, Pt, Au and
Ag may make materials too expensive for use at scale. To minimise additional costs
sub-nanoclusters and even individual atoms can be dispersed on to the PC materials to
achieve the greatest possible surface availability-to-cost ratio [106]. However, doping
with more abundant materials such as C or Fe is still more likely to produce a viable
product if successful, for example one of the only doped TiO2 material to be successful
commercially and to be used in a field study is KRONOclean 7000, a commercial C-
doped TiO2 material [126]. Carbon-doped TiO2 was used in a field study conducted
by Ballari et al. (2013) [69], and 19% RE for NOx was observed (if only the daytime was
considered), this is one of the highest recorded REs for a field study where street paving
materials are considered, which indicates that using this kind of doped TiO2 may improve
field results. However, there are issues relating to durability and analysis in this study,
detailed in Section 3.5. Other lab studies have confirmed the benefits of doping with
carbon, including improvements to the loss of selectivity typically seen at high humidity
and high co-pollutant concentrations [128], as well as improved RE under visible light [53].
Conversely in a small field-trial conducted by Fan et al. [84] C-doped TiO2 had an impact
on NO but did not achieve significant NO2 removal. Therefore, it is not yet entirely clear
how material improvements from lab studies translate to the field.

Support Material

The support material is shown to have a significant impact on overall performance,
meaning that the same TiO2 photocatalyst may perform far better over time when applied
to concrete compared with glass or asphalt, and when applied with a different method of
incorporation [58,71,78]. Improvements related to the support material are typically in the
fields of durability, activity and selectivity.

For instance, the support can affect activity by having a rougher surface that improves
deposition rate [58] (although this may affect durability), or through surface area and
transmission improvements. For instance, through the inclusion of different aggregates
such as glass chips, that increase light transmission [80], or pozzolanic materials in concrete
that preserve porosity [79].

Selectivity can be greatly influenced by the support material. With the optimal support,
the NO2 production which occurs during NO oxidation, can be suppressed. For example,
concrete can be produced with high specific surface area porosity in the correct size
region to adsorb NO2 and so suppress the NO2 produced when large amounts of NO are
oxidised [79,96]. Other materials with high porosity, such as zeolites can also serve this
purpose [127].

The pH of concrete can also be tuned through the use of different aggregate mixtures
and with additives such as lime, alumina and CaCO3 [82,96]. Adding basic character to
the surface facilitates increased oxidation of NO2 to nitrate, and thereby improves the
selectivity of NOx PCO [79,112]. In these respects concrete is superior to asphalt and far
superior to glass [71,78].

The application method or method of incorporation is also important, with one study
showing significant loss of activity for emulsions on asphalt over time, relative to fairly
constant removal for cement slurries on asphalt and TiO2 incorporated into concrete
tiles [78]. In a separate study, Husken et al. investigated the use of suspensions, which
improved dispersion relative to a dry powder method, as well as using finer TiO2 particles,
greatly improving activity for the same weight percentage of TiO2 [58]. The dispersion
of TiO2 through the support material, relative to aggregation or flocculation will alter the
available surface for reaction and hence the activity, this is yet another parameter that
must be considered when producing a PC surface and will depend on the initial size of
TiO2 particles and method of incorporation, as well as chemistry between the TiO2 and
support [40,129].
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Other Catalysts

Overall titania remains the catalyst of choice in most cases, but beside doped TiO2
there is also growing interest in other materials entirely, such as BiOX mortars [123]. Other
metal-oxides [52], perovskites and semi-conductor graphene have also been investigated,
as well as composites of different catalysts, a number of these are listed in Byrne et al.
(2018) [2], but they have not yet been the subject of large scale field trials.

Material Improvements Summary

Detailed examination of all the individual studies documenting material improve-
ments is beyond the scope of this work, but it is clear from the assembled studies that
improvements are continually forthcoming. There is evidence that the doping of TiO2 can
improve its performance in key areas but also that the correct support material and method
of incorporation may be as important as the selection of active material in many cases. Most
of the improvements to the active material are untested in field environments however.

2.2. Field Results

As mentioned previously, the field studies in this area can be split into trials taking
place on (1) streets, where the PC material is the actual pavement or road surface (e.g., con-
crete blocks or asphalt), (2) walls, where PC active paint is applied to surrounding buildings
or model street canyons and the PC surface is predominantly vertical, and (3) enclosed
spaces, this is mainly tunnels and car parks. Typically paints are also used but the enclosed
spaces are a particular subset of field-trial due to the different conditions imposed, chiefly
artificial UV light instead of sunlight, the lack of rainfall, and potential for greater pollutant
concentration build-up.

A number of the field studies in this area were conducted as part of two EU funded
projects: ‘Photo-catalytic Innovative Coverings and Applications for De-pollution Assess-
ment’ (PICADA) and Photocatalytic remediation Processes on Air Quality (PhotoPAQ) [24].
The PICADA trials report significant REs of up to 82%, but their results are considered
questionable due to the use of high SA/V ratios that are not realistic in actual urban
environments, as well as other issues discussed in Section 3.5 [23,24,70]. The work by
PhotoPAQ is considered more comprehensive and typically reports low or negligible NOx
abatement, the studies are described below. As with the lab studies the range of methods
used for quantification of abatement make the field studies difficult to compare.

The LIGHT2CAT industry-academic collaboration was a 5 million euro project which
ended in 2015 [130], and had the aim of developing new highly efficient PC surfaces
activated by visible light, improvements appear to have been made in the selectivity and
activity of TiO2 under visible light through co-doping [117–120]. The only published field
study resulting from the project (Copenhagen 2015 [56]) was an initial study of conventional
TiO2 and does not report effective NO2 abatement as the catalyst is not selective to nitrate,
and only NO concentrations were lowered. The results were also used to illustrate the
dependence of PC surfaces on UV irradiance and to model in what period of a year a
surface can be effective at a specified latitude [131]. The LIGHT2CAT project summary
report [130] reports NOx abatement of 5–20% based on their field studies in Copenhagen
and Valencia using their doped TiO2 surfaces, which is in line with other studies, however
it is claimed that this NOx abatement is made up of a higher fraction of NO2 removal
relative to previous studies. In the internal report produced for the Danish Technological
Institute (DTI) more analysis of the individual studies is given [132].

2.2.1. Streets

The studies described in this section are tabulated in Table 4.
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Table 4. Streets.

Location Test Setup Light Removal WS T RH Comment Ref

Copenhagen,
Denmark

2 × 200 m stretches,
each 100 m with and
100 m without TiO2,

sampling at 2 m height

Sunlight,
0–1500 kJ m−2 day−1

22% NO,
but negligible

for NO2

- 18–25 25–83

NOx conversion
decreases with RH,

increases with T,
selectivity is an issue

Folli et al. (2015) [56]

Sheung Shui
District, Hong

Kong

30 × 3 m, 15 m coated,
15 m uncoated Sunlight

100% NOx in
1.5 h in lab,

NO2 removal
negligible in

field

- - -
NOx source: two cars

driven continuously, poor
selectivity and durability

Fan et al. (2018) [84]

Hengelo,
Netherlands

150 m coated
street, 100 m
control street

44–745 w m−2

with UV-A 3%
of total

19% NOx
(daytime) 0.6–2.69 2.4–27.9 37.7–86.6

Sampled at 5, 30
and 150 cm, rapid decay in

performance, negligible
removal when wet

Ballari et al. (2013) [69]

Madrid,
Spain

Pilot scale,
9 materials tested
over 17 months,
using a specially

developed ‘PHOTONSITE
DEVICE’

Ambient or
10 W m−2 from
365 nm LEDS

1–32% NOx 3 L min−1 - 25

Lab tests also conducted under
ISO conditions to validate

results, conclusions are that
the RH of the preceding days

is key to RE,due to hygro-inertia.
Recorded overall degradation in

RE over time, more
on asphalt than concrete

Jiménez-Relinque et al. (2019) [78]

Tsitsihar, China

Experimental area of
road divided into test
and control sections,

with synchronised sampling,
0.5 m from surface

Sunlight 12.35–24.1%
NOx (daytime) <0.8 - -

Far lower RE
recorded for outdoor

than indoor (lab) tests.
Different rates in

summer and winter

Chen et al. (2011) [55]

Bergamo, Italy

PC concrete blocks in
central Bergamo street,
500 m long, 12,000 m2

active area. 2 measurement
campaigns, each two weeks

Sunlight 26–66% NOx RE - - -

Analysis is contested in
Gallus et al. [70]
and Flassak and
Bolte [133,134]

Guerrini and Peccati (2007) [135]

Bergamo, Italy

5 × 5 × 53 m,
Walls and ground

coated with
Italcementi, TX-Active

Sunlight, UV-A
up to 40 W m−2 ≤2% NOx RE <1 inside,

1.5 above - -
SA/V Ratio: 0.6 m−1

Material did not decay
after field test

Gallus et al. (2015) [70]

WS = Wind-speed [m s−1], T = Temperature [◦C], RH = Relative humidity [%]
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Copenhagen

Folli et al. [56] conducted a study of PC concrete paving in central Copenhagen (2015).
The study compares control and active sections of pavement, each 100 m long, on either side
of the same street. The active concrete paving stones contain TiO2 in the their uppermost
10 mm of surface and at a concentration of 40 kg m−3 in this layer, they were supplied
by Starka Betongindustrier. The blocks were shown to be active for NOx removal in the
lab prior to installation, although not with ISO standard testing. As well as comparison
between control and active sections (over a 14 month period), NOx measurements began
2 months before the installation of the paving to establish a blank. A monthly average off
22% NO RE was recorded during summer months when comparing between the active
and control areas. However, a significant drop in NO2 was not recorded. A maximum
abatement in NO was recorded at noon during the summer solstice, which resulted in
45% NO removal and consequently a 30% overall NOx RE. This study seems to have a
robust design, and indicates that PC road surfaces can physically affect ambient NOx
concentrations, but overall demonstrates that PC surfaces must be selective to nitrate and
active towards both NO and NO2 to provide tangible air quality improvement.

