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Abstract	7 

Particulate matter is one of the most persistent global air pollutants that is causing health problems, 8 

climate disturbance and building deterioration. A sustainable technique that is able to degrade soot 9 

using (sun)light is photocatalysis. Currently, research on photocatalytic soot oxidation focusses on 10 

large band gap TiO2-based photocatalysts and thus requires the use of UV light. It would prove useful 11 

if visible light, and thus a larger fraction of the (freely available) solar spectrum, could additionally be 12 

utilised to drive this process. In this work a visible light-active photocatalyst, WO3, is benchmarked to 13 

TiO2 under both UV and visible light. At the same time, the versatility and drastic improvement of a 14 

recently introduced digital image-based soot degradation detection method are demonstrated. An 15 

additional step correcting for non-soot related catalyst colour changes is applied, resulting in accurate 16 

detection and quantification of soot degradation for all studied photocatalysts, even for materials such 17 

as WO3 that are inherently coloured. 18 

With this study we aim to broaden the scope of photocatalytic soot oxidation technology to visible 19 

light-active photocatalyst. Along with this study, we provide a versatile soot degradation detection 20 

methodology based on digital image analysis that is made widely applicable. 21 
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1. Introduction	32 

Particulate matter (PM) is a major air pollutant, present in high concentrations in cities worldwide. It 33 

is formed by a range of both biogenic and anthropogenic processes, but the main source in populated 34 

areas is related to combustion processes (EEA 2016). High PM concentrations, including soot, have 35 

been linked to a range of health problems, both on the short and long term, such as respiratory and 36 

cardiovascular diseases. In addition, several elements of PM (e.g. soot, SO4
2-) are known to interfere 37 

with the global climate, altering the global temperature (Thorsen et al. 2004; deRichter and Caillol 38 

2011). Another adverse consequence of high PM (and mainly soot) concentrations is the fouling of 39 

surfaces such as buildings, statues and windows (Maury and De Belie 2010). The development of 40 

sustainable soot degrading technologies is therefore crucial. Photocatalysis is a light-driven technology 41 

that enables to degrade soot, being the carbon-based fraction of PM (Lee and Choi 2002; Lee et al. 42 

2004; Mills et al. 2006; Chin et al. 2007, 2009; Smits et al. 2013; Van Hal et al. 2019; Pozo-Antonio et 43 

al. 2020). When light with sufficient energy reaches the surface of a semiconductor, electron-hole pairs 44 

are formed. These electron-hole pairs can participate in oxidation-reduction reactions, and in the 45 

presence of carbonaceous soot particles ultimately result in their mineralisation towards CO2 (Chin et 46 

al. 2009).  47 

Current research mainly focusses on the large band gap material TiO2, that exclusively requires UV light 48 

(Lee and Choi 2002; Lee et al. 2004; Mills et al. 2006; Chin et al. 2007; Smits et al. 2014; Kameya et al. 49 

2017; Pozo-Antonio et al. 2020), while visible light-active photocatalysts, characterized by a smaller 50 

band gap, remain largely unstudied in the context of soot degradation. In order to apply photocatalysis 51 

as a sustainable energy-efficient soot abatement technology, the ability of this process to utilise visible 52 

light (and eventually sunlight) is crucial. In addition, as research on the use of visible light-active 53 

photocatalysts (often WO3) in other research areas (e.g. water and air purification)(Kim and Choi 2011; 54 

Chen et al. 2012; Zhang et al. 2012; Fukumura et al. 2017; Xie and Ouyang 2017; Peeters et al. 2020; 55 

Van Hal et al. 2021) increases, the capacity of these materials to cope with deposited soot is an 56 

important parameter for the application of these materials in urban (highly soot-contaminated) areas. 57 
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In this study, the soot degrading properties of both commonly studied TiO2 and partially visible light-58 

active WO3 are investigated, both using UV and visible light. To the best of our knowledge this is the 59 

first time WO3-based photocatalysts are studied for photocatalytic soot oxidation. The analysis of 60 

visible light-active photocatalysts for soot degradation is complex, in the sense that typically sensitive 61 

and expensive equipment would be required to, for instance, measure weight losses upon degradation 62 

(Chin et al. 2009). Visible light-active photocatalysts are typically coloured materials (e.g. WO3 is green-63 

yellow), which complicates alternative optical detection strategies. In this work we have therefore 64 

improved a low-cost and time-efficient digital image analysis method, as presented in our earlier work 65 

(Van Hal et al. 2019), by correcting for changes in the intrinsic colour of the catalysts during the 66 

degradation experiment. In this way we applied this versatile detection tool for the first time to study 67 

coloured samples. Additional information on the ongoing reactions is collected using an in-situ FTIR 68 

reaction cell. Combination of the image analysis method and in-situ FTIR cell allowed us to easily 69 

compare the studied photocatalysts, both considering their short- and long-term soot oxidation 70 

capacity, as well as the by-products that were produced (and thus determine the overall mineralisation 71 

efficiency). Eventually, the aim of this study is three-fold: i) expand the knowledge on photocatalytic 72 

soot oxidation using visible light-active photocatalysts, ii) expand the knowledge on photocatalytic 73 

soot oxidation using visible light and iii) in doing so improve and expand the applicability of a versatile 74 

image analysis methodology to coloured samples.  75 

2. Experimental	76 

2.1 Photocatalyst	synthesis,	coating	and	characterisation	77 

WO3 nanopowder, further denoted as WO3 Mart., was synthesized according to a precipitation method 78 

described by Martínez-de la Cruz et al. (Martínez and Cuéllar 2010). In short, Ammonium tungstate 79 

hydrate (99.99%, Aldrich, prod. Japan) was dissolved in deionised water at 80°C, after which nitric acid 80 

