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GRAPHICAL ABSTRACT

Rosa Porritio (R) granite
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ABSTRACT

Graffiti spray paints are commonly used in contemporaneous mural paintings in public spaces, contributing to the
transformation of sites and urban life. These outdoor artworks are now beginning to show different deterioration
forms, such as physical-mechanical alteration (loss of material and cohesion, etc.) and chromatic changes. However,
the deterioration has not been formally characterized, and the influence of the paint composition and underlying sub-
strate are not known. In this study, three non-metallic (red, blue and black) alkyd graffiti spray paints and one metallic
(silver) polyethylene graffiti spray paint were applied to two granite stones with different mineralogy and texture and
exposed to a natural urban-marine environment near Vigo (NW Spain) for one decade (2010 —2020). Physical changes
were evaluated by stereomicroscopy, colour spectrophotometry, measurements of gloss, surface roughness and static
contact angle, and peeling test. Mineralogical changes were determined by x-ray diffraction and molecular changes by
Fourier transform infrared spectroscopy. Moreover, micromorphological and chemical characterization of the surfaces
was conducted by scanning electron microscopy.

Physical-mechanical changes, such as craquelure and paint loss, depended on the texture of the granite. More specif-
ically, paint on the granite with the finest grain size showed most intense cracking and loss of material. Chemical
changes, which were not related to the granite substrate, were most intense in the red and silver paint coatings. In
the red paint, loss of binder was accompanied by an intense fading of the colour (due to titanium dioxide relative en-
richment), while in the silver paint coating, chemical changes occurred in both the organic binder and aluminium par-
ticles, thus darkening the colour. Fewer chemical changes were observed in the blue and black paints. Physical and
chemical changes detected in these paints were not correlated.
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1. Introduction

Since the beginning of the 2000s, contemporaneous mural paintings
have become part of the public space in city centres worldwide as a conse-
quence of municipal initiatives through contests and festivals or campaigns
to beautify degraded urban areas. Like any paintwork exposed to the envi-
ronment, and as a consequence of the fact that most of them were not ap-
plied on a preparation layer, most of these murals have begun to show
signs of deterioration, including loss of cohesion, loss of material, chromatic
alterations, fading and biological colonization. Deterioration of contempo-
raneous mural paintings is occurring at a much higher rate than in other
types of cultural property, which can possibly be attributed to 1) the
more aggressive atmosphere of the urban space; 2) the convergence of mul-
tiple deterioration factors, including anthropogenic factors, owing to the
complexity of urban environments, and 3) the lower resistance of modern
paints than of ancient paints to the environment, especially to sunlight.

Graffiti spray paints are among the most common types of paint used in
contemporary murals, as they easy to apply and their versatility allows art-
ists to produce different textures and finishes. Graffiti spray paints are also
used in acts of vandalism. Indeed, the first studies in the field of cultural
heritage conservation characterizing graffiti spray paints focused on re-
moval methods (Rivas et al., 2012; Sanmartin et al., 2014; Pozo-Antonio
etal., 2016; Gomes et al., 2017). Graffiti spray paints are composed of a pig-
ment (organic or inorganic), an organic binder, a solvent, extenders or
fillers and additives (Christie, 2001; Marrion, 2004). Organic pigments
(e.g. azo, phthalocyanine and quinacridones) generally produce more in-
tense and brighter colors than inorganic pigments. Graffiti paints usually
contain acrylic, alkyd or polyvinyl acetate resins as binders and a solvent
that allows the pigment/binder mixture to flow (e.g. water, hexane, cyclo-
hexane, white spirit). Extenders or fillers are white or colourless powders
that are very poorly soluble in water and preferably inert to the action of
acids and alkalis, and they are used as opacifier, to control flow, to improve
the strength of the film and to reduce the sheen. The extenders most com-
monly used include titanium dioxide (TiOs), calcite (CaCO3), magnesium
carbonate (MgCOs), talc (Mg3Si;O10(0OH),), barite (BaSO,), wollastonite
(CaSiO3) and fumed silica. Finally, additives with various functions are
used to adjust different compositions: coalescing agents, defoamers,
freeze-thaw agents, pH buffers, biocides, thickeners and wetting and dis-
persing agents (Christie, 2001; Marrion, 2004).

Regarding the forms of alteration detected on public artworks, some re-
search on contemporary murals can be found (La Nasa et al., 2016, 2021;
Bosi et al., 2020). However, many research studies have addressed the resis-
tance of this type of paint, mainly based on alkyd or acrylic binders, to the
main weathering agent that affects modern paintings, i.e. light radiation
(Whitmore and Colaluca, 1995; Melo et al., 1999; Chiantore et al., 2000;
Chiantore and Lazzari, 2001; Allen et al., 2002, 2018; Learner et al.,
2002; Scalarone et al., 2005; Doménech-Carb6 et al., 2011; Pintus et al.,
2016; Sanmartin and Pozo-Antonio, 2020). In these studies, which form
part of the fundamental research on organic polymers, the paints (generally
applied to glass) were usually irradiated (with artificial sunlight, UV —A, B
or Cradiation) and the molecular and/or chemical changes produced in the
organic components of the paints (both the binder and the pigment) and
that explain the loss of colour were determined. Light radiation in the pres-
ence of oxygen induces photo-oxidation, which appears to be the main
pathway of deterioration in paints, mainly via scission and cross-linking re-
actions that produce a series of reactive intermediates and radicals
(Whitmore and Colaluca, 1995; Melo et al., 1999; Chiantore et al., 2000;
Pintus et al., 2016). In acrylic paints, chain scissions tend to prevail over
cross-linking reactions when short alkyl side groups such as methyl or
ethyl groups, are involved, accompanied by macromolecular coupling reac-
tions (Whitmore and Colaluca, 1995; Chiantore et al., 2000; Chiantore and
Lazzari, 2001). In alkyd paints, the effect of photo-oxidation is similar to
that observed in oil paints, causing the following: autoxidation due to the
presence of natural antioxidants followed by polymerization and intense
cross-linking producing a very stiff, brittle material; chain scission with
prevalent [3-scission; loss of volatile products such as aldehydes, alcohols
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and carboxylic acids; fading; and yellowing (Saunders, 1973; Ploeger
et al., 2008, 2009). Learner et al. (2002) and Pintus et al. (2016) reported
that acrylic paints are more resistant to yellowing than alkyd paints.
Pintus et al. (2016) exposed acrylic and alkyd paints to artificial sunlight
(wavelengths between 295 and 3000 nm) and found that photo-oxidation
of the acrylic paints led to production of oligomers, and the alkyd samples
were mainly characterized by a decrease in unsaturated fatty acids.

