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Abstract 19 

The deposition of soot on building surfaces darkens their colour and leads to 20 

undesirable black crusts, which are one of the most serious problems on the 21 

conservation of built cultural heritage. As a preventive strategy, self-cleaning 22 

systems based on the use of titanium dioxide (TiO2) coatings have been 23 

employed on building materials for degrading organic compounds deposited on 24 

building surfaces, improving their durability and performance. In this study, the 25 
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self-cleaning effect of TiO2-containing mortars coated with diesel soot has been 26 

appraised under laboratory conditions. The mortar samples were manufactured 27 

using lime putty and two different doses of TiO2 (2.5% and 5%). The lime 28 

mortars were then coated with diesel engine soot and irradiated with ultraviolet 29 

A (UVA) illumination for 30 days. The photocatalytic efficiency was evaluated by 30 

visual inspection, field emission scanning electron microscopy (FESEM) and 31 

colour spectrophotometry. Changes in the chemical composition of the soot 32 

particles (including persistent organic pollutants) were assessed by analytical 33 

pyrolysis (Py-GC/MS) and solid state 13C NMR spectroscopy.  34 

The FESEM and colour spectrophotometry revealed that the soot-coated 35 

TiO2-containing mortars promoted a self-cleaning effect after UVA irradiation. 36 

The combination of analytical pyrolysis and 13C solid state NMR showed that 37 

the UVA irradiation caused the cracking of polycyclic aromatic structures and n-38 

alkyl compounds of the diesel soot and its transformation into methyl polymers. 39 

Our findings also revealed that the inclusion of TiO2 in the lime mortar 40 

formulations catalysed these transformations promoting the self-cleaning of the 41 

soot-stained mortars. The combined action of TiO2 and UVA irradiation is a 42 

promising proxy to clean lime mortars affected by soot deposition. 43 

 44 

Keywords: UVA irradiation; diesel soot; TiO2; analytical pyrolysis; lime-45 

based mortar; cultural heritage conservation.46 
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INTRODUCTION  47 

In urban environments, the deposition of air pollutants and organic particulate 48 

matter (soot particles, polycyclic aromatic hydrocarbons, sulphur compounds, 49 

spores) is responsible for the formation of black crusts on building envelope 50 

surfaces (Hermosin et al., 2004; Montana et al., 2008; Papida et al., 2000). 51 

Nowadays, these crusts represent one of the most important deterioration forms 52 

on the European built heritage with significant aesthetic, economic and cultural 53 

implications (ICOMOS, 2008; Pozo-Antonio et al., 2016; Rivas et al., 2014; 54 

Sleiman et al., 2014, 2015). This has prompted the seeking of novel 55 

engineering and conservation strategies to reduce soot deposition on cultural 56 

heritage assets (Karatasios et al., 2010; Ruot et al., 2009). 57 

Soot particles are produced during incomplete combustion processes, such 58 

as car engines, industries, domestic heating systems or forest fires, from 59 

volatile precursor compounds formed during pyrolysis that subsequently release 60 

carbon-rich particles (Schmidt and Noack, 2000). This pyrogenic organic 61 

material is omnipresent in the atmosphere, soils, sediments, ice and building 62 

surfaces due to its widespread emission in most industrial cities and high 63 

stability in the environment (Goldberg, 1985). Other persistent organic 64 

pollutants are the polycyclic aromatic hydrocarbons (PAHs), which are occluded 65 

in the soot matrix during the incomplete combustion process (De la Rosa et al., 66 

2016). Despite soot particles were traditionally considered relatively unreactive, 67 

this pyrogenic organic matter can indeed be degraded (De la Rosa and Knicker, 68 

2011). Kim et al. (2013) showed that soot-associated PAHs can be degraded by 69 

photolysis. Energetic UV photons have sufficient energy to disrupt chemical 70 

bonds in many materials including soot particles. The absorption of UV energy 71 
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can cause the breaking and/or crosslinking of polymeric compounds, leading to 72 

altered chemical and mechanical properties of the polymers. After disruption of 73 

the initial chemical state, the polymers are likely to react with oxygen and/or 74 

water vapour causing additional changes. Another type of photo-degradation 75 

can occur due to photo-absorption by inorganic pigment particles such as 76 

titanium dioxide (TiO2). An electron–hole pair is formed in the pigment particle. 77 

A photo-excited hole can then migrate to the particle’s surface and cause a 78 

deleterious chemical reaction in the polymer (Kim et al., 2013). For this reason, 79 

white TiO2 nanoparticles are usually tested as thin coatings on building surfaces 80 

to mitigate biological colonization and fuel soot deposition on mortars 81 

(Bengtsson and Castollete, 2014; Diamanti et al., 2008; Fonseca et al., 2010; 82 

Munafò et al., 2015; Paolini et al., 2016; Pinho et al., 2013; Quagliarini et al., 83 

2012; Senff et al.,2013; Smits et al., 2013). Anatase is one of the most common 84 

crystalline forms of TiO2 and is characterized by its great photocatalysis, which 85 

is the acceleration of a photochemical reaction by means of a catalyst 86 

interacting with light of sufficient energy (Lucas et al., 2013; Toma et al., 2004). 87 