Hong Kong

The study by Fan et al. conducted in 2018 [84], investigates NOx removal by asphalt
which was made photo-active by spraying with a carbon-doped TiO2 emulsion and then
heat treating. The material was first tested in the lab, this took place in a chamber setup, not
under ISO standard conditions, but a comparison to conventional P25 TiO2 was made. At
the same loading of TiO2 (2 g m−2) the C-TiO2 surface removed 88% of NOx in a chamber
after 3 h, whereas the P25 removed 50%. Controlled testing of the material was then
conducted in situ over 30 m of paved street, split into control and test sections (each 15 m).
Testing was conducted during sunny days and two vehicles were driven back and forth
as pollution sources, the distance of the monitors from the surfaces is not mentioned. The
results of the field measurements show that NOx levels are significantly lower over the test
than the control section (this was not quantified but appears to be ∼15%), but there was
not a significant difference in NO2 levels. Low durability of the coating is also noted, and
after just two days wear from the vehicles the TiO2 that is not in the troughs of the asphalt
surface is visibly worn off, heat-treating the asphalt to improve the binding of TiO2 was
tested and it is claimed to improve the durability, but this is not quantified.

Hengelo

Ballari et al. (2013) [69], conducted a full-scale test of PC concrete blocks in Hengelo,
Netherlands. The study compared a 150 m active street with a 100 m control street paved
with standard blocks. The monitoring period exceeded one year, but with only 26 days
of measurement. As well as monitoring NOx concentrations, [O3], T, RH, WS, WD, traffic
intensity and UV irradiance were measured. Lab tests (ISO standard) were also conducted
on the blocks before and after installation. Overall this appears a comprehensive and well-
designed study. Initial tests conducted with pre-cast photocatalytic concrete blocks from
Struyk Verwo Infra (installed in November 2009) did not show significant NOx removal.
Subsequently the street was sprayed with an additional coating of C-doped TiO2 (from
Kronos International) in May 2010, the active street then initially displayed NOx REs of
up to 45% under ideal conditions and at a daytime average of 19%. The performance
quickly dropped however and after 2.5 months was negligible. The study attributes this
to weathering, wear and/or solids deposited on the surface. A second coating was then
added that lost its efficiency at a lower rate but was also found to have negligible removal
after 11 months. At first glance this study demonstrates that significant removal is possible
(with doped TiO2), but also highlights issues with TiO2 selection, application and durability.
The testing method is further discussed in Section 3.5.
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Madrid

The study conducted by Jiménez-Relinque et al. [78] in 2019 aims to ‘bridge the gap’
between lab and field studies by developing a portable device for evaluating PC activity,
that can record REs in situ in the field, but has been validated against an ISO standard lab
setup [91]. This type of study is different to typical field studies as it does not measure the
impact of the PC surface on the ambient NOx levels in the surrounding area, however it
can give quantitative information about the change in efficiency of a surface in the field
over time, as well as testing under actual ambient conditions. Another attempt to make
this type of bridging study was also conducted by Suarez et al. (2014) [136], but this is the
most recent and comprehensive. In the study, 9 PC materials were tested over a 17 month
period. The results show a significant loss in NOx RE over the 17 month period for TiO2
emulsions coated on to asphalt, whereas cement slurries on asphalt and concrete tiles had
relatively constant activity over time. Separate from the steady decline in RE for some
materials, variation in activity over the period for all materials was also strongly associated
with changes in the humidity level of the support, not the current RH in the air. This meant
that activity was dependent on the RH of the preceding days, the number of days that
would influence RE depended on the hygrometric inertia of the materials, for the asphalt
the mean RH of the previous 28 days would determine the substrate humidity, whereas
this was just 3 days for the concrete tiles. This information is important to incorporate into
future models.

Tsitsihar

In 2011 Chen and Chu [55] investigated concrete spray-coated with TiO2 and C-TiO2
for NOx abatement using lab and field experiments in Tsitsihar, China. The lab component,
focusing on durability, is described in Section 2.1.2. In the lab high REs were recorded for
both NO (up to 78.2%) and NO2 (up to 58.5%). In the field component of the study a road
is divided into test and control sections, with synchronised sampling at 0.5 m from the
surface. Concentrations were recorded with adsorbent tubes and the concentrations were
measured over a 3 month period, meteorological parameters and traffic intensity were also
recorded. The RE for NOx in the outdoor tests was far lower than the lab tests, with a
range 12.35–24.1% for NOx removal at the different sites, including daytime hours only,
the results are not separated into NO and NO2 removal. The decreased efficiency in the
field test is attributed mainly to the presence of VOCs that inhibit NOx removal [74,75].

Bergamo—Model Street Canyon

A study of NOx (as well as VOC, O3 and PM) abatement in a model street canyon
(5 × 5 × 53 m) was conducted by Gallus et al. [70] as part of the PhotPAQ project in
2015. Reference and active model street canyons were built with the same dimensions
and compared during the day and night to quantify the PC activity of the active canyon
during the day time. The active canyon was coated in PC mortar (TX-Active Skim Coat
Boosted) from Italcementi. A full raft of environmental parameters were measured, as well
as the pollutants mentioned above, using a range of instruments. Laboratory studies of the
materials were also conducted pre- and post- field installation, this was not done using
ISO standard conditions, but was performed under realistic conditions for real-world use.
The experimental design as well as the data analysis and quality assurance seem robust.
In initial lab testing the material appeared highly active for NO and NO2 removal, the
lab results are given as uptake coefficients and uptake velocities in the study. However,
in the field component no significant PC oxidation of NOx was observed (or remediation
of any of the other pollutants). An upper limit of <2% removal was calculated from the
day:night comparisons between the reference and active canyons. Due to the passivation of
PC surfaces observed in other studies conducted in polluted environments [69,89], repeat
lab tests were conducted on the PC material from the field site, but no loss of efficiency was
seen after the campaign, this is expected as there was relatively short exposure (3 weeks),
at low pollutant concentrations compared with the other field studies mentioned. The low
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RE could also not be explained by having a low SA/V ratio as the model street canyon had
a relatively high SA/V ratio of 0.6 m−1. The article argues that 2% is a reasonable NOx
abatement for this type of PC technology and that many other studies should have their
data re-evaluated to this level. This is discussed in Section 3.5.

Bergamo—Concrete Paving

A field trial of a pavement made from PC concrete blocks was conducted in Bergamo
by Guerrini and Peccati of the Italcementi group in 2007 [135]. The blocks were installed
along a 500 m long section of road, creating an active surface area of 12,000 m2. NOx levels
were monitored, together with relevant atmospheric parameters and vehicle frequency,
for two, two-week periods, one in November 2006 and one in January 2007. These were
compared with concurrent measurements on a control street without active PC material,
from preliminary measurements the areas were shown to have similar NOx levels. Mea-
surements were conducted at 30, 100 and 180 cm from the surface, during the different
measurement campaigns. In the first campaign daytime differences in NOx of 26–56%,
between the active and reference streets (measured at 1 m) were reported. In the second
week an average 30% difference at 30 cm from the surface and 20% at 1.8 m was reported,
again for the daytime only (8:00 a.m.–18:00 p.m.). The lower RE in the second week is
attributed to unfavourable meteorological conditions and the presence of heavy trucks.

The study reports significant NOx abatement and appears to measure all of the
appropriate parameters needed for such a field study. However, the results are contested
and the study design has been drawn into question, due to the measurement of NOx close
to the PC surface, and significant distance between active and control sites, which can lead
to greater uncertainties due to differences in pollution emission and dispersion [70]. NOx
abatement was recalculated by Bolte and Flassak, and taking into account the differences
between sites it was reduced to 4–14% [133,134]. It is argued by Gallus et al. [70] that the
lower limit of 4% should be reduced to <2% taking into account diurnal averages and
transport limitations, which would put this study in agreement with a number of others
claiming NOx removal below 2% [66].

