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Abstract 
The effect of photocatalytically generated surface HNO3 on NOx and VOC removal 

activity is investigated using three very different photocatalytic films, namely, P25 

TiO2, a commercial exterior paint (produced by STO Gmb) and a commercial air-

purifying curtain fabric (IKEA).  The paint required accelerated weathering and the 

cloth UV-preconditioning before exhibiting significant activity.  When tested using the 

removal of nitric oxide ISO 22197-1:2016, the NO ISO, all films exhibited decreasing 

NOx removal activity and decreasing photocatalytic activity for NO removal with 

increasing irradiation time, so much so that both the STO paint and P25 films showed 

little NOx removal activity after the 5 h irradiation period.  In all cases the loss in activity 

was attributed to the generation of a surface layer of HNO3, which was found to persist 

for at least 15 h and up to 7 days on a P25 film but could be readily rinsed away.  The 

CaCO3 in the STO film, and the fibrous nature of the IKEA cloth appeared to largely 

eliminate the negative effect on NOx removal activity after 7 days.  The activities 

exhibited by these films for the photocatalysed oxidation of acetaldehyde appeared 

unaffected by the presence of a photocatalytically generated HNO3 film.  The 

relevance of the results to current, commercial photocatalytic products for air 

purification is discussed briefly. 

 
 
 
 
 
 
 
 
 
 
 
Key words: nitric oxide; acetaldehyde; nitric acid; photocatalysis; titanium dioxide.  
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Introduction 

Current commercial photocatalytic products include, self-cleaning glass [1], concrete 

[2], plastic tent/awning/curtain materials [3,4] tiles [5] and paint [6,7); all are based 

on the semiconductor photocatalyst, TiO2, because it is, (a) physically, chemically and 

photochemically stable, (b) photocatalytically efficient and (c) inexpensive.  For many 

of these products, a major area of application is the purification of air.  In the case of 

outside air, the nitrogen oxides, NO and NO2, are the major air pollutants, produced 

by the combustion of fuels, such as from cars and power stations.  Not surprisingly, 

these NOx gases are also significant pollutants of indoor air, so much so that they, 

along with volatile organic carbons, VOCs, such as acetaldehyde and formaldehyde, 

contribute to sick building syndrome [8].   

The ability to remove NOx is therefore an important feature of all commercial, 

photocatalyst-based, air purification architectural products, for exterior and interior 

use.  It is worthwhile, therefore, to consider the key photocatalytic reactions 

associated with the reduction of ambient NOx levels using a TiO2-based photocatalyst, 

[9-12], i.e.  

                                                                     TiO2 
                                4NO + O2 + 2H2O  →  4HNO2                                               (1) 
                                                                    hν ≥ Ebg 
 
                                                                 TiO2 
                                      4HNO2 + O2   →  4NO2 + 2H2O                                       (2) 
                                                               hν ≥ Ebg 

 
                                                                    TiO2 
                             2H2O +   4NO2 + O2   →  4HNO3                                              (3) 
                                                                   hν ≥ Ebg 

Thus, in the photocatalytic reactions (1) and (2), the NO component of NOx is oxidised 

to NO2, via the intermediate formation of nitrous acid, HNO2, and then the existing 

and photocatalyst-generated NO2 is oxidised to nitric acid, via reaction (3).  An 

excellent study of the effect of various experimental parameters, such as [NO], [NO2], 

irradiance and relative humidity, on the efficiency of NOx removal by TiO2 

photocatalysis has been reported by Ballari et al. [13].  In support of the reaction 

mechanism represented by reactions (1) to (3), most studies of the oxidation of NO by 
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oxygen photocatalysed by TiO2, show that the amount of NOx removed is matched by 

the amount of HNO3 generated [9-12].   

Unfortunately, there is, however, a well-known problem [8,14-18] with this system, in 

that as the final product, HNO3, accumulates on the surface of the TiO2 photocatalyst, 

the following photocatalysed reaction becomes increasingly important, 

                                                                  TiO2 

                                   2HNO3  +  NO   →  3NO2  +  H2O                                      (4) 

                                                                  hν ≥ Ebg 

As a consequence, all TiO2-based photocatalysts for NOx removal eventually 

accumulate sufficient surface HNO3 so that they only function to promote the 

oxidation of NO to NO2 [14,18], i.e. 

                                                                   TiO2 

                                            2NO  +  O2   →  2NO2                                                (5) 

                                                                     hν ≥ Ebg 

The problem of HNO3 accumulation is usually addressed in commercial photocatalytic 

paints and concrete by including in the formula an acid scavenger, such as CaCO3 [19] 

or NaOH [18], since, in contrast to HNO3, the accumulation of a nitrate salt does not 

appear to promote reaction (5).  Photocatalyst coatings, such as glass, tiles or plastics, 

that do not have an effective, acid-removing additive, must therefore, rely on the 

regular removal of the surface accumulated HNO3 by surface water, such as rain, 

which is clearly an issue for indoor products and external-use products where regular 

rainfall is unlikely [18].  As a consequence, the latter materials are usually promoted 

for their ability to destroy volatile or non-volatile organic pollutants, rather than their 

NOx removal capacity. 