(65%, Chem Lab, Belgium) was added. The tungstate solution was kept at 80°C for 70 minutes and the 81 

formed precursors were decomposed by heating the obtained precipitates 3 hours at 600°C. 82 
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Commercially available P25 was obtained from Evonik (Germany), PC500 from Cristal Activ (France) 83 

and WO3 nanopowder (<100 nm) was obtained from Sigma Aldrich (prod. China), further denoted as 84 

WO3 Sigma). All powders were used as such in further experiments.  85 

The photocatalysts were drop casted on cleaned soda lime glass slides (2.5 cm by 1.5 cm, VWR, prod. 86 

China). To this end, suspensions were made of the catalyst powders in methanol (99,8%, Chem Lab, 87 

Belgium) at a concentration of 67 mg mL-1. The suspensions were ultrasonicated for 1 h and applied 88 

onto the slides so a coverage of 3.5 mg cm-2 was obtained. The coated glass slides were dried for 2h in 89 

air, and then at 80°C overnight to remove residual solvent. Soot (Printex-U, Evonik, Germany) was drop 90 

casted on top of the photocatalyst layer, from a suspension containing 1 mg mL-1 in methanol, so a 91 

soot coverage of 0.022 mg cm-2 was obtained. and the glass slides were again dried to remove all 92 

residual solvent. This method thus ensures a direct physical contact between the soot particles and 93 

the photocatalyst layer.  94 

A range of physico-chemical characterisation techniques was performed to confirm correct synthesis 95 

of the WO3 nanopowder (WO3 Mart.). UV-VIS spectroscopy was performed using a Shimadzu UV-2600 96 

spectrophotometer with integrated sphere. The band gap was determined using a Tauc plot. A 97 

Micromeritics Tristar 3000 surface area & pore size analyser was used to determine the specific surface 98 

area and porosity. A Bruker D8 Advanced diffractometer was used to determine the crystalline 99 

structure (Cu Kα radiation; 40 kV; 40 mA; 20-80 degrees; 0.5 s step-1). In addition, energy dispersive X-100 

ray fluorescence (EDXRF) measurements were performed using a Minipal spectrometer of PANalytical 101 

(30 kV; 3-5 µA).  102 

2.2 Colour-based	monitoring	of	photocatalytic	soot	oxidation	103 

Soot degradation was monitored using the image analysis method described by Van Hal et al. (2019), 104 

to which the reader is kindly referred for a more elaborate description of the methodology. In short, 105 

this method quantifies the extent of soot degradation by the discolouration of a surface using digital 106 
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images. For the experiment under UV light, the previously prepared samples were placed 3 cm under 107 

a Philips fluorescence S 25 W UVA lamp obtaining an incident light intensity of 2.1 mW cm−2 over the 108 

wavelength region 290 - 400 nm (λmax at 354 nm), as measured by a calibrated spectroradiometer 109 

(Avantes Avaspec-3648-USB2). For the experiment under visible (VIS) light the samples were placed 110 

2.5 cm under a blue LED-array (Roithner LaserTechnik) obtaining an incident light intensity of 111 

14 mW cm−2 in the wavelength region 390 - 470 nm (λmax at 422 nm). The irradiance spectra can be 112 

obtained from the Supporting Information section (Fig. S1). 113 

A standardised custom-made ‘photobox’ was used to ensure a constant and homogeneous 114 

background illumination, of which the detailed specifications can be retrieved elsewhere (Smits et al. 115 

2013). Pictures were taken using a Canon Eos 500D camera, positioned 20 cm above the samples, in 116 

manual mode (iso 200, aperture f8 and focal exposure 1:5) at maximal resolution (5184×3456) at 72 117 

dpi. The free image software ImageJ was used to process the pictures. The L* coordinate of the CIELab 118 

colour space, which quantifies the brightness of the sample, was used as a measure of the amount of 119 

soot deposition and was set to vary between 0 (black) and 100 (white). The shift of the most frequent 120 

L* value was used to quantify the amount of soot degradation of the shallow soot haze that is smeared 121 

over the surface of the samples. The degradation of concentrated soot spots was quantified by the 122 

decrease of the height of the darkest peak (i.e. at low/dark L* values). A more detailed description of 123 

this data processing method is given in earlier work (Van Hal et al. 2019). 124 

Each photocatalyst was applied on five glass slides. Soot was deposited on four of them (samples 125 

consisting of photocatalyst layer + soot are further denoted as ‘standard’ samples), of which three 126 

glass slides were illuminated and one was kept in the dark as negative control. The glass slides 127 

containing only photocatalyst were illuminated together with the standard samples, in order to correct 128 

for colour changes at the level of the catalyst itself. Photographs were taken from the glass slides 129 

before and after soot deposition at specific UV illumination intervals (0, 5, 11, 20, 26, 40, 61 and 130 

