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The preservation of outdoor organic paints constitutes a major challenge due to the rapid degradation of syn-
thetic materials caused by atmospheric agents. This issue is of particular concern for contemporary muralism,
which is increasingly recognised as a significant form of urban heritage. This study explores innovative con-
servation strategies based on the application of graphene nanoplatelets (GNPs) as a protective surface layer for
vinyl-acrylic mural paints containing Pigment Red 112. Rather than embedding GNPs in wet paint as done in

Conservation

Street Art earlier studies, in this work, two surface-applied strategies were evaluated. A “GNPs layer” approach which
Colour Fading consists of applying GNPs onto the dry paint surfaces and aims to provide protection by further exploring the
Photodegradation potential to maintain the low material costs and aesthetic alterations, while offering a more versatile solution for

existing surfaces. Additionally, a “coated-GNPs layer” approach was developed by overcoating the GNPs layer
with a commercial silane-siloxane hydrophobic coating, aimed at enhancing the permanence of GNPs under
outdoor exposure. The efficacy of these treatments was evaluated through artificial accelerated ageing (artificial
ageing by rain, light, and a combination of both) and characterised using colorimetry, water contact angle
measurements, surface roughness analysis, and ATR-FTIR (Attenuated Total Reflectance-Fourier Transform
Infrared) spectroscopy. The results demonstrated excellent aesthetic compatibility, with colour changes
remaining below the perceptibility threshold (AE,, <3 CIELAB units) for all application methods. The GNPs layer
treatment improved colour stability, increasing the protection factor (percentage reduction in colour change A
E,, of GNPs-treated samples compared to control ones) by 12-26% compared to controls, under light exposure.
Furthermore, surface analysis revealed that, in control samples, the contact with the dispersant solution (the
liquid medium used to disperse the GNPs and for their application) significant influences the hydrophobicity and
roughness of paints. In the coated-GNPs layer, the outer coating exhibited instability under combined ageing.
These findings suggest that surface-applied GNPs represent a promising, cost-effective, and minimal-intervention
strategy for the conservation and re-treatment of outdoor paints.

1. Introduction

Street art, and particularly its commissioned form known as
contemporary muralism, has increasingly been recognised as an
important expression of cultural identity and urban heritage in recent
years [1]. Over the past two decades, local governments and urban
planners have progressively integrated street art into city development
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strategies, viewing it as a catalyst for cultural vitality and community
engagement. Indeed, this artistic form is frequently employed to
animate public spaces and to revitalise civic engagement and a sense of
belonging among urban populations [2].

However, these artworks often exhibit a dramatically short lifespan,
as the materials employed by artists are inherently unstable and rapidly
degrade when exposed to outdoor urban environments [3,4].
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Contemporary murals are often created using commercial synthetic
organic paint formulations (including acrylics, alkyds, styrene-acrylics,
and vinyl emulsions, among others), which contain synthetic organic
pigments (SOPs), inorganic fillers and various additives to enhance the
stability of the paint layers. These materials can be applied in various
ways to different surfaces, either directly onto concrete or over simple
preparatory plaster layers. While versatile and easy to use, these paints
are particularly susceptible to degradation by solar radiation, humidity
and meteoric precipitation [3-11].

Colour fading in outdoor murals is rapid and driven mainly by the
light-induced photodegradation of pigments and binders [12,13]. Light
radiation, both its visible and ultraviolet components, initiates photo-
oxidative reactions that generate free radicals within the polymer
chains, reacting with oxygen to break chains and reduce molecular
weight [12,13]. Photodegradation leads to two major effects: the
degradation of organic pigments (SOPs) and the failure of binder
cohesion, which in turn results in the detachment and loss of pigment
particles from the paint surface [9,12-15]. In addition, binder embrit-
tlement and pigment loss result in a relative enrichment of inorganic
fillers at the surface. Studies have shown that colour fading generally
affects less than 10 pm of the stratigraphy, while the underlying layers
remain largely intact [13,16].

Current protective strategies for outdoor murals rely on commercial
coatings adopted from different applications (for example stone con-
servation) [3]. These materials are typically designed to provide water
repellence and UV resistance, but their performance on modern paint
systems has often proven inadequate in laboratory and in-situ studies,
where they have shown only moderate protection, with low water
contact angle values hardly reaching the hydrophobicity threshold and a
limited reduction in capillary water absorption [17]. Furthermore, their
durability and stability are unsatisfactory, leading to a rapid loss of
water repellence and film integrity or adhesion [4,14,18,19]. Moreover,
the heterogeneity in commercial paint formulations and execution
techniques complicates the effectiveness of standard conservation
methods [3,4].

Overall, the lack of long-lasting, aesthetically compatible solutions
highlights the need for innovative approaches specifically tailored for
the preservation of contemporary murals. Any new solution must be
compatible with the substrate, preserve visual appearance, and provide
resistance to degradation [4].

Recent advances in graphene-based strategies offer new opportu-
nities for conservation [18,20,21]. The unique properties of graphene,
such as high UV absorption, radical scavenging activity, impermeability
to gases and liquids, and antimicrobial effects, enable a multifactorial
mechanism of action for mitigating photo-oxidative degradation
[18,20,22-29]. Several mechanisms contribute to the photo-stabilising
effect of graphene, including UV absorption and screening (it has been
reported that only ~30% of radiation in the UV region is transmitted by
a single-layer of graphene [18]), radical scavenging activity linked to sp?
hybridised carbons, quenching ability as an electron acceptor, and
physical barrier properties (creating tortuous pathways that hinder the
diffusion of oxygen and free radicals) [22]. The combined contribution
of these mechanisms has been crucial for achieving optimal photo-
stabilisation in some polymeric matrices (polyurethane [27,28], poly-
propylene [26], chitosan and polyethylene glycol [24]).

