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Abstract 10 

The main objective was to evaluate whether wearing and weathering of nanofunctionalized 11 

photocatalytic pavement in real urban environment can lead to undesirable emission of potentially 12 

toxic nanoparticle aerosols in urban air.  The photocatalytic material was thoroughly tested before 13 

its application for conformity criteria in terms of photocatalytic effectiveness, intrinsic 14 

performance and undesired secondary effects, and then applied on a pilot scale in downtown 15 

Madrid. The aerosol monitoring on the pilot street before the coating applications as well as on the 16 
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neighbouring streets during 10 months was used as a benchmark for evaluation of spatial and 17 

temporal variations. Analysis of the experimental data did not reveal any statistically significant 18 

variations in the aerosol concentrations on the pilot street in comparison with the benchmark. The 19 

concentration of Ti-containing particles was assessed by aerosol sampling and yielded values 20 

below 10 cm-3 that is more than three orders of magnitude below the toxicological limits. A 21 

theoretical model was developed to assess the upper bound of nanoparticle aerosol concentration 22 

in air. These findings indicated that photocatalytic pavement materials, which comply with 23 

conformity criteria under laboratory tests, can have low impact on the particulate contamination 24 

of urban air.  25 
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 28 

1. Introduction 29 

Since its discovery in 1990s photocatalysis has been considering a promising solution for 30 

purification of urban air from nitrogen oxide (NOx) and other contaminants, most of which stem 31 

from road transport (Amato et al., 2014). To enhance their efficacy photocatalytic materials must 32 

be placed in the closest proximity to the emission source, for example, on the road pavement, 33 

where the pollutant concentration is much beyond the mean one. So far various classes of asphalt- 34 

and cement-base pavement materials functionalized with photocatalytic nanoparticles, such as 35 

nano-TiO2, have been developed and tested on both laboratory and pilot scales (Ballari and 36 

Brouwers, 2013; Folli et al., 2015; Guerrini et al., 2017; Jiménez-Relinque et al., 2019). Although 37 

some of these studies succeeded to prove the capacity of photocatalytic pavement to reduce 38 

atmospheric contaminants to a certain extent, a broad implementation of photocatalytic pavements 39 
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in large urban agglomerations, such as the city of Madrid, is yet procrastinating. This is mainly 40 

because of the existing knowledge gap related to the possible negative consequences, which might 41 

arise from the placement of a large amount of nano-size particulate matter on the streets and the 42 

concern, which the local authorities have about it. In the worst imaginary case, the burdens related 43 

to release of nanoparticles from the pavement subjected to abrasion and erosion during its service 44 

life might eclipse the environmental benefits of contaminants reduction. The toxicological study 45 

of fine inorganic particles including photocatalytic ones on humans are far from conclusive (Chen 46 

et al., 2016; David Dankovic, 2011; Lelieveld et al., 2015), but there are numerous experimental 47 

evidences that solid particles with size < 4 μm can penetrate into the intercellular space of the tree 48 

leaves (Räsänen et al., 2017), might drill through air–blood barriers in mice (Yin et al., 2014) and 49 

be deposited in organs or lodged in mitochondria (Kumar et al., 2014). Recently, the European 50 

Union has typified exposure to nanoparticles as one of the emerging risks, and the Committee for 51 

Risk Assessment in its Opinion of 14 September 2017 proposed to classify respirable TiO2 as 52 

carcinogen category 2 by inhalation to mixtures in powder form containing 1 % or more of TiO2 53 

which is in the form of or incorporated in particles with aerodynamic diameter ≤ 10 μm (European 54 

Commission, 2020). 55 

A number of studies of nanoparticle emission for tire and road wear (Conte and Contini, 2019; 56 

Dahl et al., 2006; Foitzik et al., 2018; Kumar et al., 2013; Nagpure et al., 2016; Panko et al., 57 

2013; Park et al., 2018) showed that non-exhaust emission contributes to more than a half of the 58 

total traffic-related emissions and yields considerable fraction of ultrafine partciles below 100 nm 59 