The photocatalytic reaction takes place on the surface of the building materials 88 

where the adsorption of the gaseous pollutants occurs (Fujishima et al., 2008). 89 

Despite carbon photo-oxidation has been previously reported (Kim et al., 2013), 90 

the chemical changes experimented by soot-derived organic compounds are 91 

not well understood.  92 

This study assessed the photocatalytic degradation of diesel soot particles 93 

deposited on lime-based mortars containing TiO2 nanoparticles after 30 days of 94 

UVA irradiation. For these purposes, visual examination, field emission 95 

scanning electron microscopy (FESEM), colour spectrophotometry, Solid State 96 
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13C Nuclear Magnetic Resonance (NMR) Spectroscopy and Pyrolysis coupled 97 

with Gas Chromatography/Mass Spectrometry (analytical pyrolysis) were 98 

applied.  99 

Several authors have determined the photocatalytic action of TiO2 particles 100 

by colorimetry and SEM (Pinho et al., 2013; Smits et al., 2013). Nevertheless 101 

and to the best of our knowledge, this is the first study combining solid-state 13C 102 

NMR and analytical pyrolysis for assessing the effects of UVA irradiation and 103 

TiO2 on the composition of diesel soot particles deposited on lime-based 104 

mortars. Moreover, there are no previous studies in the literature using real 105 

diesel soot deposits collected from combustion engines to test the 106 

photocatalytic action of TiO2 on building materials under laboratory conditions. 107 

Analytical pyrolysis is a powerful tool widely used for the direct 108 

characterisation of organic mixtures with diverse origin which, owing to their 109 

complexity, are difficult to analyse by both conventional destructive or non-110 

destructive methods (Gonzalez-Perez et al., 2014). In fact it has become a 111 

valuable tool for the characterisation of complex carbonaceous matrices, 112 

including soot and urban dust on building surfaces (De la Rosa et al., 2008; 113 

Pereira de Oliveira et al., 2011). The solid-state 13C NMR has been widely used 114 

in the characterization of refractory organic matter forms in soils and sediments 115 

and more recently has been successfully applied to study the composition of 116 

pyrogenic carbon, including soot and other forms of black carbon (De la Rosa et 117 

al., 2008; De la Rosa and Knicker, 2011).  118 

 119 

 120 

 121 
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2. MATERIALS AND METHODS 122 

2.1. Sample preparation 123 

In this work, lime-based mortars were prepared with different concentrations of 124 

TiO2 and coated with diesel engine exhaust soot. These soot particles were 125 

collected from diesel automobile pipes in Lisbon city centre (Portugal) using a 126 

smooth brushing.  127 

 The binder used for preparing the mortar samples was a commercial 5-128 

year packaged lime putty with a bulk density of 1.35 kg dm-3. As provided by the 129 

supplier (C.T.S., Getafe, Spain), its chemical composition is: CaO (88.0-90.0%), 130 

MgO (0.0-0.5%), SiO2+Al2O3+Fe2O3 (0.1-0.3%), and CO2 (2.5-3.5%). In 131 

addition, a 45±5% of water was added to the mix. The mineralogical 132 

composition of this lime putty is portlandite [Ca(OH)2] (86.0-88.0 %) and calcite 133 

[CaCO3] (7.0-9.0 %). The aggregate used was a commercial siliceous sand 134 

(0.08/2.00 mm particles) with a bulk density of 2.60 kg dm-3 supplied by BIC 135 

Materiales y Conservación (Pontevedra, Spain), in accordance with the 136 

requirements of the Standard Specification for Concrete Aggregates ASTM C33 137 

(2013). 138 

The photocatalytic additive added to the mortar samples was a 139 

commercial titanium dioxide product (P-25) from Degussa AG (Frankfurt, 140 

Germany), consisting of predominantly nanocrystalline anatase with a specific 141 

surface area of 50 m2 g-1, a bulk density of 0.13 kg dm-3 and a particle size of 142 

approximately 20 nm.  143 

Three mortar formulations with different concentration of TiO2 (0, 2.5 and 144 

5 wt.% with respect to the total solid content) were prepared (Table 1). For each 145 

formulation, three mortar samples of 6 cm x 6 cm x 2 cm were manufactured as 146 
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described in Lucas et al. (2013) and Pozo-Antonio (2015). Samples were 147 

prepared with a lime/aggregate ratio of 1/3 (by weight). The components were 148 

mixed manually, without any previous treatment, using a laboratory blender. 149 

The water/binder ratio was fixed at 0.45. The fresh mortars were cast into 150 

acrylic moulds and maintained during one month under laboratory conditions 151 

(20±5ºC and 60±10% RH) covered with sackcloth and a black plastic. During 152 

this period, the samples were sprayed with distilled water every day to obtain 153 

high hydration avoiding carbonation. After demoulding, the lime mortar samples 154 