Large-area CVD (Chemical Vapour Deposition) graphene films have
been employed as protective veils for dye-based artworks on glossy
paper, cardboard or canvas substrates, exploiting their excellent barrier
properties against UV radiation, oxygen, and moisture [21,30]. Gra-
phene films have been also applied on inkjet-printed photographic paper
evaluating their anti-fading action by monitoring the degradation of a
common blue dye (crystal violet) [31]. These studies showed the pos-
sibility of applying multi-layer graphene coatings to achieve higher
protection factors for dyes, reaching values of up to 70% [21]. Never-
theless, the approach raised concerns regarding aesthetic compatibility
when multiple layers are applied [21]. While a single graphene layer is
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nearly transparent (absorbing only 2.3% of visible light), the cumulative
absorption of multi-layer configurations can lead to perceptible surface
darkening. Furthermore, limitations remain regarding the application
on rougher substrates [21].

Unfortunately, this strategy could be hardly implemented for
contemporary muralism, due to the large surface area of the murals and
the heterogeneity of the substrate. Acar et al. [32] demonstrated that
epoxy-based coatings incorporating graphene nanoplatelets (GNPs)
applied superficially on wood-plastic composite substrates significantly
improved outdoor performance, reducing colour fading and mechanical
degradation under accelerated weathering conditions. Furthermore, a
study by Kotsidi et al. [20] demonstrated that incorporating liquid-
phase exfoliated GNPs into paints and inks, subsequently applied to
plaster or cardboard, respectively, can help mitigate colour fading.
These materials were shown to enhance the mechanical integrity of
paint layers, reduce photodegradation, and improve electrical conduc-
tivity, contributing to anti-static effects [20]. The successful formulation
of aqueous dispersions of GNPs enables their direct integration into
waterborne paint systems, such as those commonly employed in street
art murals, ensuring compatibility with existing artistic materials and
facilitating scalable application without compromising current artistic
practices. In addition, from a cost perspective, GNPs are more
economical to produce than graphene veils, carbon nanofibers, or car-
bon nanotubes [24,33,34].

However, although GNPs have demonstrated potential in mitigating
colour fading when incorporated into paint formulations, it is funda-
mental to ensure the aesthetic compatibility of these additives to prevent
any alteration to the original colour of the paints used by artists. Indeed,
when GNPs are incorporated in bulk within the paint, achieving the
optimal protective effect may lead to undesirable darkening of the ma-
terials [27,35]. Furthermore, previous investigations on real murals and
accelerated ageing consistently demonstrated that colour fading is pre-
dominantly a superficial phenomenon, affecting only the outer microns
of the paint layer.

These observations highlight a significant research gap: rather than
modifying the entire paint formulation, an unexplored strategy would be
to apply GNPs solely to paint surface. This approach could provide a thin
protective layer that minimizes visual impact, placing GNPs only where
they are needed to act against colour fading [12,13]. This strategy may
offer several advantages. Primarily, it requires a reduced quantity of
material, which has two important consequences: lowering costs and
minimizing the impact on aesthetic compatibility compared to incor-
porating black powder into coloured paints. Furthermore, it can be
applied to existing street artworks, making it highly suitable for con-
servation interventions and re-treatments.

To validate this concept, this study aims to explore the protective
action of GNPs applied onto paint surfaces through a water-based
dispersion, based on established protocols from previous works [20].
In particular, a commercial acrylic-vinyl paint containing Pigment Red
112 (PR112, Naphthol AS) was selected, as it had been previously
identified as highly vulnerable in real case studies and accelerated
ageing tests [11-13], thus making it an ideal model system for testing
innovative protective strategies.

Two surface-applied strategies were developed to enhance the pro-
tection of mural paints against environmental degradation (Fig. 1). The
first approach (Fig. la), referred to as “GNPs layer”, involves the
application of GNPs onto the surface of fully dried paint layers, similar to
certain protective strategies with nanoparticles applied directly to the
surface, in the field of stone conservation [36,37]. Three different
application methods of GNPs were tested: drop-casting, dipping and
spraying. The second approach (Fig. 1b), named as “coated-GNPs layer”,
introduces an additional protective/sealant layer on top of the GNPs
layer, using a commercial silane-siloxane coating. This configuration
was hypothesized to prevent the possible detachment of GNPs from the
paint and to enhance surface water repellence. The silane-based layer is
intended to improve the adhesion of the GNPs and the long term
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Fig. 1. Schematic representation of the two protective approaches: (a) GNPs layer and (b) coated-GNPs layer. The term “GNP layer” refers to the application of
nanoplatelets onto the dry paint, while “coated-GNPs layer” identifies the system of GNPs layer + hydrophobic coating. Both represent the surface-applied treatments

proposed for the conservation of existing contemporary mural surfaces.

durability of the treatment, creating a sacrificial barrier against rain and
other atmospheric agents; furthermore, this coating matrix ensures that
no release of GNPs into the environment can occur, possibly mitigating
concerns regarding airborne nanoparticles [38]. Both approaches were
conceived for application as a finishing layer or as a protection layer of
existing artworks, offering the advantage of minimal intervention and
compatibility with conservation practices.

