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As the effects of climate change pose an increasing risk of damaging outdoor modern and
contemporary artworks’ aesthetic appearance by affecting their mechanical properties
and chemical-physical stability, understanding the degradation processes attacking these
objects is becoming more and more essential to their conservation. For this purpose, the
kinetics of photo-oxidation processes occurring in alkyd paints and their stability in
mixtures with different inorganic pigments were investigated. The aim was to
characterize the different degradation reactions over time and study the
photodegradation kinetics according to different pigments and pigment/binder ratios.
This paper describes the degradation behavior of artificial ultramarine blue, hydrated
chromium oxide green, and cadmium sulfate yellow pigments mixed with alkyd resin and
aged under simulated sunlight exposure for a total of 1,008 h. The analytical techniques
used offer complementary information on the characterization of the samples and their
aging. Specifically, 3D Optical Microscopy allowed studying morphological and color
changes. These results were supported by Scanning Electron Microscopy and Colorimetry
analyses, also focused on studying the physical and granulometric characteristics of the
pigments in relation to the binder degradation. Finally, qualitative and quantitative analysis
was performed by Attenuated Total Reflection Infrared Spectroscopy. To support the
obtained results, Multivariate Analysis of microscopic images was carried out with the aim
of studying the degradation effects linked to color and texture changes. The obtained
results demonstrate that the degradation processes of alkyd resin are influenced by the
presence of the different inorganic pigments used and their concentration in the mixtures.
This study should contribute as support to the field of conservation-restoration to find
suitable protection strategies for paint surfaces against degradation agents.
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INTRODUCTION

With the development of synthetic organic chemistry at the
beginning of the 20th century, contemporary artists started to
use a significant number of new polymeric materials as paint
binders for creating artworks. Consequently, gathering
knowledge related to proper preservation techniques for these
artworks has become increasingly important on the international
level (Chiantore and Rava, 2005). Several polymeric structural
changes lead to mechanical properties and chemical stability
modifications which eventually result in and degradation of
the binder (Rosu and Visakh, 2016). Early studies (Rabek,
1995; Learner, 2008) focused on the characterization of these
polymers; later on, attention has been given to the study of
chemical and physical factors influencing the light stability of
the new binders, especially for artworks exposed to solar radiation
(outdoor environment). Additionally, the presence of oxygen was
also found to play a major role in polymer stability as it promotes
photo-oxidation reactions, such as cross-linking, chain scission,
and further oxidation reactions.

Among these polymers, alkyd resins have been widely used in
artworks and are the focus of this study. Their first use was
documented around the 1940s, and soon they were established as
one of the most used materials in modern and contemporary art.
They were employed mainly by painters such as Picasso and
Pollock, who preferred them to traditional drying oils. During the
seventies, they became the prevalent chemical binder in paint
artworks (Lake et al., 2004). Chemically, alkyd polymers are
composed of oil-modified polyester resins formed from the
combination of a polyhydric alcohol (generally glycerol), a
polybasic carboxylic acid, and siccative oils or free fatty acids.
The oil chain length and weight percent of fatty acids in the alkyd
resin molecular structure influence the curing and
photodegradation processes (Mallégol et al., 2000a).
Photodegradation of alkyd polymers occurs by auto-oxidation
of unsaturated bonds of the fatty acid portion forming a cross-
linked network.

As a consequence, the newly-formed peroxy and hydroperoxy
radicals may react with the alkyd chain leading to further cross-
linking and β-scission reactions. Moreover, during auto-oxidation
of the oil portion, chemical species such as hydrocarbons,
aldehydes, and ketones allow Norrish type I reactions
(cleavage or homolysis into free radical intermediates) and
chain-scission to take part in the oil degradation. In particular,
Norrish type I is the main photodegradation initiation reaction of
aromatic polyesters, leading to the formation of free phthalic acid
(Lazzari and Chiantore, 1999). Furthermore, hydrogen
abstraction (Norrish type II reaction) can take place and
products such as ketones, aldehydes, alkene, and carboxylic
acids can be formed in the photochemical single state
excitation. The abstraction of hydrogen produces alcohols,
cyclic structures, carboxylic acids, and vinyl groups. Overall,
alkyd resin photo-oxidation results in production of low
molecular weight fractions, which either evaporate more easily
or remain in the polymeric structure (Lazzari and Chiantore,
1999; Duce et al., 2014). While the several reactions involved in