82 days). Corrections for possible deviations caused by small changes in the background illumination 131 
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were made by processing a set area of the background in ImageJ and applying the hereby obtained 132 

deviation in L* value to the complete dataset of that time point. 133 

A second, additional optical detection method (absorbance method) was performed at the same time 134 

points. The decrease in absorbance of the sample surface, as a result of soot degradation, was 135 

quantified using a spectroradiometer (Avantes Avaspec-3648-USB2) and converted to a soot haze 136 

degradation percentage as described in our previous study (Van Hal et al. 2019). 137 

2.3 In	situ	monitoring	of	photocatalytic	soot	oxidation	138 

Insight into the photocatalytic reactions occurring at the sample surface was gathered using an in-situ 139 

FTIR method. In summary, 5 mg of a 0.6 wt% solid powder soot (Printex-U)-photocatalyst mixture were 140 

added to 115 mg KBr (99.7%, VWR, Belgium) and pressed for 2 minutes at 5 tonnes, obtaining a round 141 

flat IR-transparent pellet. This pellet was positioned in the centre of the reaction cell, of which the 142 

specifications are detailed elsewhere (Van Hal et al. 2019). The cell was flushed with air (200 mL min-143 

1) until a stable readout was obtained and sealed airtight. The pellet was illuminated by eight LEDs at 144 

each side placed in a circular pattern (10 mW each, Roithner LaserTechnik). The UV-LEDs resulted in 145 

an incident intensity of 330 µW cm-2 in the wavelength region 350 - 420 nm (lmax at 377 nm), whereas 146 

the blue VIS-LEDs reached an incident intensity of 400 µW cm-2 in the wavelength region 390 - 470 nm 147 

(lmax at 425 nm). 148 

3. Results	and	discussion	149 

3.1 Characterisation	150 

The photocatalysts selected for this study (P25, PC500, WO3 Sigma and WO3 Mart.) have already been 151 

extensively described in literature, or by the respective manufacturers (Sanchez-Martinez et al. 2013). 152 

Nonetheless, to confirm correct synthesis of the photocatalyst prepared in the lab, a series of physico-153 

chemical characterisation experiments (N2 sorption, UV-VIS spectroscopy, X-ray diffraction and energy 154 

dispersive X-ray fluorescence) was performed. An important difference between TiO2- and WO3-based 155 
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photocatalysts is their band gap. P25 (3.2 eV) and PC500 (3.3 eV) are large band gap materials, while 156 

both WO3-based photocatalysts have a smaller band gap (2.6 eV), resulting in partial visible light 157 

activity. Both WO3-based photocatalysts have a small surface area (< 10 m² g-1), while P25 has an 158 

intermediate surface area (52 m² g-1), and PC500 is a large surface area material (295 m² g-1). The 159 

measured photocatalyst properties correspond very well with earlier reports, thus confirming the 160 

reproducibility of these samples (Van Hal et al. 2021). 161 

3.2 Colour-based	monitoring	of	photocatalytic	soot	oxidation	162 

Both selected optical detection methods (digital image analysis, and the absorbance method) were 163 

applied to ‘white’ TiO2- and (yellow-greenish-)coloured WO3- based photocatalysts. A negative control 164 

(i.e. standard sample kept in dark) was added to confirm all changes were induced by illumination (Fig. 165 

S2). A glass slide coated only with photocatalyst (no soot, ‘light-control’ sample) was kept under each 166 

light source together with the standard samples, to allow for a correction of changes in the intrinsic 167 

colours of the photocatalysts themselves throughout the experiments. 168 

Using the digital image analysis method, a graph is obtained showing the number of pixels of each L*-169 

coordinate. When applying this to the light-control samples for P25, WO3 Sigma and WO3 Mart., Fig. 1 is 170 

obtained, thus reflecting the changes in colour of the photocatalysts themselves, in the absence of 171 

soot deposits. 172 

 173 

Fig. 1 UV light experiment: Number of pixels plotted against the L* value for a glass slide solely coated with (left) P25, (middle) 174 
WO3 Sigma and (right) WO3 Mart., representing the UV-induced colour change of the photocatalyst surface itself upon UV 175 
illumination 176 
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A clear colour shift to lower L* values can be observed for both WO3-based photocatalysts, thus 177 

reflecting darkening of the bare photocatalyst surface induced by the UV illumination. This colour 178 

change arises from decreasing amounts of water adsorbed on the (coloured) photocatalyst surface, 179 

resulting from a combination of photocatalytic (adsorbed) water oxidation and water evaporation 180 

upon illumination of the surface. This was supported by the observation of similar darkening of the 181 

photocatalyst surface after drying of the light-control samples, as illustrated in the Supporting 182 

information section (Fig. S3). As both the digital image analysis and absorbance method are optical 183 

detection methods, this photocatalyst colour change will also contribute to the results of the standard 184 

samples with soot and might give rise to false interpretations of the degradation efficiency. It is 185 

therefore vital to correct for this effect. In contrast, this UV-induced photocatalyst discolouration was 186 

not seen for the white photocatalysts (i.e. P25, PC500, Fig. 1).  187 

For the absorbance method, the change in absorbance value attributed to illumination-induced colour 188 

changes of the pure photocatalyst can be converted to a theoretical equivalent soot degradation 189 

efficiency according to (Eq. 1), that can be used to correct the results of the standard samples. 190 