Different chemical and physical changes have been reported in relation
to the light source used. UV-B radiation caused physical (discoloration) and
chemical changes in coloured alkyd graffiti paints, and UV-A and daylight
were considered less harmful (Sanmartin and Pozo-Antonio, 2020).
Whitmore and Colaluca (1995) exposed acrylic dispersions on glass plates
to natural ageing in darkness and subsequently to accelerated thermal
and UV radiation exposure tests, observing that in darkness, the films ac-
quired a haze and slight yellow discoloration due to weak crosslinking,
within a few weeks. The paintings exposed to UV light showed a slight
loss of tensile strength and an increase in solubility, suggesting breakdown
by chain scission reactions. The weak changes that occurred in the paint-
work under UV radiation revealed a high level of resistance to photochem-
ical degradation. Doménech-Carb6 et al. (2011) subjected acrylic
paintwork to solar irradiation by xenon arc lamps and found that after
800 h, the chroma had decreased considerably and lightness had increased
substantially. Likewise, it was confirmed that paints containing inorganic
pigments display fewer chroma variations than paints containing organic
pigments. Moreover, the presence of inorganic pigments or extender or
fillers, such as titanium dioxide, may have either a protective effect by ab-
sorbing and/or screening the UV light or they may be photo-active and ca-
talyse photo-degradation of the organic resin (Allen et al., 2002, 2018).

Although paints with other binders such as polyethylene should be
more resistant than those with alkyd or acrylic ones due to the absence of
unsaturated double bonds in their backbone (Gewert et al., 2015), the het-
erogeneous composition of the paints (binder, pigment, solvent, extenders
and additives) makes necessary to carry out research focused on the behav-
iour of these paints under different environments, such as natural outdoor
exposition or specific radiation lights.

All of the cited studies above evaluated the resistance of different paints
to light irradiation under controlled laboratory conditions, as required to
determine the effects of particular weathering agents. However, in order
to be able to predict the changes that will take place under particular envi-
ronmental and site conditions, the most suitable method is to expose the
material to the specific natural environment. Results obtained by means
of this approach are of great interest in the field of heritage conservation,
and specifically, for artists or commissioners who, in order to make the art-
works more durable, can select the paints that will be most resistant in the
specific environment considered.

In studies testing the durability of paints under controlled conditions,
the influence of the type of support on paint durability is not generally
taken into account. The support can influence the drying process and also
polymerization (favouring the appearance of failure features) in freshly ap-
plied and dried paint. Therefore, the support may determine adhesion of
the paint, polymerization and drying processes, due to for example a pH in-
compatible with the optimal pH for coating polymerization (e.g. concrete).
The support may also influence the durability of the dry paint depending on
its thermal inertia or its coefficient of expansion due to temperature or hu-
midity oscillations. Moreover, the porosity of the support may facilitate the
action of deterioration factors such as saline solutions. Therefore, in urban
pictorial art, which uses a myriad of supports (concrete, steel, glass, wood,
rock, brick, etc.), the support-painting interaction will be of great impor-
tance regarding the deterioration expected.

In this study, the durability of three non-metallic (red, blue and black)
alkyd graffiti spray paints and one metallic (silver) polyethylene graffiti
spray paint applied to two types of granites differing in texture and compo-
sition was evaluated after exposure to a real outdoor environment. Paint-
granite mock-ups were exposed during ten years to a natural urban-
marine environment near Vigo (NW Spain), one of the most populated cit-
ies on the Atlantic coast of Iberian Peninsula (Vigo, NW Spain). The work
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sought to determine the influence of the graffiti spray paint composition
and the interaction between the paint and type of granite on the paint du-
rability, by analysing the compositional and textural modifications that
had occurred during ten years of exposure.

2. Materials and methods
2.1. Supports

Two types of granite with different texture and mineralogy were
selected for study: Rosa Porrifio and Vilachan. Rosa Porrifio is an ornamen-
tal granite (Fig. 1A) that is commercially exploited in O Porrifio (NW
Spain): it is a two-mica calc-alkaline coarse-grained granite with a
panallotriomorphic heterogranular texture (IGME, 1981a). It is composed
of 40% quartz, 27% potassium (K) feldspar (orthose), 14% plagioclase,
8% biotite, 2% muscovite and 9% accessory minerals. The main physical
characteristics of Rosa Porrifio are very low open porosity (0.84%, obtained
following UNE-EN 1936:2007) and a pinkish hue of K-feldspar grains.

Vilachan is a fine-grained panallotriomorphic heterogranular
adamellite (IGME, 1981b) that is commercially exploited in Tomifio (NW
Spain) and used in the architectural and archaeological heritage in the
area (Fig. 1B). Vilachan granite is composed of 47% quartz, 18% muscovite,
15% plagioclase, 10% K-feldspar, 7% biotite and 3% accessory minerals. It
has an open porosity (UNE-EN 1936:2007) of 2.82% and has yellowish
brown bands (i.e. flow textures) typical of the NW peninsula granites that
have undergone the last two phases of the Hercynian origin (Escuder
et al., 2001; Rivas et al., 2020).

Twenty-four samples of both types of granite, with a disc cutting-finish
and of dimensions 3 cm X 10 cm X 2 cm, were cut for application of graf-
fiti spray paint.
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2.2. Graffiti spray paints

Four previously characterized graffiti spray paints (Rivas et al., 2012)
were acquired from Montana Colors Mtn® (https://www.montanacolors.
com/): ultramarine blue (R-5002), devil red (R-3027), graphite black
(R-9011) and silver chrome.

As reported by Rivas et al. (2012), the blue, red and black graffiti spray
paints were composed of alkyd and polyester resins, while the silver graffiti
spray paint was a polyethylene-type polymer.