the long-term photo-oxidation have already been extensively
studied in previous projects (Pintus et al., 2015; Anghelone
et al., 2016), investigating the effect of pigment interaction to
the photo stability of alkyd polymers is also fundamental
(Mallégol et al., 2000b). In particular, different studies (Rasti
and Scott, 1980; Anghelone et al., 2017) show that inorganic
pigments can act as retardants or promoters of light-induced
aging reactions. To this respect, pigments can be divided into two
categories: 1) photo-absorbers, which reduce the impact of light
transmitted into the paint layer, and 2) photo-promotors, which
increase the photo-oxidation effect with formation of free
radicals. Moreover, characteristics of the pigments such as
concentration, refractive index (R.I.), and particle size also
play a role in the photodegradation process as they can affect
the penetration of radiation into the paint layer (Zubielewicz
et al., 2011). This study is focused on three inorganic pigments,
namely artificial ultramarine blue, hydrated chromium oxide
green, and cadmium yellow. These pigments have been used
since 1800 as well as in recent contemporary artworks and are still
included in formulations of paint tubes. Because of their
widespread use among artists, studying their effects on the
overall stability of art objects is of high importance
(Bevilacqua et al., 2010), not only to prevent aesthetical
damage of artworks but also to lower the risk of their physical
degradation.

In this work, the surface chemical changes of alkyd paints
exposed to short-time artificial sunlight aging were studied. Paint
samples were exposed for 168, 336, 504, 672, 840, and 1,008 h
(0–6 weeks) to artificial aging, using spectral and intensity
parameters comparable to outdoor solar radiation. Several
paint samples were prepared by mixing each inorganic
pigment (artificial ultramarine blue, hydrated chromium oxide
green, and cadmium yellow) with the synthetic binder. Three
different pigment/binder (P/BM) ratios were selected (1:2, 1:3,
and 1:6) in order to evaluate how the concentration of pigment
influences the binder’s degradation. The selection of analytical
techniques was based on their reciprocal complementarity, which
allows supporting the various obtained results and providing new
information on the binder’s degradation mechanisms.
Specifically, 3D Optical Microscopy, Scanning Electron
Microscopy (SEM), and Colorimetry allowed studying the
morphological and color changes of the paints.

The binder degradation reactions were investigated by
Attenuated Total Reflection Infrared Spectroscopy (ATR-
FTIR). Firstly, identification of the functional groups found
before and after aging was carried out. Subsequently,
quantitative analysis was performed to investigate the binder’s
photodegradation kinetics, taking into consideration the different
pigments and P/BM ratios selected. Finally, microscopic images
of the paint samples were analyzed using a multivariate approach
based on the extraction and analysis of features related to color
and texture properties, using Principal Component Analysis
(PCA). PCA is a data exploration technique aimed at
extracting useful information from a dataset and displaying
data structure in a simple and easy-to-interpret manner.
Basically, the original dataset is projected into a lower-
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dimensional space defined by few Principal Components, which
are calculated based on data variance. By analysing PCA
outcomes it is possible to identify clusters of objects sharing
similar properties or relationships among variables (Musumarra
and Fichera, 1998). In this study, PCA was applied to the dataset
of image features in order to gain an objective and comprehensive
overview of the modifications induced by artificial aging on the
morphology of the paint layers.

MATERIALS AND METHODS

Sample Preparation
Different samples were prepared by mixing pure Alkyd Medium 4
(Lukas®, Germany) with inorganic pigments (Kremer Pigmente,
Germany), i.e., artificial ultramarine blue (PB29), hydrated
chromium oxide green (PG18), and cadmium yellow (PY37). A
detailed description of the paint samples is shown in Table 1. In
total, nine samples were prepared. Different P/BM ratios in weight
were prepared, depending on the paint’s consistency. After a
consultation with a paint manufacturer, the P/BM ratios chosen
were confirmed as similar to the commercial formulations. The
fresh paints were cast on glass slides with a film thickness of
150 μm. The samples were dried at room conditions (ca. 22°C and
30% relative humidity [RH]) for three weeks before starting the
artificial aging in the UV chamber. The samples were analyzed
every week (max. 1,008 h exposure).