(Lawrence et al., 2013).  With burgeoning electric mobility, the non-exhaust emission is 60 

expected to increase in the forthcoming years (GRPE-68-20, 2014; Guo et al., 2020; Timmers 61 

and Achten, 2016). In this perspective, identification of the particle generation mechanisms and 62 
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influencing factors including the road material, road maintenance, cleaning, etc. is becoming an 63 

urgent task. However, there is still a major knowledge gap between simulation (Shandilya et al., 64 

2015b) and experimental studies, which found very different results depending on the method of 65 

measurement, location and types of vehicles tested (Nevshupa et al., 2020; Timmers and Achten, 66 

2016). The problem is getting more complex with the advent of nanofunctionalized materials 67 

such as photocatalytic asphalts, tiles and pavement coatings, which, in addition to “conventional” 68 

aerosol emission, are able to release embedded nanoparticles when subjected to wearing and 69 

weathering (Shandilya et al., 2015a). A step toward better understanding of the possible aerosol 70 

release from photocatalytic pavements and evaluation of their environmental impacts was made 71 

in the recently concluded project Life-Photoscaling (Castellote, 2019). This study was carried out 72 

in the frame of this project and is aimed at assessment of aerosol concentrations at the street, 73 

where a photocatalytic pavement was placed. The obtained data were statistically compared with 74 

the data measured on the neighbouring streets as well as with the benchmarking data measured 75 

on the same and neighbouring streets before the photocatalytic material applications.  76 

2. Methodology, instrumentation, and measurement sites 77 

This study is as part of a full-scale experiment aiming at evaluation photocatalytic activity, 78 

durability, environmental benefits and impacts of photocatalytic technology on real scale 79 

(Cordero et al., 2020; Jiménez-Relinque et al., 2019; Nevshupa et al., 2020). A photocatalytic 80 

coating was chosen out of various commercial products upon an exhaustive analysis of their 81 

properties on both laboratory scale and pilot-plant technical scale using demonstration 82 

photocatalytic platforms (Cordero et al., 2020). The chosen material was a water-base suspension 83 

of photocatalytic nanoparticles intended for application onto the existing pavements and 84 

sidewalks by spraying with a dose 0.07 − 0.1 l/m2. The coating was applied on José Antonio de 85 
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Armona street (A street hereinafter) in Arganzuela district in downtown Madrid (see an 86 

interactive map available on line) on the area 4200 m2 including 2209.4 m2 of roadway, 340.6 m2 87 

of parking areas, both with asphalt pavement, and 1650 m2 of sidewalks paved with cement tiles 88 

(Fig. 1b).  89 

As the concentrations of aerosol particles in urban air depend on many factors including the air 90 

circulation patterns, exhaust and non-exhaust sources they are prone to spatial and temporal 91 

variations according to hour of day, day of week and season. Hence, it was very important to 92 

choose a reliable benchmark, which would allow to assess the effect of photocatalytic pavement 93 

on the air contamination by fine and ultrafine particles regardless of temporal variations. For a 94 

primary benchmarking the number particle concentrations were measured on street A before the 95 

material application. Furthermore, three neighbouring streets: Bernardino Obregón (B), Ronda 96 

de Valencia (C) and Santa María de la Cabeza (D) were additionally chosen for benchmarking 97 

(Fig. 1a). Streets A and B are two-lane one-way streets; C is a four-lane two-way street and D is 98 

a three-lane one-way street. Despite its short length (277 m), street A has considerable traffic 99 

load, about 5200 vehicles per day, including a regular bus service (5 min period during daytime), 100 

vans and passenger cars (Fig. 1c). The traffic loads on street B, C and D were 33%, 348% and 101 

230% with respect to A.  102 
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 103 

Figure 1. a) Schematic drawing of the streets. The arrows show the traffic directions; b) the 104 

photograph taken during application of the photocatalytic suspension on street A; c) daily mean 105 

traffic loads on streets A and B. 106 

Nine measuring sessions were organized during the first measuring campaign between 107 