Each graffiti spray paint was applied to 6 samples (3cmx10cmx2 cm) of
each granite, following the same procedure reported by Rivas et al. (2012).
Briefly, each paint was sprayed onto the stone surface, from a distance of 30
cm, for 3 s, at an angle of 45[|. The painted samples (in total, 48) were held
under laboratory conditions (18 = 5 °C and 60 + 10% RH) for one month,
and 3 of each the 6 replicate samples were exposed to a natural outdoor en-
vironment during 10 years (until 2020), and the other 3 samples were kept
in the laboratory as control samples. The exposed samples were given codes
that refer to the stone to which they were applied (R-Rosa Porrifio; V-
Vilachan), followed by the paint colour code (R-red; BU-blue; B-black;
S-silver); the reference (control) samples were identified by the subscript ref.

2.3. Natural exposure

The samples were placed at an angle of 60° on a windowsill between 31
January 2010 and 31 January 2020 (10 years) on the southwest facade of
the Mining and Energy Engineering School (42°10°8”N, 8°41°22”W) in
the University of Vigo campus (Vigo, Spain, Fig. 1C, D). The campus is lo-
cated at 10 km from Vigo city centre, at 495 m above sea level and
8.2 km from the Atlantic sea coast. The windowsill where the samples
were placed faces the sea (S45°W) (Fig. 1C, D). Vigo (population
300,000) is a major Atlantic port city in terms of industrial, commercial,

Fig. 1. A) Rosa Porrifio granite; B) Vilachén granite; C) Location of the Mining and Energy Engineering School (42°10°8”N, 8°41 "22”W, 495 msl), University of Vigo (Vigo,
Spain). D) Samples placed on the windowsills of the Mining and Energy Engineering School.
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fishing and shipbuilding activities. Following the FAO's agroecological zon-
ing system, the area corresponds to a humid subtropical climate character-
ized by rainy winters (1800 mm rainfall) (Martinez-Cortizas, 1987;
Martinez-Cortizas and Pérez, 1999), an average annual temperature of 15
°C and a strong influence of humid low-pressure S-SW fronts from the At-
lantic Ocean. Following the K6ppen-Geiger climate classification system,
the location has a Cfb type-oceanic climate (Kottek et al., 2006). For more
specific characterization of the exposure site, data on climatic parameters
(temperature, humidity, precipitation, insolation and wind) and air quality
were collected from the network of meteorological stations of the regional
government (Xunta de Galicia, accessed 28 September 2020). The monthly
mean, mean of the monthly maximum and mean of the monthly minimum
air temperature values for the 10-year study period are shown in Table 1.
The relative humidity, sunshine hours, relative insolation, irradiation and
wind speed and direction were recorded at the weather station on the uni-
versity campus. The monthly mean concentrations of SO, NOx and partic-
ulate matter (PM10 and PM2.5), recorded at an air quality data station
located in Vigo city centre, were obtained, and the mean values for the pe-
riod 2010-2019 were calculated. Finally, information on the composition
of the wet deposition was collected, although this information is only avail-
able for four years (2010 —2013) during the exposure period.

The temperate humid character of the climate in the area of exposure
was confirmed: average temperature of 13.4 °C and a low seasonal thermal
oscillation (average of the minimum temperature values of 8.2 °C and aver-
age of the maximum values of 19 °C) (Table 1). The temperate character
was also indicated by the small number of days (204 days) with frost during
the 10 years. Relative humidity was high: the mean value of the minimum
did not fall below 62.4%. Calculation of the monthly average accumulated
rainfall for the 10 years assumed an annual precipitation of 1142 mm per
year, which is slightly lower than the value for the reference series
(1981-2010) in Galicia, which is 1229 mm per year (Xunta de Galicia,
accessed 28 September 2020). The prevailing wind direction (211°) coin-
cides with the orientation of the facade (S45°W - 215°) where the samples
were exposed and with the direction of entry of rainy fronts, which enter
from the southwest, from the Atlantic Ocean. The monthly mean concentra-
tions of SO,, NOx and particulate matter, recorded at a weather station lo-
cated in the centre of the city of Vigo (NW of the campus), were considered
low (as they did not exceed any regulatory limits during the 10 years), and

Table 1

Environmental data corresponding to the exposure site. The 10 year averages (2010
—2019, n = 10) were calculated from the average monthly temperature (°C), accu-
mulated rainfall (mm), relative humidity (%), relative insolation (%), irradiation
1o kJ/mz.year), sunshine hours and speed (km/h) and wind direction (°) recorded
at the University of Vigo campus meteorological station; 10 year averages were also
calculated for maximum and minimum monthly average temperature, accumulated
rainfall and relative humidity (in brackets). The 9 year averages (n = 9) were calcu-
lated from the annual averages of SO,, NO,, PM10 and PM2.5 (pg/m3) recorded in
Vigo city centre (100 msl), and the 4 year averages (2010-2013) were calculated
from monthly average ion content (peq/L) of the wet deposition recorded at the
same air quality stations.

Average (max — min) monthly temperature
Number of days with frost (for 10 years)

Average (max-min) monthly accumulated rainfall
Average (max-min) monthly relative humidity

13.48 (8.2-19)
204.00

95.17 (2-355)
82.53 (95.6-62.4)

Hours of sunshine per month 173.4
Monthly relative insolation (%) 46.2
Monthly global irradiation 1318.4
Monthly average of wind speed 7.4
Monthly average of preferential wind direction 211.8
Monthly average of SO, (pg/m®) 3.3
Monthly average of NO, (ug/m>) 23.3
Monthly average of PM10 (ug/m>) 23.5
Monthly average of PM2.5 (ug/m®) 23.6

Monthly mean values of wet deposition (peq/L) (mean for 4 years 2010-2013)

cl- NO3~ S05~ Na* NHy K* Mg>*+ Ca®*

292.5 41.8 64.7 180.7 56.3 78.0 49.4 66.3
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the impact of these pollutants was therefore also expected to be low, taking
into account the prevailing wind direction and the dense arboreal and
shrub vegetation surrounding the campus (relative to the sparse vegetation
in the surroundings of the exposure site). Finally, the marine influence
strongly affected the composition of the rain, as indicated by the monthly
average concentration of ions in the wet deposition, with C1~ and Na*
ions present in the highest concentrations. However, although the SO7 ™
content was not among the highest in cities in Galicia, it may be relevant
as a source of sulphates in architectural surfaces, as shown in a previous
study on the influence of the composition of the aerosol in the conservation
of granite facades in the same geographical area (Rivas et al., 2014).