Artificial Aging
The light aging, which simulates natural sunlight, was carried out in a
UVACUBESOL2/400FUVchamber, produced byDr.HönleGmbH
UV-Technology, Germany. The emitting radiation was supplied by a
XenonArc lampwith the possibility to provide radiations between 295
and ∼3,000 nm, similar to outdoor solar conditions. Temperature and
RH were separately measured in the chamber using the AQL S500
sensor (Aeroqual Limited, New Zealand).

During artificial aging, the chamber temperature was around
38°C, and the RH varied between 10 and 20%. The radiation
intensity was measured by using a UV-Meter Basic (Dr. Hönle,
Germany). The Xenon lamp reached an approximate value of
170W/m2. According to the recent data provided by Central
Europe, it is possible to assume that the radiation value obtained
is similar to natural aging caused by solar radiation (Šúri et al.,
2007). The artificial light exposure of alkyd paints was carried out
for 1,008 h in total. Considering that there are around 1,000 h of
sunshine per year (global approximation), it is possible to

approximate the artificial sun aging of 1,008 h to around one
year of natural outdoor sunlight exposure (Šúri et al., 2004). The
glass slide was divided into six regions (Figure 1) to obtain
different aging periods (168–1,008 h) on each paint sample. The
regions which were not exposed to artificial light were contact-
free covered with a silver-aluminum 100% reflective surface. The
reflective cover was moved weekly to obtain the complete 1,008 h
aged sample set.

Optical 3-Dimensional Microscope
To monitor the different morphological changes due to artificial
light aging, the surface of each colored layer was scanned by the
Keyence VHX-6000 microscope (Keyence, Belgium). Three-
dimensional optical micrographs and topological images were
recorded using a VH-Z100 objective with a zoom lens of
1,000×. For each aging week (from 0 to 1,008 h), surface
pictures were acquired. The objective chosen reaches a focus in
the range of 100–1,000 μm. Themicroscope is provided with a LED
light source (5,700 K). For the 3D pictures, a magnification of
1,000× was selected, measuring a total area of around 15,376 μm2.
To obtain the 3D depth profile of the surface, the total depth
obtained is 10 μm taking every 2 μm a picture (pitch scans). In total,
63 images were acquired using the optical 3D microscope,
corresponding to nine samples (three pigments types × 3 P/BM
ratios) aged for seven different times from 0 to 1,008 h.

Multivariate Analysis of Microscopic
Images
The data obtained by the microscopic images of the paint samples
were subjected to multivariate analysis in order to evaluate the
degradation effects caused by artificial UV aging. The main focus
is put on the feature of the paint samples and to study the
influence of pigment type and concentration on such degradation
effects. For this aim, a preliminary data dimensionality reduction
step was applied to convert each image of the dataset into a
feature vector codifying for the useful information related to color
and aspect of the analyzed samples. Generally, a data
dimensionality reduction procedure is a mandatory step when
several images have to be simultaneously analyzed and compared
to each other, to gain a general overview of the whole image
dataset structure (Calvini et al., 2016). Different methods have
been proposed to extract relevant features from images. The most
common approach is based on evaluating the pixel distribution of
defined color parameters of each image and using the
corresponding frequency distribution curves or statistical

TABLE 1 | List of materials analyzed.

Binder Chemical composition Commercial name

Alkyd resin Polymer oil-modified polyester-resin based on
orthophthalic acid and pentaerythritol

Alkyd medium 4 (Lukas®, Germany)

Pigment Color index P/BM ratio in weight Chemical composition

Artificial ultramarine blue PB29 1:2, 1:3, 1:6 Na6–10Al6Si6O24·S2–4

Hydrated chromium oxide green PG18 1:2, 1:3, 1:6 Cr2O3·2H2O
Cadmium yellow PY37 1:2, 1:3, 1:6 CdS
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parameters calculated from the frequency distribution curves
(e.g., mean or standard deviation value) as relevant features
(Pereira and Bueno, 2007; Kucheryavski, 2011; Calvini et al.,
2020).

