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Abstract

Contemporary murals are highly susceptible to rapid color fading due to outdoor urban
exposure. This study investigates the photodegradation mechanisms affecting synthetic
organic pigments (SOPs) and commercial acrylic–vinyl paints under simulated visible
light exposure. Artificial aging experiments were conducted on two types of systems:
(a) pigment pellets, composed of pre-fixed pigments on mineral bases, as supplied by the
manufacturer, and (b) commercial paints applied on glass substrates. Both systems were
aged under controlled and uncontrolled relative humidity (RH) conditions. Colorimetric
analyses revealed significant color fading, particularly in pigments PR112, PO5, and PV23.
Vibrational spectroscopies highlighted the reduction in pigment-related bands after aging,
indicating SOPs’ vulnerability to photodegradation. In paint mock-ups, FTIR-ATR mea-
surements indicated binder degradation and an increase in signals from inorganic fillers.
A superficial layer enriched in inorganic components was investigated non-invasively
by Micro Spatially Offset Raman spectroscopy (Micro-SORS) in the beamsteer modality.
It highlighted a gradient of calcite to pigment with depth. These findings indicate that
color fading in mural paints results from the combined degradation of both pigments
and binders.

Keywords: color fading; photofading; street art; modern paints; Micro-SORS; light aging

1. Introduction
Color fading in street art paintings has been described as a rapid phenomenon, influ-

enced by solar radiation, the composition of the painting materials, substrate preparation,
and environmental conditions, that refers specifically to an irreversible change in color
induced by light irradiation and the photodegradation of materials [1,2]. As a result, the
readability and appearance of some urban paintings can be compromised within just a few
years. The increasing cultural and social importance of contemporary murals is raising
questions to curators and conservators, and a need to develop adequate strategies for the
preservation of these artworks in outdoor conditions [3].

Exposure to solar radiation has been identified as a primary factor contributing to the
deterioration of materials, resulting in color fading [4–8]. Together, the relative humidity
and temperature can influence the photodegradation of polymer matrices [2,7,9]. A high
relative humidity can significantly accelerate photodegradation processes, especially in
porous substrates, by enhancing moisture diffusion and facilitating oxygen penetration [2].
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However, the extent of RH influence is highly dependent on the chemical nature of the
dye and the substrate [2]. In some cases, rapid color fading was reported shortly after the
creation of the artwork [4,9,10]. Moreover, a clear association was observed in the literature
between the chemical composition of the paint mixture, the substrate, and the rate at which
it fades [1,5,11,12]. Previous research [4] has suggested that specific ingredients of the paint
mixture (e.g., some specific pigments) can be particularly susceptible to photochemical
instability, which results in significant color changes. The same study also demonstrated
that fading could affect less than 10 µm of the paint surface. The photodegradation of the
binder leads to pigment loss and the surface enrichment of white fillers. This process leads
to the so-called chalking effect, which contributes to the perceived color change [4,6,9,13].

Solar radiation, particularly its ultraviolet (UV) component, plays a key role in the
degradation of organic compounds through a process known as photodegradation. When
exposed to sunlight, colorants within the polymer matrix absorb photons, leading to the
generation of free radicals. These radicals react with oxygen, breaking polymer chains and
lowering the molecular weight. This degradation process leads to visible and mechani-
cal deterioration such as discoloration, embrittlement, and the loss of gloss. It has been
reported that, while both UV and VIS light can induce the photodegradation of organic
dyes [2,14], the visible region plays a predominant role in the color fading of azo com-
pounds [14]. The higher sensitivity of azo dyes to visible light is attributed to their specific
chemical structure, which enables efficient absorption in this spectral region and facilitates
degradation pathways even at photon energies lower than the UV range.

Synthetic organic pigments (SOPs) have been extensively studied for their light-
induced aging behavior under simulated outdoor conditions. Research has shown that
the photostability of SOPs is primarily influenced by their chemical structure and their
interaction with the surrounding matrix. Anghelone et al. [15] demonstrated that, while
SOP powders (naphthol AS, diketopyrrolopyrrole, and quinacridone) exhibited stability
under simulated solar exposure, the aging effects affected more the alkyd and acrylic
binders of paints. Further, certain pigments [2,16,17] can act as photosensitizers, accelerat-
ing binder degradation by acting as light absorbers or photochemical initiators. Similarly,
Marazioti et al. [7] suggest that light aging tends to affect polymeric binders more signifi-
cantly than organic pigments and inorganic fillers. As a consequence, the degradation or
loss of the binder leaves the pigments more exposed to radiation, thereby increasing their
vulnerability to further photodegradation [5].