September 6, 2018 and December 11, 2018 for acquiring aerosol concentrations in the ambient 108 

air before the application of the photocatalytic coating on street A, and other nine sessions were 109 

undertaken during the second measuring campaign between December 12, 2018 and June 2, 110 

2019 to measure the aerosols with the photocatalytic coating applied on street A. During each 111 

session the aerosol concentrations were repeatedly acquired at various points of the streets, while 112 

each measurement lasted 15 to 25 minutes that allowed to obtain 15-25 particle size spectra in 113 

the size range 10 - 420 nm using a 13-channel Scanning Mobility Particle Sizer Spectrometer 114 

(TSI NanoScan SMPS Nanoparticle Sizer 3910). The data acquired on each street were grouped 115 

in two datasets corresponding to the benchmark and monitoring periods, while each dataset 116 

contained thirteen subsets corresponding to single SMPS channels. Univariate descriptive 117 

statistical analysis was applied to the data subsets in order to derive central tendency (mean) and 118 
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standard error. Shapiro-Wilk method was used for testing normality of data distribution. A t-test 119 

was used for comparing the relative aerosol concentrations of various fractions during the 120 

benchmark and monitoring periods. 121 

It was found that pairwise correlations of aerosol concentrations on streets B and A and C and A 122 

was quite high (Pearson’s correlation coefficients r = 0.846 and 0.902, respectively), but it was 123 

low on streets A and D (r = 0.162). Hence, the following study was focused on streets A, B and 124 

C.  125 

The aerosol particles were collected following the method proposed by R’mili et al. (R’mili et 126 

al., 2013) using a grade 400 copper mesh with Holey carbon film. This method allows capturing 127 

nanoparticles 5 nm in size and larger with effectiveness 15-100% (minimum effectiveness at 30 128 

nm). The aerosol was aspirated at the rate 0.3 l/min through the mesh. Although this method is not 129 

appropriate for accurate quantification of fine aerosol particles, it suits well for analysis of their 130 

morphology and chemical composition using Field Emission Scanning Electron Microscopy 131 

(FESEM) and Energy-Dispersive X-ray Spectrometry (EDX).  132 

On December 11 and 12, 2018, the photocatalytic suspension was applied on street A manually 133 

(Fig. 1b). Since its application, the photocatalytic pavement has been subjected to several washing 134 

by water jets using a conventional equipment and procedure adopted by the municipal cleaning 135 

company in Madrid. A cistern truck with a high-pressure pump was employed to supply water and 136 

generate a water jet. The effect of jet washing on aerosol particle emission from the photocatalytic 137 

pavement on street A was studied on February 26, 2019, 76 days after the coating application.  138 

The volume of experimental data acquired on both target and the neighbouring streets was 139 

analysed using statistical methods in order to identify possible divergences in the trends of 140 
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temporal variations of aerosol concentrations on street A before and after the material application 141 

as well as on street A with respect to streets B and C.  142 

3. Results and discussion 143 

3.1. Benchmarking tests 144 

The average aerosol particle-size distributions on three streets during the period preceding the 145 

application of the photocatalytic layer on street A, are shown in Figure 2. The distributions can 146 

be fitted reasonably well by a unimodal log-normal function (red line) centred at 78.8 nm. The 147 

fitted parameters: log standard deviation, w, and the adjusted coefficients of variations, Radj.
2, are 148 

listed in Table 1.  149 

Table 1. Parameters of particle size distributions determined from fitting the experimental data 150 

using log-normal function: log standard deviation (w) and adjusted coefficients of variations 151 

(Radj.
2).  p-values correspond to the hypothesis tests on comparison of w from benchmark tests 152 

and those determined after coating application. 153 

 Parameter Street 

  A B C 

Benchmarking Radj.
2 0.9208 0.8508 0.9513 

w 0.813 ± 

0.0577 

0.835 ± 

0.0418 

0.838 ± 0.0278 

Monitoring Radj.
2 0.9406 0.9768 0.9223 

w 0.768 ± 

0.0195 

0.747 ± 

0.0155 

0.823 ± 0.0175 
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Monitoring 

vs. benchmark 

p-value 0.024 <10-4 0.146 

 154 

The differences in w on different streets were statistically insignificant at α=0.05 (p-values 155 