Given the presence of NOx in outdoor and indoor air, clearly the accumulation of nitric 

acid has the potential to pose a problem to all commercial photocatalytic products for 

exterior or interior use, not only in terms of lowering significantly any NOx reduction 

capability, but also simultaneously affecting their ability to destroy VOCs, such as 

formaldehyde and acetaldehyde.  This paper investigates the issue of HNO3 

photocatalytic generation and accumulation, as revealed by coatings of P25 TiO2, and 

examples of a commercial, photocatalytic exterior paint and interior cloth.   



5 
 

2. Experimental 

Materials 

Unless stated otherwise, all materials were purchased from Aldrich Chemicals and 

used as received.  In house TiO2 films of Evonik P25, StoColor Climasan photocatalytic 

paint (Sto SE & Co., Germany) and curtain fabric (GUNRID, IKEA, Sweden) were 

prepared or used, as outlined below, on 5×10×0.4 cm3 borosilicate glass plates.  

Degussa P25 TiO2 powder is comprised of particles which are a mixture of mainly 

anatase and rutile phases (typically 70-80% anatase), and has a BET surface of ca. 50 

m2 g−1 [20].  Thin films of P25 were deposited on the glass substrates by evaporation 

of 10 mL of a 2.5 g dm−3 aqueous suspension of P25 which was first spread over the 

surface of the substrate (10×5 cm2, 0.5 mg cm−1 loading) using a plastic syringe, and 

then dried at 300 °C for 2 h in a muffle furnace.  The dried (25 mg) P25 TiO2 films were 

ca. 4 μm thick and translucent white in appearance, see Fig. 1a. 

The StoColor Photosan paint [19,21] coated samples (10x4.7 cm2) were prepared using 

a draw-down method in which 2 cm3 of the paint were deposited as a line of liquid paint at 

the top of the glass plate and drawn down using a k-bar No.8, to deliver a film of the paint 

with a wet thickness of 100 µm, on the glass substrate (10x4.7 cm2).  A k-bar is a wire-

wound steel rod which is regularly used in the print industry to deliver ink films with 

well-defined wet film thicknesses [22].  The coated substrates were left to dry 

overnight in the dark before use and the dried STO paint films were found to be ca. 17 

μm thick, white and opaque, see Fig. 1a. 

The recently released GUNRID air purifying curtain [4] from IKEA, comprised a woven 

fabric of recycled polyester, coated with a TiO2-based photocatalyst, HeiQ Fresh Air, 

supplied by a Swiss company, HeiQ Materials AG [23].  The manufacturers report that 

the fabric is machine washable up to 40 oC, which suggests an excellent adherence 

between the polyester fibres and the TiO2 coating [4,24].  The prime application of this 

fabric is the purification of indoor air, including the sick building VOCs, acetaldehyde 

and formaldehyde [4,24].  The IKEA cloth was found to be comprised of ca. 265 μm 

thick fibre bundles spaced 436 and 181 μm apart, slightly grey, and partially 

transparent, like a net curtain, see Figs. 1a and 1b.  Based on these dimensions, it can 



6 
 

be shown that ca. 75% of the geometric surface area is covered by the fibre bundles 

i.e. 0.75 cm2 per 1 cm2 of cloth.  The bundles themselves comprised very thin fibres, 

ca. 10 µm thick.  

(a) 

(b) 

Figure 1: (a) Photographs (from left to right) of 10x5 cm samples of the different 
photocatalysts tested in this work, namely (from left to right), a P25 TiO2 film, STO (StoColor 
Photosan paint) film and IKEA (GUNRID air purifying curtain) cloth; (b) optical microscope view 
of the IKEA fabric, from which a macro thread diameter and micro fibre diameter of ca. 265 
and 10 µm was estimated.   
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Methods 

The NOx removal capacities of the different samples were measured using the NO air-

purification ISO method ISO 22197-1:2016 [25] which is an established standard test 

for determining the NO and NO2 removal activities of photocatalytic materials, and is 

referred throughout this paper as the NO ISO. Unless stated otherwise, all samples of 

the P25 coated glass and IKEA fabric were UV preconditioned overnight (16 h) as 

required by the NO ISO, using as a UV source, two 15 W blacklight blue light (BLB) 

fluorescent tubes, which had a peak emission at 352 nm and an irradiance of 1 mW 

cm-2.  In contrast, unless stated otherwise and for reasons that will become clear 

subsequently, all STO paint fims were more agressively conditioned by accelerated 

weathering, as stipulated in ISO 4892-3: 2016 [26], using a Model QUV/se, Q-Lab 

weatherer, for 7 days, under a continuous cycle of 8 h UV irradiation (0.76 mW cm-2, 

340 nm; 50oC) and 4 h condensation (60oC).   

Full details of the NO air-purification NO ISO are given elsewhere [25,27], however, 

briefly, the NO ISO employs an inert, flat-bed photoreactor system, illustrated in Fig. 