were cured during one month under laboratory conditions (18±5ºC and 60±10% 155 

RH) to promote the transformation of portlandite into calcite (carbonation), a 156 

fundamental process for making mortars harder (Cultrone et al., 2005). The 157 

mortar samples were covered with sackcloth and a black plastic to avoid 158 

interaction with light during mortar curing. Physical and mechanical properties of 159 

these lime-based mortars are described in Pozo-Antonio and Dionisio (2017). 160 

An average amount of 8 mg cm-2 of diesel soot was applied with a brush 161 

on the surface of each sample. Twenty four hours later, the soot-coated surface 162 

of each sample was sprayed with ~5 ml of deionised water and brushed with a 163 

soft-bristled scrub to remove the excess of diesel soot and ensure the contact 164 

between soot and TiO2-containing mortar surfaces. This procedure resulted in a 165 

heterogeneous soot layer of maximum 3 µm in thickness on each mortar 166 

surface. The samples were dried for one week at room temperature and 167 

protected from light, as mentioned above. Subsequently, the mortar samples 168 

were submitted to UVA irradiation (315 nm <  < 400 nm) in a closed custom-169 

made box during 30 days (720 hours), following Smits et al. (2013). The UVA 170 

irradiation was performed using three Philips Special TL-D 18 W lamps, which 171 
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were placed at 2.5 cm above the samples. The mean UV light flux onto the 172 

sample surfaces, measured with a ELSEC 764 Environmental Monitor (Dorset, 173 

United Kingdom), was 8.63 W m-2. It is slightly higher than the 6.11 W m-2 174 

irradiance tested by Shen et al. (2012) and registered in a cloudy fall day in 175 

Pullman, Washington (Shen et al., 2012).  176 

 177 

2.2. Assessment of photocatalytic oxidation of diesel soot particles 178 

2.2.1 Field emission scanning electron microscopy 179 

The photocatalytic soot oxidation was firstly evaluated by naked-eye 180 

visualisation. A more detailed examination was performed by field emission 181 

scanning electron microscopy (FESEM), using a Jeol JSM-7001F microscope 182 

equipped with an Oxford X-ray energy dispersive spectroscopy (EDS) detector, 183 

to analyse each mortar formulation before soot application, to measure the soot 184 

thickness and to detect soot remains on the surface after 30 days under UVA 185 

irradiation. In addition, the morphology and chemical composition of the diesel 186 

soot samples before application onto the mortar surfaces were assessed by 187 

FESEM-EDS. FESEM examinations were operated in both secondary electron 188 

(SE) and Back Scattered Electrons (BSE) detection modes on samples 189 

previously coated with a thin gold-palladium film.  190 

 191 

2.2.2 Colour spectrophotometry 192 

For characterising the colour of the manufactured mortars, the CIELAB colour 193 

parameters (CIE S014-4/E:2007) were measured using a Minolta portable 194 

spectrophotometer (model CM-508i). A total of 15 random measurements were 195 

obtained from the upper surface of each mortar sample for the three replicates 196 
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of each mortar formulation before soot deposition (0 days of UVA irradiation), 197 

and after 30 days of UVA irradiation. The three CIELAB colour parameters were 198 

measured: L* (lightness), which varies from 0 (black) to 100 (white); a*, which is 199 

related to colour changes in the red–green range (+a*: red and -a*: green); and 200 

b*, associated with changes in yellow–blue range (+b*: yellow and -b*: blue). 201 

The measurements of the L*, a* and b* parameters were taken in specular 202 

component included (SCI) mode, for a spot diameter of 8 mm with diffuse 203 

illumination by means of xenon flash arc lamp and 10 nm diffuse bandwidth, 204 

using illuminant D65 at observer angle 2° (ASTM-D2244, 2014).  The CIELAB 205 

colour differences (ΔL*, Δa* and Δb*) were calculated considering the colour of 206 

the pure lime mortar before soot deposition as  reference, corresponding to the 207 

cleanest surface. Thus, variations in the three colour parameters were 208 

calculated as follows:  209 

ΔL*= L*f – L*0; 210 

Δa*= a*f – a*0;  211 

Δb*= b*f – b*0; 212 

where L*f, a*f, b*f is the mean value of the CIELAB colour parameter after 30 213 

days of UVA irradiation, and L*0, a*0, b*0 is the mean value of the CIELAB 214 

colour parameter before soot deposition. The total colour difference (ΔE*ab) 215 

were calculated as follows (CIE S014-4/E:2007): ΔE*ab = [(ΔL*)2 + (Δa*)2 216 

+(Δb*)2]1/2 217 

 218 

2.2.3 Pyrolysis-Gas Chromatography Mass Spectrometry (Py-GC/MS) 219 

Direct pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was 220 

performed using a double-shot pyrolyser (Frontier Laboratories, model 2020i) 221 
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attached to a GC/MS Agilent 6890N system. Each sample (1-2 mg) was placed 222 

in a small crucible capsule and introduced into a preheated micro-furnace at 223 

500°C for 1 min. The volatile pyrolysates were then directly injected into the 224 