Protective potential of surface-applied treatments was evaluated on
paint specimens of commercial waterborne vinyl-acrylic paint contain-
ing PR112. The performance and stability of the GNPs layer and coated-
GNPs layer proposed treatments were assessed through a comprehensive
characterization protocol under accelerated ageing tests protocols re-
ported in previous studies [12]. The analysis combined spectroscopic
and imaging techniques, including reflectance VIS-spectroscopy, ATR-
FTIR spectroscopy, water contact angle (WCA) measurements, and
atomic force microscopy (AFM). This approach allowed for the moni-
toring of colour alteration, surface morphology, and chemical changes
to evaluate the protective efficacy of the proposed strategies.

2. Materials
2.1. Dispersion formation

To obtain a stable aqueous dispersion of graphene nanoplatelets
(GNPs), a liquid-phase exfoliation (LPE) method was employed
following previously reported protocols [20]. First, 400 mg of graphene
nano-powder (Elicarb Electrical grade, Thomas Swan & Co Ltd), were
initially pre-exfoliated using a mortar and pestle with a few drops of a
binary water/ethanol mixture (ethanol molar fraction 0.06). The pow-
der was then fully dispersed in the same solution system to achieve a
final concentration of 2 mg/mL. The solution was subjected to shear
mixing at 5000 rpm for 20 min, followed by bath sonication for 3 h. To
remove unexfoliated bulk material, the dispersion was centrifuged
twice: first for 10 min at 1000 rpm and then for 5 min at 5000 rpm. The
resulting supernatant, containing well-dispersed graphene flakes, was
collected for subsequent use as the final dispersion (GNP2). A similar
dispersion (GNP4) was also prepared by same methodology, adding
GNPs to the solution to obtain a concentration of 4 mg/mL.

2.2. Preparation of paint specimens GNPs layer and coated-GNPs layer

Paint specimens were produced by applying a commercial water-
borne vinyl-acrylic paint (Red VIP 08, J Colours S.p.A., Italy), pigmented
with PR112, onto microscopy glass slides using the blade technique
(supplementary fig. 1). These binder-pigment-fillers formulation had
previously been assessed as highly prone to colour fading in the litera-
ture [10-14].

The first conservation strategy investigated in this study focuses on
the application of GNPs as protective coatings on already dried paint
layers, simulating real-world scenarios where murals have already been
completed, named GNPs layer (Fig. 1a). Three application techniques
were initially explored to simulate practical conservation scenarios: (i)
Drop-casting (DROP), involving direct deposition of aqueous dispersions

onto the dried paint surface, followed by manual spreading and ambient
drying; (ii) Dipping (DIP), consisting of immersing painted glass-slide
samples into stirred GNPs dispersions for 1 h to promote passive
adsorption and surface deposition; and (iii) Spraying (SPRAY), using a
manual sprayer to apply aqueous dispersions in three successive passes
to ensure uniform coverage. The dipping method was subsequently
adopted to prepare the full set of specimens with GNPs layer and coated-
GNPs layer treatments, by immersing half of the glass slide in the GNPs
dispersion, and the other half in a dispersant solution only, without
GNPs (control). The coated samples (Fig. 1b) were obtained by applying,
after 3 days of drying, a commercial silane- and siloxane-based protec-
tive coating to improve the stability of the GNPs under simulated rainfall
and moisture exposure. The coating (SILRES® BS 290, Wacker Chemie
AG, supplied by IMCD Italia SpA, Milan, Italy) was diluted at a 1:12 pbw
ratio in 2-propanol, as specified in the technical datasheet, and applied
both on the GNPs layer and control, to obtain the coated-GNPs layer and
coated-control samples. The list of the samples, treatments and their
labels is reported in Table 1. “Untreated paint” indicates the bare paint
reference as supplied. The two surface-applied treatment configurations
are labelled as “GNPs layer” and “coated-GNPs layer” treatments. Both
of them have their correspondent control, treated solely with the
dispersant solution without GNPs, labelled as “control” and “coated-
control”.

3. Methods
3.1. Ageing procedure

Samples were subjected to three ageing conditions: rain-only (R),
light-only (L) and combined rain followed by light (RL) to evaluate both
the individual and the synergistic effects of these environmental
stressors on treated surfaces. Table 1 provides a schematic overview of
the ageing protocols applied to each sample.

Artificial rain ageing was performed in a custom-built rain chamber
(described in detailed in [19]) designed to deliver highly uniform and
reproducible rain conditions. The accelerated rain cycle simulated
approximately 2 years of cumulative rainfall in Central-Southern Europe
[19,39,40]. The protocol consisted of three consecutive days of rain
exposure, with a total precipitation of 1440 mm, achieved through cy-
cles of 6 h of heavy rain (83 £+ 7 mm/h) followed by 18 h of drying. The
rainwater used was demineralized (pH = 6.2, conductivity 1.45 pS/cm)
[19,41]. A detailed description of the ageing parameters is reported in
[19].

Accelerated light ageing was performed inside a custom-designed
light chamber, previously described in [12], equipped with seven spi-
ral compact fluorescent lamps (Walimex pro, 125 W, 5500 K, 5600 Im).
The system provided uniform visible illumination with a total light in-
tensity of 50 £ 11 klux.