2.4. Analytical techniques

The following analytical techniques were applied to exposed and con-
trol samples, to evaluate the physical and chemical changes at the end of
the exposure period:

— The surfaces were examined by stereomicroscopy (SMZ800 Nikon).

— The colour of the exposed and control samples was characterized using
CIELAB and CIELCH colour spaces (CIE S014-4/E:2007), with a Minolta
CM-700d spectrophotometer. In the CIELAB space, L* (lightness), a*
and b* (colour coordinates) were measured. L* represents lightness,
ranging from O (absolute black) to 100 (absolute white); a* indicates
the colour position between red (positive values) and green (negative
values) and b* between yellow (positive values) and blue (negative
values). In the CIELCH colour space, L* also represents lightness, C* rep-
resents the chroma or colour saturation, corresponding to C* = [(a*)?
+ (b*)?12 and hy, represents the hue, calculated as h,, = tan [1 -
(a*/b*)]. Twenty measurements were made at random on each sample
to produce statistically consistent results; each measurement was the av-
erage of three (n = 180 for condition-stone and paint-). The measure-
ments were made in the Specular Component Excluded (SCE) mode,
for a spot diameter of 8 mm, with D65 as illuminant and an observer
angle of 10°. Colorimetric differences were processed as colour differ-
ences (AL*, Aa*, Ab *, AC*,, and AH*) and global colour change
(AE*,p,) considering the colour of the control samples as the reference
(CIE S014-4/E:2007). Therefore, higher values indicate the most visible
colour changes.

— The gloss value (G) of the control and the exposed surfaces was mea-
sured and the change (AG), considering the gloss value of control sam-
ples as the reference, was determined using a Konica Minolta Unigloss
60Plus, with a reflection angle of 60°. Three measurements were
made per sample (n = 9 for condition).

— The surface roughness of the exposed and control samples was mea-
sured with a profilometer (Mitutoyo SJ400), following UNE-EN ISO
4288:1999. The parameters measured were the arithmetic average
roughness (Ra, pm) and the average maximum profile height (Rz,
pm). For each granite sample, the equipment traced three scans of
length 2 cm (n = 9 for condition).

— The static contact of surfaces of the exposed and control samples was de-
termined using a goniometer (SEO Phoenix-300 Touch), following stan-
dard BS EN 828:2013. The sessile drop method (each drop contained 6
pL of deionized water per sample) was applied (n = 9 for condition).

— Inorder to study the level of adhesion of the paint to the stone, a peeling
test (Drdacky et al., 2012) was conducted on the surfaces of the exposed
and control samples, using double-sided adhesive tape (TESA
Powerbond). Three strips of the adhesive tape (width 10 mm and length
30 mm) were applied to each sample and consecutively removed by
pulling at an angle of 90°. The amount of material peeled off was deter-
mined as the difference between the weight of the tape after removal
from the surface and the weight of the tape before application. The re-
sults were expressed as the mean weight of material removed from
each surface by the three strips per surface.

— The mineralogical composition of the paint layer in the exposed and
control samples was determined by X-ray diffraction (XRD) (with a
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Siemens D5000 diffractometer equipped with an X-ray generator: Cu-
K, radiation, Ni filter, 45 kV voltage, and 40 mA intensity). XRD analy-
sis was applied by the powder method. Then, paint powder was col-
lected from the control and aged surfaces by means of an electric
grinder. The samples were scanned in 26 range varying from 1° to 5°
with a goniometer speed of 0.05° 20 s~ 1.

— The molecular composition of the paint coatings on the exposed and
rcontrol samples was determined by Attenuated Transmittance
Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
(Thermo Nicolet 6700 spectrophotometer). Infrared (IR) absorption
spectra were recorded at 2 cm ™! resolution over 100 scans from 400
to 4000 cm ™.

— Micromorphological and chemical characterization of the surfaces of
exposed and control samples was conducted by scanning electron mi-
croscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) (Philips
XL30) in both Secondary Electron (SE) and Back Scattered Electron
(BSE) modes. Optimum observation conditions were obtained at an ac-
celerating potential of 20 kV, a working distance of 9-11 mm and spec-
imen current of 50-60 mA. The acquisition time for recording EDS
spectra, i.e. the dwell time, was 40-60 s.

3. Results

Digital photographs of the Rosa Porrifio reference samples (on the left of
each photograph) and the corresponding exposed samples (right) are
shown in Fig. 2. Macroscopically, alterations were observed in all the
paints, regardless of the type of granite to which they were applied. All of
the paints lost their brightness. Furthermore, intense whitening was ob-
served on the red coating (Fig. 2A), cracking on the blue paint (Fig. 2B)
and a whitish film on the blue and black paints (Fig. 2B, C). Loss of bright-
ness was very marked in the silver paint (Fig. 2D). Stereomicroscopic exam-
ination of the samples (Fig. 3) confirmed subtle differences in regard to the
granite substrate. Thus, the surfaces of the exposed samples of Vilachdn
coated with the red graffiti spray became rougher than the samples of
Rosa Porrifio and fissures also appeared in the paint (Fig. 3 A-C). The blue
paint on both types of granite displayed intense craquelure (Fig. 3 D- F).
On the black paint, craquelure was detected in the Rosa Porrifio samples
and loss of paint was observed in the Vilachan sample (Fig. 3G-I). Finally,
on the silver paint, paint loss was more intense in the Vilachan samples
than in the Rosa Porrifio samples (Fig. 3J-L.

The AE*,;, value was highest in the red paint (Table 2). Different results
were obtained for each granite relative to the other paints: in the Rosa
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Porrifio granite, the AE*,;, was lowest in the black paint, whereas in the
Vilachan granite, the AE*,;, was lowest in the silver paint. In all cases, the
AE*,;, exceeded 3.5 CIELAB units, which is considered the threshold
above which the colour change is visible to the naked eye (Mokrzycki and
Tatol, 2011).