The use of the naphthol AS pigment in street art has been documented in the litera-
ture [18–21], and its instability has been confirmed in case studies conducted in various
climatic conditions [4,22–24], as well as in previous mock-up accelerated aging exper-
iments [8,15,25–27]. The current literature confirms that light radiation is the primary
agent of degradation in SOP-based paints, with binder degradation reported as a major
contributing factor. In contrast, the role of humidity is less frequently considered.

For these reasons, the objective of this study is to investigate the mechanisms responsi-
ble for color fading in acrylic–vinyl paints, which were previously identified as particularly
susceptible to fading in different case studies [5,24]. The research focuses on isolating and
evaluating, with a multi-technique analysis, the roles of SOPs and binders under controlled
VIS-light and RH conditions.

To gain a comprehensive understanding of the fading mechanisms, a dual experimen-
tal approach was adopted, involving both pigment pellets and commercial paint mock-ups.
This strategy facilitates isolating and evaluating the contributions of the two components
(SOPs and binders) to the observed chromatic changes. The core aim of this study is to
determine whether color fading is primarily driven by the photodegradation of the binder
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(potentially leading to the detachment or loss of pigmented particles) or by the intrinsic
photochemical instability of the SOPs themselves.

In addition, this study aims to clarify the role of relative humidity (RH) in photodegra-
dation processes. Particular attention is given to the potential synergistic effects between
VIS light exposure and RH conditions, an aspect that remains mainly underexplored in
the current literature. Indeed, most of the existing studies focus either on pigment or
only binder degradation, under UV exposure. This leaves a gap in understanding how
VIS-light and RH jointly influence the deterioration of SOPs and complete paint systems in
outdoor environments. In actuality, the radiation acting on contemporary murals exposed
to solar radiation is largely composed of visible light, which represents the main portion
of the spectrum directly interacting with pigment molecules: it is, therefore, dramatically
important to state how this condition affects the conservation of painted surfaces.

To this end, a custom-built light aging chamber was employed to simulate visible
light aging. During irradiation, the samples were also subjected to two environmental
conditions, a high relative humidity and an uncontrolled ambient RH, in order to assess
the influence of moisture and the potential synergistic interaction with VIS light. The
degradation processes were monitored through a multi-technique approach combining
reflectance VIS, ATR-FTIR, and Micro-SORS spectroscopies. This integrated strategy is
essential when studying complex formulations, as it enhances the reliability of the analysis
and enables a more comprehensive understanding of material transformations.

2. Materials and Methods
2.1. Sample Preparation

Artificial aging experiments were conducted on two types of model systems: (a) a
simplified system composed of pure pigment pellets, prepared using pigments that are
pre-fixed on mineral bases (calcite and/or gypsum) as provided by the manufacturer, to
investigate the degradation mechanisms affecting selected SOPs; and (b) a more complex
system consisting of commercial paints made of a binder, pigments, and inorganic fillers.
Pigment pellets (diameter 1.2 cm) were prepared by compressing the dry pigment powders
(Kremer pigmente GmbH & Co. KG, Aichstetten, Germany) into uniform pellets using a
hydraulic press. Commercial paints (VIP Professional 08, J Colors S.p.a., Italy) were applied
onto glass microscope slides using a manual doctor blade procedure to ensure consistent
layer thickness and surface coverage. Two paint formulations were selected, both sharing
the same binder and fillers composition, and containing two of the pigments that showed
the most relevant color fading. Details of the material involved in the experiment are
provided in Table 1. Alizarine Crimson Light (23600, Pigment Red 112, C.I. 12370, Kremer
pigmente GmbH & Co. KG, Aichstetten, Germany) was used as reference of pure pigment
powder for collecting reference FTIR spectra.

Table 1. List of commercial paints and pigments involved in the study, including their chemical
composition and constitutive index (C.I) designation of the contained pigments.

Name Type Composition C.I. Pigment

Red paint Paint on glass slide Acrylic vinyl binder + calcite + kaolinite + PR112 Naphthol Red AS-D C.I. 12370
Orange paint Paint on glass slide Acrylic vinyl binder + calcite + kaolinite + PO5 Hansa Orange RN C.I. 12075

PR112 55400 Pigment pellet PR112 + CaCO3 Naphthol Red AS-D C.I. 12370
PR112 55300 Pigment pellet PR112 + CaCO3 + CaSO4·2H2O Naphthol Red AS-D C.I. 12370
PO5 55200 Pigment pellet PO5 + CaCO3 Hansa Orange RN C.I. 12075
PY83 55125 Pigment pellet PY83 + CaCO3 Diarylide Yellow HR C.I. 21108
PY74 55100 Pigment pellet PY74 + CaCO3 Arylide Yellow 5GX C.I. 11741
PV23 55900 Pigment pellet PV23 + CaCO3 Dioxazine Violet C.I. 51319
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2.2. Light Aging