Furthermore, in order to fully exploit spatial-related
information contained in the images also texture features can
be calculated. A widely used image texture analysis approach is
the application of Gray Level Co-occurrence Matrices (GLCMs)
(Haralick et al., 1973), which records the frequency of occurrence
of each possible grey-level pairing of neighboring pixels with a
specified spatial arrangement. Given a grey-scale image, four
possible orientations of neighboring pixels can be considered
to calculate the GLCM: horizontal, right diagonal, vertical, and
left diagonal, corresponding to an angle of 0°, 45°, 90°, and 135°,
respectively. Then, from each GLCM, it is possible to calculate
texture parameters based on first, second, and higher-order
statistics and further analyze the obtained texture features
using chemometric methods (Malegori et al., 2016; Marschner
et al., 2017).

In the present study, a total of 36 features were extracted from
each paint sample image. These features include mean, median,
and standard deviation and range of red (R), green (G), and blue
(B) channels, and of two additional color-related parameters
derived from the R, G, and B values: lightness (L), calculated
as the sum R, G, and B values, and saturation (S), obtained by
converting the RGB color space into the hue-saturation-value

(HSV) color space. These features summarise the color-related
properties of the images. Furthermore, texture parameters
derived from GLCMs of lightness grey-scale images were
extracted. Firstly, each RGB microscopic image was converted
into the corresponding grey-scale image of lightness obtained by
summing the R, G, and B values of each pixel. Then, GLCMs of
each lightness grey-scale image were calculated considering all the
possible directions of neighboring pixels (0°, 45°, 90°, and 135°).
The calculation of the GLCMs was performed considering a
distance of 10 pixels and a resolution of 64 grey-scale levels.

Therefore, four GLCMs were obtained from each original
microscopic image. Finally, from each GLCM, the following
texture parameters were calculated (Fongaro and Kvaal, 2013):

- Contrast (Con), which measures the intensity variations
between one pixel and the neighboring pixel; in a constant
image, the value of contrast is equal to zero.

- Correlation (Corr), which measures the relation between one
pixel and its neighbors, and this correlation can be direct
(positive) or indirect (negative).

- Energy (En), which is calculated as the sum of the square of the
GLCM elements; it can range between 0 and 1, and for a
constant image, its value is equal to 1.

- Homogeneity (Hom), which measures how close the elements of
the GLCM are to the diagonal; it can vary between 0 and 1, and
its value is equal to 1 for a diagonal GLCM.

FIGURE 1 | Three paint samples with P/BM ratio 1:3; from left Alkyd Medium 4 + PB29, Alkyd Medium 4 + PG18, Alkyd Medium 4 + PY37. They were exposed to
artificial sunlight for 168, 336, 504, 672, 840, and 1,008 h.
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The complete list of the 36 color and texture features extracted
from each microscopic image is reported in Supplementary Table
S1. The feature vectors extracted from all the dataset images were
collected into a data matrix with 63 rows, corresponding to the
number of acquired images, and 36 columns, corresponding to the
number of extracted features. Finally, the matrix of image features
was analyzed using PCA using autoscale as a data preprocessing
method. The extraction of color and texture features from the
images was performed using routines written ad hoc in MATLAB
language (v. 9.8, TheMathWorks, Inc., United States) and based on
MATLAB Image Processing Toolbox (v. 11.1). At the same time,
PCA models were calculated using the PLS_Toolbox software (v.
8.8.1, Eigenvector Research, Inc., United States) running under the
MATLAB environment.

Colorimetric Measurements
To obtain colorimetric values between unaged and aged samples,
an SPM50 Gretag-Macbeth (XRite, Switzerland) was used.
Measurements were carried out by a D65 light source with the
10° Standard Observer, 45°/0° geometry. The spot size measured is
around 1 mm. The system was calibrated with an internal white
reference. Five spots were measured per exposure and averaged
using Microsoft Excel software (Microsoft®, United States). To
determine the color changes between unaged and aged samples,
CIELAB coordinates (L*, a*, b*) and ΔE* values were evaluated,
according to the Commission Internationale de l’Èclairage 1976
(CIE 1976) (Johnston-Feller, 2001).