GC/MS for analysis. The gas chromatograph was equipped with a HP-5ms-UI, 225 

low polar-fused silica (5%-Phenyl-methylpolysiloxane) capillary column of 30 m 226 

× 250 μm × 0.25 μm film thickness. The oven temperature was held at 50°C for 227 

1 min and then increased to 100°C at 30°C min-1, from 100°C to 300°C at 10°C 228 

min-1, and stabilized at 300°C for 10 min. The carrier gas was helium at a 229 

controlled flow of 1 ml min-1. The detector consisted of an Agilent 5973 mass 230 

selective detector, and mass spectra were acquired at 70 eV ionizing energy. 231 

Compound assignment was achieved by taking advantage of: i) ion 232 

chromatography via single-ion monitoring (SIM) for the major various 233 

homologous series, ii) via low-resolution mass spectrometry, and iii) via 234 

comparison with published data reported in the literature or stored in digital 235 

libraries (NIST and Wiley libraries). Every sample was pyrolyzed twice. 236 

 237 

2.2.4. Solid-state 13C NMR spectroscopy 238 

Each sample (200-300 mg) for solid-state 13C NMR spectroscopy was grounded 239 

in an agate mortar prior to analysis. The solid-state 13C NMR spectra were 240 

obtained using a Bruker Avance III HD 400 MHz instrument operating at a 241 

frequency of 100.64 MHz and using ZrO2 rotors of 4 mm OD for 13C with Kel-F 242 

caps. The cross polarization (CP) technique was used during magic-angle 243 

spinning (MAS) of the rotor at 14 kHz for 13C. The solid state 13C NMR spectra 244 

were acquired using a ramped 1H-pulse during the 1 ms contact time to 245 

circumvent Hartmann-Hahn mismatches. Employing a pulse delay of 300 ms, 246 
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between 50,000 and 200,000 scans were accumulated. A line broadening of 247 

150 Hz was used. The 13C chemical shifts were calibrated relative to 248 

tetramethylsilane (0 ppm) with glycine (COOH at 176.08 ppm). The spectra 249 

were quantified by subdividing them into the following chemical shift regions as 250 

described in Knicker (2011): alkyl C (0–45 ppm); N-alkyl/methoxyl C (45–60 251 

ppm); O-alkyl C (60–110 ppm); aromatic C (110–160 ppm); carbonyl/amide C 252 

(160–250 ppm). The 13C intensity distribution was determined by integrating 253 

signal intensity over the above-mentioned chemical shift regions using the 254 

MestreNova 10 software (Santiago de Compostela, Spain). The soot-coated 255 

mortar without TiO2 (before and after UVA irradiation) was used as control to 256 

compare its direct soot photodegradation with the TiO2-UVA photocatalytic 257 

oxidation. 258 

 259 

 260 

3. RESULTS AND DISCUSSION 261 

3.1. Macro and microscopic observations 262 

On the basis of the visual evaluation, the mortar samples after curing and 263 

before soot application exhibited white-coloured surfaces with apparent high 264 

porosity and roughness (sample L0, Fig. 1A). After soot deposition and brushing 265 

(to remove the excess of diesel soot and ensure the contact between soot and 266 

TiO2 nanoparticles), the mortar surfaces exhibited a thin and heterogeneous 267 

dark grey coating, darker on areas where soot penetrated deeply into the mortar 268 

pores (sample SL0, Fig. 1B). This inevitable heterogeneity of the thin soot layer 269 

due to the mortar texture was also reported in the literature (e.g. Chin et al., 270 

2009; Simts et al., 2013). After 30 days of UVA irradiation, the diesel soot-271 
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stained mortar without TiO2 (SL0+UVA, Fig. 1C) showed no visual differences 272 

when compared with the soot-coated mortar before UVA exposure (SL0, Fig. 273 

1B). In contrast, the surface of the soot-coated mortars containing 2.5% 274 

(SL2.5+UVA, Fig. 1D) and 5% (SL5+UVA, Fig. 1E) of TiO2 turned into light grey 275 

after UVA exposure. They exhibited whiter surfaces than before UVA irradiation, 276 

but not their original white-coloured surface before soot deposition (Fig. 1A). 277 

Dark soot staining was still visible on the mortar pores (Fig. 1D,E). This 278 

suggests that the diesel soot film was greatly oxidized but not completely, 279 

probably due to the texture of the mortar samples.  280 

FESEM-EDS analyses of the bulk soot samples before their application 281 

onto the mortar surfaces revealed aggregates of very small (< 50 nm) 282 

carbonaceous particles rich almost exclusively in C (Fig. 2A and EDS spectrum 283 