Specimens were placed horizontally and exposed for 100 days (24/7)
under high relative humidity (RH 80.5 + 11.5%), maintained by a
saturated KNOs solution. A detailed description and the rationale behind
the ageing parameters are reported in [12]. The combined ageing con-
sisted of three days of the artificial rain exposure followed by 100 days of
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Table 1
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Summary of samples categorized by material, class of treatment, and ageing conditions and respective labels. The samples include untreated paint references, GNPs
layer treatments and its respective control (paint treated with dispersant only), coated-GNPs layer treatments and its respective coated-control (commercial coating

silane/siloxane), and paint-+coating samples.

Class Name Material and treatment Ageing Label
Untreated Paint unaged Unaged P-U
Untreated paint Untreated Paint R Untreated paint Rain PR
Untreated Paint L Light P-L
Untreated Paint RL Rain + Light P-RL
GNPs layer unaged Unaged GNP-U
GNPs layer gglp): i:zz; E Paint + GNPs dispersion Eagl}rllt SEIIZE
GNPs layer RL Rain + Light GNP-RL
Control unaged Unaged CTRL-U
Control Control R Paint + dispersant only Rain CIRL-R
Control L Light CTRL-L
Control RL Rain + Light CTRL-RL
Coated-GNPs layer unaged Unaged C-GNP-U
Coated-GNPs layer gg::zj-ggiz i:i: i Paint + GNPs dispersion + coating Eagl;lt S_gggi
Coated-GNPs layer RL Rain + Light C-GNP-RL
Coated-control unaged Unaged C-CTRL-U
Coated-control Coated-control R Paint + dispersant only + coating Rain C-CTRL-R
Coated-control L Light C-CTRL-L
Coated-control RL Rain + Light C-CTRL-RL
Coating unaged Unaged C-U
Coating Coating R Paint + coating Rain CR
Coating RL Rain + Light C-RL

accelerated light ageing. This protocol aimed to evaluate whether the
mechanical action of raindrops could remove the applied GNPs and to
assess their protective effect against colour fading.

3.2. Characterization methods

Colour fading after the ageing process was assessed through VIS
reflectance spectroscopy (Spectro-colourimeter CM-2600d, Konica
Minolta, Tokyo, Japan), employing a D65 light source at 10° and an 8
mm spot size. For each painted specimen, 10 measurements were
recorded. The data were processed in the CIELAB colour space. L* rep-
resents lightness, a* and b* represent the red-green and yellow-blue
axis, respectively. Additionally, the chroma (C};), indicating the satu-
ration or intensity of the colour, was calculated according to formula (1).
To quantify the total perceived colour difference between states, AE,;
values were determined according to the formula (2) [42,43]. According
to [44], a total colour difference of 3.5 CIELAB units was adopted as the
maximum threshold of tolerability for aesthetic compatibility. To
compare the colorimetric coordinates after ageing of control samples
(AE;, control) with those of treated with GNPs (AE,, GNPs), a protection
factor (PF) was determined according to the formula (3) [20]. This
parameter allows to estimate the increase of colour stability of the
addition of the GNPs respect to the control samples treated only with the
dispersant solution without GNPs. Results are expressed as the mean
value + standard deviation in the figures.

Cp=Va?+b? €}

AE,, = /(L' + (aa')" + (ab)? @
PF(%) — AEabcontr:)I — AE,,GNPs 3)
AE control

Surface morphology was examined by optical microscopy (Leica
DM6 3D, Leica Microsystems, Milan, Italy), using objectives between
20x and 50x and the LASX software version 5.1.0.25593. To estimate
surface roughness, two 3D reconstructed images were acquired for each
sample using a 50 x objective. From each image, 25 surface profiles were
extracted (with lengths ranging between 0.12 and 0.20 mm), resulting in

a total of 50 profiles per sample. The roughness parameter R, (root mean
square roughness, defined as the square root of the mean square of the
profile height deviations from the mean line) was calculated for each
profile and then averaged to obtain a representative value for the sam-
ple. Data were averaged and are presented as mean values + standard
deviation.

The wetting properties of pristine and treated paints were evaluated
by static water contact angle (WCA) measurements using a Kriiss
Easydrop instrument equipped with Drop Shape Analysis (DSA) soft-
ware. For each sample, 15 measurements were performed using Milli-Q
water as the test liquid. A 5 pL droplet was deposited on the surface, and
the contact angle was recorded 10 s after deposition [17,45]. Averages,
standard deviations and statistical tests (student's t-test) were computed
using Microsoft Excel.

An atomic force microscopy (AFM, Keysigth 5500) was employed to
evaluate the surface roughness at the nano length scale of untreated
paint, layer GNPs, and control specimens. Equivalent samples were
prepared on ultra-flat glass slides (Ossila) and treated following the
same protocol adopted for the main experimental specimens, ensuring
consistency in application and drying conditions. Prior to AFM analysis,
water contact angle (WCA) values were verified to match those
measured on the corresponding samples used in the experimentation,
confirming equivalence in surface properties.

Surface profiles were acquired by driving AFM in tapping mode over
areas of (2 x 2 pm?) and data were analysed with a dedicated analysis
software (Gwyddion open software). For each sample, different profiles
were collected, and representative profiles were extracted for roughness
evaluation. The profiles were processed to highlight vertical excursions
and surface features, enabling qualitative comparison among untreated
paint, GNPs layer, and control.