S1 in the Electronic Supplementary Information, ESI, file, which is designed to hold up 

to three, but, in this work, typically holds only one, 5×10 cm2 test sample, and allows 

their subsequent illumination with UVA light.  As before, the UV source employed in 

this work comprised two, 15 W blacklight blue light (BLB) fluorescent tubes, which had 

a peak emission at 352 nm and an irradiance of 1 mW cm-2.  Humidified (RH = 50% at 

25 °C) air and dry NO, are mixed to give a NO concentration of 1000 ppbv, which is 

then passed through the photoreactor at a mass flow controller set rate of 3.0 dm3 

min−1.  In the photoreactor, the gas mixture passes through a narrow gap of 5 mm 

between the top glass window and the test sample below, and the outlet gas stream 

from the reactor is sampled through a valve attached to a NOx detection system, which 

in this case was a T200, Enviro Technology Services, UK.  The concentrations of NO and 

NO2 in the outlet stream are monitored for ca. 30 min before the light is switched on 

during the 5 h irradiation period of the test (and for 30 min after the light has been 

switched off.  The start and end of the irradiation period, where the irradiation times, 

t, are 0 and 300 min, respectively are referred to here as ‘to’ and ‘tend’.  Given that in 
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this work there is always a 30 min delay before illumination, it follows that ‘to’ and 

‘tend’ occur at reaction run times of 30 and 330 min, respectively.   

In every NO ISO test run, the recorded [NO] and [NO2] vs reaction time profiles, such 

as that illustrated in Fig. S2 in the ESI file, and later on in this paper, were used to 

calculate the amounts of NO removed, NO2 generated and NOx removed as a 

proportion of the total amount of NO that flowed through the system over the 5 h of 

irradiation period; in this work the key calculations were based on the following 

equations, 

%NO(rem) = � [NO]in−[NO]exit
[NO]in

 𝑑𝑑𝑑𝑑 × 100%
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡0
    (6) 

%NO2(gen) = � [NO2]exit
[NO]in

 𝑑𝑑𝑑𝑑 × 100%
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡0
   (7) 

%NOx(rem) =� [NO]in − [NO]exit+ [NO2]exit
[NO]in

 𝑑𝑑𝑑𝑑 × 100%
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡0
 (8) 

where, %NO(rem), %NO2(gen) and %NOx(rem), are the percentages of NO removed, 

NO2 generated and NOx removed, respectively.  It follows from eqns (6) to (8) that 

%NOx(rem) = %NO(rem) - %NO2(gen).  The parameters, [NO]in and [NO]exit are the 

measured concentrations, in ppbv, of NO, in the gas stream on entry and exit of the 

photoreactor, respectively, at any time, t, during the irradiation period.  The 

parameter [NO2]exit is the exit concentration of NO2, measured at the same time, t, as 

[NO]exit.  The integrations described by eqns (6) – (8), cover the irradiation period of 

interest, which is usually between to (i.e. the start of the irradiation period) to tend (i.e. 

the end of the irradiation period which is usually 300 min in duration).  The values of 

%NO(rem), %NO2(gen) and %NOx(rem) calculated for this period are average values 

and referred to as such. 

Finally, it should be noted that the IKEA fabric was found not to be particularly active 

as a photocatalytic material and, as a consequence, it was always tested under ISO 

‘sensitive’ reaction conditions [25], namely with a gas flow of 1.5 (instead of 3) dm3 

min-1 and with two (not one) 10x5 cm2 samples of the cloth in the reaction chamber.  

The lower flow rate doubles the contact time, and the use of two pieces of cloth, 

doubles the photocatalytic area, and so, when making comparisons between other 

samples (i.e. those run under standard, and not sensitive, conditions), the values of 
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%NO(removed), %NO2(generated) and %NOx(removed) should be divided by 4 [28].  

However, in order to avoid confusion, in this paper all the data reported for the IKEA 

fabric refers to the actual, measured (i.e. not divided by 4) values for these calculated 

parameters and as a reminder of this fact, the subsequent text will refer to IKEA* fabric 

and its values, where the asterix denotes that the reported values are the actual values 

determined under ‘sensitive’ conditions and have not been adjusted.   
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3. Results and discussion 

Preconditioning 

According to the NO ISO [25], the test piece must be pre-irradiated with a UV light 

with an irradiance of ≥ 1 mW cm−2 for at least 16 h in air to decompose any residual 

organic matter present, before the NOx test proper is run after washing the sample 

with water.  This preconditioning step is required so that the surface exposed to the 

NO stream during the NOx test proper can be considered pristine.  Usually the effect 

of this pre-conditioning step is modest, both with regard to the measured values of 

%NOx(rem), before and after UV conditioning, and the component values of 

%NO(rem) and %NO2(gen).  However, in some cases the effect of pre-conditioning can 

be striking and nowhere is this better illustrated than the IKEA* cloth, the recorded 

[NO], [NO2] and [NOx] vs irradiation time profiles for which, with and without UV pre-

conditioning are illustrated in Figs.2a and 2b, respectively.  Note, in these profiles, as 

in all subsequent profiles, the numbers in parenthesis are (from left to right) the 

average values of %NO(rem), %NO2(gen) and %NOx(rem), calculated using eqns (6) to 

(8), for to = 0 min and tend = 300 min, from the associated [NO], [NO2] and [NOx] vs 

irradiation time profiles.   