0.625 - 0.793, n=11, m=2). The similarity of the particle-size distributions on the three streets 156 

except in the range <30 nm is evident from the pair-wise linear correlations shown in Fig. 2 d. 157 

An excess of concentrations of the smallest fractions and their larger dispersion on street A could 158 

be due to unsteady traffic flow. The continuous traffic flow was interrupted by traffic lights with 159 

relatively long off periods leading to alternation of vehicles accumulation and dissipation and 160 

corresponding short-term aerosol concentration variations associated with braking, acceleration 161 

and idling (Fig 2 a). Previous studies showed that the particle size of traffic emissions including 162 

exhaust and non-exhaust sources in a busy street canyon is centered in the region 20 – 30 nm 163 

(Alonso-Blanco et al., 2018; Foitzik et al., 2018; Longley et al., 2004; Park et al., 2018). Fitting 164 

the experimental data with bimodal log-normal distribution did not converge.   165 
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 166 

Fig. 2. Mean and standard error of normalized number concentrations of fine particles for a) street 167 

A, b) street B, c) street C; d) Linear pair-wise regressions of particles size distributions on streets 168 

B vs. A (black dots) and C vs. A (white dots). Dots are mean values of single SMPS channels 169 

averaged over various spectra on the same street, error bars show standard error of mean.  170 

The relative particle concentrations with respect to street A, dNi/dNA, closely followed the 171 

relative traffic flow rate, Tri/TrA, (section 2.3) that is in line with previous studies (Longley et al., 172 

2004). The relative particle concentrations were determined from the slopes of linear fits in Fig. 173 

3 d. The linear fitting yielded the following equation (Radj.
2 =0.9958): 174 
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0.808 0.020 0.209 0.0096 , (1) 175 

which indicates that about 21% of the total aerosol particle concentrations on these streets is 176 

directly related to the road transport. 177 

3.2. Monitoring the aerosol concentrations in urban air after application of the 178 

photocatalytic coating onto the pavement of street A 179 

Mean particle-size distributions determined from the data measured on the three streets in the 180 

monitoring period (December 2018 - June 2019) are shown in Fig. 3. In comparison with the 181 

benchmark (Fig. 2), the total number concentrations significantly increased (Table 2), but the 182 

shape of the size distributions remained almost unchanged. The experimental data were fitted with 183 

log-normal distribution function centred at 78.8 nm. The fitted log-standard deviation is given in 184 

Table 1. The differences of w for the three streets were not statistically significant at α=0.05, 185 

likewise for the benchmark distributions. In general, the goodness of fit increased and w slightly 186 

decreased in comparison with the benchmarking period.  187 

The pair-wise correlations of the particle-size distributions on streets B vs. A and C vs. A (Fig. 188 

3 d) revealed good linear behaviour with Radj.
2>0.98. The ratios dNC/dNA and dNB/dNA before and 189 

after coating application did not change significantly (significance level 0.05, two-sided p-value 190 

0.837 and 0.548, correspondingly). These findings suggest two important conclusions. Firstly, the 191 

shape of the particle-size distribution on street C, which is characterized by the heaviest traffic 192 

load, remained unaltered during the whole duration of the measurements. Secondly, the particle-193 

size distribution and the total number concentrations of aerosol particles on streets A and B varied 194 

proportionally. This finding is underpinned by the correlation plots shown in Fig 4, which depict 195 

the mean normalized particles concentrations on the three streets after the coating application vs. 196 
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the benchmarking data obtained on the corresponding streets. All three linear functions fitted 197 

perfectly the experimental data yielding slopes between 2.37 and 2.41. The slope corresponding 198 

to street A is not significantly different from the average (p-value 0.301, α=0.05). Hence, the 199 

observed variations have to be attributed to the seasonal effect and to the general 2.4-fold increase 200 

of the background aerosol concentration rather than to the application of the photocatalytic coating 201 

on street A. Although the reasons for such a significant background variation are not clear, it cannot 202 

be related to the changes of the dominating wind direction or velocity, which were nearly constant 203 

during both the benchmarking and monitoring periods (see the corresponding wind roses in Fig S2 204 

in supplementary materials).  205 

Table 2. Total mean number concentrations (103 #/cm3) and standard error of mean 206 