ATR-FTIR (Attenuated Total Reflectance-Fourier Transform
Infrared) spectroscopy (Thermo Nicolet iZ10, equipped with a SmartX
accessory, ThermoFisher Scientific Inc., Waltham, MA, USA) was
employed to investigate molecular modifications occurring in the
specimens after ageing. Spectra were collected with 32 scans at a reso-
lution of 4 cm™!, both before and after the artificial exposure. Compo-
sitional variations were assessed by calculating intensity ratios of
selected absorption bands, using the “N” method in OPUS software
(Bruker Optik GmbH, Ettlingen, Germany, version 8.5), where peak
heights were measured relative to their baselines. The following
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characteristic vibrations of the paint components were taken into ac-
count to evaluate ratio changes due to the treatment and ageing pro-
tocols: calcite out-of-plane bending of the carbonate ion (875 cm ) [6],
Outer OH stretching of AIV.OH (3690 cm’l) [46], the carbonyl group of
the binder (1740 cm ™)) [47,48], and naphthol pigments (750 em™ )
[49-51]. Averages, standard deviations and statistical tests (student's t-
test) were computed using Microsoft Excel.

4. Results and discussion

4.1. Evaluation of application methods and aesthetic compatibility of
GNPs treatments

Two dispersions of GNPs, with initial concentrations of 2 mg/mL
(GNP2) and 4 mg/mL (GNP4), were evaluated to assess the aesthetic
compatibility of treatments on painted surfaces. Three different appli-
cation methods were tested to explore their feasibility and performance.
All methods demonstrated excellent aesthetic compatibility, with AE,;
values below 3 CIELAB units (Fig. 2) [44]. Interestingly, the dispersion
with the higher concentration (GNP4) resulted in lower colour varia-
tions compared to GNP2. However, it must be noted that it was not
possible to quantitatively measure the exact quantity of GNPs applied or
the degree of surface coverage; this lack of precise quantification may
explain such counter-intuitive values, as the actual deposition efficiency
might not correlate linearly with concentration.

Regarding the application techniques, the drop-casting method
generally resulted in slightly higher AE, values than the other two
methods. Dipping and spraying applications showed more contained
variations, likely due to the smaller amount of material deposited in
these cases. Although quantification was not possible, the presence of
GNPs was clearly observable through optical microscopy. Optical mi-
croscopy observations, in fact, revealed the presence of macro-clusters
of GNPs on the paint surfaces for all the observed cases (Fig. 3). Based
on these preliminary results, the GNP2 DIP application was selected for
subsequent experiments involving GNPs layer and coated-GNPs layer
treatments, as well as artificial ageing tests. The choice of DIP applica-
tion was driven by the ease and reproducibility of the sample prepara-
tion process.

4.2. Protective efficacy of GNPs layer and coated-GNPs layer

4.2.1. Colorimetric monitoring
The untreated paint (Fig. 4) confirmed high susceptibility to colour
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fading when exposed to light, with AE,; values exceeding 11 CIELAB
units, corresponding to very marked differences of perceived colours
[44]. When rain ageing preceded light exposure, the final colour change
was lower, with AE,, limited to approximately 4 CIELAB units, indi-
cating that the surface previously modified by rain responds differently
to the subsequent light exposure, but still exceeding the threshold of
perceptibility (3.5 CIELAB units). Fig. 4 illustrates the untreated unaged
paint sample and the minimal colour variation caused by rain ageing
alone (AEZb ~1 CIELAB unit), while samples not exposed to light (R and
unaged) showed no noticeable chromatic alteration (AE;b values below
1 CIELAB unit).

For GNPs layer, samples treated with GNPs showed a lower colour
change under light ageing compared to the untreated paint (Fig. 5).
While a comparison with the untreated paint would yield an apparent
protection factor (PF) of 60%, this value includes all effects associated
with the aqueous treatment itself of the dispersant solution. Indeed, the
control (treated with the dispersant solution only) exhibited also a
markedly reduced colour change after light ageing (black dashed line in
Fig. 5). This indicates that the interaction with the dispersant solution
alters the surface in a way that affects the subsequent colour evolution
under light, independently of the presence of GNPs. This behaviour can
be plausibly linked to the interaction with the polar aqueous environ-
ment during treatment, which may induce surface reorganization phe-
nomena or the loss of hydrophilic additives (as calcite). The removal of
calcite is particularly relevant, as its surface accumulation is a primary
driver of the colour fading mechanism in these paints [12]. For this
reason, the PF calculated relative to the untreated paint does not isolate
the contribution of the nanoplatelets. The only PF value that can be
unambiguously attributed to the presence of GNPs is therefore the dif-
ference between the GNPs layer samples and their corresponding con-
trol, which amounts to approximately 12% (solid versus dashed lines in
Fig. 5). Despite the apparent small magnitude of this net protection, the
difference remains statistically significant, as evidenced by error bars in
figure, confirming that the GNPs provide a distinct and measurable
shielding effect.

When rain exposure preceded light ageing, the difference in PF be-
tween the layer GNPs samples and their corresponding layer control
increased to approximately 26% (purple lines in Fig. 5). This higher PF
reflects the altered surface state induced by rain, which modifies the
subsequent colour evolution under light, which accentuates the diver-
gence between the behaviour of the GNPs layer and control.

In coated-GNPs layer systems, applying GNPs prior to the silane-

AE,, after treatment on GNPs layer unaged (GNP-U) samples

GNP-U GNP2 DROP

GNP-U GNP2 DIP

GNP-U GNP4 DROP

GNP-U GNP4 DIP

GNP-U GNP4 SPRAY

0.0

1.0 15
AEZ, [CIELAB units]

2.0 25

Fig. 2. AE,, values of GNPs layer samples before and after the application of the GNPs for the different methods (DIP: dipping, DROP: drop-casting, SPRAY: spraying)

and concentrations (GNP2 and GNP4).
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SPRAY

Fig. 3. Optical microscopy images (50x) showing the presence of the GNPs on the surface of the paint of GNPs layer samples.