11 
 

 

Figure 2: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles 
recorded under NO ISO conditions for IKEA* fabric (a and b) and STO paint film (c and d), which 
had not (a and c, respectively) or had (b and d, respectively) been UV pre-conditioned (IKEA*), 
or weathered for 1 week (STO), prior to testing. The numbers in parenthesis refer to (from left 
to right) the calculated values of %NO(rem), %NO2(gen) and %NOx(rem), respectively.  In all 
cases the film was UV irradiated between reaction times 30 and 330 min.  

 

The [NO], [NO2] and [NOx] vs irradiation time profiles illustrated in Figs.2a and 2b, 

reveal that initially, the IKEA* cloth is not photoactive, nor is it rendered active during 

the 5 h irradiation of a typical NO ISO run.  However, after 16 h pre-conditioning with 

UV, it is active, although, given all runs made using this cloth were carried out under 

‘sensitive’ ISO reaction conditions, its activity is still relatively modest.  Presumably the 

UV pre-conditioning procedure destroys some, or all, of the organic surface species 

that form part of the proprietary HeiQ Fresh Air coating formulation [23] and once 

destroyed, the now exposed TiO2 photocatalytic particles are then able to 

photocatalyse the oxidation of NO to HNO3 via reactions (1) – (3).  The need for 

significant UV preconditioning before working, does mean that the IKEA* GUNRID air 

purifying curtain material, as sold, will not work initially, but rather will take some 

time, the duration of which will vary enormously depending on such factors as its 
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location in the house, e.g. one at a south facing window will be more quickly activated, 

and the amount of sunlight the house receives in general, which will depend upon the 

geographic location of the house, as well as the time of year. 

The commercial exterior STO paint film exhibits a quite different behaviour, compared 

to that of the IKEA* fabric.  Thus, in the absence of UV-conditioning in air the 

associated [NO], [NO2] and [NOx] vs irradiation time profiles are as illustrated in Fig. 

2c, which shows the film is able to remove some NO, generate little NO2, and overall 

exhibit a modest degree of NOx removal, which is still better than that exhibited by 

the IKEA* cloth, even after UV pre-activation, see Fig. 2a.  However, when aggressively 

pre-conditioned, through accelerated weathering under UV illumination and 

condensation at quite high temperatures (50-60 oC) for a long period of time (7 days), 

the [NO], [NO2] and [NOx] vs irradiation time profiles for the STO paint are 

transformed, as illustrated in Fig. 2d, to those of a material with significant 

photocatalytic activity for NO removal (given %NOrem changed from 2.5 to 10.7%) , 

and also, unfortunately, for NO2 generation (%NO2(gen) changed from 0.7 to 8.2%), 

so that the average %NOx(rem) value is only a little better than that exhibited by the 

non—weathered paint film, i.e. %NOx(rem) changed from 1.8% to 2.5%, respectively.  

Thus, rather like the IKEA* cloth, the exterior STO paint requires preconditioning 

before it exhibits appreciable photocatalytic activity, although in the latter case the 

conditioning needs to involve very aggressive weathering and not simply the usual 

pre-UV conditioning for 16 h [25].  In addition, even after activation and exhibition of 

significant photocatalytic activity, a measure of which is the value of %NO(rem), both 

films have very modest (< 5% [25]) values for %NOx(rem), since they also generate at 

the same time large amounts of NO2 so that the calculated value of %NOx(rem) is not 

much bigger, if at all, than that of %NO2(gen). 

The feature of delayed photocatalytic activity in photocatalytic paints, illustrated here 

for the STO paint by the [NO], [NO2] and [NOx] vs irradiation time profiles in Figs. 2c 

and 2d, has been noted previously [29] for other photocatalytic paints and is 

attributed to the need for the TiO2 photocatalyst particles at the paint surface to first 

photocatalyse the oxidative mineralisation of the polymer resin (i.e. the binder) used 

in the paint formulation, which covers the surface of the TiO2 particles, before being 
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able to remove effectively air-borne pollutants.  Accelerated weathering of the STO 

paint promotes this necessary conditioning process, allowing the paint to function 

more effectively as a photocatalytic film. 

Nitric acid accumulation and CaCO3 

As noted earlier, most studies of the oxidation of NO by oxygen photocatalysed by 

TiO2, show that the amount of NOx removed is matched by the amount of HNO3 

generated [9-12] and this feature is assumed here for all the films tested.  Additional 

evidence that HNO3 is generated via the photocatalytic reactions (1) – (3) was 

obtained by recording the FT-IR absorbance spectrum of a P25-coated CaF2 disc placed 

in the NO ISO reactor before and after illumination.  The results of this work, illustrated 

in Fig. S3 of the ESI, show clearly the presence of HNO3 after illumination, via the 

emergence of characteristic N-O vibrational modes peaks at 1633, 1406 and 1322 cm-

1. 