Scanning Electron Microscopy
Scanning Electron Microscope (SEM) was employed for
investigating the microstructure of paint mixtures, the changes
in pigment distribution, and their morphology after aging.
Samples were analyzed using a Quanta TM250 FEG Field-
Emission Scanning Electron Microscope (Thermo Fisher
Scientific, United States), and images were collected under a
low vacuum at 20 kV acceleration voltage. Some of the
collected images were post-processed using CorelDraw 2018
software, and the pigment particle size was measured using
ImageJ v1.52i software.

Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy
For the FTIR investigations, a LUMOS FTIR Microscope (Bruker
Optics, Germany) in ATR mode with a germanium crystal was
employed. The instrument is equipped with a photoconductive
cooled MCT detector. Spectra were acquired in a spectral range
between 4,000 and 480 cm−1, performing 64 scans at a resolution
of 4 cm−1. The resulting spectra were collected and evaluated with
the software OPUS® (Bruker Optics, Germany). Five
measurement spots were chosen on each unaged and aged
paint sample. The spectra were averaged, baseline corrected,
and vector normalized. The chemical depth information
obtained by the ATR-FTIR measurements, considering the R.I.
of the germanium crystal (n1 � 4.01) and the angle of incidence of
the IR beam (θ � 45°), in a spectral region between 4,000 and
480 cm−1, is around 0.65 μm.

RESULTS AND DISCUSSION

Optical 3-Dimensional Microscopy
Observations
Figure 2 shows how the morphology of the paint layers of the
PB29 alkyd samples changes during the light aging process. The
surfaces of the unaged samples show an increasingly glossy
appearance with increasing polymer content. The morphology
of the pores is also different across P/BM ratios. In fact, as the
binder content increases, the pore size tends to widen (especially
in the P/BM 1:6 sample). After a total of 1,008 h of light aging,
different morphological changes are detectable. In the mixture
with P/BM 1:6, it is possible to observe that by increasing the UV
exposure time, the pores begin to increase in number and to
enlarge until the pigment is more visible on the surface. When the
binder content is lower (P/BM 1:2), this phenomenon is already
observed after 504 h of UV exposure. After 1,008 h of aging, the
pigment grains are more visible on the surface and of sharper
morphology; moreover, some discoloration can be observed. This
aging effect is more noticeable when the P/BM is high (1:2). In
Principal Component Analysis of Features Extracted From
Microscopic Images and Colorimetric Measurements, the color
changes will be discussed more in detail through multivariate
analysis of the microscopic images and colorimetry.

A similar behavior is also observed in the PG18 alkyd samples
(Supplementary Figure S1). In the 1:6 mixture, after 1,008 h of
aging, the surface is less glossy and more porous. As for the blue
sample, also in the green 1:2 mixture, the opacity increases over
time, probably as a result of the binder’s degradation and pigment
accumulation on the surface. However, unlike PB29, the PG18
pigment tends to darken, and this effect is particularly visible in
the mixture with a high amount of pigment (P/BM 1:2). This
morphological and colorimetric behavior is also observable for
the PY37 alkyd sample (Supplementary Figure S2). However,
differently from the two previous paints, the glossy effect is not
evident, the pores are much smaller and after aging, they are no
longer well-defined. This effect may be due to the granulometry of
the yellow pigment, explained in Colorimetric Measurements
(SEM results).

Principal Component Analysis of Features
Extracted From Microscopic Images
Principal Component Analysis Considering All
Samples
For the first evaluation of data structure, PCA of the image
features matrix was calculated considering all the samples
together, and the corresponding results are reported in
Supplementary Figure S3. PC1 separates PY37 samples from
the other two pigments based on color and texture features like
homogeneity, energy, and contrast, which have high PC1 loading
coefficients in terms of absolute values. In particular, the images
of PY37 have higher Hom and En values, showing a more
homogeneous paint layer and the presence of the binder is less
evident.

Furthermore, the PC1 and PC3 score plot show that sample
PY37 presents a lower variation due to aging, while PB29 paint
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undergoes higher degradation effects. Similar results are
presented in the discussion of the colorimetric measurements
(Colorimetric Measurements). It has to be noticed that each
pigment has a peculiar degradation pattern, and it is difficult
to find trends common to all the three pigment types. Besides, it is
also possible to observe that there are differences based on the
P/BM ratio for each pigment type. Therefore, for a better
evaluation of color and texture variations of each pigment due
to aging, separate PCA models were calculated for each
pigment type.