Untreated Paint

- < - Untreated Paint unaged
124 ..m- Untreated Paint R
-+ - Untreated Paint L R
-+ Untreated Paint RL )
10
2 r
c 8- .
=]
m
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s 4 AE>3.5
<
rain
24
0_.'_.,'."......!'. ................................. XYY |
T T T T
unaged 0 100

50
Simulated days of light exposure

Fig. 4. AE,, values during rain and light ageing of untreated paint. The grey horizontal line at 3.5 CIELAB units represents the threshold for a “clearly distinct” colour
difference perceptible to the human eye, according to [44]. Values below this threshold indicate no perceptible changes after ageing.

siloxane coating led to improved resistance to colour fading compared to
respective coated-control treated only with dispersant solution and
coated with the silane-siloxane product (brown and olive lines in Fig. 6).
The addition of GNPs increased PF with respect to the control, by about
19% (solid lines vs. dashed lines in Fig. 6) in the case of only light ageing
alone (brown lines), and 4% for the combined rain and light ageing
(olive green lines). Interestingly, combined rain and light ageing pro-
duced a more pronounced colour change in coated-GNPs layer samples
than light exposure alone, unlike the trend observed for layer treatments
and untreated paint (brown lines vs olive green lines in Fig. 6). A
plausible explanation is the potential instability of the coating under the
combined rain and light exposure, as suggested by the detail shown in
Fig. 6, where the coating alone shows higher AE, values than coated-
GNPs layer samples after rain exposure.

Fig. 7 illustrates the evolution of lightness (L") and chroma (C;b)
coordinates for each sample under the different ageing conditions.
Following light ageing, all samples exhibited a trend towards higher L"
and lower C, values, indicating a general brightening and loss of
saturation. In contrast, rain ageing alone (R) tended to preserve the
chroma coordinate (szb); in some cases, such as the untreated paint, it
even resulted in an increase (Fig. 7a). As discussed later, this can be
associated to the selective dissolution of white fillers such as CaCOs.
Light ageing alone (L) consistently produced the most marked chromatic
alterations, characterised by the lowest C, and highest L* values,
particularly for the untreated paint and the layer GNPs treatment. As
previously observed, for the coated-GNPs layer (Fig. 7c), combined rain
and light ageing (RL) led to the lowest values, suggesting that the
additional coating may be more susceptible to degradation under the
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synergistic effects of rain and light.

4.2.2. Static contact angles measurements

Untreated unaged paint exhibited low water contact angle (WCA)
values, averaging around 70°, with high variability among measure-
ments (Fig. 8a). These results are consistent with typical acrylic-based
paints, which generally display hydrophilic behaviour [17,19,52]. Hy-
drophilic behaviour has been also associated in literature with the
presence of mineral fillers such as calcite and kaolin [53-55] and

surfactants [56,57]. Acrylic and vinyl-acrylic paints typically contain
non-ionic poly(ethylene oxide) (PEO) surfactants, anionic surfactants,
protective colloids such as poly(vinyl alcohol) and other water-soluble
additives, which form hydrophilic domains [56-62].

Unexpectedly, the GNPs layer treatment produced significantly
higher WCA values, approximately 120°, indicating a marked increase
in surface hydrophobicity. Interestingly, similar high WCA values were
also observed in the control samples, treated only with the dispersant
solution without GNPs (Fig. 8b). This suggests that the dispersant
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solution system itself plays a role in modifying surface wettability, while
the presence of GNPs does not further enhance hydrophobicity in the
layer configuration (p = 0.70).

The increase in water contact angle after contact with the aqueous
dispersion by dipping, indicates that the paint surface becomes more
hydrophobic after a wetting-drying cycle. In a chemically homogeneous
film, this behaviour would be difficult to justify. For waterborne acrylic
paints, where surfactants and other additives are present, several studies
have shown that wet cleaning and immersion can induce surfactant
migration, reorganization and partial extraction, together with swelling
or whitening of the film in some systems [56-59,63]. In the present case
no macroscopic swelling or film disruption was detected, so the
observed increase in contact angle is more plausibly linked to a surface
re-arrangement with polarity change and roughness increase.

AFM, FTIR and PyGC/MS studies on acrylic emulsions have
demonstrated that aqueous cleaning can partially remove or redistribute
PEO-based surfactants hydrophilic domains present at the surface,
producing measurable changes in gloss, infrared spectra and nano
roughness [56,58,60,62]. In related acrylic and vinyl-acrylic latex films,
variations in surfactant type and concentration, or covalent incorpora-
tion of reactive surfactants, lead to marked differences in water contact
angle, confirming the key role of mobile surfactants in controlling water
sensitivity [56,57,60]. For vinyl and vinyl-acrylic paints, direct surface

studies under wetting-drying cycles remain limited, but compositional
work on PVAc and vinyl-acrylic dispersions indicate additive packages
analogous to those of acrylic paints, with PEO-type surfactants and PVA
dominating the water-soluble fraction [59,61]. Considering literature
evidence that water induces the reorganization and partial removal of
hydrophilic, surfactant-rich domains, the observed increase in the water
contact angle (WCA) could be coherently explained by the depletion of
these hydrophilic phases. However, since the presence and concentra-
tion of surfactants could not be detected or monitored in this work,
further studies are required to fully characterize their presence and
rearrangement.