Eq. PC soot degradation efficiency pure photocatalysts (%) = ( 
!	#$%,'

#(
).100 (Eq.1) 

  
Where ANS,t represents the absorbance value of the light-control sample (no soot) at a specific time 191 

point and A0 is the absorbance value of a standard sample (photocatalyst with soot on top) at the 192 

beginning of the experiment (no illumination = completely fouled glass slide). All absorbance values 193 

were taken at 600 nm. 194 

When applying (Eq. 1 ) to the light-control samples of P25, WO3 Sigma and WO3 Mart. of the UV-experiment, 195 

Fig. 2 is obtained. 196 
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 197 

Fig. 2 UV light experiment: UV-induced darkening of photocatalyst surface expressed as theoretical equivalent soot 198 
degradation efficiency for P25 (red), WO3 Sigma (blue) and WO3 Mart. (green) determined using the absorbance method, as a 199 
function of UV illumination time 200 

From Fig. 2 it can be seen that for P25 the theoretical equivalent soot degradation efficiencies fluctuate 201 

around 0% soot degradation, again evidencing the absence of colour changes for the ‘white’ 202 

photocatalysts. The slight variation in these data can be ascribed to small variations in the position of 203 

the sampling probe, as the same noisiness is encountered for all measured samples (both in dark and 204 

under UV illumination). When interpreting the data of both WO3-based photocatalysts, a clear negative 205 

theoretical equivalent soot degradation percentage (ranging between -10% and -17%) is present for 206 

all time points after initiation of the UV illumination. This negative equivalent soot degradation again 207 

reflects the UV-induced darkening of the photocatalyst surface, thus confirming the results from the 208 

digital image analysis method. 209 

A similar illumination-induced photocatalyst discolouration was also observed under visible light. To 210 

correct for this illumination-induced photocatalyst colour change in the image analysis method, an 211 

additional processing step should be added. In this case, the ‘number of pixels vs. L* value’ plots of the 212 

standard samples need to be shifted an equal distance corresponding to ΔL*max, (see Fig. 1) in the 213 

opposite direction of the discolouration before determining the position of the L*max value, that 214 
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corresponds to the final amount of soot. In the absorbance method the soot degradation efficiencies 215 

were corrected for the illumination-induced shift by subtracting the negative theoretical equivalent 216 

soot degradation efficiencies. The results obtained in the UV-experiment with the original and 217 

corrected image analysis and absorbance method are presented in Fig. 3. 218 

 219 

 220 

Fig. 3 UV light experiment: Photocatalytic degradation of uniform soot haze by P25 (red), WO3 Sigma (blue) and WO3 Mart. (green), 221 
as a function of UV illumination time: a) Comparison of original (▲) and corrected (l) digital image analysis method and b) 222 
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comparison of original (▼) and corrected (n) absorbance method. For P25 the original values equal the corrected, as no 223 
correction was required (no discolouration of photocatalyst). The error bars are based on standard deviation for three 224 
independent samples. Dashed lines are added to guide the reader’s eye 225 

In Fig. 3 the UV-induced darkening of the photocatalyst surface is reflected in the (initial) negative 226 

photocatalytic soot degradation percentages obtained by both original methods for both WO3-based 227 

photocatalysts. An additional data processing step was implemented for both methods correcting for 228 

this illumination-induced photocatalyst colour change, as described in the previous paragraph. It can 229 

be seen that for both WO3-based photocatalysts (as opposed to the results for P25) large deviations 230 

arise between both different (corrected) detection methods. After 82 days almost complete 231 

degradation (90%) of the soot haze by WO3 Mart. was measured using the corrected image analysis 232 

method, whereas the corrected absorbance method only appeared to detect 31% degradation. 233 

Overall, much lower degradation efficiencies were measured using the corrected absorbance method 234 

for both WO3-based photocatalysts compared to the results obtained with the corrected image 235 

analysis method. When looking at the actual degradation of the soot haze with WO3 Mart. (Figure 4) 236 

almost complete degradation is observed after 82 days as the colour of the surface again equals the 237 

colour of the pristine photocatalyst at that UV illumination time (as in the case of ‘No soot’), which is 238 

not the case at the other time points. Thus, while the absorbance method is able to accurately 239 

determine the degradation of the soot haze for non-coloured (i.e. white) photocatalysts (e.g. P25, 240 

