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Abstract: Recently, a notable change has occurred in how street art murals are perceived by art history
and the general public, with a growing recognition of their social and cultural significance and a
new focus on preserving the most representative modern urban murals for future generations. An
interesting case study is constituted by the “UBUNTU” mural (Ivan Pontevia and Daniele Castagnetti,
Reggio Emilia, 2018), whose appearance has radically changed in a few years. Indeed, the intense
and direct exposure to sunlight as well as the environmental and polluting agents have induced
the bleaching and fading of the original highly fluorescent hues. To investigate the degradation
processes that are occurring, five micro-samples were collected from different fluorescent-coloured
areas and analysed by a combined approach based on µ-Raman and Surface Enhanced Raman
Spectroscopy (SERS), High Performance Liquid Chromatography coupled with Diode Array Detector
and mass spectrometry (HPLC-DAD and HPLC-MS), and Pyrolysis Gas Chromatography coupled
with Mass Spectrometry (Py-GC-MS). The analytical protocol applied allowed us to disclose the
painting materials used by the artist and fully characterise the ageing phenomena occurring in the
mural that are possibly responsible for its colour ephemerality.

Keywords: street art; fluorescent spray paints; SERS; HPLC-MS; Py-GC-MS

1. Introduction

The recognition of street art as an integral part of the cultural heritage has emerged
only in recent years. The fleeting character, free access, and exposure to the environment
and anthropic action make public paintings vulnerable to overpainting and degradation [1].
Therefore, in the last decade, several studies have reported the characterization of spray-
paint formulations [2–5] to disclose the chemical composition of street-art paint materials,
to better understand the mutual interaction of the materials and to evaluate the role
played by UV light and environmental parameters on their ageing processes [6–10]. In
order to slow down or prevent the extensive degradation of murals, the efficiency of
several kinds of protective agents was tested [4,11,12]. Nevertheless, studies focused on the
analysis of street art murals using in situ or micro-invasive spectroscopic techniques [13–17]
as well as pyrolysis, chromatographic, and mass spectrometric methods [15,18] are still
relatively limited.

Considering the challenges in defining conservation strategies in this new research
field, an integrated protocol for the diagnostics of modern paint materials of street art-
works and for a long-term sustainable conservation is highly needed. The optimisation
and integration of analytical methods is one of the main goals of the PRIN2020 project

Heritage 2023, 6, 5689–5699. https://doi.org/10.3390/heritage6080299 https://www.mdpi.com/journal/heritage

https://doi.org/10.3390/heritage6080299
https://doi.org/10.3390/heritage6080299
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0002-5853-7340
https://orcid.org/0000-0002-3585-8555
https://doi.org/10.3390/heritage6080299
https://www.mdpi.com/journal/heritage
https://www.mdpi.com/article/10.3390/heritage6080299?type=check_update&version=1


Heritage 2023, 6 5690

“SUPERSTAR—Sustainable Preservation Strategies for Street Art” (2022–2025), an Italian
network project [19].

“UBUNTU” is a mural painting (32 m × 2 m, [20]) created by Ivan Pontevia and
Daniele Castagnetti in collaboration with the Municipality of Reggio Emilia and Officina
Educativa on the external wall of Dalla Chiesa middle school (Reggio Emilia, Italy) in
July 2018. “UBUNTU” is included among the selected artworks for the Erasmus+ project
“CAPUS—Conservation of Art in Public Spaces” [20], aiming at investigating the history of
the artworks, characterizing the paint materials and degradation processes, and selecting
the methods and materials for conservation [21]. Already a few years after the creation of
the mural, severe fading and colour alteration phenomena are observed (Figure 1), mainly
in the fluorescent sprays, radically changing and compromising the appearance of the
mural. A previous study was conducted within the CAPUS project, aimed at characterizing
the composition of paint mock-ups prepared with unaged, naturally aged and artificially
aged commercial spray series (MNT94 and Montana Cans) to mimic the degradation
processing occurring on the artworks, evaluating the effect of different environmental
conditions [4]. The materials were specifically selected amongst those possibly used by
Ivan Pontevia, Daniele Castagnetti and other contemporary street artists who were the
authors of other murals in Reggio Emilia. Conversely, the present work is focused on actual
painting samples taken from the areas of the flag of the “UBUNTU” mural, which appeared
as the most faded. Previous studies of the archive documents (e.g., invoices and pictures
of the realisation phases) pointed specifically at the use of fluorescent spray paints from
MNT94 (Montana Colors, Barcelona, Spain) [4].
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environment in 2019. Adapted from [4]. 
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The five samples were analysed by non-invasive and micro-invasive techniques
(µ-Raman, SERS, HPLC-DAD, HPLC-MS and Py-GC-MS) to determine the composition and
degradation of the paint materials used and to investigate, at a molecular level, the causes
of the fast bleaching of this street art mural. The possible presence of rutile, which can exert
a photocatalytic action towards photo-oxidation [22], as hypothesized for “Oriental Carpet”
by H101 [13], was also assessed.