1). These aggregates greatly varied in size, ranging from 2 µm to 15 µm, and 284 

depict very porous structures. The carbon-rich aggregates were also observed 285 

containing P, S, Ca and Fe (Fig. 2A,B and corresponding EDS spectra). Their 286 

morphology and chemical composition are characteristic of diesel soot (Uy et 287 

al., 2014).  288 

FESEM images of the lime-based mortars revealed the characteristic 289 

mineralogical phases obtained due to the carbonation process of lime mortars 290 

(Rodriguez-Navarro et al., 2007; Cizer et al., 2012). In the lime-based mortar 291 

without TiO2, both plate-like crystals of portlandite and micrometre-sized calcite 292 

rhombohedra crystals were identified (Fig. 3A). In samples with TiO2 the 293 

precipitation of scalenohedral calcite crystals with a rosette-like shape were 294 

abundant on the outer surface (Fig. 3B,C), corresponding to the carbonation 295 

layer. These calcite crystals grow from the surface of plate-like portlandite 296 
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crystals as observed in Figure 3C. Such morphology results from the full 297 

transformation of portlandite into calcite after carbonation in air for 60 days 298 

(Cizer et al., 2012). Aggregations of TiO2 nanoparticles added during the mortar 299 

manufacturing process were observed on the mortar surfaces, even within the 300 

carbonation layer as observed in Figure 3C and corresponding EDS spectrum.  301 

Concerning the lime-based mortars after soot deposition and UVA 302 

irradiation, FESEM-EDS analyses revealed that soot particles with their 303 

characteristic morphology and composition rich in C were present on the mortar 304 

surfaces with 0% TiO2 (Fig. 3D,E). In contrast, the soot layer on the surface of 305 

the mortar samples with 2.5% and 5% of TiO2 (Fig. 3F and 3G, respectively) 306 

almost disappear, evidencing an effective soot decomposition. A photocatalytic 307 

degradation study by Lee and Choi (2002) reported that a n-hexane soot layer 308 

(~2 µm thickness) on TiO2 films deposited on glass plates was completely 309 

oxidised after more than 30h of UV irradiation as revealed by SEM. They 310 

observed that the soot oxidation occurred both at the soot/TiO2 interface and in 311 

the bulk of the soot layer. As reported, photooxidants (particularly OH radicals) 312 

generated on the TiO2 film migrated into the bulk of the porous soot layer, 313 

indicating that the amount of soot in direct contact with the TiO2 film is 314 

independent of the soot thickness (Lee and Choi, 2002).   315 

 316 

3.2. Colour spectrophotometry 317 

Colorimetric measurements were performed for the lime-based mortars 318 

containing TiO2 before and after soot deposition, and after 30 days under UVA 319 

irradiation. Table 2 shows the colorimetric differences (∆L*, ∆a*, ∆b* and ∆E*ab) 320 

for the soot-coated mortar without TiO2 (SL0) and  the samples with 2.5% 321 
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(SL2.5) and 5% (SL5) of TiO2 after UVA irradiation using as reference the colour 322 

of the pure lime mortar before soot deposition. Hence, the lower the difference, 323 

the better the self-cleaning effect.  324 

The coordinate L* was the main responsible for the total colour difference 325 

(∆E*ab), showing a decrease of 14 CIELAB units for samples containing TiO2. 326 

This evidences the efficiency of the TiO2 catalyst for degrading the diesel soot 327 

layer. However, the values of parameters a* and b* increased in relation to the 328 

colour of the mortar without TiO2 due to the increase of yellowish and brownish 329 

tones associated with soot degradation. Diamanti et al. (2008) considered the 330 

variation of the chromatic coordinates L* and b* as representative of dirt 331 

accumulation on a surface. Also, Sanmartín et al. (2012) demonstrated that the 332 

parameter b* is the most useful for early detecting the darkening of granite 333 

surfaces by phototrophic colonization. Indeed and according to Diamanti et al. 334 

(2008, 2013), the mineralization of organic compounds formerly adsorbed on 335 

the surface can be the cause of the colour changes of the surface to more 336 

yellow hues. Considering the CIELAB colour wheel, the soot-coated mortar 337 

surfaces after UVA exposure showed browner hues (CIE S014-4/E:2007) than 338 

before soot deposition. This is consistent with the visual inspection (Fig. 1), and 339 

indicates that a complete photocatalytic oxidation of the soot particles was not 340 

achieved. The values of the total colour differences (Fig. 4) were much higher 341 

(>30 CIELAB units) than the threshold established for an unexperienced 342 

observer (ΔE*≤2, Mokrzycki and Tatol, 2012) and higher than the threshold 343 

acceptable in Conservation of Cultural Heritage (ΔE*≤5, García and Malaga, 344 

2012). Comparing both samples containing TiO2, the mean value of the total 345 

colour difference for the lime-mortar with the highest TiO2 content was slightly 346 
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lower (∆E*ab = 29.70, Fig. 4) than the value obtained for the mortar with 2.5% 347 

TiO2 (∆E*ab = 30.25, Fig. 4). This indicates that the darkening on the mortar 348 

surface with 5% TiO2 slightly decreased.  349 

  The colour spectrophotometry findings reported in this study are 350 

contradictory to those obtained by Smits et al. (2013). These authors observed 351 

a complete photocatalytic oxidation of a carbon black pigment on mortars 352 

coated with TiO2, obtaining total colour differences less than 5 CIELAB units, 353 

which is the threshold acceptable in Conservation of Cultural Heritage (Munafò 354 

et al. 2015). However, it is important to note that: i) the authors used an artificial 355 

soot composed of 0.1% carbon black in 8:2 water:isopropanol solution, while in 356 

the current approach, real diesel soot matter from car pipes was used, and ii) 357 