 Street A Street B Street C 

Benchmark 13.2±1.09 11.6±0.63 19.9±1.53 

After coating application 28.0±0.98 22.2±0.99 41.5±2.98 

 207 
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 208 

Figure 3. Mean particle-size distributions measured in the period from December 2018 to June 209 

2019 on a) street A, b) street B, and c) street C. The data were measured after the application of 210 

photocatalytic coating on street A; d) pair-wise correlations of total number concentrations on 211 

streets B vs. A and C vs. A. Dots are mean values of single SMPS channels averaged over various 212 

spectra on the same street, error bars show standard error of mean. 213 
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 214 

Figure 4. The correlation plots of the normalized particles concentrations on the three streets after 215 

coating application vs. the benchmarking data obtained on the corresponding streets. Dots are 216 

mean values of single SMPS channels averaged over various spectra on the same street, error bars 217 

show standard error of mean. 218 

3.3. The effect of jet washing  219 

In order to assess the effect of pavement cleaning, the aerosol particle concentrations were 220 

monitored before, during and after conventional jet cleaning (Fig. 5). During the cleaning, the 221 

particle number concentration increased, and the size distributions shifted to the smaller sizes. The 222 

mode of size distributions situated at 20 nm. Both the number size distribution and the total number 223 

concentrations returned to the background values almost immediately (approx. 5 min) after the 224 

cleaning was finished. With except for the smallest particles ≤20 nm, the data measured during 225 

waterjet cleaning linearly correlated with the background aerosol (inset in Fig 5) showing a 2.1-226 

fold increase. However, the concentrations of the smallest particles increased 3.5 – 5 times during 227 

waterjet cleaning. The water mist droplets are usually larger than 20 μm and they cannot be 228 

detected by a Scanning Mobility Particle Sizer (Lovén et al., 2019). However, after water 229 

evaporation the mist can leave behind aerosols of mineral residuals. In fact, drying water mist is 230 
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one of the common methods of salts aerosol generation (Nevshupa et al., 2020). In addition, the 231 

exhaust of the truck engine, which was used to carry the water tank and to generate waterjet, might 232 

have a contribution to the increase of aerosol concentration. In order to investigate into the possible 233 

origin of the smallest particles emission the data were compared with the particle size spectra on 234 

a street with heavy traffic and spectra of artificial aerosols obtained by nebulizing of tap water. 235 

The normalized distributions of these two aerosols are shown in Fig. S3 in Supplementary 236 

materials. The mode of the engine exhaust was in the range 20-30 nm that agrees the results 237 

reported by (Fushimi et al., 2011) that diesel engine emits ultrafine particles in the range 10-30 nm 238 

with a unimodal size distribution. The mode of particle-size distribution for the artificial aerosol 239 

was significantly larger, between 100 and 110 nm with only small contribution from ultrafine 240 

particles below 50 nm that agrees the findings of O’Dowd et al. and Ueda et al. (O'Dowd and 241 

Leeuw, 2007; Ueda et al., 2016). Hence, it is plausible to suggest that the smallest aerosol particles 242 

likely stemmed from the engine exhaust.  243 

  244 

Figure 5. Distributions of normalized aerosol particles concentration in air before, during and 245 

after waterjet cleaning street A. The inset shows mean values of single SMPS channels obtained 246 
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during (blue) and after (red) waterjet cleaning as function of mean values of corresponding 247 

channels obtained just before waterjet cleaning.  248 

 249 

3.4. Characterization of the aerosol particles  250 

The representative images of ambient aerosol particles captured by a grid are shown in Fig. 6. 251 