All photocatalytic films used here, i.e. P25 TiO2, STO paint and IKEA* cloth, and 

elsewhere [18], when tested using the NO ISO, exhibit, to varying extents, loss of NO 

and NOx removal activity with increasing time.  As noted previously, this is usually 

interpreted as being due to the increasing dominance of reaction (4) over reaction (3) 

with increasing irradiation time, as the surface becomes covered with HNO3, so that 

the overall process eventually reduces to reaction (5), the photocatalysed oxidation 

of NO to NO2 by O2.  However, the accompanying decrease in the value of %NO(rem) 

with irradiation time also suggests that the accumulation of HNO3 decreases the 

overall rate of photocatalysis exhibited by the film; indeed, others have even 

suggested the HNO3  acts as ‘physical barrier’ to the photocatalytic process [30].  

Clearly, this loss of activity due to HNO3 surface accumulation would be particularly 

significant if it also similarly affected the rate of photocatalysed destruction of VOCs 

exhibited by such films and this aspect is explored in a later section. 

The inhibitory action of photocatalytically-generated HNO3 on NOx removal is most 

clearly illustrated in this work by the [NO], [NO2] and [NOx] vs irradiation time profiles 

recorded for films of weathered STO paint, and UV-pre-conditioned P25 TiO2, 

illustrated in Figs. 2(d) and 3(a), respectively.  In both these profiles, the [NO] increases 

and the [NO2] decreases with increasing irradiation time, as would be expected if the 
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surface accumulation of HNO3 actually decreases the overall photocatalytic activity 

exhibited by the photocatalyst.  As a result of this inhibitory action, both the 

weathered STO paint and the UV conditioned P25 TiO2 film exhibit little NOx removal 

activity towards the end of the 5 h UV irradiation period of the NO ISO, as shown in 

the plots of the [NOx] vs reaction time profiles (red lines) in Figs. 2d and 3a, 

respectively, in which the value of [NOx] approaches that of [NO]in (broken grey line 

and equal to 1000 ppbv) as the irradiation time approaches 5 h.  This feature of low (< 

5%), or negligible (i.e. < 1%), %NOx(rem) values, as t approaches 5 h, is in spite of the 

fact that both films exhibit significant photocatalytic activity even as the irradiation 

time approaches 5 h, as evidenced by the low values of (i.e. [NO] <<< [NO]in) and high 

values of [NO2] illustrated in Figs 2d and 3a for the weathered STO paint film and the 

UV-conditioned P25 TiO2 film, respectively.   

Of the samples tested here, the apparent exception to the inhibitory effect of 

photocatalytically generated HNO3 is the UV-preactivated IKEA* cloth, as illustrated 

by its [NOx] vs irradiation time profile (red line) illustrated in Fig. 2(b), from which it is 

apparent that even towards the end of the 5 h irradiation period, the film is still 

functioning as a photocatalytic NOx removing film.  However, even the IKEA* cloth 

exhibits the general trend of decreasing capacity to remove NOx with increasing 

irradiation time that is so often observed in NOx removing photocatalytic films.  For 

the IKEA* cloth film this trend is best illustrated by calculating the values of %NOx(rem) 

in the first 30 min, and last 30 min, as well as the average value (over the 5 h irradiation 

period).  The results of these calculations for the IKEA* cloth, as well as for the P25 

TiO2 and STO paint films, are illustrated in Fig. 3c and highlight the general trend, 

exhibited by all the photocatalytic films, of decreasing %NOx(rem) value with 

increasing irradiation time during the 5 h irradiation period employed in the NO ISO.  

The results in Fig. 3c show that the transition from a NOx removing photocatalytic film 

to a NO to NO2 convertor, due to HNO3 accumulation, is much slower in the IKEA* 

cloth than the other two films, which is typical of a high surface area, fibrous material.  

For example, this very slow transition has been observed before for a paper-like 

photocatalytic material, made of TiO2-covered PTFE fibres and sold by the Mitsubishi 

corporation [18].  Clearly, the larger the surface area, the longer the UV exposure 
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required to generate a sufficient level of surface HNO3 to eliminate it NOx-removing 

capacity and render it a simple NO to NO2 photocatalytic convertor.  In the case of the 

Mitsubishi paper this transition took ca. 74 h continuous irradiation under the same 

NO ISO reaction conditions, whereas for P25 TiO2 and weathered STO paint films it 

took less than 3 h.   

(c) 
 

Figure 3: [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles 
recorded under NO ISO conditions for a UV-conditioned P25 TiO2 film (a) without, and (b) with 
10 wt% CaCO3 in the metal oxide 25 mg film formulation; (c) plot of the calculated %NOx(rem) 
values for the different conditioned films, in first 30 min (black), and last 30 min (red) and 
averaged over the 5 h irradiation period (green) of the NO ISO test.  In (a) and (b) the film 
under test was UV irradiated between reaction times 30 and 330 min and the numbers in 
parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and 
%NOx(rem), respectively. 
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As noted earlier, an obvious and popular method to reduce the inhibitory effects of 

HNO3 accumulation is to add an acid scavenger, such as CaCO3, to the film and, not 

surprisingly, this is the approach taken by STO [19, 21] in their formulation of their 