2. Materials and Methods
2.1. Sampling

Five samples were collected from each of the five hues of the fluorescent flag depicted
in Figure 1: blue (S1B), green (S2G), pink (S3P), yellow (S4Y) and orange (S5O). Samples
were collected in 2021 and have been analysed by µ-Raman, SERS, HPLC-DAD, HPLC-MS
and Py-GC-MS.

2.2. µ-Raman Spectroscopy and SERS Analysis

For both µ-Raman and SERS analyses, an InVia Raman microscope with CCD (Ren-
ishaw; England) with grating 1800 and 1200 groove/mm was used. The 532 nm line of a
NgYAG laser (50 mW maximum output) was used for µ-Raman, while the 785 nm diode
laser (1 mW maximum output) was used for SERS. For µ-Raman, a resolution of 5 cm−1

(1800 rulings/mm grating), an integration time of 10 s, and 10 scans were used, while for
SERS, the resolution was 5 cm−1 (1200 rulings/mm grating), the integration time 10 s, and
1 scan was used.

Prior to SERS analyses, the silver colloid was prepared following the Lee and Meisel
procedure, then concentrated by centrifugation for 5′ at 10,000× g, after which the su-
pernatant was removed. A few mg of sample were dissolved in 50 µL acetone. The
measurements were performed while focusing through a drop constituted of 5 µL of silver
colloid, 1 µL of the dye solution in acetone, and then 1 µL of 0.5 M potassium nitrate
deposited on a slide.

2.3. Liquid Chromatography with Spectrophotometric (HPLC-DAD) and Mass Spectrometric
Detection (HPLC-MS) Analyses

For HPLC-DAD analyses, a PU-2089 pump coupled to a spectrophotometric diode
array detector MD-2010 (Jasco international Co.; Tokyo, Japan) was used. The spectral
acquisition range was 200–650 nm, and the resolution was 4 nm. For the HPLC-MS analyses,
an ESI-Q-ToF (Agilent Technologies, Lexington, MA, USA) was used. The ESI conditions
were: drying gas N2, purity > 98%, temperature 350 ◦C, flow 10 L/min; sheath gas N2,
temperature 375 ◦C, flow 11 L/min; capillary voltage 4.5 kV; and nebulizer gas pressure
35 psi. The MS parameters were: fragmentor voltage 175 V, nozzle voltage 1000 V, skimmer
voltage 65 V and octapole RF voltages 750 V. The high-resolution mass spectrometric (MS)
and tandem mass spectrometric (MS/MS) acquisition ranges were set from 100 to 1000 m/z
in negative and positive mode, with an acquisition rate of 1.04 spectra/s. For the MS/MS
experiments, 30 V was applied in the collision cell to obtain CID fragmentation (collision
gas N2, purity 99.999%). The FWHM (full width half maximum) of the quadrupole mass
bandpass during MS/MS precursor isolation was set at 4 m/z. The Agilent tuning mix
HP0321 was used to calibrate the mass axis daily. The separation and eluents for the
HPLC–DAD and HPLC-MS systems were water and acetonitrile (ACN), both HPLC grade
(Sigma Aldrich, St Louis, MO, USA), while for HPLC-ESI-Q-ToF analyses, they were water
and acetonitrile, both LC–MS grade (Sigma-Aldrich, St Louis, MO, USA). All eluents were
added with 0.1% v/v formic acid (FA; 98% purity, J.T. Baker, Phillipsburg, NJ, USA). The
chromatographic separation was carried out using an analytical reversed-phase column
Poroshell 120 EC-C18 (3.0 × 75 mm, particle size 2.7 µm) with a Zorbax pre-column
(4.6 × 12.5 mm, particle size 5 µm), both Agilent Technologies, and the selected flow rate
was 0.4 mL/min. The elution programme was as follows: 15% B (0.1% FA in ACN) for
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2.6 min, then to 50% B in 13.0 min, to 70% B in 5.2 min, to 100% B in 0.5 min and then held
for 6.7 min. Re-equilibration took 11 min and column temperature was set at 30 ◦C.