The colour parameters that contributed to AE*,;, were different for each
of the paints:

a) In the red paint, the parameters that contributed most to the colour
change were L*, which increased, and a*, which decreased. The in-
crease in L* (the highest increase among all the paints) reflected the in-
tense whitening of the surfaces painted in red (Figs. 2 and 3). The
difference in a* was also very high, and negative, indicating loss of in-
tensity of the red colour. In general, taking into account the magnitude
of AC*,, the colour of the red painted surfaces of both stones faded (the
lightness increased and colour intensity decreased); this effect was
quantitatively more intense in the Vilachan granite.

b) In the blue paint, the greatest change occurred in the b* coordinate,
which increased. In the Vilachan granite, L* scarcely varied. Therefore,
taking into account the magnitude of AC*,, the qualitative effect of the
colour change in this sample was a loss of intensity, i.e. the painted sur-
faces became greyish in colour. However, in the Rosa Porrifio samples,
the increase in the b* coordinate was accompanied by a significant in-
crease in L*; hence, in RBU, the colour faded.

For the black paint, the AE*;, for both granites was mainly due to an in-

crease in the L*; the magnitude of the change in L* was similar in both

granites.

Finally, for the silver paint, the AE*,;, on both granites was mainly due

to a decrease in L*: the coating became darker in colour, particularly

those on the Rosa Porrifio samples (the decrease was significantly
greater in this granite).

—

C

d

=

The gloss also changed remarkably during the 10-year exposure period
(Fig. 4), mainly in blue, black and silver paints. In all of the samples, except
RR and VB, the gloss decreased. The greatest AG were detected in the blue
and the black paints on the Rosa Porrifo granite, with decreases greater
than 45 GU. The lowest AG were detected in the red paint, regardless of
the stone. The changes in gloss were greater in the paint on the Rosa
Porrifio granite samples than on the Vilachén granite samples.

Surface roughness also changed during the exposure (Fig. 5). The
changes in Ra (arithmetic average roughness) and Rz (average maximum
profile height) followed similar trends. Roughness increased in the blue
and black paints and decreased in the silver paint, in a similar way for

Fig. 2. Macrographs of the surfaces of the reference (left) and exposed (right) samples of Rosa Porrifio granite painted with each graffiti spray. A: red paint. B: blue paint. C:
black paint. D: silver paint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Stereomicrographs of the reference (column 1, Rosa Porrifio) and exposed (column 2 Rosa Porrifio and column 3, Vilachén) granite samples. Samples in A, B and C are
coated with red paint, samples in D, E and F, with blue paint, samples in G, H and I, with black paint, and samples in J, K, and L, with silver paint. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Colorimetric variation AL*, Aa*, Ab*, AC*,, and AH* and global colour change
(AE* ) of the exposed samples coated with red (_R), blue (_BU), black (_B) and sil-
ver (_S) paint (R_: Rosa Porrifo, V_: Vilachan) relative to the colour of the control
painted surface.

D AL* Aa* Ab* AC* AH* AE*,,
ROSA PORRINO

RR 20.57 —-22.51 —-13.01 —-25.97 -1.28 33.15
RBU 14.22 -3.97 18.66 —-18.60 -3.99 23.80
RB 11.13 0.09 0.44 —0.44 0.02 11.14
RS —17.49 0.92 3.90 1.60 —3.68 17.94
VILACHAN

VR 23.16 —24.72 —14.39 —28.54 -1.71 36.81
VBU 4.85 257 15.69 -15.73 -2.17 16.62
VB 10.49 -0.03 0.16 0.02 —-0.53 10.49
VS -6.91 0.33 2.45 0.12 —2.46 7.34

both granites. Conversely, different trends were observed in the two type of
granite samples coated with red paint: in Vilachan, the roughness in-
creased, whereas in Rosa Porrifio, the roughness decreased markedly. Com-
parison of both types of granite showed that, except for Ra measured on the
samples with silver paint (RSD and VSD) and for Rz on samples with black
paint (RBD and VBD), greater changes were detected in the Rosa Porrifio
samples. However, the differences between these samples were not statisti-
cally significant.

Fig. 6 shows static contact angles (6°) of the unpainted Vilachan and
Rosa Porrifo surfaces, of the control painted samples and the exposed sam-
ples. In the painted samples, 6° increased after 10 years of exposure in all
cases (with statistically significant differences) (Fig. 6) except in the ex-
posed RR sample (Rosa Porrifio with red paint), for which the high standard
deviation (+19.3°) precludes determination of statistically significant dif-
ferences in contact angle. Although this parameter increased, the values
never exceeded 90°, which is the threshold above which a surface can be
considered hydrophobic (Bico et al., 2002). Values of static contact angles
of the unpainted stones were below 90°: 39.2 + 8.3° for Rosa Porrifio and
19.8 + 11.3° for Vilachén.

Comparison of the results obtained for each granite revealed that in the
VR and VBU samples and the respective reference samples (VR and
VBU,.s), the 6° values were higher than in the Rosa Porrifio samples, despite
the fact that the 8° of the unpainted stones was lower in the Vilachén gran-
ite. However, the opposite trend was observed in the samples coated with
black and silver paint: in both the reference and the exposed samples, the
6° values were always highest in the Rosa Porrifio granite.

The results of the peeling test in the reference and exposed samples are
shown in Table 3. In all cases, the weight of material removed by the adhe-
sive tape was considerably lower after the outdoor exposure period, with
exception of the silver paint on the Vilachdn granite (compare VS with
VS,f). In general, the least amount material was removed from the surface
coated with blue paint. For the Rosa Porrifio granite, the greatest amount of
material was removed from the unexposed sample with the red paint coat-
ing. For the Vilachan granite, the greatest amount of material was removed
from the surface coated with silver paint, regardless of whether the samples
were exposed or not exposed.
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Fig. 4. Changes in gloss (G, gloss units) in the samples after 10 years of exposure relative to the gloss of the control painted surfaces. Values for Rosa Porrifio granite (R ) and

Vilachan granite (V_) coated with red (_R), blue ( BU), black (_B) and silver (_S) paint are shown. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 5. Changes in roughness parameters (A: Ra, B: Rz, um) in the samples after outdoor exposure for 10 years relative to the roughness of the control painted surfaces. Values
for Rosa Porrifo granite (R)) and Vilachan granite (V_) coated with red (_R), blue (_ BU), black (_B) and silver (_S) paint are shown. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Static contact angle (6°) in the unpainted granite samples (R and V) and in the surfaces coated with red (_R), blue ( BU), black (_B) and silver (_S) paint before exposure
(rer in subscript) and after 10 years of outdoor exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 3

Results of the peeling test (ing, average amount of
loose matter on three tapes for each sample) in
Rosa Porrifio (R_) and Vilachan (V_) samples with
red (_R), blue (_BU), black (_B) and silver (_S)
paints before exposure (_.¢in subscript) and after
10 years of exposure. Standard deviations are also

shown.