Artificial aging was carried out using a custom-built light chamber, equipped with
photographic spiral compact fluorescent light bulbs (CFLs). The radiation spectrum was
limited to visible light in order to simulate mild accelerated aging, and obtain a better
follow-up of the color fading. The chamber, measuring 70 × 40 cm, is constituted by
wooden walls internally lined with reflective aluminium sheets (food-grade). Illumination
was provided by seven cold spiral CFL bulbs (Walimex pro, 125 W, spiral CFL, 5500 K,
5600 lumen) delivering homogeneous visible light at a color temperature of 5500 K and a
total illuminance of 50 ± 11 klux (emission spectrum in Supplementary Figure S1). Mock-
ups were aged horizontally under two different environmental conditions to assess the
role of relative humidity: one set was exposed to VIS-light under controlled high relative
humidity (RH), maintained constant throughout the exposure period using a saturated
KNO3 solution; the second set was exposed to the same light conditions but without RH
control, under ambient variable laboratory humidity. This setup allowed the investigation
of the combined and individual effects of visible light and RH on the aesthetic, chemical,
and physical stability of the model paint and pigments systems. Although the temperature
inside the chamber was not actively controlled, it was regularly monitored during all
the duration of the experiment (33.8 ± 5.2 ◦C). The use of saturated salt solutions such
as KNO3 is a well-established method for maintaining stable RH environments, with
tabulated values available across a range of temperatures. According to literature [28],
saturated KNO3 solutions consistently maintain RH values around 85% and 90% under
measured temperatures. Periodic RH and temperature checks confirmed the environmental
conditions, with values recorded in aging environments (aging chamber without RH control
and chamber with high RH) as reported in Table 2. The aging process was conducted over a
period of 100 days, under continuous exposure (24/7). The simulated light aging conditions
corresponded to approximately 1.6 years of natural horizontal exposure or to about 7 years
of vertical orientation exposure in Milan, Italy [29,30]. The use of an in-house light aging
chamber provided flexibility in modulating the total power of illuminance (adjusting the
number of the bulbs), adapting the size of the chamber to the set of samples and controlling
simultaneously different environmental conditions (i.e., RH levels through sealed desiccator
containing a saturated solution), within a single experimental setup. Additionally, the
system allowed for cost-effective operation, as the light sources could be easily replaced
using commercially available CFL bulbs.

Table 2. Mean and standard deviation values of relative humidity (RH) and temperature (T) recorded in
experimental environments used during artificial aging tests, compared to the laboratory conditions.

Environment RH Mean (%) ± SD T Mean (◦C) ± SD
Light chamber without RH control 41.2 ± 5.9 35.6 ± 3.0

Light chamber at high RH environment 80.5 ± 11.5 33.8 ± 5.2
Laboratory environment 67.4 ± 0.9 24.5 ± 1.4

It should be emphasized that the aging process was intentionally designed to isolate
the effects of visible (VIS) light irradiation and relative humidity (RH), while excluding
other environmental factors typically present in natural outdoor exposure (i.e., erosion,
temperature fluctuations, pollutants, and rainfall). To provide a comparative reference,
natural aging was also conducted by exposing paint mock-ups to outdoor conditions on
a south-facing window in an urban setting (Milan, Italy). This natural exposure lasted
210 days and was divided into two spring–summer intervals: the first from July to Septem-
ber 2023, and the second from March to September 2024. These periods were specifically
chosen to avoid excessive rainfall and humidity. It has to be underlined that, in general,
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establishing a direct equivalence between natural and artificial aging is inherently challeng-
ing; therefore, the natural aging data were used mainly for comparative purposes and to
represent a multifactorial outdoor exposure scenario in Milan, Italy.

2.3. Methods

Optical microscopy (Leica DM6 3D, Leica Microsystems, Milan, Italy with an objective
of 20×–50×, and LASX software 5.1.0.25593) was used to assess the surface morphology.

Temperature and relative humidity (RH) were periodically monitored using a Testo
175 H1 data logger (Testo S.p.a., Settimo Milanese, Italy), while illuminance was verified
using a luxmeter (ISO-TECH ILM 1335 Light Meter, Isotech, RS Components S.r.l., Sesto
San Giovanni, Italy).

VIS reflectance spectroscopy (Spectro-colorimeter CM-2600d Konica Minolta, Tokyo,
Japan; D65 light source at 10◦, spot size of 8 mm) evaluated color fading after aging by
collecting 10 measurements per mock-up paints. CIELab color space were used to elaborate
the measurements and calculate ∆Eab values [31,32]. ∆E values obtained under high and
laboratory RH conditions were compared using independent two-sample t-tests.