Streets Summary

In their 2010 study Hunger et al. [65] conclude that at the time no field study of PC
pavements reported a verifiable NOx abatement solely from the action of the pavement.
This was due to shortcomings in the studies which include, insufficient characterisation
of pollution levels before intervention, sampling distance from the PC surface, lack of
simultaneous measurement in reference and active areas, and poor choice of location
and/or measurement of environmental parameters. The study conducted by Ballari et al.
in Hengelo Netherlands, (2013) [69] was designed to remedy this by meeting the test criteria
in terms of measuring a full raft of environmental parameters (T, WS, WD, RH, air pressure,
light, traffic volume and ozone concentration), as well as NOx over more than 12 months,
covering all seasons, at both active and reference areas, and at a range of heights from the
pavement. Therefore, it can be considered as one of the most comprehensive studies on
record. However, it reports rapid decay of the surfaces efficiency over time and the data
analysis that produced the 19% RE is questionable (discussed in Section 3.5). Therefore, the
evidence from the street studies is not convincing in terms of significant NO2 removal.

2.2.2. Walls

The studies investigating the effectiveness of vertical surfaces for PC NOx abatement
are compiled in Table 5 and summarised below.
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Table 5. Walls. All studies lit with natural light and irradiance not quantified, except for [137].

Location Test Setup Removal WS T RH Comment Reference

Gyeongbu expressway,
Korea

TiO2 paint added
to retaining wall,

coated section: 150 m × 1.9 m,
control section: 200 m × 1.9 m

13% NOx
(daytime) 1–3 4–18 35–99

Quantity of sunlight,
was a key variable.

Measurements made
directly above

PC surface

Kim et al. (2018) [138]

Artworks Elephant,
London, United

Kingdom

TiO2 painted on walls
in a courtyard Negligible - - -

Seasonal variation
and changes in traffic

complicated the analysis
Tremper and Green (2016) [139]

A1 and A28 motorways,
Netherlands

PC coating added to
noise barrier on A1

and porous air quality
barrier on A28

Negligible - - -

Negligible performance
attributed to short
contact times and

unfavourable meteorology,
including high RH and low T

Dutch Air Quality
Innovation Programme

(2010) [140]

Guerville (near Paris),
France

Model street canyons built
at a 1:5 scale, reference

canyon compared to canyon
with walls clad in

TiO2 mortar panels,
artificial pollution source

applied

36.7–82.0%
NOx 0.1–4.8 - -

Conclude that variation
is due to differences
in wall orientation,
wind direction and
source emissions.

Unrealistic SA/V ratio
of around 1 m−1 is used.

Maggos et al. (2008) [141]

Gaudalupe MRT station,
Manila, Philipines

6000 m2 of wall
coated in PC paint,

NOx measured at 18 sites
with Ogawa passive samplers.

Enclosed car park also
coated with 9000 m2 of paint

Outdoor:
10% NO2,

indoor:
−51% NO2

Outdoor:
2.4,

indoor:
0.34

-

Outdoor:
82,

indoor:
48

Questionable method of
RE quantification. UV
irradiance far lower
indoor than outdoor

Borlaza (2012) [137]

Sir John Cass
School, London,
United Kingdom

Courtyard wall coated
with TiO2 paint,

measurement at 2.5 m

Negligible - - -
Measurement length was

not optimal, meteorology may have
impacted results

Barratt et al. (2007) [142]

WS = Wind-speed [m s−1], T = Temperature [◦C], RH = Relative humidity [%]
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Paris

In the model street canyon study conducted near Paris by Maggos et al. (2008) [141],
as part of the EU PICADA project, significant NOx removal of 36.7–82.0% is reported for
a model street canyon coated with 3% TiO2 mortar panels from the Italcementi Group,
compared with a reference canyon. The methodology appears sound, with a comprehen-
sive suite of pollutants (NO, NOx, SO2, CO, CO2, as well as VOCs) and meteorological
parameters (WS, T, RH, WD and solar irradiation) measured. However, the study draws
criticism for using a SA/V ratio that is an order of magnitude higher than actual street
canyons, meaning that the calculated RE should also be scaled accordingly [23,70]. NO
was also artificially supplied to the canyon, not a mix of NO and NO2, NO is removed
more effectively than NO2 by PC surfaces. NOx concentrations were also measured next
to the left and right walls of the model canyon (exact distance not given), measurements
made closer to PC surfaces are expected to give greater abatement results.

Sir John Cass School, London

In the 2007 study by Barratt et al. [142] an eastern wall of the school was coated with
PC paint. The ambient NOx levels 2.5 m from the wall were monitored for 6 months prior
to application and for 9 months once applied. The study found that concentrations of NOx
dropped after application, but less than other control areas also being monitored, meaning
that the paint had at best a negligible impact on air quality. In this case measurements were
made at a 2.5 m distance from the wall, measurement closer to the wall may have yielded
better results, but would only be relevant if that is where the population typically uses
the space.

Artworks Elephant, London

The study conducted at the Artworks Elephant creative hub in London, analysed by
Tremper and Green (2016) [139], was designed to improve on previous field studies of PC
paint that did not show compelling results for NOx removal, Barratt et al. (2012) [143] and
Gallus et al. (2015) [66] (tunnel study). In the study NOx concentrations were measured
before and after paint application in a courtyard for 15 months, 9 months pre- and 6 months
post-application. A larger surface than in the Barratt et al. [143] study was covered with PC
paint and an area with greater average NOx concentration was chosen, to make the abate-
ment by the surface more visible in the analysis. However, measurable NOx abatement
could not be detected [139].

Netherlands, Motorway Study

The 2010 report from the Dutch Air Quality Innovation Programme (IPL) [140] aims
to identify the best methods for improving air quality and meeting EU standards for PM
and NOx along roadways, it is not a peer-reveiwed study but does describe large-scale
practical trials conducted by the IPL. It features 6 different potential methods for pollution
mitigation along roadways, including adding TiO2 coated panels to existing noise barriers
along a roadway and a subsequent trial with a porous barrier designed specifically for air
pollution abatement. No evidence of a resulting improvement to air quality was noted, the
report does not describe the analysis conducted but suggests that short contact times and
unfavourable meteorology were responsible for the poor results.

Gyeongbu Expressway, Korea

The Gyeongbu expressway study conducted by Kim et al. (2018) [138], describes a
study with a similar setup to the IPL report [140], where TiO2 paint is added to the retaining
wall along an expressway. The NOx abatement induced by the PC surface is calculated by
comparing the painted section with an unpainted control area. The study reports a NOx
RE of 13%. However, this number only takes into account the part of the day when the
surface will be most active (between 12:00 and 15:00 p.m.). It is not stated in the study how
far from the PC surface the measurements were recorded but from the image shown in the
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study the sampling line seems to be resting on top of the wall, this would be expected to
show a much greater abatement effect than a measurement 3 m away, as recommended for
urban air quality monitoring [70,144].

Gaudalupe Station, Manila

In 2013 Borlaza conducted a study of the efficiency of 7.5% TiO2 paint, this was
published in her Master’s thesis [137]. This study is referenced in the EIC report [12] and
so is discussed here.

Two areas were painted and investigated as part of the study, (1) 6200 m2 of walls
surrounding a busy highway next to the station, and (2) 9000 m2 inside the basement
parking area. The study relies on Ogawa passive samplers for the NO2 mass concentration
reduction analysis, instead of real-time NOx monitors, which are used to compare chrono-
logical ‘Baseline’, ‘Activation’ and ‘Effect’ periods for the roadside and in-station sites.
Statistical analysis was then conducted on the results from the passive samplers to calculate
a possible reduction in mass concentration between the Baseline (December–February) and
Effect (July–October) periods.

The study reports NO2 abatement of 3–25% outdoors, depending on the specific area
(average 10%), and a 51% increase in NO2 for the indoor environment after PC paint
application. It is not clear how changes in NO2 concentration, due to differing traffic and
meteorology between the periods, are accounted for in the study. The fact that a 51%
increase was observed in the indoor study makes the method seem suspect and the author
writes that a cause for the increase in this section may be that the Effect period for the indoor
environment included national holidays where significantly more people visit the car park,
and that this is the most likely cause of increasing NO2 during the period. According to
this reasoning the fall in NO2 during the Effect period outdoors may conversely be due to
a drop in traffic, increase in wind-speed, or other change in the environment.

Walls Summary

In summary, field studies on the use of PC paint on vertical walls typically report
negligible removal, except for studies that use unrealistic conditions or questionable study
design. This may be due to their not being enough available surface for PC application, as
well as the fact that vertical faces will receive less sunlight over the course of 24 h than a
street surface due to the angles and shadows involved [24]. In Colvile et al. (2007) [145],
the potential impact of the Barratt et al. (2007) [142] study is modelled and it is concluded
that the NOx abatement from coating a single building with PC material would be limited
to a very thin layer of the air close to the building surface.

2.2.3. Tunnels and Enclosed Spaces

Semi-enclosed environments such as tunnels give the potential for testing under more
controlled environments than, for instance, street canyons. The tunnel environment can be
seen as similar to a single-pass reactor, physical conditions are less changeable and a steady
source of light can be supplied to the PC artificially, this means it is possible to obtain field
test results with less uncertainty.