Prior to the analyses, 0.3 mg of sample was dissolved in 300 µL of DMSO, heated in
an ultrasonic bath for 10′ at 60 ◦C, filtered with PTFE syringe filters, and 10 µL and 5 µL
were injected in HPLC-DAD and HPLC-MS, respectively.

2.4. Pyrolysis-Gas Chromatography-Mass Spectrometry Analyses

For analytical pyrolysis, a Multi-Shot Pyrolyzer EGA/Py-3030D (Frontier Laboratories;
Fukushima, Japan) coupled to a 8890 gas chromatograph, combined with a 5977B mass
selective single quadrupole mass spectrometer detector (Agilent Technologies, Palo Alto,
CA, USA), was used. The separation took place on a HP-5MS fused silica capillary column
(stationary phase 5% diphenyl-95% dimethyl-polysiloxane, 30 m × 0.25 mm i.d., 0.25 µm,
J&W Scientific, Agilent Technologies) preceded by 2 m of deactivated fused silica pre-
column with an internal diameter of 0.32 mm. The Py furnace temperature was set at
600 ◦C, Py-GC interface temperature at 280 ◦C, GC injector temperature at 280 ◦C, and split
ratio at 1:10. The chromatographic conditions selected were: 40 ◦C for 5 min, 10 ◦C/min to
310 ◦C for 20 min. Helium (purity 99.9995%) gas flow was set in constant flow mode at
1.2 mL/min. The MS parameters were: electron impact ionization (EI, 70 eV) in positive
mode, ion source temperature 230 ◦C, and scan range 50–700 m/z.

3. Results and Discussion

The results obtained by the different techniques are presented in the following para-
graphs and summarised in Table 1.

Table 1. Summary of the materials detected in the samples. Materials found in traces are reported
as (tr). PB15 = Pigment Blue 15; PG 7 = Pigment Green 7; BR1 = Basic Red 1; BV10 = Basic Violet 10;
PY74 = Pigment Yellow 74; MMA-nBA = methyl methacrylate/n-butyl acrylate; nBMA = n-butyl
methacrylate; PVAc = polyvinyl acetate.

Sample Coloration µ-Raman SERS HPLC-MS Py-GC-MS

S1B Blue PB15 - PY74 (tr) Acrylic resin (MMA-nBA) +
styrene modified alkyd + PVAc

S2G Green PB15, PG7 CV (tr) - Acrylic resin (MMA-nBA nBMA)
S3P Pink Rutile, BR1 (tr) BR1 BV10, BR1, PY74 (tr) Acrylic resin (MMA-nBA nBMA)
S4Y Yellow Rutile, PG7, BV10 BR1, CV (tr) - Acrylic resin (MMA-nBA)
S5O Orange Rutile, BV10 BR1 BR1, BV10, PY74 (tr) Acrylic resin (MMA-nBA nBMA)