For coated-GNPs layer samples, the presence of GNPs resulted in
slightly higher WCA values compared to the coated-control solution (p
< 0.03), although the absolute difference remained small. Both treat-
ments showed WCA values comparable to those of the commercial
silane-siloxane coating (coating, Fig. 8c). This outcome is consistent
with the fact that the outermost layer in these systems is the commercial
coating, which primarily governs water repellence.

The effect of artificial ageing was also investigated. For untreated
paint, rain exposure significantly increased WCA to approximately 120°,
and this value was maintained after combined rain and light ageing.
Light ageing alone produced a moderate increase, from 70° in unaged
samples to about 86° (p < 0.001). In contrast, GNPs layer treatment
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showed minimal changes after rain or combined ageing, maintaining
WCA values near 120°. Light ageing alone caused a slight decrease of
about 10° (p < 0.001). For coated-GNPs layer treatment, both rain and
light ageing induced a small increase in WCA, approximately 10° in each
case (p < 0.01).

As presented later (Section 4.2.4. ATR-FTIR), rain ageing leads to a
relevant depletion of calcite from the surface. Mineral fillers like calcite
and kaolin are commonly used as extenders in waterborne coatings.
Being hydrophilic, these fillers tend to increase the wettability of the
resulting surface [53-55]. Therefore, in this case, a plausible explana-
tion for the WCA increase observed after rain exposure on untreated
paint is linked to possible surface rearrangement phenomena of both
surfactants and mineral-based domains loss.

Overall, these results indicate that the treatment with the dispersant
solution alone, strongly influences surface wettability, while the pres-
ence of GNPs do not appear to significantly influence the hydrophobicity
in the GNPs layer. The coated-GNPs layer systems, dominated by the
silane-siloxane coating, show lower WCA than the GNPs layer, even after
accelerated ageing.

4.2.3. Roughness evaluation

Surface roughness was evaluated using optical microscopy, and the
mean Rq values (Fig. 9) showed clear differences between untreated
paint and treatment (both GNPs layer and control), with statistical sig-
nificance (p < 0.04). In general, the treatments led to an increase in Rq
compared to unaged paint. This trend aligns with the higher water
contact angle (WCA) values observed previously, as surface roughness
strongly influences wettability [64,65]. The selective dissolution/
removal of mineral fillers and/or surfactants domains can explain the
increase in surface roughness. In fact, among the substrate physical
properties, surface roughness is a key parameter in defining surface
wettability [66-68]. Furthermore, this morphological change is
compatible with the proposed surface rearrangement of the paint com-
ponents induced by the contact with the water-based dispersant solu-
tion. This synergistic effect of roughness and surface rearrangement of
hydrophilic domains at the surface of paints could promote a more
water-repellent condition, as confirmed by the contact angle

Rq optical microscopy objective 50x

2.03

2.5 1

0.5 1

0.0-

UL RRL|U L RRL|U L RRL

Untreated Paint GNPs layer Control

Fig. 9. Mean surface roughness (Rq in pm) for untreated paint, GNPs layer and
control, before (unaged U - red) and after artificial ageing (light L — blue, rain R
- green, combined rain and light RL — orange). Error bars represent standard
deviation. (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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measurements discussed in Section 4.2.2. No significant difference was
detected between GNPs layer samples and control treated only with the
dispersant solution (p > 0.05), indicating that the water system plays a
major role in modifying surface morphology, as already observed in
WCA measurements. Artificial ageing produced different effects. When
light exposure was included, roughness tended to decrease. Conversely,
rain ageing alone maintained Rq values comparable to unaged samples
(p > 0.05) or caused a slight increase, as observed for controls.

In addition to optical microscopy measurements of roughness, an
exploratory assessment of surface topography at a different scale was
performed using atomic force microscopy (AFM). It is important to un-
derline that, although both techniques aim to describe surface topog-
raphy, their results are not directly comparable as they operate at
completely different scales: optical microscopy provides micrometric
profiles over relatively large areas, whereas AFM examines nanometric
features within a much smaller area. Despite this fact, the surface
roughness inspection at the nanometre length scale can be useful for the
interpretation of other data such as contact angle measurements. The
AFM profiles are provided in the Supplementary Materials Fig. 2.

AFM profiles confirmed the trend observed at the microscale: GNPs
layer and control (dispersant solution without GNPs) exhibited rougher
profiles with greater vertical excursions (which are compatible with an
increase of Rz value, i.e., the maximum difference between the highest
and lowest profile points) than untreated paint. This concordance sug-
gests that the treatment modifies the surface of paint through contact
with the water-based dispersion. A more comprehensive study, beyond
the scopes of this study, is needed to investigate this phenomenon
further, focusing on the surface rearrangement at the nanoscale.

4.2.4. ATR-FTIR

ATR-FTIR characterization allowed to calculate the following ratios
between the main paint components: Binder/Calcite (Fig. 10a), Binder/
Kaolin (Fig. 10b), and Calcite/Pigment (Fig. 10c). The used character-
istic peaks are reported in Section 3. Methods. Some informative ATR-
FTIR spectra collected from samples are reported in supplementary
fig. 3.