D Am (mg)

RRyef 0.73 + 0.40
RR 0.27 + 0.21
RBU 0.20 + 0.10
RBU 0.07 + 0.12
RBof 0.40 + 0.26
RB 0.17 + 0.21
RSref 0.50 + 0.20
RS 0.43 + 0.06
VRyer 0.53 + 0.35
VR 0.13 + 0.12
VBU, ¢ 0.07 + 0.06
VBU 0.07 + 0.12
VBiet 0.33 + 0.21
VB 0.17 + 0.21
VSier 0.60 + 0.40
VS 0.77 + 0.29

Comparison of the two types of granite showed that, with the excep-
tion of the surfaces coated with silver paint, greater amounts of material
were removed from the Rosa Porrifio samples than from the Vilachan
samples.

XRD confirmed that there hasn't been alteration of the inorganic ex-
tenders or neoformed mineral phases during the 10-years exposure. In
BU, R and S paints on both granites, the same mineral phases present in
the unaltered paints were detected in the aged paints (rutile—TiO,— for
the BU, rutile—TiO,— and barite—BaSO,4— for the R and aluminium—
Al— for the S) although some of the granite forming minerals were also
identified (quartz—SiO,—, muscovite—KAl,(AlSiz01)(OH),—, albite—
NaAlSiz;Og— and biotite—K(Mg,Fe)3AlSiz0;0(0OH, F),—) whose presence
in the samples may be due to their detachment from the stone surface dur-
ing scraping. In the aged samples of red paint on both granites (RR and VR),

graphite—C— was also detected. This mineral, a common extender in
paints, could be also present in the unaltered sample in quantities below
the detection threshold (ca. 5% wt.) of the XRD equipment. Then, as conse-
quence of the organic phase loss during the 10-years exposure, a relative en-
richment of graphite allowed its detection. This mineral was also detected
in the aged black paint on Rosa Porrifio (RB). It is noteworthy that in
black paint in both granites after exposure (RB and VB), rutile—TiO,— (un-
detected by XRD in the original paint) has been identified. The detection of
this mineral after exposure could be also related to its quantity below the
detection threshold as was reported for the graphite.

FTIR spectra of the red, blue and black paint samples (Fig. 7A, B and C
respectively) confirmed the alkyd composition of these paints (Socrates,
2001; Rivas et al., 2012; Pintus et al., 2016; Gomes et al., 2018). The
FTIR spectrum of the red paint included the following: a sharp band at
3675 cm ™! attributed to OH stretching vibration of water; a broad band
at around 3600-3300 cm ™~ ! corresponding to the OH stretching vibration
of water; a faint band at 3077 cm ™ !, which can be assigned to CH stretching
vibrations of aromatic rings; an intense doublet band at 2924 cm ™' and
2854 cm ™! corresponding to CH asymmetric and symmetric stretching vi-
brations of methylene groups; intense, sharp bands at 1715 cm ™~ ! and 1253
ecm ™! corresponding to the stretching vibration CO (ester type), weak
bands in the range 1624-1481 cm ™! assigned to CC aromatic ring; a
band at 1452 cm ! assigned to CH bend of CH; symmetric deformation;
a band at 1363 cm ™! assigned to COC; a band at 1116 cm ™! assigned to
CO stretching phthalic group; bands in the range 1110-1060 cm ™ *
assigned to CO and indicating the presence of esters of unsaturated ali-
phatic fatty acids and bands in the range 800-700 cm ! assigned to aro-
matic CH out of plane bending.

The FTIR spectra obtained for the blue (Fig. 7B) and black paint coatings
(Fig. 7C) were less complex. For the blue paint, the wide band at
3300-3600 cm ~ ! showed two peaks at 3521 and 3400 cm ™! indicating
the presence of OH stretching vibration of water. For both paints, the
bands assigned to CC in the range 1600-1500 cm ~* were absent.

For the silver paint, as reported by Rivas et al. (2012) and Gomes et al.
(2018), the FTIR spectrum showed that the functional groups CO, CC and
CO are absent and the most intense effects were those for CH asymmetric
stretch vibrations of alkanes (Fig. 7D), confirming the predominance of
polyethylene-type polymers in this paint. The FTIR spectrum of the silver
paint includes absorption bands at 2918 and 2851 cm ™! corresponding to
CH asymmetric and symmetric stretching vibrations of methylene groups,
1445 cm ! assigned to bending deformation, 1374 cm ™! assigned to CHj
symmetric deformation and 745-700 cm ™' corresponding to rocking
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Fig. 7. FTIR spectra of Rosa Porrifio (R and Vilachén (V_) samples coated with red (_R), blue (_ BU), black (_B) and silver (_S) paints after 10 years of outdoor exposure. For
comparison with the initial composition, the spectra of reference painted samples of Rosa Porrifio granite before exposure (¢ in subscript) are also shown. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deformation (Gulmine et al., 2002; Rajandas et al., 2012). Weak bands at
3350, 1693 and 1603 cm ™~ ! were assigned to OH vibrations as a result of

the water/humidity.

After the outdoor exposure period, the most remarkable changes in the
FTIR spectra were identified in the silver paint coatings (Fig. 7D). Although
the same effects were observed in both types of granite, the greatest



J.S. Pozo-Antonio et al.

differences were identified in the Vilachén sample (VS, Fig. 7D). It occurred
that in the spectra of the aged samples, the bands due to the organic compo-
nent have decreased, while those due to silicate minerals and water (prob-
ably absorbed and adsorbed on the granite forming minerals), such as SiO
and OH stretching vibration respectively become dominant. In the FTIR
spectra of the Vilachan samples coated with silver paint (VS), several
bands below 1000 cm ~ ! were assigned to CH and also to Si-O; the latter as-
signment confirmed loss of the paint on this granite due to an increase in
silicate absorption bands, as detected by stereomicroscopy and XRD.