PC500), this is clearly not the case for the studied coloured photocatalysts (WO3). As the image analysis 241 

allows visualization of the complete soot degradation process (over all L* values), the illumination-242 

induced change in colour (in this case darkening) of the photocatalyst can be studied independently 243 

from the illumination-induced (photocatalytic) soot degradation (and thus brightening). In the 244 

absorbance method, however, all occurring visual changes are contained in a single output value (i.e. 245 

the absorbance of the entire surface), and as a result both phenomena cannot be disentangled. 246 

Therefore, digital image analysis is much more reliable for studying soot degradation over coloured 247 

photocatalysts (or by extension coloured surfaces) compared to the absorbance method. For this 248 

reason, only the digital image analysis method will be used further in this study. 249 



13 

 

 250 

Fig. 4 UV light experiment: Subsequent digital images of the photocatalytic soot degradation on a glass slide coated with (top) 251 
P25 and (bottom) WO3 Mart. with f.l.t.r. a glass slide without soot, with soot before UV illumination, and after 5, 26 and 82 days 252 
of illumination 253 

The results of the UV-experiment obtained with the corrected digital image analysis method are shown 254 

for all photocatalysts and the glass slide containing solely soot in Fig. 5.  255 
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Fig. 5 UV light experiment: Photocatalytic soot degradation of the soot haze by P25 (red), PC500 (orange), WO3 Sigma (blue) 257 
and WO3 Mart. (green) determined using the improved digital image analysis method after light-induced colour-change 258 
correction, as a function of UV illumination time. The result of the glass slide solely coated with soot is shown by black crosses 259 
(X). The error bars are based on three independent samples. Dashed lines are added to guide the reader’s eye 260 

It is clear that P25 is the fastest photocatalytic soot degrader of all studied materials, achieving 261 

complete soot degradation after 40 days of UV illumination. It should be noted that the applied soot 262 

quantity (22 µg cm-2) is high compared to outdoor (urban) soot concentrations (mean elemental 263 

carbon deposition of 1.1 µg cm-² year-1) (Chabas et al. 2008), thus requiring a much shorter illumination 264 

time to obtain complete degradation of real outdoor soot depositions. As soot deposition is a gradual 265 

process, soot loadings on existing surfaces reach values as used in this study after many years to 266 

decades of exposure (Ferrero et al. 2020). Photocatalytic soot degradation by the other photocatalysts 267 

occurred at a more gradual pace. It took PC500 82 days to completely degrade the soot haze. Around 268 

90% oxidation of the uniform soot haze was obtained by WO3 Mart. after 82 days, while the commercially 269 

available WO3 nanopowder (WO3 Sigma) was only able to degrade around 35% of the soot haze by the 270 

end of the experiment. All studied photocatalysts display a fast initial soot degradation rate, slowing 271 

down at higher soot degradation percentages, thus resembling first order kinetics as previously 272 

described in literature for P25 (Mills et al. 2006; Chin et al. 2007; Smits et al. 2013, 2014; Van Hal et al. 273 

2019). 274 

An interesting additional feature of the image analysis method is that it also enables to separately 275 

determine the degradation efficiency of pertinent concentrated soot spots. The results of the 276 

degradation of the concentrated soot spots in the UV-experiment are shown in Fig. 6. 277 



15 

 

 278 

Fig. 6 UV light experiment: Photocatalytic degradation of concentrated soot spots by P25 (red), PC500 (orange), WO3 Sigma 279 
(blue) and WO3 Mart. (green) determined by digital image analysis, as a function of UV illumination time. The result of the glass 280 
slide solely coated with soot is shown by black crosses (X). The error bars are based on three independent samples. Dashed 281 
lines are added to guide the reader’s eye 282 

When examining the photocatalytic degradation of the concentrated soot spots (Fig. 6), it can be seen 283 

that P25 was able to fully degrade the concentrated soot spots after 61 days, somewhat slower than 284 

the uniform soot haze. After 82 days, at the end of the experiment, ca. 65% of the soot spots were 285 

degraded by PC500. Only very little degradation of the concentrated spots was measured for purely 286 

WO3-based photocatalysts. At the end of the experiment (82 days) only 1.5% of the soot spots were 287 

degraded by WO3 Sigma, while WO3 Mart. reached 7% degradation. A striking difference is thus apparent 288 

for both WO3-based photocatalysts when comparing the good degradation capacity for a soot haze 289 

versus the poor efficiency towards concentrated soot spots.  290 

With direct oxidation being acknowledged as the main photocatalytic soot oxidation mechanism (Lee 291 

and Choi 2002), the characteristics of the photocatalyst-soot surface area are crucial in determining 292 

the soot degradation rate. As mentioned, both WO3-based photocatalysts have a very small BET 293 

surface area (< 10 m² g-1), PC500 on the other hand is known for its large surface area (~ 300 m² g-1), 294 

and the surface area of P25 lies in-between (~ 50 m² g-1). The low photocatalytic soot oxidation rate 295 
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of both WO3-based photocatalysts might thus be related to their low surface area. When considering 296 

both TiO2-based photocatalysts, the best result was obtained with P25, even though it does not possess 297 

the largest surface area. Both TiO2-based photocatalysts are characterised by a vastly different crystal 298 