In the case of pigment pellets, due to the limited aperture size of the reflectance
spectrophotometer, direct colorimetric measurements via VIS reflectance spectroscopy
could not be performed. For this reason, color changes of SOP pellets were assessed through
calibrated photographic imaging. Images were acquired using a Nikon D750 camera (Nikon
Corporation, Tokyo, Japan), equipped with Nikon AF-S 24–85 mm f/3.5–4.5 G ED VR lens,
in combination with a Calibrite ColorChecker Passport for color calibration (Calibrite
PROFILER software v.2.0). HEX color codes and L*, a*, and b* coordinates were extracted
using Adobe Photoshop (Adobe Inc., San Jose, CA, USA, v.26.10), averaging the color
selection within a 30×30-pixel area. To ensure a reliable comparison, aged pellets and a non-
aged reference pellet were always photographed within the same calibrated image. Only
∆E values between samples in the same image were evaluated. This approach minimized
variability due to lighting, camera settings, or calibration and improved the accuracy of
color difference estimations. To assess the reliability of color difference measurements
derived from calibrated digital images, we conducted a comparative analysis between this
method and direct measurement using a VIS reflectance spectroscopy (described above).
Comparative analysis (reported in Supplementary Materials Table S1) showed a strong
correlation between the two methods, with ∆E discrepancies generally within acceptable
tolerances. The Pearson correlation coefficient between the two datasets was R = 0.998,
indicating a strong linear relationship. This result confirms that the image-based method
closely mirrors ∆E measurements carried out with VIS reflectance equipment, supporting
its use as a reliable and non-invasive alternative for color difference analysis.

µ-FTIR spectroscopy (Thermo Nicolet iN10 MX, Thermo Fisher, 128 scans, resolution
4 cm−1) was used to analyze the chemical changes in the pigment pellets before and after
aging. Micro sampling was performed with a needle under the microscope to collect
material from the faded surfaces of the pellets. The collected samples were analyzed in
transmission mode using a diamond anvil cell (DAC). ATR-FTIR spectra (Thermo Nicolet
iZ10, SmartX accessory, ThermoFisher Scientific Inc., Waltham, MA, USA were acquired
at 32 scans and resolution of 4 cm−1 to monitor the chemical changes of paint mock-
ups during the aging at specific intervals. Compositional changes were evaluated, using
software Opus (Bruker Optik GmbH, Ettlingen, Germany, version 8.5). Specific bands’
intensity ratios (N method of OPUS) were calculated for calcite out-of-plane bending of
carbonate ion (875 cm−1) [5], kaolinite Si-O stretching (1030 cm−1) [21,33], binder carbonyl
group (1740 cm−1) [21,34], photodegradation products of the binder (due to the formation
of unsaturations at 1635 cm−1) [35,36], and Naphtol pigments (750 cm−1) [37–39].
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Micro-SORS measurements were carried out using a Renishaw InVia Qontor Raman
prototype [40] (785 nm laser, 10 mW, 50× LWD objective, NA 0.5, ~1.9 µm spot size, 10 s
and 10 accumulations) on red paint mock-ups and on pigment pellets whose pigments
peaks were not detected through FTIR spectroscopy. Spatial offsets (0, 3, 5, 7, 10, and 12 µm)
were introduced using the beam-steering system, which is normally used to optimize
the overlap of the laser illumination area with the Raman collection area on the sample
surface for maximizing Raman signal. Here, this system is used to shift the laser spot across
the sample surface via motorized mirrors, decoupling the excitation and collection zones,
guaranteeing very small offset values, allowing the investigation of very thin depths [41].
Raman intensity ratios between the calcite (1085 cm−1) [42] and the PR112 pigment peak
(1110 cm−1) [43,44] were evaluated based on the fitted peak heights, in order to monitor
depth-dependent compositional changes. Six replica series were acquired both on aged
and unaged mockups. Spectra were processed and fitted using an automated algorithm
developed in Python (v.3.12). The statistics-sensitive non-linear iterative peak-clipping
baseline correction is used after an adaptive smoothing of the spectra. The fitting procedure
is then applied to the baseline-corrected spectra in two steps: the first using the differential
evolution algorithm, stable to local minima of the objective function [45], and the second
using a trust region algorithm to estimate the error on the parameters.

3. Results and Discussion
This section provides a concise and precise description of the experimental results

obtained for the SOP pellets (§ 3.1) and for the mock-up paints (§ 3.2), aimed at clarifying
the respective roles of RH, pigments, and binders in the observed degradation.