These factors also mean that tunnels in particular, which have a large SA/V ratio,
may be the best candidates for the use of PC surfaces. As artificial light is supplied
consistently removal does not rely on favourable meteorology and can operate into the
night, meaning the surfaces should be more effective. However, enclosed environments
also have drawbacks, including the potential for rapid particle and VOC buildup which
can obscure the PC surface. At street level rainwater also serves to wash off nitrates that
can build up at the PC surface whereas this will not occur on tunnel roofs [36]. Artificial
lighting also adds cost and energy demands relative to outdoor use. The results from the
available studies reflect this mix of competing factors, with reported REs of >50% compared
with negligible RE, below 2%, as shown in Table 6 and with details below.
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Table 6. Tunnels and enclosed spaces.

Location Test Setup/Metric Test area dimensions Light Removal WS RH SA/V Ratio Ref

Umberto
Tunnel, Rome

Whole tunnel (9000 m2) painted,
4 NOx analysers in tunnel,

compared to monitoring stations
in the city

l = 348 m, w = 17 m,
h = 8.5 m

UV and visible:
20 W m−2,

UV: 2 mW cm−2

23% NOx,
‘real’ effect > 50% 0.38 40–70 0.23 m−1 Guerrini (2012) [146]

Leopold II
Tunnel, Brussels

NOx removal normalised
with NOx:CO2 ratio,

comparison of measurements
before and after application,

up and down wind
of active section

and in active section
with UV on and off

2.5 km long city tunnel,
Test section: l = 160 m,

w = 8.4 m, h = 4.2 m

UV-A:
1.6 W m−2 <2% NOx 3 70–90 0.4 m−1 Gallus et al. (2015) [66]

Koningstunnel,
Hague, Netherlands

650 m long tunnel,
KNOxOUT paint added

to walls and ceiling,
chemiluminescent monitors at

the beginning and end
of active section, as

well as nitrate
accumulation strips

150 m test Section
UV:

1 W m−2 (wall) and
0.6 W m−2 (ceiling)

‘significant’ NO removal,
at around 20%, ‘inconsistent’

NO2 results
0.01–3.5 - - Kerrod and McIntyre (2004) [147]

Car park

322 m2 ceiling covered
with TiO2 paint

and car exhaust connected to
a sealed section of

the car park,
photocatalytic rates

recorded in µg m−2 s−1

917 m3 closed area
Total UV:
1 Wm−2

0.09–0.16 µg m−2 s−1

NO2 removal
- ‘unstable’ 0.35 m−1 Maggos et al. (2007) [73]

WS = Wind speed (m s−1); T = Temperature (◦C); RH = Relative humidity (%); l = length; w = width; h = height
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Umberto I Tunnel

The study of PC effectiveness for NOx removal in the ‘Umberto I’ Tunnel, Rome,
written by G. Guerrini (2012) [146], contains a lab component conducted by a third party
using a recirculation testing method (not ISO standard) and two field campaigns, each
three weeks long. TX-Active paint from the Italcementi Group was used and the results are
also summarised in a report for the Italcementi Group (2008) [148]. Measurements of NOx,
traffic volumes, irradiance, wind speed and other meteorological parameters (RH,T,P) were
conducted on weekdays from 8:00 to 16:00. NOx concentrations are measured at the tunnel
entrances (or just outside) and in the centre of the tunnel, at 1 m from the surface. To
judge RE the study compares measurements from within the tunnel, to measurements from
official monitoring stations elsewhere in the city, this is done before and after renovation.
RE of 20% for NOx is recorded for the tunnel measurements after renovation, whereas a
theoretical RE of >50% is recorded relative to the increase in concentration recorded for the
reference sites in the city over the time period. Peaks in pollution concentrations were also
dampened, according to analysis of the variance in concentration in the tunnel centre.

Tunnel concentrations after renovation (September–October) are compared to the tun-
nel concentrations before renovation (July), and with reference stations that are kilometres
away. It is noted in the study that NOx measurements are strongly influenced by local
traffic, including tourist busses that park next to one of the tunnel entrances in spring and
summer. This suggests that measurements comparing different seasons and comparison
with reference sites of a different nature to the active site may give uncertain results. The
study does not compare measurements in the tunnel before and after an area with a PC
surface, or with the lights off and on, which may have clarified the efficiency of the PC
surface. Due to the prevailing conditions (traffic flow and elevation) the prevailing wind
direction in the tunnel is from one end (via Nazionale entrance) to the other (via del Tritone
entrance). Meaning that the NOx concentrations measured at the Nazionale entrance have
not passed through the tunnel containing the PC paint, the average concentration and
variance in NOx also decrease for the Nazionale entrance measurements, as well as the
tunnel centre measurements, when comparing the two periods.

Leopold II Tunnel

The construction of the test site in the Leopold II Tunnel is described in Boonen et al.
(2015) [89], and the analysis, conducted by Gallus et al. (2015), is detailed in [66]. This
study uses a number of metrics to quantify the RE of the PC surface, including NOx
monitoring before and after application of the material, as well as concurrent monitoring
upwind and downwind of the active PC tunnel section, and downwind monitoring with
and without the UV lights switched on. Pollutant levels were also normalised relative
to the photocatalytically inert carbon dioxide emitted by the vehicles. Lab studies were
also conducted, according to the ISO standard [49], to investigate potential deactivation
of the surfaces, these are detailed in [89]. Photocatalytic paints from the same company
as in the Umberto I Tunnel study are used in this study (Italcementi Group, TX-Active
and TX-boosted). The results from the study are jarringly different however, with no
significant impact on NOx levels recorded and RE <2%. This poor performance is partly
attributed to high WS, moderate UV and high RH, but also to deactivation of the PC surface,
demonstrated in the lab studies, and potentially caused by VOCs and soot obscuring the
PCO surface.

In the study, upper limit calculations for possible RE in this environment are made,
using uptake coefficients from the laboratory tests and treating the tunnel as a flow reactor,
described in Section 2.3. Under the actual conditions of testing, an upper limit of 0.4% NO
RE was calculated, while under under optimum conditions, e.g., greater UV irradiance,
lower WS and lower RH, a theoretical RE of 20% was calculated, for NO removal, if no
deactivation were to take place.
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Koningstunnel

This is not a peer-reviewed study, rather a technical report produced by CRISTAL [147].
The study seems to be conducted in a standard format, with measurements of NOx before
and after an active test area, as well as RH, T, WS and frequency of cars through the tunnel.
The ceiling and walls of the test section were painted with active TiO2 paint and lit with UV
lamps. Laboratory tests (‘similar’ to ISO standard) demonstrated that the surfaces could
reduce NO2 levels by up to 50% under lab conditions, with the same UV irradiance as was
provided to the tunnel ceiling. In the field the study found NO removal of around 20% but
only ‘inconsistent’ NO2 removal. They conclude that it is difficult to measure an impact
from the PC material when initial NOx levels are low.

Car Park Studies

A car park was artificially closed in order to test PC paints at scale, using actual car
exhaust gasses, by Maggos et al. (2007) [73]. RE was not calculated in the form it would be
for a flow-reactor and therefore the results of the study are difficult to compare to others.
Instead photocatalytic rates in µg m−2 s−1 are calculated. Overall the results showed that
models based on lab results over-estimated the efficiency of the actual tests, which may be
due to inhibition of the surface by VOCs, which were present in the car park but not the
laboratory testing. In the Thesis by Borlaza [137] (details in Table 5) indoor tests inside a car
park are also performed, however an increase in NO2 concentration of 51% was recorded.
This may be due to, low light level (0.025 W m−2), very low humidity and problems with
the testing method, described in Section 2.2.2 [137].

Tunnels and Enclosed Spaces Summary

The car park studies are not directly comparable to other studies due to differences
in the test setups and/or performance metrics used. Conversely, the tunnel studies are
directly comparable, yet give vastly different results, from negligible removal up to >50%.
Of the two peer reviewed tunnel studies, The Leopold tunnel study [66] has a more rigorous
testing regime, using repeat tests, multiple metrics for RE in the tunnel, which are also
normalised against CO2, as well as ISO standard laboratory tests. Whereas, there are
potential issues with the experimental design in the Umberto tunnel study, such as having
active and control scenarios that are not directly comparable. However, in the Leopold
study it is calculated that in an ‘ideal’ situation where, for instance, there is no surface
deactivation and physical parameters are consistently favourable (low RH, low WS, high
UV) a 20% RE, similar to the lower estimates for the Umberto tunnel, could be achieved
(although only for NO). Meaning that the results may not be contradictory. Overall these
field studies illustrate that PCO may be a viable option in very specific cases, but that
site-specific testing, with comparable active and control cases, is paramount. It should
be noted that, apart from pollutant build-up, the tunnel example represents near ideal
conditions for PC activity with far higher SA/V ratios than in a street canyon and with
powered UV lights, although installation and maintenance costs are also greater. Therefore,
high REs from tunnel studies can not be used to justify the application of PC materials
to outdoor walls and street canyons. The Leopold II study also raises questions over the
longevity of PC surfaces in harsh/polluted environments.

2.3. Modelling

A small number of relevant modelling studies have been identified, they are described
below. There is not a general consensus from the models produced so far, this reflects the
range of results seen in the field studies.

In the 2016 AQEG report [24], a model simulation is produced using the ADMS-Urban
model 5.0, in the report it is stressed that the model results are highly uncertain due to the
complexity of deposition processes in urban environments, but also that NOx deposition
fluxes will be an order of magnitude smaller than the emission flux and so it is not possible
for PC surfaces to have more than a small impact on NOx concentrations. With this model
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applied to the painting of an individual street canyon with PC paint, or ‘London-wide’ PC
paint application, NOx abatement is up to 0.7%.