structure. While P25 is known to consist of an optimised anatase:rutile ratio, PC500 consists of pure 299 

anatase and a small amorphous fraction. In addition, PC500 has a smaller primary particle size, and 300 

smaller particles are known for faster electron-hole recombination (Deng et al. 2002). The known poor 301 

electronic properties of PC500 (Keulemans et al. 2016) might thus contribute to the lower soot 302 

degradation capacity of this material compared to P25. As penetration of soot into the photocatalyst 303 

layer is negligible, it has been shown that the photocatalytic soot oxidation rate only depends on the 304 

thickness of the photocatalyst layer up to a thickness in the range of the diffusion length of the excited 305 

carriers (Luttrell et al. 2014). In this study, thick photocatalyst layers were applied (3.5 mg cm-2), as also 306 

evidenced by Fig. 4, thus excluding layer thickness as an influencing factor. In addition, drop casting of 307 

both photocatalyst and soot on glass slides results in rough films, excluding surface roughness as 308 

decisive factor for the performed experiments.  309 

Another important difference between the WO3-based and TiO2-based photocatalysts is their band 310 

gap. The smaller band gap of WO3 allows at least partial utilisation of visible light and thus a larger 311 

fraction of the solar spectrum, making it a promising material for use in energy-efficient environmental 312 

remediation processes. To study this effect, the experiments were repeated with a visible light blue 313 

LED source using the best performing TiO2-based photocatalyst (P25) and both WO3-based 314 

photocatalysts (WO3 Sigma and WO3 Mart.). The results of the VIS light-experiment are shown in Fig. 7. The 315 

result of the glass slide solely covered with soot (without photocatalyst) is shown in the Supporting 316 

information section (Fig. S4). 317 
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 318 

  319 

Fig. 7 VIS light experiment: a) Subsequent digital images of the photocatalytic soot degradation on a glass slide coated with 320 
(top) P25 and (bottom) WO3 Mart. with f.l.t.r. a glass slide without soot, with soot before VIS light illumination, and after 5, 26 321 
and 82 days of illumination. b) Photocatalytic soot degradation of a uniform soot haze by P25 (red), WO3 Sigma (blue) and WO3 322 
Mart. (green) determined using the improved digital image analysis method after light-induced colour-change correction, as a 323 
function of visible light illumination time. The result of the glass slide solely coated with soot is shown by black crosses (X). 324 
The error bars are based on three independent samples. Dashed lines are added to guide the reader’s eye 325 
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From Fig. 7 it is clear that under VIS light illumination WO3 Mart. is the fastest soot degrader, reaching 326 

complete oxidation of the uniform soot haze after 82 days. Both other photocatalysts degrade the soot 327 

haze slower under these conditions, as P25 is only able to degrade 56% of the haze after 82 days, and 328 

WO3 Sigma reached 52% degradation by the end of the experiment.  329 

Despite the large band gap of P25 (3.2 eV) still significant soot haze degradation is observed under the 330 

VIS light lamp, which has also been previously observed in literature (Verbruggen et al. 2016; Rosli et 331 

al. 2018). This can mainly be attributed to the small, yet existing, overlap of the absorbance band of 332 

P25 and the irradiance spectrum of the VIS light source (see Fig. S1). This allows P25 to effectively use 333 

a small part of the light emitted by the VIS light lamp over the entire duration of the long-term 334 

experiment. For the WO3-based photocatalysts (band gap = 2.6 eV) a more optimal overlap exists 335 

between the photocatalyst absorbance band and the light emission spectrum (Fig. S1), allowing WO3-336 

based photocatalysts to potentially use a larger fraction of the light emitted by the VIS light lamp. The 337 

advantage of WO3 when using visible light is clear from Fig. 7, with WO3 Mart. clearly outperforming P25 338 

and reaching complete oxidation after 82 days (vs. 90% under UV light), even despite its low surface 339 

area.  340 

The short- and long-term performance of the studied photocatalysts using the two different light 341 

sources, expressed in photonic efficiency (PE), is summarised in Table 1. The PE is defined as the ratio 342 

of the photocatalytic reaction rate (degraded carbon molecules s-1) over the incident photon flux 343 

(photons s-1) (Braslavsky et al. 2011; Smits et al. 2013). The carbon degradation rate was derived from 344 

the percentage of soot haze degradation after a certain period of illumination, taking into account the 345 

carbon content of Printex-U (95.56%) (Smits et al. 2013) and the initial quantity of soot on the sample 346 

(22 µg cm-2). In this way, the lower limit of the PE was calculated, as part of the soot is also present in 347 

concentrated soot spots that cannot be accounted for in this calculation. The light intensities were 348 

measured with a spectroradiometer, obtaining an incident photon flux of 4.22 x 1015 photons s-1 cm-2 349 

for the UV lamp and of 3.10 x 1016 photons s-1 cm-2 for the VIS light lamp (between 290 and 800 nm) 350 
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over an illuminated surface of 3.8 cm². The results again evidence that under UV light P25 outperforms 351 

both WO3-based photocatalysts, both on short and long term, while under VIS light the best results 352 

are obtained using WO3 Mart. The photonic efficiencies obtained with P25 under UV light are 12-67 times 353 

higher than those under VIS light, while for the WO3-based photocatalysts the PEs only dropped by a 354 

factor 5-11 when using VIS instead of UV light, reflecting the higher capability of WO3 to utilise VIS 355 

light. 356 

Table 1. Lower limit of photonic efficiency based on the degradation of the soot haze, of the studied photocatalysts after 357 
different illumination times for both a UV and a VIS light lamp 358 