3.1. Raman Spectroscopy and SERS Analysis

µ-Raman analyses performed on blue, green and yellow spray paints revealed the
presence of phthalocyanines, synthetic organic pigments featuring brilliant hues and ex-
hibiting fluorescence, such as Pigment Blue 15 (PB15; C.I. 74160; main peaks at 678, 745,
1339, 1446 and 1527 cm−1 [23]) in samples S1B and S2G (Figure 2a), and Pigment Green 7
(PG7; C.I. 74160; main peaks at 682, 734, 772, 814, 1210, 1279, 1336 and 1535 cm−1 [23]) in
samples S2G and S4Y (Figure 2b). The spectra of samples S3P, S4Y and S5O show peaks
due to titanium dioxide (TiO2) in the rutile form (main peaks at 445 and 607 cm−1), usually
used as thickener or filler in commercial spray paints [4].

The application of SERS provided complementary information to that obtained from
µ-Raman. Spray formulations of samples S3P, S4Y and S5O all contained xanthenes, a class
of highly fluorescent synthetic organic pigments. Raman spectra (see Figure 2c) pointed at
the use of Rhodamine B (BV10; C.I. 45170; main peaks at 622, 1200, 1360, 1507, 1530 and
1646 cm−1 [24]); conversely, SERS (Figure 2d) suggested the use of Rhodamine 6G (BR1;
C.I. 45160; main peaks at 612, 772, 1182, 1361, 1504 and 1648 cm-1). While the presence of
red xanthenes is expected in pink and orange samples, their occurrence in yellow sample
S4Y can be explained by a contamination due to the adjacent orange area of the mural.
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Figure 2. Micro-Raman performed on samples (a) S1B, (b) S4Y, and (c) S5O collected from Ubuntu.
(d) SERS spectrum collected for sample S5O.

In samples S2G and S4Y, the triarylmethane dye Crystal Violet (PV39; C.I. 42555; main
peaks at 423, 806, 1178, 1371, 1540, 1590 and 1622 cm−1 [25]) was found (Supplementary
Materials, Figure S1). Its presence can be due to the intentional addition of minor amounts
of such a colorant to the spray formulations, but an environmental contamination cannot
be ruled out, since triarylcarbonium dyes display an intense response in Raman SERS and
can thus be detected even at extremely low concentrations.