For the red paint (Fig. 7A) and blue paint (Fig. 7B), regardless of the
type of granite, a weak broadening of the band assigned to carbonyl
group was detected in the range 1700-1600 cm ~ ! with a peak at 1621
cm ! in the samples with blue paint and in addition, at 1485 cm ™! in
the samples with red paint. A wide band at 600-450 cm ™' was observed
in the spectra of the exposed red paint coatings and to a lesser extent in
the blue paint coatings, confirming the existence of TiO, in the paint com-
position (Rivas et al., 2012).

In the FTIR spectrum of the black paints after exposure, in the RB sam-
ple, two bands at 3521 and 3400 cm ™! assigned to OH stretching vibration
of water were detected, which were not part of the reference sample.

SEM observations enabled identification of textural and compositional
changes in the paints after the exposure period (Figs. 8-11). The composi-
tion of the red graffiti paint was based on nanoparticles rich in Si, Mg, Al,
Ca, Ti and Fe (Fig. 8A) and that of the blue paint, on Si and Ti (Fig. 9A).
These nanoparticles were bound in a C-rich matrix. The black paint was
composed of a homogeneous, fine-grained film only containing C
(Fig. 10A), and the silver paint was composed by larger aluminium particles
than those in the red and blue paints (Fig. 11A). The aluminium particles
were dispersed in a C matrix (Fig. 11A).

After the outdoor exposure, the amount of C had decreased consider-
ably in all four paints (compare the C/O ratio from the EDS spectrum of
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the reference and in the exposed samples). For the exposed red and blue-
painted surfaces (Figs. 8B, C and 9 B-D respectively), the EDS spectra
showed an increase in Ti relative to the EDS of the reference sample. More-
over, the EDS of the exposed paints showed the presence of Na, Mg, AL, P, S,
Cl, K and Zn (Figs. 8B-C, 9B-D). These elements were not identified in the
EDS spectra of the reference samples. Moreover, deposits with different
morphologies were identified in the different paints:

— In the samples with red paint, voluminous deposits rich in C, Zn, Si, Al
and Ti and to a lesser extent Mg, P, S, Cl, K, Ca and Fe were detected
(Fig. 8B, C, EDS3,7). Deposits rich in Si, Al, K, Ti and Fe were also de-
tected (Fig. 8B, EDS4).

In the samples with blue paint, two different deposits were detected on
the surfaces: i) cubic deposits rich in Cl, K and Na (Fig. 9C EDS3) and
granular deposits composed of Na, Al, Si and to a lesser extent Ti, Mg,
P, S, Cl, K, Fe and Zn (Fig. 9C, D EDS4 and 6).

In the exposed samples with black paint (Fig. 10B, C), agglomerations of
particles rich in Al and to a lesser extent Zn were detected (Fig. 10B,
EDS2), and small particles rich in Zn, Na, Si, Cl, K, Al P, S and Ca
were also found spread on the surface (Fig. 10C, EDS3, 4).

The EDS spectra of the exposed samples painted with silver paint indi-
cated the presence of Na, K and Si in the paint (Fig. 11B and C, EDS2,
3 and 5) and granular deposits composed of Al, Si, Zn, Ca, Mg and Fe
(Fig. 11B, EDS4). Note that for the Vilachan sample, the aluminium par-
ticles seemed to be more compact than in the corresponding reference
sample.

4. Discussion

In this research, we investigated how three non-metallic (red, blue and
black) alkyd graffiti spray paints and one metallic (silver) polyethylene
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Fig. 8. SEM micrographs and EDS spectra of surfaces coated with red paint. A: Painted reference sample of Rosa Porrifio granite. B: Painted sample of Rosa Porrifio granite
after exposure. C: Painted sample of Vilachan granite after exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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Fig. 9. SEM micrographs and EDS spectra of surfaces coated with blue paint. A: Painted reference sample of Rosa Porrifio granite. B-C: Painted sample of Rosa Porrifio granite
after exposure. D: Painted sample Vilachén granite after exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

graffiti spray paint applied to two types of granite with different mineralogy
and texture, i.e. the commercial granites Rosa Porrino and Vilachén, were
affected by a decade (2010-2020)-long exposure to a natural urban-
marine environment near Vigo (NW Spain). Texture and mineralogy of
the granite did not seem to influence on the chemical weathering of the
paints but does seem to influence on the physical deterioration: the red,
black and silver graftfiti paints on the Vilachan granite seemed to undergo
more intense weathering than the same paints on Rosa Porrifio granite. In-
deed, in the Vilachén samples more intense craquelure in the red paint and
greater loss of material from the black and silver paints were observed than
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in the corresponding samples of Rosa Porrifio granite. The more intense
physical alterations in the Vilachdn than in the Rosa Porrifio granite may
be related to the water movement in the stones through the fissures: the
most porous Vilachédn granite experienced a more intense water movement
through its fissures than the least porous Rosa Porrifo granite.
Stereomicroscopic and spectrophotometric analysis showed that the red
paint was the paint most strongly affected, followed by the blue paint and
then, depending on the underlying granite, either black or silver paints.
The lightness of the alkyd (red, blue and black) paints increased, as result
of fading (Doménech-Carb6 et al., 2011), while the surfaces of the metallic
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Fig. 10. SEM micrographs and EDS spectra of surfaces coated with black paint. A: Painted reference sample of Rosa Porrifio granite. B: Painted sample of Rosa Porrifio granite

after exposure. C: Painted sample of VIlachan granite after exposure.

silver polyethylene paint became darker (decrease in L*). However, greater
variations in gloss were observed in the blue and black graffiti paints: the
gloss generally decreased, except in the black paint on the Vilachan.
Changes in gloss were least notable in the red paint. Therefore, the colour
changes were not related to gloss variations. Roughness was another of
the physical properties affected by the outdoor exposure. On the one
hand, the increased roughness was related to the craquelure in the paints,
mainly in the blue paint. On the other hand, the decrease in roughness of
the both granite surfaces coated with the silver paint was related to the in-
tense loss of paint.