Smits et al. (2013) applied TiO2 films over mortar surfaces, while TiO2 was 358 

added during the mortar manufacturing process performed in this study. Hence, 359 

the procedures and parameters used should be taken into account for making 360 

comparisons. In fact, the works reviewed by Munafò et al. (Munafò et al. 2015 361 

and references therein), shared the application of artificial dyes (e.g. methyl red, 362 

rhodamine B, methylene blue and methyl orange) to stain the samples before 363 

UVA exposure, instead of real diesel soot particles. They also differed in the 364 

quantity of dye, the intensity of UVA irradiation, its wavelength range and the 365 

total time of exposure to UV light.   366 

 367 

3.3 Chemical changes occurred during photocatalytic soot oxidation 368 

The chemical changes of the organic matter occurred during the photocatalytic 369 

oxidation of the soot particles deposited on the lime mortars were evaluated 370 

using Py-GC/MS and 13C Solid-State NMR Spectroscopy. 371 
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 372 

3.3.1 Analytical pyrolysis (Py-GC/MS) 373 

The total ion chromatogram (TIC) and a list of the released compounds 374 

obtained by GC/MS analysis of the pyrolysates generated at 500ºC are reported 375 

in Figure 5 and Table 3, respectively. Clear differences were found when 376 

comparing the pyrochromatograms of the bulk soot (Fig. 5A) and soot-coated 377 

mortars before UVA irradiation (Fig. 5B,C) with the soot-coated mortars after 378 

UVA exposure (Fig. 5D-F). The pyrochromatogram of the pure lime mortar (Fig. 379 

5G) was used for comparison purposes as the cleanest possible sample. The 380 

scarcity of pyrolysis-releasing organic compounds (volatiles) from the pure 381 

mortar material is evident in Figure 5G. Its TIC showed small peaks 382 

corresponding to benzene, toluene, styrene and benzonitrile (see peaks 1, 3, 8 383 

and 13 respectively in Table 3). Moldoveanu (2010) and Pereira de Oliveira et 384 

al., (2011) reported that benzene (peak 1), toluene (3), phenol, benzonitrile (13) 385 

and naphthalene were produced in the pyrolysis of 5-amino-isophthalic acid. 386 

Thus, they are probably derived from the pyrolysis of polyamides usually 387 

present in lime mortars as dispersant additive for easier mixing and application. 388 

No proteinaceous or lipid material were detected in the pure lime mortar. Their 389 

contents are probably below the limit of detection, which is very common in lime 390 

mortars (Rampazzi et al., 2016). 391 

 Figure 5A-C shows the TIC of the bulk soot sample, soot-coated mortar 392 

without TiO2 (SL0) and soot-coated mortar with 5% TiO2 (SL5) before UVA 393 

irradiation. These pyrochromatograms are quite similar due to the scarcity of 394 

pyrolysis-releasing organic compounds from the lime mortar substrate. They are 395 

dominated by aromatic compounds derived from benzene (toluene, methyl-396 
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benzenes, etc), and polycyclic aromatic hydrocarbons (PAHs), being 397 

naphthalenes, biphenyls and phenanthrene the most abundant (peaks 23, 28, 398 

31, 32, 45 and 47 in Fig. 5A,B and Table 3). The PAHs are the result of 399 

combustion-generated airborne particulate matter. Pyrogenic PAHs are 400 

suggested to be partially occluded in the soot matrix (during the incomplete 401 

combustion process), due to their extremely high affinities to the aromatic flat 402 

surfaces of soot (Eganhouse, 1997; Readman et al., 1984). They have been 403 

identified, among other sources, in smoke particles and diesel or gasoline 404 

engine soot (Yu and Hites, 1981). Their high relative abundance may indicate a 405 

great condensation degree of the studied soot samples. A homologous series of 406 

n-alkanes and n-alkenes, ranging from C9 (1-Nonene; peak 7) to C33 407 

(tritriacontane; peak 71), added to a few fatty acids (C16, C18 and C30 fatty acid 408 

methyl esters; see peaks 52, 57 and 72) were also detected. They are 409 

petroleum residues and predominant components of lipids from aerosols in 410 

urban environments (Simoneit, 1986). These compounds have been previously 411 

detected by Py-GC/MS in carbon deposited on historic building façades (Pereira 412 

de Oliveira et al., 2011; Saiz-Jimenez, 1992). The lack of diterpenoids in the 413 

pyrolysates indicates the absence of organic particles from wood combustion 414 

into the soot. The presence of TiO2 in the non-irradiated sample (SL5, Fig. 5C) 415 