In the EIC report [12], a model is also developed for both road and wall PC coatings in
a street canyon. The model predicts 4.4–11.0% NO2 RE depending on the season and level
of coverage, and uses deposition rates an order of magnitude greater than in the AQEG
model, it notes that these values are comparable to studies in Rome [146] and Manila [137],
these are discussed in Section 3.8. The study claims that it gives a conservative estimate for
NOx abatement, but the model does not include changes in RH, light levels, temporary loss
of performance due to nitrate build-up, permanent loss of performance due to wearing,
or production of byproducts. Presumably including these would substantially lower the
modelled results, particularly in winter months [78,131].

In Dylla et al. (2013) [149], a model is created for removal of NO by an asphalt road
surface, spray coated with TiO2, using statistical data from a field study and kinetic data
from a lab study of the same surface with a Langmuir–Hinshelwood model. RE percentages
are not calculated but the results of the lab study show that RH and light intensity have
significant impacts on uptake of NO.

A recent modelling study from Jiang and Yu (2020) [150], modelled NOx abatement of
doped TiO2 surfaces applied to roadways. It calculates 30–80% NO2 removal on the road
and 3–30% on the pavement, using doped TiO2. It uses NO2 concentrations of 6000 ppb on
the road and 2500 ppb 25 metres from the road, which are massively elevated relative to
an urban environment in the EU. In the model there is greater relative removal at higher
concentrations. For the solar radiation, 50 W m−2 of UV light, corresponding to a clear day
at the tropic of cancer, is used, the reaction rate from a lab study of pure TiO2 was used
but multiplied by 5 to account for doping and a further 5 times to account for the fact that
10 W m−2 was used when obtaining the rate [67]. Relative humidity and short or long term
wear are not mentioned. The results of this model appear to be an upper limit for removal
under idealised conditions.

The 2015 tunnel field study conducted by Gallus et al. [66] also contains a lab com-
ponent and simple model calculations to determine the upper limit for NOx abatement
in a tunnel, using values for uptake from their own laboratory experiments. They also
develop a general tunnel model tool, that can used to calculate the upper limit for other
tunnels, with inputs for WS, SA/V, length, RH and UV irradiance. Their model calculations
yielded an upper limit of 0.4% NOx RE for the conditions in the Leopold II tunnel, which
corresponds with the <2% RE recorded in the field study. If optimum conditions in terms
of UV irradiance, WS and RH are used as inputs to the model (and any passivation is
ignored) then RE increases to 20%, this illustrates how models that do not take into account
these factors may be over-estimating RE relative to real-world conditions.

In Lira et al. (2019) [151], a 2D CFD model was created using ANSYS CFD (Fluent)
version 14, and validated against literature data from Ballari et al. (2010) [152]. The model
considered changes in RH, light intensity and inlet NO concentration. REs of 12% NO and
16% NO2 were calculated, respectively.

Moussiopoulos et al. produced a model for the effectiveness of PC paint in street
canyons as part of the PICADA project (2008) [153]. The numerical model MIMO, a
3D RANS CFD code for simulating wind-flow in urban areas was used. Source re-
moval rate was taken from a field campaign using a model street canyon conducted
by Maggos et al. [141], described in Section 2.2.2. The model indicated a 50–60% NOx RE
from the PC surfaces, this was in good agreement with the field results, however the field
study has been criticised for having a SA/V ratio that is an order of magnitude greater
than an actual street canyon [23].

Modelling Summary

As mentioned above the modelling studies have a broad range of results, from 0.4
to 80% removal for similar cases. This stems from the range of results in field studies
and range of modelling approaches. There is not evidence of any model for RE that takes
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into account seasonal changes in RH, rainfall and solar radiation, as well as de-activation
(short or long term), which have been shown to be key parameters in a number of field
studies. It is highlighted in Monks et al. (2016) [24], that models of NOx abatement
are inherently uncertain due to the uncertainties of the inputs, chiefly the complexity of
modelling the atmospheres interaction with surfaces in urban environments. There seems
to be disagreement in different models over whether meaningful removal is even possible
due to mass transport issues.

3. Discussion
3.1. Impact of Physical Parameters

As described in Staub de Melo and Trichês (2013) [59], based on the available labo-
ratory studies, there is a general consensus around the impact of physical conditions, in
particular, humidity, flow/wind speed, initial concentration, and levels of irradiation, all
have significant impacts on the efficiency of PCO surfaces [59]. Increasing irradiance levels
improves performance, whilst increasing flow rate will lower it [57,58,69,71].

A slight deviation from the general consensus occurs with RH, where some studies
found a more complex relation. Lowering RH below a certain level (10%) was found to
adversely affect RE, but above this level increasing RH lowered the RE of the surface [34,71].
This is attributed to competition for adsorption sites between water and NOx at higher
concentrations, as well as the fact that water is needed for the creation of hydroxyl radicals,
a reactant in the trapping of NOx, and so at very low humidity a lack of RH can also
be limiting. The exact level of humidity where it changes from promoting to inhibiting
NOx removal seems to be related to the PC material surface and other environmental
conditions [71].

The impact of RH seems to be a key factor in performance, as described in a num-
ber of lab studies performance drops significantly in the range of 70–80% RH [22,57,58].
In Europe for example, 12-month average RH was between 74 and 78% in the years
1980–2016 [154], meaning that performance would be considerably impaired relative to lab
testing at 50% RH.

It is also shown in Jiménez-Relinque et al. (2019) [78], that the hygroscopicity of the
substrate material, and hence its hygrometric inertia, is what will determine the humidity
of the surface. The current measured humidity of the air is different from the substrate
humidity which will depend on mean humidity over the preceding days. The number
of days that should be considered will depend on the specific hygroscopicity of the sub-
strate [78]. Although, it is also shown in other studies that NOx removal by the surface
will be negligible whilst it is raining, or the surfaces are covered in dew [69].

While it has been shown in lab studies that increasing inlet concentration of NO
will lower PC performance, in terms of relative removal (RE), lab tests are generally
conducted at elevated concentrations, e.g., 1000 ppb. Whereas in the ambient environment
concentrations are typically in the low ppb range, for instance monthly mean NOx in
London, which is considered to have relatively high pollution levels for Europe, did not
exceed 200 ppb in the years 1993–2003 [155]. Testing at this elevated concentration may
negatively misrepresent performance for ambient use. In Laufs et al. (2010) [23] PC
paints were shown to have first-order kinetics, with removal independent of inlet NOx
concentration in the range 25–950 ppb.

Irradiance, particularly in the UV region has been shown to impact RE. This will also
differ depending on where the PC surfaces are installed, due to local characteristics of the
site, such as surrounding building heights, degree of shadow coverage, and more generally,
latitude from the equator. It is noted in the 2016 review by Mcaphee and Folli [38], that UV
light is typically quoted as 3–5% of total solar radiation, but this is only the case at solar
noon for latitudes below 35◦, which discounts Europe, half of Asia and the majority of the
United States. This analysis is based on a 2014 study by Folli et al. [131] which is devoted
to modelling at which latitudes and during which seasons it is possible for TiO2 based
photocatalysts to remove NO effectively. In the study, modelled irradiance is compared
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with measured NO removal by a PC surface located in Copenhagen, Denmark (55.68◦

N) from 2012 to 2013. The results show that the surface only measurably lowered NO
concentrations when UV% was >2.5%, and that this was only the case for 6 months of the
year. This demonstrates that latitude and the corresponding UV% is a key consideration for
PC sites, as in this case annual RE would be at most half of that measured in mid-summer.

Overall it is clear that environmental parameters, particularly irradiance and RH are
key to performance. If these are not properly accounted for in models and when reporting
results from short term field studies, then significant over-estimations of performance
may result.

3.2. Durability

Degradation in performance of TiO2 has been identified as a significant issue by a
number of field and lab studies. Both in the form of temporary loss of performance due to
nitrate build-up, which occurs rapidly (days), but can at least partially be washed away,
and longer term loss of performance (months) due to, abrasive wear, poisoning of the
surface, weathering, carbonation and other permanent mechanisms.

The rate of decay in performance in a specific case will depend on the prevailing con-
ditions as well as the individual active and support surfaces and method of incorporation.

It appears that TiO2 cast into the bulk of concrete, or in cement slurry coatings, will last
longer than sprays of TiO2 suspension/emulsion on to concrete for areas where abrasive
wear is expected [76–78,84], although this will increase the cost of retro-fitting the technol-
ogy onto existing roadways. The physical and chemical properties of concrete itself also
appear to contribute to increased durability over asphalt and glass substrates [82]. Con-
versely, in another study asphalt coated surfaces had superior durability to concrete [77].