 PE after 5 days (x10-5) PE after 82 days (x10-5) 

 UV light VIS light UV light VIS light 

P25 47.5 0.7 3.4 0.3 

WO3 Sigma 7.5 0.7 1.2 0.2 

WO3 Mart. 23.7 2.9 3.2 0.5 

 359 

The degradation of the concentrated soot spots under VIS light illumination is shown in Fig. 8. 360 

 361 

Fig. 8 VIS light experiment: Photocatalytic degradation of concentrated soot spots by P25 (red), WO3 Sigma (blue) and WO3 Mart. 362 
(green) determined by digital image analysis, as a function of visible light illumination time. The result of the glass slide solely 363 
coated with soot is shown by black crosses (X). The error bars are based on three independent samples. Dashed lines are 364 
added to guide the reader’s eye 365 
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From Fig. 8 it is clear that all three photocatalysts result in similar degradation of the concentrated 366 

soot spots under VIS light. P25 slightly outperformed both WO3-based photocatalysts, obtaining 53% 367 

degradation after 82 days for P25 and 43% degradation for both WO3-based photocatalysts. This is in 368 

contrast to what was seen in the UV light experiment, where almost no (< 7%) degradation of the soot 369 

spots was attained by both WO3-based photocatalysts. Again, the smaller band gap of WO3 results in 370 

improved performance of these photocatalysts when using VIS light instead of UV light. 371 

3.3 In	situ	monitoring	of	photocatalytic	soot	oxidation	372 

The image analysis method allows to simultaneously monitor degradation of both soot haze and 373 

concentrated soot spots, but provides no information on the ongoing processes, nor the formation of 374 

possible intermediates and end products. To complement the results of the image analysis method, an 375 

in situ FTIR reaction cell was used in this second part of the study. 376 

 377 

Blank tests (no soot) were performed as negative control, showing no CO2 evolution in the absence of 378 

soot under UV illumination (Supporting information Fig. S5). Experiments with soot-photocatalyst-KBr 379 

pellets under UV light clearly revealed CO2 evolution for all studied photocatalysts, evidenced by the 380 

signal in the wavenumber range 2290-2390 cm-1 (νas(O=C=O)). The IR spectra after 10 hours of UV 381 

illumination are presented in Fig. 9a for PC500 and WO3 Mart. and in Supporting information for the 382 

other photocatalysts (Fig. S6). Oxygen depletion in the airtight reaction cell results in saturation of soot 383 

oxidation after ca. 10 h (Van Hal et al. 2019), resulting in flattening of the CO2 evolution curve after 384 

this time point. A second significant band can be observed in the wavenumber range 1273-1445 cm-1 385 

with two maxima at 1360 (νs(COO)) and 1380 cm-1 (δ(CH)). This band can be ascribed to formate 386 

adsorbed on the photocatalyst surface, CHOO-
(ad) (Hauchecorne et al. 2011), and was observed for all 387 

studied materials. Steric hindrance possibly masks other bands attributed to this compound as it is 388 

adsorbed to the surface. These results suggest that the hypothesis of Chin and co-workers from 2009 389 

(Chin et al. 2009), originally presented for TiO2, is also valid for WO3-based photocatalysts. This 390 
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hypothesis states that soot can be photocatalytically oxidised via two soot oxidation pathways, either 391 

through direct oxidation to CO2, or via a sequential mechanism involving a variety of intermediates 392 

(Chin et al. 2009). The IR spectrum of PC500 contained an additional band that was not detected for 393 

the other photocatalysts, located between 1483 and 1783 cm-1 with a maximum near 1665 cm-1 394 

(ν(C=O)). This band can be ascribed to adsorbed formate-related products such as formaldehyde 395 

(CH3OOH(ad)) and methyl formate (HCHO(ad))), evidencing the largely incomplete oxidation of soot when 396 

using PC500. The degradation of soot can be monitored by the generation of two negative bands 397 

centred around 2848 and 2922 cm-1, reflecting the disappearance of C-H stretching vibrations. The 398 

production of both CO2 and adsorbed formate as a function of UV illumination time are shown in Fig. 399 

9b. 400 
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 402 

Fig. 9 UV-experiment: a) FTIR spectra of soot-photocatalyst-KBr pellet in in situ reaction cell after 10 hours of UV illumination 403 
for PC500 (orange) and WO3 Mart. (green). Positive bands represent product formation, negative bands point at the 404 
degradation of soot. b) Evolution of CO2 (n) and formate (l) as a function of UV illumination time for a soot-photocatalyst-405 
KBr pellet placed in the in situ reaction cell for following photocatalysts: P25 (red), PC500 (orange), WO3 Sigma (blue) and WO3 406 
Mart. (green) 407 