caused no visible alterations in comparison with the SL0 sample (Fig. 5B), 416 

excepting the lack of a few long-chain n-alkanes (peaks 66-70; Table 3). In 417 

contrast, after UVA irradiation a remarkable reduction of the pyrolysable 418 

material was observed (Fig. 5D-F). The pyrochromatogram of sample SL0 after 419 

UVA exposure (Fig. 5D) was still dominated by aromatic compounds and PAHs. 420 

Nevertheless, the relative abundance of highly condensed PAHs (3 or more 421 
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rings; see peaks 47, 53-56) decreased. The ratio of the relative abundance 422 

naphthalene:benzene (ratio of peaks 23:1) can be used as a sign of the 423 

cracking of PAHs. This ratio sharply decreased for the soot-coated mortars 424 

exposed to UVA, and the presence of TiO2 enhanced this trend. Other 425 

remarkable difference caused by UVA exposure is the absence of long chain n-426 

alkanes/enes and fatty acids in the soot-coated samples (Fig. 5D-F). Figure 5E 427 

and 5F shows the TICs of the  soot-coated mortars with TiO2 (doses of 2.5% 428 

and 5%, respectively) after UVA irradiation. Their TICs illustrate a drastic 429 

decrease of pyrolysable compounds, indicating that  the presence of TiO2 430 

caused the removal of most of PAHs and alkyl compounds. In fact, these TICs 431 

are almost similar to the pure mortar pyrochromatogram (Fig. 5G), with the 432 

exception of the presence of naphthalene and biphenyl (peaks 23 and 28). The 433 

increase in the content of TiO2 (from 2.5% to 5%) has not induced further 434 

changes as assessed by Py-GC/MS.  435 

 436 

3.3.2 Solid state 13C NMR spectroscopy 437 

To confirm the results obtained by analytical pyrolysis, solid-state 13C NMR 438 

spectroscopy was performed. This technique has been widely used in the 439 

characterization of soot present in black carbon-rich samples isolated from 440 

complex matrices such as soils and sediments (De la Rosa et al., 2008). The 441 

CP-MAS 13C NMR spectra of the bulk soot, pure lime mortar and soot-coated 442 

samples are displayed in Figure 6.  Table 4 shows the corresponding 443 

integration of the signals for each C region. 444 

 The 13C NMR spectrum of the bulk soot (Fig. 6A) was performed to be 445 

able to distinguish between the 13C signals derived from the soot and from the 446 
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pure lime mortar material (L0) in the soot-coated mortars. The spectrum of bulk 447 

soot (Fig. 6A) is dominated by a prominent peak at 128.3 ppm typically 448 

assigned to unsubstituted and alkyl substituted aromatic carbon (Wilson, 1987), 449 

which accounted for 49.8% of the total 13C-intensity (Table 4), followed by 450 

signals of alkyl C (21.1 and 28.9 ppm and 15.6% of the total 13C intensity) and a 451 

couple of bands at 153.3 and 163.9 ppm in the region corresponding to phenolic 452 

groups. The small signal at 196.1 ppm could indicate the presence of ketonic C-453 

double bonds; nevertheless this signal is overestimated due to the contribution 454 

of spinning side bands (marked with an asterisk). Similarly to analytical 455 

pyrolysis, the 13C NMR spectrum of the pure lime mortar should be taken as 456 

background, i.e., as reference for the best self-cleaning effect that can be 457 

achieved (soot-free sample). Therefore, the closer the spectra of the soot-458 

coated samples are to the pure lime mortar, the more effective is the 459 

decomposition of soot. In fact, the 13C NMR spectrum of the soot-coated mortar 460 

without TiO2 and before UVA illumination (SL0, Fig. 6B) shows abundant 461 

changes in comparison with the bulk soot (Fig. 6A).  Soot compounds are 462 

diluted in the mortar matrix and thus a combination of C-signals from the soot 463 

and mortar are observed in the 13C NMR spectrum (Fig. 6B, control). The major 464 

peaks are present in the alkyl C region (31 and 39 ppm; 22.9% of the total 13C 465 

intensity),  at 65-67 and 71.7 ppm (alkyl-O carbon; from 23.9%), at 128 ppm 466 

(aromatic carbon; 30.0%) and at 167.9 ppm (carboxylic carbon; 8.8%). 467 

 Comparing the 13C NMR spectra of the soot-coated mortar without TiO2 468 

(SL0) before (Fig. 6B) and after (Fig. 6C) UVA irradiation, few differences were 469 

observed. There was a slight decrease in the aromaticity of the soot-coated 470 

mortar after exposure to UVA (Fig. 6C) when compared with the non-irradiated 471 
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sample without TiO2 (Fig. 6B). The % of aryl C decreased from 30.0 to 28.8% 472 

(Table 4). Concomitantly, the presence of alkyl C increased in the same order of 473 

magnitude after UVA irradiation. These alterations in the relative abundances of 474 

certain functional groups enhanced in the presence of TiO2 for the UVA 475 

exposed soot-coated samples (SL2.5 and SL5, Table 4). In fact, the % of aryl C 476 

of the soot-coated mortar with 5% of TiO2 (Fig. 6E) reached the same % of aryl 477 