There is also the issue of temporary loss of selectivity and activity due to build
up of nitrates on the surface, as well as other species from the ambient environment.
This loss can at-least partially be regained by washing the materials [21,89,156]. In some
studies it is claimed that periodic rainfall is sufficient to remove these nitrates entirely, but
in studies where samples were removed from the field and manually washed, RE was
significantly improved, demonstrating that rainfall alone is not sufficient to maintain high
efficiency [76,85]. In the tunnel study conducted by Boonen et al. (2015) [89], rinsing with
water as well as high UV and a flow of clean air was necessary to restore activity after field
exposure. In Staub de Melo et al. it is noted that neither rainwater or standard cleaning is
sufficient for re-activating PC blocks and that high-power jets are necessary [76].

Paradoxically, low moisture is required for effective PC removal, but water is also
necessary to maintain efficiency. This is studied in detail by Patzsch et al. (2017) [21], who
conclude that the NO−3 oxidation product is not merely blocking active sites but poisons
the catalyst and lowers both selectivity and activity. They suggest that the frequency of
rainfall at a proposed installation site should be considered when testing a material so that
tests can be performed with surface nitrate levels that better represent the materials use in
the ambient environment.

Overall, durability depends on a large number of factors, related to both the material
and installation site, and is therefore difficult to model, but is key to the assessing the
viability of PC surfaces. From the results so far, spray-coating TiO2 suspensions/emulsions
onto existing roadways does not seem a viable option in terms of durability [69,77,84],
neither does the use of TiO2 paint in highly polluted areas [89].

Overall it appears that the issue of durability has been overlooked in many publica-
tions [12]. This seems a glaring oversight when performance has been seen to, for example,
drop by 50% after 2.5 months [77], be lost entirely after 2.5 months and 11 months [69],
and lose 87% RE within a year [76]. Inclusion of accurate rates for loss in activity would
have a large effect on future models and cost-benefit analyses, and more research should
be conducted into this in the field [24].
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3.3. Selectivity

Another overriding issue when reviewing both lab and field studies is that, even
if the same type of metric is used, for instance RE or µg m−2 s−1 of removal, it may be
calculated for NO removal only (counting conversion to NO2 as removal of NO), NOx
removal, or NO2 removal, which will yield significantly different results for the same
material, depending on its selectivity. As NO2 is considered far more harmful, and difficult
to remove with PCO than NO, the NO2 removal, or at least NOx removal are more relevant
metrics. However, in most lab studies (including those conforming to the ISO standard)
only NO is supplied as a pollutant and so NO2 RE can only be negative or zero, whereas
calculating NOx removal will ignore conversion of NO to NO2 [144].

In many studies this conversion is entirely overlooked, but it has been shown that use
of unmodified TiO2, for instance the reference material P25 (Evonik Degussa), will typically
result in net production of NO2 when NO is introduced to the surface [71,157], and this is
consistent with a large number of other TiO2 studies, particularly for rutile TiO2 [22,34,116,
152,158–165]. This is also confirmed by field studies, for instance in Folli. et al. (2015) [56],
where overall NOx abatement was up to 30%, but changes in NO2 concentration were
negligible, similar results were also seen in the field by Fan et al. (2018) [84] and Kerrod et al.
(2014) [147].

An alternative metric, the ‘DeNOx index’ is introduced in Bloh et al. (2014) [157].
This aims to combine measurement of selectivity and activity into a single number by
assigning toxicity values to both NO and NO2 and then indicating total change in toxicity.
In the DeNOx index, NO is arbitrarily assigned a relative toxicity value of 1, and NO2
a value of 3, based on direct and indirect health impacts, meaning that the selectivity
threshold for a positive index is 66.7%. In Bloh et al. [157], a number of reference and newly
synthesised TiO2 samples are tested for NO abatement and their DeNOx index is calculated.
All of the reference materials had a selectivity of 30% or less, meaning an unfavourable
DeNOx index and negative net effect on air quality, according to this metric, under the
conditions used. Similarly, in the review of photocatalytic concrete made by Macphee and
Folli (2016) [38], it is concluded that conventional TiO2 is not selective enough and often
has a large negative DeNOx index, meaning that more fundamental research is needed
before it can be deployed successfully.

The DeNOX index could represent a step forward in the accurate ranking and com-
parison of PC materials but has not yet had a large uptake. It may also penalise materials
tested under ISO standard conditions, where pure NO is used as the inlet pollutant, instead
of a NO:NO2 mix, as there is no potential for NO2 removal, only NO2 production. In order
to use this index as standard, and to make testing more relevant to ambient conditions,
a new testing method should be designed and accepted. Assigning an accurate toxicity
index to the two pollutants is also not trivial. NO2 is considered far more toxic than NO,
for instance, threshold limits for nitrogen oxides in ambient air, published by the EU [7]
and WHO [5], are specifically for NO2 only. In terms of workplace limits the NO threshold
is 25 ppm, whereas the NO2 threshold varies between 1 and 3 ppm, or 8–25 times lower
than for NO [166].

Although there is not a direct health benefit from reduction of NO in street and urban
environments, in the ambient environment there are indirect health benefits associated with
converting it to nitrate, due to the atmospheric chemistry of NO. NO2 is rapidly formed
from NO through its reaction with O3. At night time, under typical urban conditions, NO
will be transformed in to NO2 until either all the NO is converted to NO2, or until all the O3
is consumed (O3 limited conditions). Given typical concentrations in the urban atmosphere
this reaction takes place on a time scale of just a few minutes, but this is dependent on
concentrations and temperature. In addition to the conversion of NO to NO2 the major
daytime reaction that affects NO2 is destruction by photolysis, i.e., sunlight breaking down
the NO2 molecule into an NO molecule and a ground state oxygen molecule. This reaction
rate may also be quite fast (10–30 min) in sunny environments. As a result, a balanced
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‘photochemical steady state’ can be reached within an hour, such that the production of
NO2 is balanced by its destruction.

In urban and street environments with relatively low NO levels, like in Denmark,
reductions in NO by PCO surfaces, that are active during daytime, will most likely lead to
lower NO2 levels (as long as they are selective to nitrate). During many hours there will
be enough O3 present to oxidize NO to NO2, as O3 is not the limiting factor for formation
of NO2 as it was decades ago when NO levels were much higher. In street environments
with relatively high NO levels, O3 will still be limiting factor for formation of NO2, and
hence reductions in NO will not lead to reductions in NO2. Although, VOCs can also
interact with the PC surface and be degraded to formaldehyde and acetaldehyde, which
are ozone precursors and feed into the smog cycle, further exacerbating and complicating
the issue [31–34].

Further, even if NO is not oxidized to NO2 in the street environment, lowering NO
will result in less formation of secondary particles in the atmosphere (less nitrate) and
reduce the health burden of PM2.5. However, this will take place far from the application of
photocatalytic materials as the transformation from NO to nitrate is slow in the atmosphere.

Due to the rapid inter-conversion of NOx species, the effect of PCO surfaces on NO
and NO2 photochemical steady state concentrations is a complex issue. It appears that
more work is needed to establish an accurate metric for the net effect of PC materials,
as well as a standardised testing regime that mimics ambient conditions. It seems clear
however that when conventional TiO2 is used for photocatalysis there will likely be an
overall negative effect on air quality and doped, or otherwise modified TiO2 products,
are necessary.

3.4. Material Improvements

Table 3 display the burgeoning recent research into improvement of PC surfaces.
Although improvements to activity are welcome, as can be seen from Section 3.3 above,
improvements to the selectivity of PC surfaces is the key to making them viable. Improve-
ments have been achieved in the lab environment via alterations to the support material,
in particular with alkaline concretes [96,112], and by doping the TiO2, for instance with
Wb and N [38], although selectivity improvements can come at the cost of activity loss [38].
There have also been impressive results recorded for doping with noble metals Au, Pt and
Pd [104,107,121], yet their inclusion may add significantly to the overall cost of PC surfaces.

In terms of doped TiO2, large-scale field studies have only been recorded for carbon-
doped TiO2, as described in Section 2.1.3, with mixed results. Further, standardised, field
testing is needed to prove the efficacy of doped-TiO2 in the field. Depending on the results
of these field tests and the costs of doped materials developed so far, further development
is most likely necessary [38].

3.5. Comparison of Field Studies

As described in Section 2.2, there is great variability in the results for NOx abatement
in all categories of field study, from ≤2 to 66% in street studies, negligible to 82% for wall
studies, and for tunnels and enclosed spaces, negligible up to 23%, with a calculated ‘real’
effect of >50% (as well as −51% for an indoor car park). This range of results is partly
due to differences in the TiO2 surface itself, for instance doped or un-doped and concrete
compared with paint or asphalt, as well as differences in key external parameters at the
location such as WS, RH, irradiance and pollution level. However, it seems that a large
degree of the variation reported in efficiency is also due to differences in the study design
and metrics used to quantify NOx abatement.

As described in Section 3.3, the metric used will alter the results, depending on a
materials selectivity:activity relationship. It is also crucially important whether a reported
RE is averaged over a short ‘measurement period’, ‘day time’ (which can presumably
be defined as between 8 and 16 h), or averaged over a full 24 h per day. This means
that 20% reported RE can instantly be cut to 10% if recorded for day time only, or cut
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even further if this is recorded during a short period of higher irradiance, as is the case
in Kim et al. (2018) [138], where RE is recorded between 12:00 and 15:00 p.m. As noted
in the study by Gallus et al. (2015) [70], in order to comply with the EU regulations for
lowering average annual NO2 concentrations below 40 µg m−3 (Directive 2008/50/EC [7]),
24 h averages should be used (and ideally with measurements made in all seasons, as
shown in Section 3.1). If the purpose is to smooth periodic spikes in NO2 (200 µg m−3 as
a 1 h average should not be exceeded more than 18 times per year in the EU [7]), shorter
averages may be useful, however the averaging time should be quoted with the RE for
clarity, and again should be averaged from measurements across all seasons. This is only
one of the parameters that differs between studies but can mean the difference between a
‘successful’ or ‘unsuccessful’ field study.