3.1. Pigments Pellets

Artificial aging experiments conducted on simplified systems composed of pigment
pellets revealed that several SOPs are intrinsically prone to color fading when exposed to
visible light. Significant color changes were observed for the tested pigment pellets after
light aging (Table 3). Among them, PV23 and PR112 exhibited the most pronounced fading.
Under high relative humidity (RH), PV23 showed an exceptionally high ∆E value of 76.2,
indicating extreme fading and a near-complete loss of visual identity, as clearly documented
in the photographic images (Figure 1). The corresponding shifts in a* and b* values reflect
a transition from a violet-blue tone to a dull, whitish color. Even under uncontrolled
ambient RH conditions, PV23 exhibited a substantial ∆E of 63.8, confirming its pronounced
instability under light exposure regardless of humidity control. The red PR112 pigment
showed severe chromatic shifts, with ∆E values reaching 19.8 when calcite is present and
16.7 when both calcite and gypsum are the mineral bases, indicating a significant color
fading. Notable color variation was also observed for PO5, with ∆E values up to 9.9 under
high RH, suggesting that elevated humidity may enhance the fading process. Overall, the
results indicate that constant high relative humidity accelerates and intensifies color fading
for PR112, PO5, and PV23.

The yellow pigments PY74 and PY83 also underwent a noticeable color fading process,
with ∆E values ranging from 6.1 to 9.0. Although these values are lower than those recorded
for PR112 and PV23, they are not negligible (higher than 3.5 units) and indicate perceptible
alterations in chromatic appearance. Interestingly, the effect of constant high relative
humidity (RH) differed from that observed in the previously described materials, resulting
in a slower rate of color fading. This suggests that the influence of RH on pigment stability
may vary depending on the specific pigment chemistry and formulation.
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Figure 1. Calibrated photography images of the unaged (ref) and aged pigments pellets exposed to
high relative humidity (RH: A) and uncontrolled environment (no control RH: B). All samples were
photographed simultaneously within the same calibrated image to ensure consistent lighting and
improve the reliability of color comparison.

Table 3. Colorimetric data (HEX codes, and L*, a*, and b* values) extracted from calibrated images
of the pigment pellets. Unaged reference values are reported for each pigment to calculate ∆E
differences with aged pellets (80 days) for environment A, with a constant high RH, and environment
B, without the control of RH. Color data were extracted from a single calibrated image containing all
three samples, in order to enhance the reliability of color comparisons.

Ref Unaged Env. A: High RH Env. B: No Control RH
L* a* b* HEX L* a* b* HEX ∆EA L* a* b* HEX ∆EB

PR112
55400 52 71 18 D54164 64 56 13 E67489 19.8 53 70 26 D7455C 8.1
PR112
55300 57 77 35 EC4558 60 67 22 E95C71 16.7 56 74 34 E54656 3.3

PO5 55200 67 59 50 F87857 66 55 41 F07B62 9.9 61 64 52 EC6146 8.1
PY83 55125 80 26 89 FFB735 79 28 88 FEB334 2.4 80 25 81 FFB844 8.1
PY74 55100 89 7 67 FFDB6F 89 8 61 FED979 6.1 89 7 58 FEDA7D 9.0
PV23 55900 35 44 −53 6936A3 82 8 −5 D4C7D4 76.2 74 12 −14 C0AFCD 63.8

Overall, the results confirm that the degradation of the tested synthetic organic pig-
ments (SOPs) and the resulting color fading can occur independently of the binder matrix.
These alterations are strongly influenced by the specific chemical composition of the pig-
ments and the environmental conditions. The presence of the relative humidity (RH)
appears to modulate the rate of degradation, although its effect is pigment-dependent.

The FTIR and Raman results are presented for representative pigment samples (PR112
and PV23), which exhibited the most pronounced changes. Nonetheless, FTIR analyses
were performed on all pigment pellets, revealing consistent trends in the spectral modifica-
tions and degradation behavior. Microsamples were carefully collected from the outermost
layers of the aged pellets (after 100 days of aging) and analyzed via FTIR, showing a sig-
nificant loss of spectral features associated with the original pigments. Figure 2 illustrates
the case of PR112 55300 as an example. Before aging, only few characteristic vibrational
peaks of pigment PR112 can be detected, and only in spectral regions which are not domi-
nated by calcite and gypsum signals. These peaks, highlighted with asterisks in Figure 2,
significantly decreased in intensity after aging, particularly the band at 750 cm−1, which
disappeared in the spectrum of the faded pellet. This band may be attributed to the C-Cl
stretching [37] or out-of-plane aromatic C–H bending [38,39]. From these ATR-FTIR results,
it is not possible to assess if the observed loss of vibrational bands can be ascribed to a
loss of pigment itself in the mixture, or if it should be ascribed to a photo-induced molec-
ular modification. These findings, in any case, confirm that synthetic organic pigments
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(SOPs) are susceptible to degradation when exposed to prolonged VIS light. Since earlier
studies [15] have reported that PR112 remains stable under UV irradiation for up to four
months of light aging, the present results make it possible to hypothesize that color fading
is mainly due to the physical loss of pigment particles on the surface.