StoColor Photosan paint.  However, it is clear from the NOx values for the STO paint 

given in Fig. 3c, that the addition of CaCO3 has little effect on supressing the inhibitory 

action associated with photocatalytic HNO3 accumulation.  In order to probe the 

efficacy of CaCO3 in removing HNO3, thereby preventing reaction (4) and so improving 

the film’s NOx removal capability, 10 wt% of a high surface area (ca. 50 m2 g-1) CaCO3 

powder were added to a typical P25 TiO2 dispersion and the resulting film tested under 

NO ISO conditions.  The [NO], [NO2] and [NOx] vs reaction time profiles for this 

P25/CaCO3 film are illustrated in Fig. 3b and the calculated NOx removal values in the 

first and last 30 min of the 5 h irradiation period are given in Fig. 3c.  These results 

show that, as is usually assumed, the presence of CaCO3 (in this case 10 wt%) does 

improve the ability of a TiO2 film to remove NOx; indeed, for the P25/CaCO3 film the 

%NOx(rem) value in the last 30 min of the UV irradiation is ca. 10 times (i.e. 4.8% cf. 

0.5%) that of a plain P25 TiO2 film.  Given the above, it might at first appear surprising 

that the presence of CaCO3 in the formulation of STO paint doesn’t produce any 

obvious resistance to the negative effects of HNO3 accumulation, see Fig. 3c.  

However, in this, or any, photocatalytic paint it appears likely that the CaCO3 particles 

will be coated with paint binder, and so largely rendered passive with regard to the 

photocatalytically generated HNO3 that accumulates on the surface of the TiO2 

photocatalyst particles.   

Dark persistence of accumulated HNO3 

The above results suggest that commercial photocatalytic paints in particular, and 

photocatalytic products in general (e.g. tiles, concrete, paving stones), that are 

promoted for their ability to remove NOx, may quickly fail to function as such, due to 

the accumulation of photogenerated HNO3
 on the surface of the photocatalytic film.  

However, this possible major concern may be irrelevant if the ambient level of NOx is 

<< 1000 ppbv and the accumulated HNO3 does not last long on the surface of the TiO2.  

Fortunately, the former condition is almost always met, since even the average level 
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of NO in a busy London street is typically 200 ppbv, although it can peak at 600-700 

ppbv, and so in most towns the NOx levels are likely to be much lower, i.e. < 100 ppbv 

and usually lower again (by at least 25%) when indoors [31,32].  In addition, it would 

seem unlikely that HNO3 would reside long on any surface, given its boiling point is 83 
oC [33], and so is relatively volatile.  However, the assumption of a low residence time 

based on boiling point is a little simplistic, since the acid will almost certainly protonate 

the surface OH groups, allowing the nitrate to form a stable ion-pair complex, i.e. [Ti 

– OH2+NO3-], so that the residence time, i.e. persistence, of this bound HNO3 is likely 

to be greater than that of non-complexed/free HNO3.   

In order to investigate the persistence of a photocatalytically generated layer of HNO3 

on the TiO2 in the photocatalytic films under test, such a layer was first deposited on 

each of the films by running each sample first under the NO ISO conditions usually 

employed in this work.  Each film so treated was then tested again, using the NO ISO, 

either, (a) directly after deposition (t(dark) = 0 h), (b) 15 h later (t(dark) = 15 h) or (c) 

7 days later (t(dark) = 168 h).  In addition, in (d) each film used in (c) was subsequently 

rinsed with water (to remove any surface accumulated HNO3) and tested again.  A 

typical set of [NO], [NO2] and [NOx] vs reaction time profiles arising from this work for 

a P25 TiO2 film are illustrated in Fig. 4 and a similar set of the [NO], [NO2] and [NOx] vs 

reaction time profiles recorded for the other two photocatalytic films tested in this 

work are illustrated in Figs. S4 and S5 in section S4 of the ESI.   
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Fig. 4 [NO] (black line), [NO2] (broken line) and [NOx] (red line) vs reaction time profiles 
recorded for a UV-pre-conditioned P25 TiO2 film that had previously been subjected to a NO 
ISO test, in order to deposit a layer of HNO3, and then tested again after a set (dark) time after 
the deposition of HNO3.  The (dark) times employed were: (a) 0 h, (b) 15 h and (c) 168 h.  
Sample (d) was recorded for sample (c), after rinsing it with water before testing again. In all 
cases the film was UV irradiated between reaction times 30 and 330 min and the numbers in 
parenthesis refer to (from left to right) the calculated values of %NO(rem), %NO2(gen) and 
%NOx(rem), respectively. 

The [NO], [NO2] and [NOx] vs reaction time profiles for a P25 TiO2 film illustrated in 

Fig. 4 reveal that if used directly after the deposition of the HNO3, i.e. t(dark) = 0 h, the 

film functions simply as a NO to NO2 convertor, although still photocatalytically very 

active, since %NOrem = 22.1%.  For this film, the average %NOx value is negligible (0.8%) 

and the situation doesn’t improve if the value of t(dark) is increased to 15 h.  After 168 

h there is evidence of some recovery in initial NOx removal activity, but it is only once  

the film is rinsed with water, after 7 days in the dark, to remove the residual 

photocatalytically generated, surface accumulated HNO3, is the film restored to ca. 