There are other key elements of field studies that are not standardised. For instance, the
study design can also greatly alter the reported RE. In some studies, such as Maggos et al.
2008 [141], impressive REs of between 40 and 80% are reported. However, as noted in
Laufs et al. (2010) [23], SA/V ratio is a rate limiting parameter and in a typical street
canyon (20 m width) the SA/V is 0.1 m−1, whereas in the artificial street canyons used in
Maggos et al. (2008) [141] this ratio is 1 m−1, an order of magnitude greater. Therefore,
in order to be relevant to an actual street canyon, the RE in this and other similar studies
should be scaled accordingly, bringing the results in line with other, more conservative,
studies at ∼5% [23,70]. This is presumably why field studies documented for PC coatings
on barriers along motorways/highways reported low or negligible RE, as SA/V is typically
lower for these sites and contact times for pollutants at the PC surfaces are also low [132,140,
167]. If, as claimed in Laufs et al. (2010) [23], and based on kinetic studies, NOx uptake is
limited by transport, then further improvements to PC surface activity will not significantly
improve performance.

Another parameter that will alter the recorded RE is the NOx sampling distance from
the PC surface, for instance, in Barratt et al. (2007) [142], where measurement was at 2.5 m
from a wall, no decrease in NOx was seen during the study. Other studies, reporting greater
NOx abatement, measure at a range of distances including, 0.05–1.5 m [69], 0.30–1.8 m [135],
0.5 m [55], 2 m [56], and in other studies measurement height is not mentioned [84,138].
In Gallus et al. (2015) [70] (where negligible removal was recorded), measurements were
conducted at a 2.5 m distance and 3 m height, and it is noted that 3 m height is the
recommended standard for urban air quality monitoring stations. Change in RE with
sampling height is demonstrated in Ballari et al. (2013) [69], where the RE of a PC pavement
is recorded at 5, 30 and 150 cm, and RE was increased by 30% and 37% when moving from
150 cm to 30 and 5 cm, respectively. The exact relationship will depend on environment
specific parameters but is expected to be significant in all cases.

The available field studies also use a range of methods to quantify the effect of
installing PC surfaces. One method is to compare two areas, an active area where PC NOx
abatement occurs, and a control area that is unaltered, but design of field tests with effective
control areas for comparison to active areas is complex. The same area can be compared
before and after PC treatment, or with and without illumination in the case of tunnels, but
the ambient NOx levels can also change during this time, due to seasonal changes or other
factors such as national holidays occurring during either the control or effect period. It is
difficult to separate the relatively small changes in ambient NOx concentration induced by
the surfaces from variability in local emission sources or meteorology [139]. Therefore, this
approach often leads to inconclusive results or claims that are not robust [137,142].

Tests can also be conducted by bringing a portable testing unit to a field-site that
can be placed over the installed PC surfaces, NOx RE can then be calculated from the
concentration difference between the inlet and outlet of the reactor, either sunlight or
artificial UV light can be used for excitation [36,168]. This is useful for quantifying changes
in performance of PC materials in the field over time, determining their durability, but does
not compare directly to other field studies which measure the effect of the PC materials on
the NOx concentration in surrounding ambient air.
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Otherwise, separate active and control sections of a street or streets can be compared
concurrently, but in this case there can be issues with differences in sources, meteorology
and mixing/dispersion between the areas [24,70]. These spatiotemporal inconsistencies
mean neither method is perfect, although concurrent measurement at comparable active
and control sections is generally preferable. In some studies, model street canyons were
built, meaning the reference and control canyons could be as similar as possible, but so far
these have only been built at a fraction of the size of actual street canyons, which again
alters the results [23,70]. The different methods used in the different studies contributes to
great uncertainty when comparing final results.

Perhaps the study with the most comprehensive quantification is the study conducted
in the Leopold II tunnel [66,89], it utilises a range of methods (described in Section 2.2.3),
including many of those mentioned above, as well as normalising pollutant levels relative
to the CO2 also produced by traffic, that is inert to PC surfaces. A lab and modelling com-
ponent is also included. It records RE <2%, although this is concluded as being due to low
irradiance levels, high pollutant concentrations and otherwise unfavourable conditions.

Conversely, the study of a photocatalytic street coated in C doped TiO2 in Hengelo,
Netherlands conducted by Ballari et al. (2013) [69], and described in Section 2.2.1 also
appears to be comprehensive, including a monitoring period that spans more than a year.
It reports a much greater average NOx RE of 19%. There are caveats to this result, only
daytime results were recorded for averaging and a range of measurement heights was
used (0.05, 0.3 and 1.5 m) and the average RE from all heights is reported, specific NO2
abatement was not reported. There was also negligible or minimal removal recorded on
days where it was rainy, very windy, very humid, when there had been a number of days
without rain and nitrates were built up on the surface, and when the coating had decayed.
Days where a PC effect was not seen were excluded from the averaging to produce the 19%
value. The efficiency of the first material tested was negligible (blocks pre-cast with TiO2),
the second coating, a spray C-TiO2 suspension, was effective but its efficiency decayed and
was negligible after 2.5 months, a second coating was then added that lost its efficiency at a
lower rate and but was also found to have negligible removal after 11 months. Therefore,
this study could be said to disprove the notion that mass transport limitations mean that
PC surfaces can not significantly alter NOx concentrations, due to the significant removal
recorded under favourable conditions, however the 19% average appears inflated relative
to an average annual RE, under all conditions, at an appropriate distance from the surface
and accounting for wear to the surface. In Gallus et al. (2015) [70], it is concluded that
the results of previous studies to that date, if averaged diurnally and extrapolated to
representative urban conditions, would be in the same range as their own study at ∼2%.

3.6. Comparison of Lab Studies

Typically the results from laboratory studies are more homogeneous than the field
studies. This is to be expected as more controlled conditions are used, and there are recognised
standards. Lab studies also typically yield significantly higher RE performance, with NOx RE
in the region of 40%, under standard conditions. This again is expected, due to the conditions
used, i.e., only NO as an inlet gas, greater UV light levels, lower flow rates and humidity
levels, and testing in the absence of co-pollutants such as VOCs [12,74,75,128,144].

Although the results of laboratory studies are more homogeneous than the field
results, there are still issues with standardisation. For instance, there are different laboratory
standards used for testing PC removal of NOx [49,51,144], and some studies do not conform
to any recognised standard, and/or quote different metrics for NOx abatement. Of all
the studies in this review ∼50% are undertaken using the ISO standard, so results from
these studies are most comparable, studies that use their own unique laboratory setup
and metric, without standardisation, are generally not useful in detailing improvements
to materials. Within the ISO standard there are also a number of issues. Some of the
studies which do not use it do so because the standard conditions are not relevant to
actual conditions in the urban environment, in particular NO levels are too high (1 ppm),
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while NO2 is not added at the inlet [144]. Chemiluminescence NOx monitors are typically
used in the lab studies (and most field studies), the operating principles of these monitors,
which only directly measure NO, can not distinguish between NO2 and other oxidised
nitrogen species (NOy), this means that other reaction products such as HONO will be
mis-characterised as NO2, affecting the calculated RE, and meaning hazardous by-products
are not identified [144]. In Ifang et al. (2014) [144], the key issues with current lab testing
standards are outlined and a modified method is proposed, that is better standardized
and aims to also measure the potential negative impacts of PC surfaces. It recommends
the use of NO2 at concentrations < 100 ppb, adding ‘turbulence barriers’ to flow-reactor to
remove diffusion limitations and that adsorbed nitrate is quantified, among other changes.
It also proposes the use of uptake coefficients instead of other metrics that are dependent
on experimental conditions.

This type of standard, that contains realistic environmental concentrations and phys-
ical conditions, is necessary for more accurate comparison of materials. However, other
facets of a field campaign, such as co-pollutants, rainfall, seasonal changes and abrasive
wear can not be easily reproduced in the lab and will vary across different field sites.
Therefore, site-specific evaluation will still be necessary.

3.7. Modelling Results

As described in Section 2.3 there is a large range in the reported modelling results,
reflecting the uncertainty in field tests. Until there is standardised field and lab testing the
modelled results will also remain uncertain. However, it should be mentioned that models
which do not take into account seasonal changes in humidity, irradiance and rainfall, as
well as wear to the surfaces can only represent upper limits of potential RE [78,131].

3.8. Previous Review Efforts

As mentioned in Section 1.4, the most relevant recent reviews are the AQEG [24]
and EIC [12] reports. Macphee and Folli also produced an article which reviews the
physico-chemical factors affecting cement-based PC (2016) [38]. These are discussed below.