The cited darkening detected by spectrophotometry for the silver
painted surfaces could be related to: i) modifications of the binder and ii)
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to chemical changes of the aluminium particles (inorganic pigment). On
the one hand, attending to the binder modification, regardless of the under-
lying granite, silver paint appeared to undergo the greatest chemical mod-
ifications, as indicated by the FTIR spectra. The occurrence of the broad
band around 3600-3300 cm ™! corresponding to the OH stretching vibra-
tion, can be assigned to the decomposition of the hydroperoxides formed
as primary photoproducts by the scission of the weak OO bond, which
gives a macro-alkoxy and a hydroxyl radical OH (Carpentieri et al., 2011;
Fotopoulou and Karapanagioti, 2019). This radical can react by several
routes: B-scissions with cleavage of the main chain to form aldehydes, ab-
straction of hydrogen without cleavage of the chain to form hydroxyls,
cage reaction between the pair of the formed radicals giving chain ketones
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(Carpentieri et al., 2011, Fotopoulou and Karapanagioti, 2019). Ketones
photochemically react by Norrish type I or type II reactions (Edge et al.,
1991). For polyethylene polymers, the absorption of light is attributed to
chromophores added (Fotopoulou and Karapanagioti, 2019). UV irradia-
tion is absorbed by the chromophores which lead to radical formation. As
result, free, low molecular weight compounds which can remain in the
paint film. As consequence, the material gets brittle and is more susceptible
to fragmentation which makes a higher surface area available for further re-
actions. The low molecular weight compounds increase the hydrophilicity
of the polymer (Vasile, 2005; Gewert et al., 2015). However, in this re-
search, although samples were always hydrophilic (6° < 90°, Bico et al.,
2002), 6° increased with exception of the red painted Rosa Porrifio and
the silver painted Vilachan (both without statistical significant differences
in comparison to the control surfaces). These slight 6° increases can be at-
tributed to the roughness increases (Darmanin and Guittard, 2015; Zhang
etal., 2016; Lopez et al., 2019). On the other hand, aluminium particles ex-
posed to environment could undergo chemical changes due to hydroxyl-
ation of the oxide film as moisture is absorbed from the air and the colour
changes from light to dark (Zahner, 2019). In fact, the intense OH absorp-
tion bands in the FTIR spectra of the silver painted samples could not be to-
tally assigned to OH groups in polyethylene binder, because they would be
also assigned to the hydroxylation of this oxide film. Marine environments
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may also induce corrosion of these aluminium particles and subsequent
pitting.

Although polyethylene polymers are usually more resistant to
photodegradation than alkyd polymers, because the former do not contain
any unsaturated double bonds in their polymer backbone and then, they
should be immune to photo-initiated degradation (Grassie and Scott,
1988; Gewert et al., 2015), FTIR analysis allowed the identification of
more intense chemical changes in the silver polyethylene paint than in
the black, red and blue alkyds paints. The inorganic chromophore formed
by aluminium particles should be the responsible for photo-initiated degra-
dation (Vasile, 2005; Gewert et al., 2015). In the alkyd paints, the occur-
rence of bands around 3600-3300 cm ™! corresponding to the OH
stretching vibration of water is related to the formation of new alcohol
groups along the fatty acid portion through either 3-scissions or Norrish
type I reactions with the subsequent broadening of the band assigned to car-
bonyl group in the range 1700-1600 cm ~* due to the formation of unsatu-
rated ketones (Lazzari and Chiantore, 1999; Perrin et al., 2000; Pintus et al.,
2016).

From the aesthetical point of view, red and blue paints were those with
the most affected physical changes during the exposure period (fading for
the red paint and craquelure for the blue paint). Therefore, as previously re-
ported (Sanmartin and Pozo-Antonio, 2020), the greater chemical changes
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are not related to greater physical changes. The physical changes in these
two paints seem to be related to the loss of binder detected by FTIR and
SEM. As result of this loss, a relative enrichment in TiO, was identified
which is correlated to the L* increase.

Regardless of the granite and the paint, SEM analysis enabled identi-
fication of granular deposits rich in Si, Al, K, etc., which can be related to
the deposition of atmospheric particles on the surfaces. The presence of
Cl, K and Na salts is related to the proximity of the sea. Zn was present in
the exposed paints in two different formats: i) embedded in the paint
and ii) as component of voluminous organic deposits on the surfaces.
In the former mode, Zn can become from ZnSO47H,0 used to prepare
Zn-spiked TiO, nanoparticles added during paint manufacturing due
to their effective mechanism for photocatalysis (Nguyen et al., 2012).
Zn embedded in the paint was found in red, blue and black paints
where rutile (TiO,) was identified by XRD. In the latter, Zn should be ex-
ogenous and it would come from the deposition of metalloids and metal-
lic elements such as Cu, Fe, Pb, etc. derived from gasoline and diesel
(Santos et al., 2011). Note that samples were located at a distance of
10 m from a busy car parking. Deposits rich in Fe were also detected
on the exposed red painted surfaces.

5. Conclusions

Diverse type of weathering effects was observed in graffiti spray paints
applied to two types of granite with different texture and mineralogy and
exposed to a natural urban-marine environment characterized by wet win-
ters. Three alkyd (red, blue and black) paints and one polyethylene (silver)
paint were tested.

Physical and chemical changes in the paints were not correlated.
Physico-mechanical changes such as craquelure and paint loss seemed to
depend on the water movement through the fissure system. Cracking and
paint loss were most intense in the paints applied to granite with the highest
porosity: craquelure in the red paint and loss of material in the silver and
black paints. Craquelure was associated with increased roughness of the
paint surface, while paint loss was associated with decreased roughness.
The intense fading of the red paint, regardless of the granite, was attributed
to a chemical change associated with loss of binder and the consequent
TiO, relative enrichment. The chemical changes were not related to the
granite substrate; they were most intense in the silver paint and related to
the organic binder. These changes of the silver paint could be also associ-
ated with darkening of the aluminium particles (inorganic pigment of this
paint). Deposits on the surfaces of the four paints resulted from the interac-
tion of the paint with the urban and marine aerosols and road traffic pollut-
ants rich in Na, C, K, P, Ca, Mg, Si, Zn and K. The Zn may have originated
from petrol fumes, but may also be derived from the ZnSO47H,0 used to
prepare Zn-spiked TiO, nanoparticles added to the paint to improve
photocatalysis.

The study findings may be useful for all those professionals dealing not
only for the characterization and identification of spray paints, i.e. urban
artists who may wish to increase the durability of their wall paintings, but
also for analytical chemists, conservation scientists, conservators, restorers,
etc. in order to understand their main degradations and for considering con-
servation decisions.
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