The general image shows sparse micrometre size particles. Most of these particles have high 252 

content of Ca, Si, O, Mg, Na, K and other elements that suggests that these particles are debris of 253 

construction and building materials. At higher magnification (Fig. 6 b and d) fine and ultrafine 254 

particles can be distinguished. These particles were grouped according to their morphology and 255 

chemical composition: α – ultrafine particles organic and carbonaceous, probably due to exhaust; 256 

β – aggregates of carbonaceous ultrafine particles; γ – fine particles containing silicon and alkali-257 

earth metals; δ – aggregates of particles containing Si, Fe and alkali-earth metals. Occasionally, 258 

micrometre size Ti-containing particles were caught, which could be classified into two groups: 259 

τ1 - spherical particles with supposedly carbonaceous or organic matrix and embedded ultrafine 260 

Ti-containing particles (Fig. 6 d) and τ2 – irregular-shape or polygonal particles (Fig. 6 f). Due to 261 

low C and high Si and Mg content the latter type could be attributed to the fragments of 262 

construction materials including pavement.  263 

 264 
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 265 

Figure 6. Representative SEM images of ambient aerosol particles: a) general view of the grid with 266 

the captured particles; b) and c) typical forms of aerosol particles, which do not contain titanium; 267 

d) and f) aerosol particles containing titanium; e) and g) EDX spectra of the areas marked in panels 268 

d and f. 269 

3.5. Evaluation of the upper bound of theoretical TiO2 aerosol concentration  270 

A single-compartment box model of street canyon was used to assess the upper bound of steady 271 

nanoparticle aerosol concentration, which could be potentially emitted from a photocatalytic 272 

pavement considering generic parameter values typical for the given type of photocatalytic 273 
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coatings. This simplest air pollution model is based on the mass conservation of pollutants inside 274 

an Eulerian box considering particle emission from the pavement and aerosol dilution due to air 275 

exchange with the surrounding atmosphere (Hassan and Crowther, 1998). For the sake of 276 

simplicity particle coagulation and deposition were neglected. The atmosphere over the modelling 277 

region and within the box is perceived as well-mixed. The dominating wind directions were NE 278 

and W-WSW (Fig. S2 in supplementary materials). The flux of pollutants into or out of the box 279 

takes place through the top and ends. The schematic drawing of the box model and the notation 280 

are depicted in Fig. 7. The parameters used in the model are described in Table 3.  281 

 282 

Fig. 7. a) the schematic drawing of a single-box street canyon model used for evaluation of the 283 

upper bound of nanoparticle aerosol concentration related to potential nanoparticle emission from 284 

the photocatalytic coating to air; b) the schematic illustration of weathering/wearing with constant 285 



 19

nanoparticle emission rate; c) the schematic illustration of the model with the concentration-286 

dependent emission rate.  287 

Table 3. The parameters of a single-box street canyon model  288 

Parameter Description Value Unit 

W Street width 15.2 m 

L Street length 277 m 

H Canyon height 20 m 

U Mean wind speed 1.57 (NE) 

2.38 (W) 

2.0 (WSW) 

m/s 

θ angle between the street axis and wind direction 71 (NE) 

64 (W) 

86 (WSW) 

deg. 

mA0 surface mass density of applied photocatalytic 

nanomaterial 

5-10 g/m2 

N0,A initial surface number density of nanoparticles on 

the pavement1) 

1.4 – 4.1 1017 m-2 

TC lifetime of photocatalytic coatings  20 

5.18×107  

month 

s 

1) for mean particle size Dp =21 nm and TiO2 specific gravity ρ =3.85 g/cm3. 289 

 290 

The concentration of TiO2 nanoparticle aerosol emitted from the pavement is expressed by the 291 

following differential equation (Hassan and Crowther, 1998): 292 
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, (2) 293 

where C0 is the background concentration of TiO2 nanoparticle aerosol, UL and UT are the 294 

longitudinal and transversal components of roof top wind, respectively, QTE is the specific rate of 295 