The AQEG report presents a negative overall view of the materials, stating that the
more comprehensive field studies (conducted mainly as part of the PhotoPAQ project)
do not report a significant reduction in NOx, and they claim that based on modelling
studies it is not physically possible for enough air to interact with the surfaces to provide
significant removal of NOx, even if the surfaces are highly active. They also highlight
the possibility of the release of harmful by-products, such as HONO and HCHO from
the PC surfaces. In conclusion they do not recommend further trials, but write that any
future trials should robustly quantify changes before and after PC application, investigate
performance under a complete mix of potential urban pollutants and further investigate
potential deactivation [24]. Evidence from the field studies in this review would dispute
the results of the model, as the results of studies with robust testing procedures report
significant impacts on NOx concentrations. For instance, Folli et al. (2015) [56] report a
maximum NO RE of 45%, demonstrating that a PC street surface can have a significant
impact on NO, even if the surface is not selective, and Ballari et al. (2013) [69], one
of the most comprehensive field studies, also report significant NOx RE of 45% under
optimal conditions. This suggests that NOx abatement is physically possible in terms of
air-to-surface interactions.

The EIC review, which includes a report commissioned from Imperial College Lon-
don [12], was produced 1 year after the AQEG report. It presents a more positive outlook.
The report covers a larger range of field studies (12:5), although in this it includes more grey
literature that is not peer-reviewed. For instance, reports made by companies producing
PC paints [147], and a Master’s thesis [137].

They conclude that although the field results present variable success ‘it is clear that
in other trials, substantial reductions in ambient NOx levels were observed’ and references
the Manila [137] and Rome [146] studies as evidence for this.
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However, it mis-characterises the Manila study claiming that NO2 concentrations
were ‘reduced by up to 23%’ which is technically true but the conclusion states an average
removal of 10%, with a range of 3–25%, which the authors of this study consider the
appropriate metric. The EIC report also fails to mention that a significant increase in NO2
of 51% was recorded in the indoor parking garage also measured in the study, and the
issues with the study design noted by the author, which are described in Section 2.2.2. The
Rome field study [146] mentioned in the IEC report is a tunnel study, the merit of the study
is discussed in Section 2.2.3 but overall tunnel study results can not be extrapolated to
apply to street canyons or other outdoor areas due to the far higher SA/V ratio in tunnels
and the possibility of including an artificial constant UV light source, which also increases
installation and maintenance costs.

In the EIC report a model is also produced, it predicts NO2 RE of 4.3–11%, as described
in Section 2.3. This can be viewed as an upper limit due to not taking into account a number
of factors which lower RE over the course of a year, and using a high coverage scenario of
all the ground surface and half of the buildings in a street canyon, during summer, to reach
11%. Despite the more positive outlook based on the Rome and Manila studies, the authors
still recommend further trials in order to assess PCO NOx abatement more conclusively.
They also recommend better standardisation in field and lab studies, certification for
commercial products, further studies into hazardous by-products and better cost-benefit
analyses that consider meteorological conditions.

The 2016 review of photocatalytic concrete conducted by Macphee and Folli [38],
focuses chiefly on results from lab studies and not large scale field studies, despite this it
strongly highlights that the high activity of conventional TiO2 combined with low selectivity
makes it unsuitable for real-world use, having a negative DeNOx index [38].

Overall the results of this review are in agreement with the conclusions from the pre-
vious reviews, barring the model results, and the conclusion of the EIC report that further
testing is not recommended. Based on the available evidence, the authors of this study
conclude that further field trials of modified TiO2 surfaces may yet yield compelling results.

4. Conclusions and Summary

The main focus of this review is to assess the available field studies for NOx abatement
by PCO surfaces in urban environments. Compelling evidence of significant NOx removal,
such as the 20% and above claimed by some studies and commercial reports, was not
found, particularly if considering lowering NO2 below yearly averaged thresholds.

This is an active area of research with many interested parties including PCO material
manufacturers, governments and municipalities, and researchers. There is a large range
of reported results regarding the efficacy of PCO technology in field studies, with many
studies reporting negligible RE for NOx of <2%, but others reporting up to 80%.

The reason for these mixed results seems mainly due to the lack of protocol or stan-
dardisation for field studies in the area. The main areas of divergence between studies are:
the metric reported, averaging times for removal, the length of the study (e.g., whether
multiple seasons are included or not), the SA/V ratio of the experimental site, and the
sampling distance from the surface, as well as differences in establishing active vs. control
sites, and data analysis. Hence, it seems that under realistic, standardised conditions,
the available field studies for PCO use in street canyons can be re-evaluated to present
an upper limit of around 4% RE in the daytime and 2% or less if diurnal averages are
considered [70,144]. Depending on the study, this RE is only quantified for between 0.3
and 3 m from the surface itself.

There are also legitimate differences in the studies that contribute to the spread in
results. For instance, there are a range of active materials on the market, applied to different
substrates, that have real differences in efficiency. Doping of the TiO2 and optimisation of
the support material, for instance using C-TiO2 cast into rough surfaced, porous, alkaline
concrete, compared with conventional TiO2 sprayed onto standard asphalt will significantly
affect the results.
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It has also been shown in lab and field studies that the physical parameters of, relative
humidity, rainfall, irradiance and flow/windspeed have significant effects on RE, meaning
that in colder, darker, humid, cloudy climates, or areas with high wind-speeds, PCO
materials may not perform meaningful NOx abatement. For instance, in a field study
where the PCO concrete was dew covered during the morning rush hour, no NOx removal
by the surface was observed [69], similarly the surfaces are not active under mixed high
pollutant levels [66], or at northerly latitudes, where UV irradiance is low [131]. Durability
is also a problem and it seems that surface performance will decay irreversibly over months
and reversibly over days/weeks, this means that re-application and frequent cleaning
would be necessary to maintain efficiency under typical conditions [69,76].

Overall, this study agrees with the conclusion that, with all factors considered, there
is not compelling evidence for successful NOx abatement by PC surfaces of above ∼2% in
urban environments as a yearly average, even under favourable conditions, and that this
NOx reduction is typically driven by the removal of NO and not the more harmful NO2.

There are also other issues with PC materials related to the production of harmful
byproducts, such as HONO, VOCs and O3, meaning that it has the potential for negative
air quality impacts if not used correctly [34,169]. The key issue for conventional TiO2 is
that a number of studies have shown it will have an overall negative impact on air quality
due to low activity toward NO2 and un-selective oxidation of NO, leading to increased
concentrations of the more toxic NO2 [22,34,116,152,158–165].

In conclusion, optimised TiO2 surfaces may be technically viable for use in lowering
of NOx levels in specific circumstances, but individual cases should be reviewed and
tested to determine if there will be a significant removal of NOx, and particularly, overall
removal of NO2. In most cases the removal (if present) will be far below the RE of 20–80%
quoted by some sources, and in fact likely below 2% (for the immediate around the surface),
before degradation of the surface occurs. Therefore, in its current state PCO offers at best
a small reduction in local NOx concentrations and at its worst a negative overall impact
on air quality, without other benefits. Whereas, measures that lower overall emissions
of traffic-related pollution will lead to tangible improvements to air quality as well as
other co-benefits in terms of environmental and health impacts. Therefore, the effect of PC
surface deployment on air quality is highly uncertain, any reductions in NOx will also last
for a relatively short time.

However, due to the stream of recent research into continuing improvement of PCO,
selectivity, activity and longevity, this situation should be under continual review, but
standardised testing in both lab and field environments is also necessary, to confirm the
viability of new developments. In future, a durable and selective surface, yielding removal
of 2–4% for a cost of∼¤45,000 per ton of NO2, without other indirect harm to local economy
may still be a viable consideration for harm reduction [14,23]. However, this is not yet
a reality.

5. Recommendations

In light of the conclusions of this study the following recommendations are made:

• Plain anatase or rutile TiO2 should not be used as a PCO surface due to their low
selectivity and likely negative impacts on air quality. Optimised PCO active compo-
nents and support materials which are more selective must be developed, or existing
improvements from lab studies must be proved in the field.

• A new standard for lab testing, with relevance to ambient conditions, quantification
of by-products, and transferable results is necessary.

• A standardised metric is needed for the assessment of NOx abatement efficiency
(separating NO and NO2), which takes into account selectivity as well activity, such
as the DeNOx index.

• A standard method for field testing, which accounts for; accurate comparisons of
active and control areas, sampling inlet position, averaging times for calculating
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abatement, seasonal changes, and durability must be developed to make studies more
reliable and comparable.

• Site-specific field testing (as well as lab testing) is necessary before deployment for
assessment of performance and passivation. Assessment of the prevailing humidity,
rainfall, irradiance and pollution levels at a site should also be conducted before field
tests are considered.

• Determination of potential by-products including VOCs and reactive nitrogen oxides
is necessary for both the field and lab tests.

• When assessing PCO materials more consideration should be taken for durability in
the proposed field environment, abrasive wear, poisoning and nitrate build-up should
be accounted for.

• Similarly, modelling should account for loss of performance over time, as well as
seasonal changes in weather.

• In future, commercial materials should be tested under standardised conditions and
certified for use, to ensure that products which have a negative impact on air quality
are not sold.
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