Figure 2. Transmission µ-FTIR spectra (DAC mode) of original (black) and faded (blue) PR112 55300
pigment pellet, alongside the reference PR112 spectrum (red). Characteristic bands of the pigment
(red * asterisks) [46] are no longer visible in the aged sample. Peaks attributed to calcite (■) and
gypsum (•) are assigned [47,48].

In the case of PV23 pellets, FTIR spectroscopy failed to detect any discernible pigment-
related signals. However, Raman spectroscopy confirmed a strong decrease in pigment-
related peaks (highlighted with purple asterisks in Figure 3 [49]), consistent with the
colorimetric analyses (Table 3). Notably, Raman spectra of aged samples revealed a rela-
tive increase in the intensity of signals associated with inorganic components (anhydrous
calcium sulfate, gypsum, and calcite). Additionally, spectral evidence suggests a transfor-
mation of gypsum into anhydrite in the faded spectra.

Figure 3. Raman spectra of original (black) and faded (blue) PV23 pigment pellets. A pronounced re-
duction in peaks related to PV23 (indicated with purple asterisks [49]) is evident in the aged spectrum.
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Given that signals from the inorganic mineral phases dominate large regions of the IR
and Raman spectra, and that pigment-related signals are significantly reduced in the spectra
of the faded samples, it remains uncertain whether the pigment undergoes structural
modifications, fragmentation, or conversion into other compounds during aging. The loss
of the organic pigment (and the consequent relative enrichment of the inorganic filler)
has been discussed in the literature [22] as a consequence of the local photodegradation
of pigment molecules (PO34, Pigment Orange 34, in that specific literature case) via a
photocatalytic mechanism. This process may lead to the formation of volatile species
(e.g., H2O and CO2) that are released from the paint surface. Some degradation by-products
of PR112 have been identified in the literature, which may alter its spectroscopic response
and contribute to the observed signal loss [23]. While this mechanism appears to be a
plausible explanation for the observed loss of pigment signals, the current FTIR data do
not allow for a definitive confirmation. Further investigations are needed in order to better
understand the degradation pathways of these pigments.

3.2. Commercial Paint Mock-Ups on Glass Slides

The artificial aging of commercial paint systems (composed of pigment, binder, and
inorganic fillers) revealed clear evidence of color fading after 100 days of exposure to
visible light. This is visually documented in Figure 4, which shows the appearance of
aged mock-ups under different RH conditions. The aging was limited to two types of
paints, both sharing the same chemical composition but containing different pigments:
“Red” with PR112 and “Orange” with PO5. The progression of aging was monitored using
periodic colorimetric and ATR-FTIR measurements (Figure 5). Similar to the pure pigment
pellets, the red paints containing PR112 showed the most severe degradation, with ∆E
values exceeding 10, indicating a significant color change. This confirms that the pigment
is particularly vulnerable to color fading even within more complex paint formulations.
Figure 5 also reports the colorimetric monitoring of natural aged paint mock-ups (“Red nat”
and “Orange nat”) and the control samples stored in the dark for an equivalent amount of
time (“control”).

 

Figure 4. Calibrated photographs of the unaged (ref) and aged commercial paints mock-ups under
RH (Environment A) and ambient RH without control (Environment B).

Moreover, also in this case, the role of relative humidity (RH) was found to be pigment-
dependent. While a high humidity environment accelerated the fading of red paint, it
had a minor effect on the orange one. This suggests that moisture may play distinct roles
in the degradation of the pigment and binder, depending on their chemical nature and
formulation. To statistically assess the pigment-dependent effect of RH on color fading,
the ∆E values for red and orange paint mock-ups aged under high RH and uncontrolled
conditions were compared. For the red paint, the mean ∆E under high RH was 11.13 ± 0.87,
while, under an uncontrolled RH, it was 9.06 ± 0.28. The difference of 2.07 was statistically
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significant (p = 0.0367). For the orange paint, the mean ∆E under high RH was 5.87 ± 0.40,
while, under the uncontrolled RH, it was 6.92 ± 0.28. Although the difference between the
values (1.05) is low, the statistical significance (p = 0.0226) confirms that RH has an impact
on the color fading of this paint.

Figure 5. Evolution of ∆E values for red and orange paints mock-ups under the accelerated (bottom
x-axis) and natural (top x-axis) light exposure. Solid lines represent high RH conditions; dashed lines
indicate uncontrolled RH; and dotted lines show unexposed control samples. Note: artificial and
natural aging are not directly equivalent.