C (24%) as the pure lime mortar (see SL5 and L0 in Table 4). This indicates 478 

that the aromatic fraction corresponding to the soot present on the mortar 479 

surface with 5% TiO2 was completely degraded. Concomitantly with the 480 

reduction of aryl C (110-160 ppm), the relative contribution of O-alkyl C 481 

increased in the UVA-irradiated samples. Another interesting difference 482 

concerns the signal appearing at 29-31 ppm, which corresponds to CH2 from 483 

alkyl chains. This peak is missing in samples with TiO2 (Fig. 6D,E) which is in 484 

agreement with the breaking of alkyl structures reported by Py-GC/MS for these 485 

samples. The combined action of TiO2/UVA also caused the disappearance of 486 

the small peaks at 153-154 ppm corresponding to phenols. The signals in the 487 

range 35-43 ppm are typically assigned to alkyl C in chain methylene structures 488 

(Knicker, 2000). They are also visible in the pure lime mortar due to the 489 

presence of methyl polymers.  490 

 491 

4. Conclusions 492 

This study revealed that TiO2 catalysed the photodegradation of the diesel soot 493 

layer deposited on lime-based mortars containing TiO2. Macroscopic 494 

observations, FESEM-EDS and colour spectrophotometry evidenced colour 495 

changes and the decomposition of soot on the surface of the soot-stained 496 
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mortars caused by the exposure of TiO2 to UVA irradiation during 30 days. The 497 

analytical pyrolysis and solid state 13C NMR spectroscopy showed evident 498 

alterations on the molecular composition of soot after UVA irradiation, which 499 

promoted the breaking of highly condensed polycyclic aromatic compounds and 500 

long chain n-alkyl homologues. This approach revealed that TiO2 acted as 501 

catalytic agent enhancing the decomposition of the soot layer. This study 502 

demonstrated that the irradiation with UVA and the inclusion of TiO2 in building 503 

materials is a promising preventive action to protect architectural cultural 504 

heritage assets affected by soot deposition. 505 
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 694 

Figures: 695 

 696 

Figure 1. Digital photographs of lime-based mortars: A) Before soot deposition; 697 

B) after soot deposition and before UVA irradiation;  C) with0% TiO2 after UVA 698 

irradiation; D) 2.5%TiO2 after UVA irradiation, and E) with 5% TiO2 after UVA 699 

irradiation. 700 
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 701 

Figure 2. FESEM images of the bulk diesel soot samples before application 702 

onto mortar surfaces. A) Soot porous aggregates rich in C and P, S, Ca and Fe, 703 

and EDS spectra recorded in positions 1, 2 and 3. B) Fe-rich particle associated 704 

with soot and corresponding EDS spectrum recorded in position 4.  705 
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 706 

Figure 3. FESEM images of the lime-based mortars used in this study: A) lime 707 

mortar with 0% TiO2 before soot deposition (L0); B) lime mortar with 2.5%TiO2 708 
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before soot deposition (L2.5); C) lime mortar with 5%TiO2 before soot 709 

deposition and corresponding EDS spectrum; D) soot-coated mortar with 0% 710 

TiO2 after UVA irradiation (SL0+UVA);  E) close-up view of soot particles on 711 

sample SL0+UVA; F) soot-coated mortar with 2.5%TiO2 after UVA irradiation 712 

(SL2.5+UVA), and G) soot-coated mortar with 5%TiO2 after UVA irradiation 713 

(SL5+UVA). 714 

 715 

Figure 4. Total colour differences (∆E*ab) of the soot-coated mortars with 0% 716 

(SL0), 2.5% (SL2.5) and 5% (SL5) TiO2 after 30 days under UVA irradiation 717 

using as reference the initial colour of the pure lime mortar before diesel soot 718 

deposition. 719 
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 720 

Figure 5. Total Ion Chromatograms (TIC) obtained by flash pyrolysis at 500 ºC 721 

of: A) bulk soot; B) soot-coated mortar with 0% TiO2 before UVA irradiation 722 

(SL0); C) soot-coated mortar with 5% TiO2 before UVA irradiation (SL5); D) 723 

soot-coated mortar with 0% TiO2 after UVA irradiation (SL0+UVA); E) soot-724 

coated mortar with 2.5% TiO2 after UVA irradiation (SL2.5+UVA); F) soot-725 

coated mortar with 5% TiO2 after UVA irradiation (SL5+UVA), and G) pure lime 726 

mortar material (L0). Peak labels correspond to compounds listed in Table 3.  727 
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 728 

Figure 6. Solid-state 13C NMR spectra of: A) bulk soot; B) soot-coated mortar 729 

with 0% TiO2 before UVA irradiation (SL0); C) soot-coated mortar with 0% TiO2 730 

after UVA irradiation (SL0+UVA); D) soot-coated mortar with 2.5% TiO2 after 731 

UVA irradiation (SL2.5+UVA); E) soot-coated mortar with 5% TiO2 after UVA 732 

irradiation (SL5+UVA), and F) pure lime mortar material (L0). 733 