Principal Component Analysis of PB29 Samples
The PCAmodel of the samples prepared with PB29 pigment was
calculated considering 3 PCs (93.57% of the total variance). The
corresponding PC1 and PC2 score and loading plots are
reported in Figures 3A,B, respectively. The PC1 and PC2
score plot shows that the sample prepared with a P/BM ratio
equal to 1:6 presents a lower variation over time due to aging
compared to the samples with higher pigment concentrations.
In particular, the images of the sample prepared with a P/BM
ratio equal to 1:2 have a higher variation in the PC1 and PC2
score plot based on aging time, suggesting that this sample
undergoes higher degradation effects. Considering the PC1 and
PC2 loading plot, it is possible to observe that the images of the

samples with P/BM ratio equal to 1:6 are characterized by low
Hom and En values, while they have high standard deviation
values of R, G, S, and L color parameters. These findings are
confirmed by observing the microscopic images of PB29 alkyd
samples (Figure 2), which show that the surface layer of PB29
sample prepared with a P/BM ratio of 1:6 is very heterogeneous
due to the high concentration of the binder. Furthermore, PC1
describes the aging pattern common to the samples with P/BM
ratio equal to 1:2 and 1:3. For these two concentrations, the
images of the unaged samples have negative PC1 values, while
increasing the aging time, the images of the samples move
toward positive PC1 values. Considering the PC1 loading
vector, the image features with positive PC1 values are mean
and median values of G, B, S, and L, and homogeneity texture
feature. Therefore, with light aging, the PB29 paints with lower
binder concentration tend to lighten, and the paint layer seems
more homogeneous as the presence of the binder is less evident.

Principal Component Analysis of PG18 Samples
The PCA model of the samples with PG18 was calculated
considering 2 PCs (91.80% of the total variance), and Figures
3C,D report the corresponding PC1 and PC2 score and loading
plots. In this case as well, the sample with a P/BM equal to 1:6
ratio differs from the samples with higher pigment concentration.

FIGURE 2 | Morphological overview by 3D image (1,000×) of PB29 alkyd samples. From left to right, the samples are displayed according to their different P/BM
ratios, whereas the images from top to bottom depict the unaged, 504, and 1,008 h aging.
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Indeed, the variation over time of the 1:6 P/BM ratio sample is
mainly described by PC2, while the variation over time of 1:2 and
1:3 P/BM ratio samples is described by PC1. These aging patterns
are orthogonal, suggesting that light aging has different effects on
the paint layers according to binder concentration. Considering
PC1 loadings, it is possible to observe that the images of aged
samples with a P/BM ratio of 1:2 and 1:3 exhibit increasing mean
and median values of G, B, L, and S parameters while the range
and standard deviation of the same color-related parameters tend
to decrease. Considering the texture-related parameters, the
images of the aged samples have higher Hom and En values
and lower Con values. Therefore, during aging, the paint layer of
the samples prepared with a lower binder concentration tends to
have a more saturated color, and the presence of the binder

becomes less visible. As previously mentioned, the aging behavior
of the sample with 1:6 P/BM ratio are mainly described by PC2.
Comparing PC2 scores and loadings, it is possible to observe that
the images of aged samples show increasing range and standard
deviation values of R, G, L, and S parameters and also increasing
Con values. The mean and median values of R, B, and L tend to
decrease.

Principal Component Analysis of PY37 Samples
The PCA model of the samples with PY37 was calculated
considering 4 PCs (94.74% of the total variance), and the
corresponding PC1 and PC3 score and loading plots are
reported in Figures 3E,F, respectively. PC1 and PC3 score
plot shows that samples prepared with the different P/BM

FIGURE 3 | Score and loading plots of the PCAmodels calculated on the image featuresmatrix (Supplementary Table S1) obtained from themicroscopic images
of samples of alkyd resin mixed with PB29 (A,B), PG18 (C,D), and PY37 (E,F). The samples in the score plot are colored according to the P/BM ratio, while the labels
indicate the aging time from 0 to 1,008 h.
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ratios have a similar variation pattern during aging, conversely to
what was observed for the paint layers of PB29 and PG18. Indeed,
for PY37, the aged samples tend to move toward negative PC1
score values compared to the corresponding unaged samples.
Considering PC1 loadings, it is possible to observe that the images
of the aged sample have higher Hom and En values, higher mean
and median values of R and S parameters, and lower mean and
median values of L. Therefore, PY37 paint layers tend to darken
with aging but, at the same time, they present a more saturated
color. This behavior is common for all the considered pigment
concentrations. Furthermore, PC3 mainly describes the
difference between samples with a 1:6 P/BM ratio and samples
with the other two pigment concentrations.