3.2. HPLC-DAD-MS

All the samples were analysed by HPLC-DAD and HPLC-MS, but only the pigments
in samples S1B (blue), S3P (pink), S4Y (yellow), and S5O (orange) were soluble in the tested
organic solvents, being phthalocyanines that are extremely difficult to extract. The HPLC-
DAD chromatograms of sample S1B only featured one peak, ascribed to Pigment Yellow
74 (PY74; C.I. 11741; [M−] = 385.114), an azo pigment widely used in spray cans [4,13],
possibly present as a contaminant in the blue layer. Conversely, samples S3P (pink) and
S5O (orange) display several peaks, whose maximum of absorbance (500–550 nm) and
shape of UV-Vis spectra suggest the use of xanthenes [26]. The application of HPLC-MS
acquired in positive ionization mode (Figure 3) allowed us to unequivocally ascribe to
each peak the corresponding xanthene compound, while the acquisition in negative mode
revealed the presence of traces of Pigment Yellow 74, in the extracts of both samples. The
molecular profile of samples S3P (pink) and S5O (orange) featured the peaks of Rhodamine
B (Rh B [M+] = 443.241) and Rhodamine 6G (Rh 6G; [M+] = 443.241) and their relative
de-ethylated forms (DeRh B and DeRh 6G [M+] = 415.205, BisDeRh B and BisDeRh 6G
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[M+] = 387.172, TrisDeRh B [M+] = 359.141). The two rhodamines and their de-ethylated
products are isomeric and elute close in time; thus, their unequivocal identification can
only be performed on the basis of the interpretation of the tandem mass spectra and in com-
parison with analytical standards [27,28]. De-ethylated forms are due to the N-dealkylation
process occurring in some xanthene and triarylmethane dyes with photo-ageing [28–31].
Some degraded forms of RhB have also been detected by Laser Desorption Mass Spec-
trometry (LDI-MS) in red pen inks [32], LDI-MS and Matrix-Assisted LDI (MALDI-MS)
being versatile, rapid and sensitive methods used for the analysis of synthetic organic
pigments and degradation processes in reference materials [33,34] and contemporary paint-
ings [35,36]. Considering the distribution of the de-ethylated forms of Rh B and Rh 6G, an
equivalent lightfastness for the two pigments in this matrix can be suggested. The observed
fading phenomenon might be the result of the partial decrease of the relative amounts of
Rh B and Rh 6G in favour of lesser amount of de-ethylated products, whose maxima of
absorbance in the corresponding UV-Vis spectra are blue-shifted with respect to the original
molecules, thus influencing the final hue [28,37]. Although the two samples have the same
qualitative composition and the two colourants have been reported to be occasionally used
together [29], the differences in the relative intensity of the xanthenes may explain the
slightly different hues of the two sprays. Indeed, sample S3P (pink) was taken from a pink
area and is richer in Rh B (λabs max = 556 nm), while sample S5O (orange) is more orangish
and, consistently, richer in Rh 6G (λabs max = 527 nm). The composition in terms of synthetic
organic pigments differs with respect to that of reference spray materials analysed in [4],
and thus a direct comparison and correlation between the artificial ageing experiments
performed on mock-ups and the case study cannot be drawn at this stage. The degree of
observed degradation might also have been promoted by the presence of rutile, detected in
the pigments by Raman spectroscopy, acting as a photo-catalyst [22].
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Figure 3. HPLC-MS-extracted ion chromatograms (positive ionization mode) highlighting the pres-
ence of Rhodamine B and Rhodamine 6G along with their photo-ageing products in the extracts of
(a) sample S3P and (b) sample S5O.
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With regard to the yellow sample S4Y, the HPLC-DAD chromatogram displays a small
peak at 19.2 min with a maximum of absorbance at 450 nm, typical of an orange-yellow
compound (Supplementary Materials, Figure S2). Unfortunately, such a peak did not
correspond to any of our standards or reference materials, nor with literature data [38].
Unexpectedly, a matching peak was not found in HPLC-MS chromatograms, and thus the
identification of the yellow fluorescent component of sample S4Y remains unknown.

3.3. Py-GC-MS

The chemical composition of the binders of all the spray paints was characterised
using analytical pyrolysis coupled with GC/MS. The Py-GC-MS chromatograms obtained
for sample S1B (a) and sample S5O (b) are shown in Figure 4. Specifically, the identification
of pyrolysis markers allows us to determine not only the type of binders but also their
molecular composition. Samples S2G, S3P and S5O contained the same acrylic resin made
of a copolymer based on methyl methacrylate/n-butyl acrylate (MMA-nBA) and n-butyl
methacrylate (nBMA). These results were in agreement with the composition of the binders
detected in the reference materials previously analysed and reported in [4]. The binder
detected for sample S4Y was characterised by the presence of the copolymer MMA-nBA
only. Finally, sample S1B featured a more complex formulation: a mixture of acrylic resin
(MMA-nBA), a styrene-modified alkyd resin, and polyvinyl acetate (PVAc).
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Acrylic resins have emerged as a cornerstone of modern paint formulations, revolu-
tionising the industry with their exceptional versatility and performances. These resins,
derived from acrylic monomers, offer a wide range of advantages when used as binders in
paints. Acrylic-based paints exhibit a remarkable adhesion to various surfaces, including
metal, wood, and plastics, ensuring long-lasting and durable coatings. Acrylic resins
represent one of the primary groups of paint binders used in street art. In particular, the
copolymers detected in these paint samples are compatible with the formulation of water-
based acrylic resins that have gradually replaced the traditional solvent-based resins since
the 1970s [39–41]. Acrylic resins are characterised by a high stability towards photo-ageing,
and no specific degradation product has been detected in the analysed samples.