The in situ experiment was repeated using visible light LEDs. Under these conditions, the same bands 408 

were observed as with UV light for P25 and WO3 Mart. (positive: CO2 and CHOO-
(ad); negative: C-H), but 409 

for PC500 and WO3 Sigma no bands could be observed after 10 hours of illumination. The slope of the 410 

CO2 evolution curve (< 10h, @2360 cm-1) was extracted, reflecting the short-term soot mineralization 411 

rate of the photocatalysts and is shown in Fig. 10 for both UV and VIS light. 412 
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Fig. 10 CO2 evolution of studied materials based on the in-situ soot oxidation detection method when using a) UV and b) VIS 414 
light 415 

When looking at Fig. 10a it is clear that the short-term or initial mineralization rate under UV light is 416 

the highest for P25. PC500 has the second highest initial mineralization rate, 3 times lower than that 417 

of P25, followed by WO3 Mart., with the lowest initial mineralisation rate obtained with WO3 Sigma. From 418 

Fig. 10b a different order can be seen under VIS light, with the highest initial mineralisation rate for 419 

WO3 Mart., followed by P25 and without quantifiable CO2 formation obtained with PC500 and WO3 Sigma.  420 

It is important to note that it is not possible to directly correlate these results to those obtained in the 421 

(long term) digital image analysis experiments above. Both methodologies differ in many ways (e.g. 422 

substrate, duration, measured parameter). Nevertheless, largely similar trends can still be observed. 423 

In the digital image analysis experiments P25 also achieved complete soot oxidation the fastest under 424 

UV light, while WO3 Mart. was also the fastest soot degrader under VIS light.  425 

Besides the initial mineralisation rate, the in situ experiments can also be used to assess the specificity 426 

of the photocatalytic materials towards full mineralisation of soot into CO2. This specificity is expressed 427 

as the ratio of the absorbance of CO2 (at 2360 cm-1) to that of formate (at 1360 cm-1) after 10 h of 428 

illumination. The result is shown in Table 2 for both UV and VIS light. 429 

Table 2. Absorbance ratio of CO2 to formate for the four studied photocatalysts when using UV and VIS light 430 

  UV light VIS light 

P25 0.81 0.50 

PC500 0.22 N.A. 

WO3 Sigma 1.36 N.A. 

WO3 Mart. 4.46 2.64 

 431 

Under both light sources WO3 Mart. has by far the highest specificity towards CO2 production, thus 432 

resulting in the most complete mineralization after 10 h of UV illumination. In contrast, PC500 has a 433 

very low specificity towards full mineralisation, which can be rationalised given its large available 434 

surface area but poor electronic properties, that can accommodate a large fraction of less reactive 435 

intermediates, without the required photocatalytic power for their fast further degradation. 436 
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To summarise, the in situ method, just as the image analysis method, showed that under UV light P25 437 

results in the fastest (short term) soot degradation, and under VIS light WO3 Mart. was the fastest soot 438 

degrader, while in terms of specificity WO3 Mart. performed best under both light sources. When 439 

considering real-life applications, the eventual purpose will determine which characteristics are 440 

decisive (e.g. fast surface cleaning, or prevention of release of toxic compounds). 441 

4. Conclusion	442 

Existing studies on photocatalytic soot degradation focus on TiO2-based photocatalysts under UV light, 443 

which accounts for only ~ 5% of the solar spectrum. In this study the photocatalytic soot oxidation 444 

capacity of WO3-based photocatalysts was studied for the first time under both UV and visible light, 445 

along with TiO2-based benchmark materials. The use of WO3-based photocatalysts proved to be 446 

challenging due to their intrinsic yellow-greenish appearance, that furthermore changed upon 447 

progressive illumination. The latter impeded straightforward use of a previously introduced digital 448 

image analysis technique for quantifying the degree of soot degradation in a fast and cost-effective 449 

manner. As a solution, an additional data processing step is presented, correcting for intrinsic 450 

photocatalyst colour changes. This way, the application range of this versatile and accurate detection 451 

method has now also been broadened to coloured samples. 452 

Our results have shown that under pure UV light TiO2-based photocatalysts still outperform WO3-based 453 

materials, both for the degradation of a uniform soot haze as well as for concentrated soot spots, 454 

which was further supported by in situ experiments. However, under visible light, the lab-synthesized 455 

WO3 photocatalyst was more than two times faster in completely degrading a uniform soot haze, 456 

compared to TiO2, which was also supported by the in situ experiments. Similar results were detected 457 

for all photocatalysts for the degradation of concentrated soot spots under visible light. When 458 

considering the specificity of all materials towards full soot mineralisation into CO2, again the lab-459 

synthesized WO3 photocatalysts showed the best performance under both UV and visible light, only 460 

generating very small amounts of undesired intermediates. These are first promising results for 461 
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utilisation of visible light for energy-efficient photocatalytic soot degradation applying visible light-462 

active photocatalysts such as WO3.  463 
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