77% of its original photocatalytic activity, (i.e. %NOx(rem) = 3.6 cf 4.7%) and even then 

the [NO]x vs irradiation time profile shows the same problem of a decreasing 

%NOx(rem) value with increasing irradiation time, due to HNO3 accumulation.  This 

trend in NOx removal capability is captured in the plot of the average values of 

%NOx(rem) vs t(dark) for P25 TiO2, calculated using the [NOx] vs irradiation time profile 
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data in Fig. 4 and eqn (8), illustrated below in Fig. 5.  These results show that the 

persistence of photocatalytically generated HNO3 on the surface of TiO2 is a real 

problem for naked (i.e. no acid scavenger) photocatalytic films even after 7 days in the 

dark. 

Fig. 5: Plot of values of %NOx(rem) values calculated using the data in Fig. 4 and Figs S4 and 
S5 in the ESI for the different TiO2-based photocatalytic films, namely: UV-conditioned, P25 
TiO2 (black), weathered STO paint (red) and UV-conditioned IKEA* cloth (green), respectively.  
The data from the samples displayed include that for an initial (pristine, no pre-deposited 
HNO3) film, and films with t(dark) values of 0, 15 and 168 h (7 days) and finally the 168 h film 
after rinsing with water.   

 

From the data illustrated in Fig. 4, it appears that both the STO paint film and the IKEA* 

cloth show the same initial features as the P25 TiO2 film, i.e. the photocatalytically 

deposited HNO3 persists in the dark when left overnight (15 h), but, in contrast to P25 

TiO2, appears largely absent after 168 h in the dark, so that the original activity 

exhibited by the film is largely restored by that time.  In the case of the STO paint film, 

presumably the CaCO3 in the formulation, although unable to remove the surface 

accumulated HNO3 after 15 h in the dark, is able to do so after 168 h.  In the case of 

the IKEA* cloth, the almost complete recovery in NOx removal activity after 168 h in 

the dark also suggests a similar complete loss of HNO3, possibly due to its slow 

diffusion into the bulk of the fibre bundles.   
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Overall, the above results suggest that many commercial NOx-removing photocatalytic 

will exhibit a delay in exhibiting any significant activity as the film needs to be UV-

conditioned and/or weathered.  Even after conditioning/weathering, the films will 

exhibit a deceasing efficiency for NOx removal with increasing irradiation time due to 

the accumulation of photocatalytically generated HNO3.  However, in practice, the 

latter inhibitory action is unlikely to lead to the complete loss in NOx removal activity, 

given the level of NO in the ambient air is most likely << 1000 ppbv and the material 

will have either an acid scavenger, such as CaCO3, in its formulation, and/or a high 

surface area, as found in photocatalytic paper or cloth.   

It follows from this work that there is a strong argument for the modification of the 

current NO ISO, so that the level of NO is set at a more realistic level of, say, 100 ppbv, 

and not the current value of 1000 ppbv, since the latter generates results which, as 

we have seen, highlights problems, such as those due to HNO3 accumulation, that are 

unlikely to occur in practice.  Of greater concern is the general observation that all the 

photocatalytic films tested here and elsewhere [9-18] for converting NO to HNO3, via 

reactions (1) to (3), generate significant amounts of NO2 which are lost to the ambient 

air coupled with the fact that the latter is more toxic than NO [34].  Thus, any solar UV 

absorbing, inexpensive, non-toxic, stable alternative to TiO2 photocatalyst which is 

able to reduce significantly, or eliminate, the intermediate production of unbound NO2 

in the oxidation of NO to HNO3 by ambient O2 would represent a great advance in the 

use of photocatalysis for purifying ambient air. 

HNO3 accumulation and VOC removal 

This work has demonstrated that the accumulation of HNO3, photocatalytic generated 

via reactions (1) to (3) lowers significantly the photocatalytic activity exhibited by the 

TiO2-based film under test.  As noted earlier, a rough measure of photocatalytic 

activity is the calculated average value of %NO(rem) and a P25 TiO2 film without and 

with a photocatalytically deposited HNO3 film has %NO(rem) values of 30.8 (see Fig. 

3a) and 22.1 % (see Fig. 4a), respectively.  Thus, the P25 TiO2 film exhibits a ca. 28% 

drop in photocatalytic activity with activity with HNO3 surface film formation.  A similar 

analysis of the data for the STO paint film and the IKEA* cloth reveals similar drops in 

activity with HNO3 deposition, i.e. 49% and 28%, respectively.   
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As noted earlier, it has been suggested by others that the drop in photocatalytic 

activity observed for TiO2 film in the photocatalytic removal of NOx is due, in part at 

least, to the HNO3 acting as a ‘physical barrier’ [30] and if this is the case it might be 

expected that the accumulation of HNO3 will also decrease the efficacy of a 

photocatalytic film to mediate the oxidation of VOCs, such as acetaldehyde.  In order 