High-magnification optical microscopy revealed the formation of white grains at the
surfaces of the faded paint mock-ups, as shown in Figure 6b. Additionally, observation
of the polished cross-sections identified the presence of a thin, superficial faded layer of
paint (less than 10 µm of thickness) on top of the entire painting layer of approximately
200 µm (Figure 6c).

Figure 6. Optical microscopy images of red paint mock-ups at day 0 (a) and day 100 (b). (c) Cross
section of the faded red paint mock-up (day 100) at 50×.

The chemical and molecular changes of the paint mock-ups were evaluated by col-
lecting the ATR-FTIR spectra at regular intervals throughout the aging process. Principal
Component Analysis (PCA) was applied to assess whether the technique could distinguish
between the spectra of unaged and faded mock-ups. For the red paint, the PCA-scores plot
(Figure 7a) shows a clear separation between the unaged samples (day 0) and those aged
in a high relative humidity (RH) environment (red points). Notably, there is no overlap
between the 90% confidence ellipses of the two groups, indicating effective differentiation.
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Figure 7. ATR-FTIR analyses of red paint mockups. (a) PCA scores plot at day 0 (RH: black, DRY:
green) and day 100 (RH: red, DRY: blue), showing separation between unaged and aged samples
under high RH conditions (ellipses indicate 90% confidences); (b) example of FTIR band intensity
integration; and (c) evolution of ATR-FTIR bands’ intensity ratios for red paint in high RH aging
environment at 0, 15, 30, 50, and 100 days of simulated days of exposure: ratios related to inorganic
fillers (black and red line) increase over time, bands associated with binder degradation increase
(blue), and binder bands decrease slightly faster than the pigments (purple line).

The ATR-FTIR measurements (Figure 7b,c) revealed a marked decrease in the intensity
of binder bands on aged surfaces, along with an increase in filler-related bands. As aging
progressed, a systematic increase in the relative spectral contribution of inorganic fillers
(kaolinite and calcite) was observed. This shift reflects the degradation of the organic binder,
confirmed by a reduction in the characteristic binder-related peaks. These findings suggest
that the binder matrix undergoes significant photodegradation under visible light exposure,
leading to a relative enrichment of inorganic filler signals, as previously reported [15,22].

According to the literature [35,36], the polymerization progress of a methacrylate
(MA) resin can be monitored by tracking the unsaturation within the chain, specifically the
C=C stretching at 1635 cm−1. The ratio between the C=C (1635 cm−1) and carbonyl peaks
(Figure 7) increased over time, indicating chemical changes within the polymeric network
of the binder. In PR112-containing paints, a moderate reduction in the binder-to-pigment
ratio was also observed, suggesting that, while both components degrade, the binder is
more affected under these conditions.

A similar behavior of FTIR band ratios was observed for orange paint mock-ups aged
in a high relative humidity (RH) environment (see Supplementary Figure S2). However, for
the PO5 pigment, a high variability in the binder-to-pigment ratio was observed at several
monitoring points. Up to day 50, no substantial differences were detected between samples
aged under high RH and those aged in ambient conditions. Although the degradation
appears to be slightly more pronounced in an uncontrolled humidity environment, the
high variability prevents us from drawing definitive conclusions. This observation aligns
with the colorimetric results, which suggest a pigment-dependent influence of RH on the
fading behavior.

Given the controlled laboratory conditions and the absence of mechanical stressors
such as wind, rain, or particulate abrasion, erosion-related phenomena can be reasonably
excluded as contributors to the observed degradation. Supplementary Figures S2–S4
provide a detailed spectral evolution over time, highlighting how RH conditions influence
the degradation kinetics of both the binder and pigment components.
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Micro Spatially Offset Raman Spectroscopy (micro-SORS) was employed to investigate
depth-dependent compositional changes in artificially aged and unaged red paint mock-
ups (Figure 8a). The advantage of this technique lies in its ability to obtain information
non-invasively, avoiding the need for cross-sectional analysis. It also enables a more
comprehensive study by allowing the investigation of multiple areas of the sample rather
than being limited to a single cross-section. The recent development of micro-SORS in
portable devices [50] also enables in situ studies, eliminating the need for sampling.

Figure 8. Raman and micro-SORS analyses on red paint mock-ups. (a) Raman spectra at a 0 spatial
offset for unaged and aged mock-ups, along with reference spectra of the PR112 pigment and
calcite [42,43]; (b,c) average Raman spectra at each offset values, collected from unaged (b) and
aged (c) mockup, normalized at 1110 cm−1; (d) ratio plot from individual micro-SORS series; and
(e) average ratio plots with standard deviations for unaged and aged paints.