Concerning alkyd resins, these polymers are derived from the combination of polyols
and polyacids, resulting in a versatile binder that exhibits exceptional adhesion, gloss,
and resistance properties. Alkyd resins are known for their ability to create a protective
film on various surfaces, such as wood, metal, and concrete, making them suitable for a
wide range of applications. The alkyd resins detected in the samples from “UBUNTU”
belong to the modern class of modified-alkyd resins. When compared to the first alkyd
resins introduced in the 1940s, closely related to siccative oil in their structure, the modern
ones are much more complex materials, including extensive modifications in the polymer
structure, such as the addition of nitrocellulose and styrene, resulting in improved chemical
and mechanical properties of the paint layer [3,42].

Finally, PVAc-based binders are generally used in emulsions and are characterised
by a good compatibility with several pigments and substrates, making them suitable for a
wide range of applications [40].

4. Conclusions

The multi-analytical approach adopted allowed us to successfully characterise the
binders, organic pigments, and inorganic pigments in the spray paints used in the flag of
the “UBUNTU” mural. The results are summarised in Table 1.

The positive identification of the organic and inorganic pigments along with degra-
dation products was only possible thanks to the combination of spectroscopic (µ-Raman
and SERS) and chromatographic (HPLC-DAD-MS) techniques. Raman was crucial for
the identification of inorganic pigments and organic pigments that were insoluble in the
adopted extraction conditions (i.e., phthalocyanines), while SERS and HPLC-DAD-MS
were suitable for detecting fluorescent xanthene organic pigments, such as Rhodamines.
In particular, the selectivity and sensitivity of HPLC-DAD-MS allowed us to detect photo-
oxidation products of the original dyes, highlighting that an early degradation is already
occurring, consistent with the observed fading.

Conversely, no degradation was observed for the binding media, consistently with
their composition based on acrylic or modern, modified alkyd resins, suitable for outdoor
applications. More specifically, the binders were effectively detected and characterised by
Py-GC-MS. The green, pink, and orange paints share the same composition in terms of
medium (acrylic resin based on MMA-nBA and nBMA) and were possibly purchased from
the same producer, belonging to the same series, possibly Montana MTN 94 Fluorescent
sprays, while the blue contains a mixture of materials, such as an acrylic resin (MMA-nBA),
a styrene-modified alkyd with PVAc. Even if the superimposition of different layers cannot
be ruled out in this case, the spray paint used does not belong to the same set as those
discussed above. Finally, the yellow sample S5Y features another different composition in
terms of binding medium, based on an acrylic resin (MMA-nBA).

With regard to the yellow fluorescent sample, its main coloured component remains
unknown. Chemical data on fluorescent pigments are indeed very scant, manufacturers
usually do not declare the composition of their formulations, and only a few studies are
present in the literature [6,24,43], often reporting only the commercial, non-informative
names of the ingredients. Therefore, further investigations are needed to widen the database
of fluorescent pigments, which are highly fugitive and prone to changing their appear-
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ance [43], and of possible optical brighteners used to enhance the fluorescent effect of the
formulations.

In perspective, the study of cross-sections of the samples might have highlighted the
distribution of the materials in the layers, allowing us to better observe the discolouration of
the paint. More specifically, the study of a cross-section sample may have helped us verify
whether the bleaching effect is also due to a higher concentration of rutile in the upper
layer occurred by micro-cracks in the paint layers or through a diffusive phenomenon from
inner layers, as hypothesized for “Oriental Carpet” by H101 [13].

Notwithstanding some limitations, the overall results of the reported analytical inves-
tigation provided new and interesting information that will support curators in monitoring
the state of conservation of the mural, promoting a sustainable preservation of this peculiar
work of art. Finally, the new questions raised during this small-scale diagnostic campaign
will also guide the future application of multi-analytical protocols to mural paintings.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/heritage6080299/s1, Figure S1: Normalized SERS spectra of sample S4Y
(blue line) and S2G (orange line); Figure S2. HPLC-DAD chromatogram at 450 nm of the extract
of sample S4Y, along with the UV-Vis spectrum acquired for the peak at 19.2 min, smoothed with
Means-Movement (5 points).
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