to investigate this possibility, as before a layer of photocatalytically generated HNO3 

was deposited on each of the photocatalytic films by first running them under the 

usual NO ISO conditions, and then testing each sample for photocatalytic VOC removal 

activity using the acetaldehyde ISO [35].  In the acetaldehyde removal ISO for testing 

photocatalytic films, the same reactor is used as in the NO ISO, see Fig. S1 in ESI, with 

the [acetaldehyde]in = 5 ppmv, flow rate = 1 dm3 min-1, irradiation time 3h and UV 

irradiance = 1 mW cm-2.  As before the IKEA* cloth was tested under ‘sensitive’ 

conditions, i.e. flow rate = 0.5 dm3 min-1, and two (instead of one) samples.  The 

concentration of acetaldehyde in the gas stream, [acetaldehyde], before, during and 

after irradiation was monitored using GC with an FID detector.  The initial 

photocatalytic reaction in the oxidation of acetaldehyde by ambient oxygen can be 

summarised as follows:  
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                                                                             TiO2 

                                      2CH3CHO  +  O2  →  2CH3COOH                       (9) 

                                                                             hν ≥ Ebg 

A typical [acetaldehyde] vs time profile recorded for a UV-conditioned P25 TiO2 film 

(without deposited HNO3) before, during and after UV irradiation is illustrated in Fig. 

6.   

 
Figure 6: Plot of the concentration of acetaldehyde vs reaction time, recorded for a UV-pre-
irradiated, P25 TiO2 film without deposited HNO3, 5 min before, during (3 h) and 10 min after 
UV irradiation, 1 mW cm-2, flow rate 1 dm3 min-1, one 10x5 cm2 sample.  The broken horizontal 
line highlights the average [acetaldehyde] value in the inlet feed gas stream.  
 

From this profile, using an equation similar to that of eqn (5), but with [acetaldehyde] 

instead of [NO] values, and t0 = 120 min of the irradiation period and tend = 180 min, a 

value of 56.5 % for %acetaldehyde(rem) was calculated for the film for the last hour 

of the irradiation (a stipulation of the acetaldehyde ISO [35]).  The same procedure 

was then used to determine the %acetaldehyde(rem) value for a P25 TiO2 film which 

had a pre-deposited film of photocatalytically generated HNO3.  The weathered STO 

film and the IKEA* cloth were processed similarly and the results of this work are given 



23 
 

in Table 1, a brief inspection of which reveals a slight increase in photocatalytic 

removal rate for the photocatalytic film with a pre-deposited film of HNO3 compared 

to that without, for all three TiO2 films.  It is possible that this small increase in is due 

to the additional photocatalytic wear undergone by the film by depositing the HNO3 

film in the first place.  For all three films, the effect of HNO3 deposition on 

actetaldehyde removal rate is negligible compared to that on NOx removal rate.  These 

results suggest that photocatalytically generated surface HNO3 is unlikely to form a 

physical barrier to the photocatalytic process and, as a consequence, is unlikely to 

present a problem in these or most photocatalytic films which are used for VOC 

removal.  This in turn suggests that the very marked effect of HNO3 accumulation on 

NOx removal is simply due to the photocatalytic reaction (4) and, consequently, the 

photocatalytic destruction of VOCs, such as in reaction (9), is unlikely to be affected 

by the presence any HNO3 accumulated onto the surface of a TiO2 photocatalyst due 

to the photocatalysed oxidation of ambient NO, or NO2. 

 
Table 1: Calculated %acetaldehyde(rem) values for TiO2 films with and without 

surface 

 

Sample 
Deposited HNO3 

(Yes / No) 

%Acetaldehyde(rem) 

(%) 

P25 TiO2 No 56.5 

P25 TiO2 Yes 57.1 

STO paint No 29.4 

STO paint Yes 34.3 

IKEA* cloth No 28.1 

IKEA* cloth Yes 29.0 

 

Conclusions 

In the purification of outdoor or indoor air, most commercial photocatalytic films are 

likely to require some UV preconditioning before becoming effective.  Once effective, 
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in the photocatalytic removal of NOx, these films will accumulate a surface layer of 

HNO3 which will cause a decrease in their activity for NOx removal with increasing 

irradiation time.  However, photocatalytic materials developed for NOx removal in 

particular are unlikely to lose entirely their ability to remove NOx as the ambient NOx 

level is likely to be << 1000 ppbv and the film is likely to have an acid scavenger 

present, such as CaCO3, and/or be fibrous in nature, although both features will 

probably take many hours (typically > 15h) to reduce the surface concentration of 

HNO3 appreciably.  The accumulation of photocatalytically generated HNO3 on the 

surface of a photocatalytic film does not reduce its activity for the removal of VOCs 

such as acetaldehyde.  The above findings are encouraging for all those associated 

with the development and commercialisation of photocatalytic films for air 

purification.  However, it is clear there is a real need for a photocatalyst that has all 

the attractive features of TiO2, such as low cost, non-toxic, photostable, high activity, 

but which does not release NO2 during the photocatalysed oxidation of NO to HNO3 

by ambient O2.  
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