TiO2 nanoparticle emission from the pavement.  296 

The lacking knowledge concerning the size distribution of emitted aerosol particles and robust 297 

statistics on the coating service lifetime does not allow realistic aerosol concentration assessing, 298 

but the upper bound of the nanoparticle emission rate can be estimated considering the following 299 

assumptions: 1) all nanoparticles were liberated from the coating as free aerosol particles; 2) the 300 

coating lifetime depends on the photocatalytic nanoparticles concentration only. Then, two models 301 

of the nanoparticle emission were considered. In the first model ageing is assumed to be a process 302 

of gradual thinning of the photocatalytic coating due to wearing and weathering that yields nearly 303 

constant rate of nanoparticle emission:  304 

. (3) 305 

In the second one, the particle emission rate is proportional to the instantaneous surface 306 

concentration of nanoparticles leading to exponential decay of the emission rate with time: 307 

exp , (4) 308 

where K2 is the rate constant, τm is the time constant of photocatalytic activity decay.  309 

Assuming that at the end of the lifetime the surface number density of nanoparticles falls below 310 

10% of its initial value N0,A, the constants in (2) and (3) can be expressed as following: 311 

. , , (5) 312 

, , (6) 313 

.
. (7) 314 
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The time scale of emission rate variation is considerably larger, nearly five orders of magnitude, 315 

than the time scale of aerosol dilution in a street canyon typically ranged between several tens and 316 

few hundreds of seconds  (Ketzel and Berkowicz, 2004; Nikolova et al., 2014). Therefore, the two 317 

dynamic processes are completely decoupled and the particle emission can be considered 318 

stationary or quasi-stationary. Then, the equilibrium aerosol concentration is determined from the 319 

following expression : 320 

. (8) 321 

The resulting upper bound of the TiO2 nanoparticles concentration ranges between 0.91×104 and 322 

1.20×104 cm-3 (exponential decay model). Despite being significantly overestimated due to 323 

adopted simplifications the upper bound is yet below the recommended toxicological limits. 324 

According to the British Standard Institution (BSI) and the Institut für Arbeitsschutz der Deutschen 325 

Gesetzlichen Unfallversicherung (IFA) the recommended benchmark level for insoluble 326 

nanomaterials as TiO2 in air is 2×104 cm-3. The Social and Economic Council of the Netherlands 327 

(SER) gives a reference limiting value for ultrafine TiO2 (between 1 nm and 100 nm) 4×104 cm-3. 328 

More realistic, although not fully accurate estimation of TiO2-containing aerosol particles 329 

concentration can be made on the ground of the counts of particles, Ng, captured on Holey carbon 330 

− coper grids using the following expression: 331 

, (9) 332 

where V is the volume of air passed through the grid, f is the capture probability.  This yields the 333 

maximum estimated number concentration of Ti-containing particles in the ambient air <10 cm-3 334 

(in the size range 10 − 8000 nm). Therefore, photocatalytic pavements, which comply with the 335 

quality criteria such as durability and triboemission of nanoparticles under accelerated laboratory 336 

tests, are associated with low impact on particulate matter contamination of urban air. 337 
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  338 

Conclusions 339 

Monitoring the number concentrations of fine aerosol particles during 6 months after 340 

photocatalytic pavement application on the pilot street in downtown Madrid did not reveal any 341 

statistically significant differences in either particle size distribution or concentrations, which 342 

could be related to the emission of nanoparticles from the pavement. Elemental and morphological 343 

analysis of sampled aerosol particles showed that Ti-containing particles were scarce and normally 344 

larger, than 1 μm. No free ultrafine TiO2 particles were found. These particles were classified into 345 

two groups: 1) spherical particles with supposedly carbonaceous or organic matrix and embedded 346 

ultrafine Ti-containing particles (Fig. 6 d) and 2) irregular-shape or polygonal particles. The first 347 

type of the particles could be associated with the solid residuals of airborne droplets formed by 348 

spraying the photocatalytic suspension, while the second one could stem from wearing and 349 

weathering of the coating. The upper bound of Ti-containing aerosol nanoparticles determined 350 

from a simplified single-compartment box model of street canyon comply the existing 351 

toxicological recommendation.  352 
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