Binder/Calcite ratio (Fig. 10a): light ageing caused a decrease in all
samples, likely due to the photodegradation of the organic binder. Rain
exposure had a strong impact, mainly due to calcite washing out from
the paint matrix, as evidenced by the pronounced drop in calcite-related
peaks. This effect is particularly evident in all cases when rain is
involved (in Fig. 10a and Fig. 10c, R, green, and RL, orange). Moreover,
the evaluation of this ratio suggests that the modification caused by the
treatment (GNPs layer or control) differs from that caused by rain. In
unaged GNPs layer and control, the Binder/Calcite ratio remains
essentially unchanged with respect to the untreated paint, indicating
that the brief contact with the aqueous dispersions does not induce a
significant loss of calcite. This behaviour contrasts with the marked
decrease in calcite signals observed after rain ageing, where the ratio
clearly reflects calcite washing out from the paint matrix. Taken
together with the water contact angle and roughness results, this sug-
gests that the strong increase in hydrophobicity after dipping is more
likely associated with the rearrangement and/or partial removal of more
labile hydrophilic species, such as surfactants, and with the resulting
changes in surface chemistry and micro-topography, rather than with
filler depletion. This interpretation is consistent with previous literature
observations on acrylic dispersion paints [56-58,60].

Binder/Kaolinite ratio (Fig. 10b): these results confirm the trend
observed for the previous evaluated ratio, highlighting the susceptibility
of these two fillers to rain exposure.

Calcite/PR112 Pigment ratio (Fig. 10c): in unaged specimens, the
application of the treatments (GNPs layer and control) does not signif-
icantly modify this ratio relative to the untreated paint (p = 0.33),
indicating that the short contact with the aqueous dispersions does not
alter the balance between calcite and pigment at the surface. After
ageing, the ratio is strongly controlled by the type of exposure: light-only
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ageing (L) leads to an increase in the Calcite/PR112 ratio, consistent
with pigment degradation, whereas rain-containing protocols (R and
RL) drive the ratio down, reflecting the preferential washout of calcite.

Within rain and combined rain and light ageing, the three sample
types follow a broadly similar trend, and no clear statistically significant
differences emerge overall among the untreated paint, the GNPs layer
and the control. Under light-only ageing, instead, the treatment (GNPs
layer and control) shows a significantly smaller increase in the Calcite/
PR112 ratio than the untreated paint, indicating that the aqueous
dispersant treatment itself favours a better preservation of this balance.

The stability of the coating in coated-GNPs layer and coated-control
was evaluated by monitoring the 1735/1269 ratio (Fig. 10d), corre-
sponding to the carbonyl group of the paint binder and the CHs bending
of the Si—-CHs bond in the commercial silane-siloxane coating [69].
Under combined rain and light exposure, a marked increase in this ratio
was observed, indicating significant instability of the coating and a
relative enrichment of the binder component at the surface.
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5. Conclusions

This study demonstrated the potential of graphene nanoplatelets
(GNPs) as protective surface-applied treatments for outdoor paints,
particularly for contemporary muralism. The GNPs layer approach
showed excellent aesthetic compatibility, with minimal colour variation
after application (AE:b <3 CIELAB units) across all tested application
methods. Consequently, surface-applied GNPs emerged as a cost-
effective and minimal intervention strategy, making them highly suit-
able for the conservation and re-treatment of existing murals.

Surface analyses indicated that the contact of the paint with the
water-based dispersion (as observed in control specimens) plays a sig-
nificant role in altering the hydrophobicity and roughness properties of
the painting layers. Furthermore, accelerated ageing tests revealed that
this interaction also modified the extent of colour fading. This behaviour
can be plausibly linked to the interaction with the polar aqueous envi-
ronment during the treatment, which may induce surface reorganization
phenomena of surfactant and the removal of hydrophilic fillers, such
calcite, whose accumulation at the surface is a known driver mechanism
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in surface whitening. Notably, chemical stability analysis highlighted
that the changes induced by the dipping treatment (whether in GNPs
layer or control) are distinct from those caused by rain ageing. Despite
the lack of a coating on the GNPs layer, the nanoplatelets demonstrated
physical anchoring to the paint substrate, likely due to Van der Waals
forces and mechanical interlocking, providing a protective action even
after an equivalent of 2 years of accelerated rain ageing. While the
limited amount of material used suggests a low risk regarding airborne
particles, this remains a preliminary observation; future studies should
quantify amount of material applied and its detachment.

GNPs provided additional anti-fading performance, particularly
under light exposure alone, where GNPs layer treatment increased the
protection factor by more than 12% compared to controls (dispersant
only). This protective action is driven by the synergistic mechanisms of
attenuation of harmful wavelengths and the physical barrier effect,
which hinders the diffusion of oxygen and free radicals. Coated-GNPs
layer systems were initially introduced to enhance the stability of
GNPs under rain exposure; this strategy proved effective, but it was
found to be not strictly necessary, as GNPs showed sufficient adhesion
and efficacy even without a coating. Moreover, the observed instability
of the silane-siloxane coating under combined rain and light ageing (RL)
suggests that the outer coating acts as a sacrificial layer, highlighting
that the specific choice of the protective product is crucial for long-term
performance.

These results open the way for further research. Future studies
should address the quantification and distribution of deposited GNPs,
investigate the specific action of dispersant solution systems to the paint
formulation, and validate performance through application under real
outdoor conditions to better explore long-term performance. Addition-
ally, alternative application strategies should be explored, such as wet-
on-wet deposition, where GNPs are applied while the paint or the
silane-siloxane coating is still drying, or incorporating them directly into
the coating matrix for a single-step application. Overall, applying GNPs
via water-based dispersion proved to be an effective strategy for miti-
gating colour fading in contemporary mural paints, ensuring minimal
visual impact and high compatibility with conservation practices.
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