To assess the compositional changes, the symmetric stretching of C-O bonds in calcite
(1085 cm−1) [51] and a nearby peak attributed to the C-N symmetric stretching of the PR112
pigment (1110 cm−1) [52,53] were analyzed. In unaged samples (Figure 8b), Raman signals
of calcite and PR112 showed a random distribution across spatial offsets, likely due to the
heterogeneous dispersion of the calcite agglomerates of crystals within the paint matrix.
The absence of correlation between the signal intensity and spatial offsets (Figure 8d,e)
confirms this distribution.

In contrast, aged samples (Figure 8c,e) exhibited a pronounced surface enrichment
of calcite relative to the PR112, with the calcite signals decreasing monotonically with
increasing depth (increasing offsets). The calcite/PR112 ratio, based on fitted peak heights,
was lower and non-monotonic in unaged paints, consistent with the random distribution of
both components. Micro-SORS, thus, non-invasively revealed that, in the aged mock-ups,
calcite is concentrated towards the surface, while the pigment PR112 remains only in the
deeper layer of the paint. Unfortunately, binder-related peaks could not be detected via
Raman and micro-SORS spectroscopy. The depth resolution of micro-SORS cannot be
reliably determined, as it depends on multiple factors, including the optical properties and
heterogeneity of the materials, as well as the acquisition parameters. Thus, it has not been
possible to associate specific depths within the material with the individual micro-SORS
steps [54].

The results from pigment pellets (§3.1) and commercial paint mock-ups (§3.2) show
that both the pigment and binder are affected by the VIS irradiation. Color fading is
already evident in pigment pellets, as confirmed by the reduction in specific spectroscopic
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signals attributed to SOPs. In paint mock-ups, degradation also affects the binder matrix,
as evidenced by a progressive loss in FTIR bands associated with the polymer and a surface
enrichment of inorganic fillers. This suggests that, in paint systems, binder photodegrada-
tion significantly contributes to pigment loss, likely through physical detachment and the
increased exposure of pigment particles to light, thereby facilitating the degradation of the
pigment itself. Other complementary mechanisms, such as oxidation at the pigment–binder
interface and binder embrittlement, can be hypothesized as further promoting the pigment
particles’ detachment and the surface enrichment of inorganic fillers. These processes
cannot be entirely ruled out, and further research is necessary in order to better disclose the
exact degradation pathways.

The effect of relative humidity (RH) on color fading appears to be pigment-dependent:
while a high RH accelerates fading for PR112 and PV23, it seems to slow it down for PY74
and PY83. This variability suggests that conservation strategies cannot rely on general
rules but must consider the specific composition of the painting materials. In particular,
RH control could be a useful tool with which to mitigate degradation in some cases, but
could be potentially harmful in others. Further studies are needed in order to explore
this interaction and define the optimal environmental protocols for the preservation of
contemporary murals.

4. Conclusions
This study confirms that both synthetic organic pigments (SOPs) and acrylic–vinyl

binders are susceptible to degradation under visible light exposure, with observable effects
in both pigment pellets and commercial paint systems. In the former, color fading is at-
tributed to the intrinsic photo instability of SOPs. In paint mock-ups, binder degradation
was also evident and, in some cases, more pronounced than for pigments. Further experi-
ments on pure pigments and the binder alone may help to confirm and better define the
degradation mechanism of the paint system.

The influence of relative humidity (RH) on color fading emerged as pigment-
dependent: high RH accelerated fading for some pigments (e.g., PR112 and PV23), while
it mitigated it for others (e.g., PY74, PY83). This suggests that the chemical nature of
the pigment plays a key role in modulating degradation under high humidity conditions.
Although the hypothesis of the formation of volatile byproducts remains a plausible mech-
anism for paint degradation, the current data do not allow this to be fully confirmed.
Further studies are needed to clarify the degradation pathways of SOPs and to support
the development of conservation strategies tailored to the specific composition of modern
paint systems.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/app151810188/s1. Figure S1. Emission spectrum of the light employed in light
aging; Figure S2. Evolution of ATR-FTIR bands’ intensity ratios for red paint in uncontrolled relative
humidity (DRY) aging environment at 0, 15, 30, 50, and 100 days of simulated days of exposure;
Figure S3. Evolution of ATR-FTIR bands’ intensity ratios for orange paint in high relative humidity
(RH) aging environment at 0, 15, 30, 50, and 100 days of simulated days of exposure; Figure S4.
Evolution of ATR-FTIR bands’ intensity ratios for orange paint in in uncontrolled relative humidity
(DRY) aging environment at 0, 15, 30, 50, and 100 days of simulated days of exposure; Table S1.
Comparison of color difference values (∆E) obtained from calibrated photographic images (∆E1) and
VIS reflectance spectroscopy (∆E2) for various pigment and paint samples. The strong agreement
between the two methods, confirmed by a Pearson correlation coefficient of 0.998, validates the use of
calibrated image analysis as a reliable alternative for colorimetric evaluation in conservation studies.
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