Colorimetric Measurements
In Supplementary Table S2, the colorimetric results of unaged
and 1,008 h UV-aged alkyd paint samples are shown. The results
include the colorimetric changes in the values of the lightness/
darkness (L*), red/green (a*), yellow/blue (b*), and the total color
change from 0 to 1,008 h exposure (ΔE*). The ΔE* values obtained
from each colored paint and P/BM ratio were evaluated and
compared. It can be observed in Figure 4 that the most significant
color change is recorded for the PB29 paint with P/BM ratio 1:2.
This behavior tends to decrease with the increase of the binder
amount. A similar trend is detected for PG18 paints but less
significant than for the blue paint. Moreover, a relatively
significant difference in the shift of the L*, a*, and b*
coordinates between the unaged and aged paint samples is
observed, confirming the important role that pigments play on
the degradation of this binder when exposed to the light. These
findings confirm the results obtained from PCA performed on the
color and texture features extracted from the microscopic images

(Principal Component Analysis of Features Extracted From
Microscopic Images).

Comparing all the colorimetric values of the three inorganic
pigments, the PB29 alkyd paint samples have the most significant
shift of a* and b* between unaged and aged samples, showing a
strong reduction in red and blue, respectively. The decreasing of
a* and b* values and the overall increase of the L* parameter
might be due to changes in the surface roughness of the paints
(Simonot and Elias, 2003). In fact, after aging, the macroscopic
properties of the film change, becoming stiffer and more brittle,
probably due to the cross-linking of the residual olefinic
unsaturation (Hintze-Brüning, 1993). This phenomenon was
also previously confirmed by 3D, SEM microscope, and
multivariate results. As reported in the literature (Del Federico
et al., 2006; Janssens et al., 2016; René de la Rie et al., 2017),
artificial ultramarine blue (PB29) has a significant loss of its blue
color when mixed with alkyd resin after light irradiation. This
effect is probably due to the chromophoric S-anions release after
the opening of the sodalite cages of pigment, leading to the
discoloration of the pigment itself. However, in the evaluation of
the colorimetric variation percentage of the L* value, the PG18
paint also shows relevant results. In fact, the L*, a*, and b* values
of the 1:2 and 1:3 mixtures tend to decrease, indicating a less
bright paint layer and a color change toward blue. These results
are confirmed by the multivariate analysis of the features
extracted from microscopic images, indicating higher
saturation values with increasing exposure and increasing
pigment amount. This trend is not observable for the 1:6
mixture, as the L* and a* values tend to increase. This
behavior could be due to the higher organic component in the
paint and its interaction with this particular inorganic pigment.
Further studies will be necessary in order to understand these

FIGURE 4 | Photodegradation kinetics evaluated by ΔE* changes of alkyd paints over UV exposure.
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effects. As observed in Figure 4, the trend of ΔE* for PY37 paints,
according to the different P/BM ratio, is different from the two
previous paints. Generally, the L* and a* values do not show
significant changes, whereas b* shows the greatest change,
especially for the 1:6 mixture. As demonstrated by the ATR-
FTIR analysis and the chemometric evaluation, PY37 appears to
be the pigment that least affects the degradation of the binder.
Therefore this different behavior may be due to the colorimetric
change of the organic component, more easily detectable in the
PY37 paint than the previous two pigments. Further studies will
be needed to better understand these effects. Cadmium yellow
(PY37) and hydrated chromium oxide green (PG18) are generally
considered as lightfast pigments, therefore the origins of their
different color changes are not completely clear (Sward, 1972).
During aging, some chemical properties of the paints are

deteriorated as the paint film is gradually attacked by
oxidizing agents, leading to the breakdown of the polymer
molecules into smaller fragments. This phenomenon increases
if the pigment concentration is high. During light exposure, the
pigment particles placed on the surface will be more subject to
photodegradation, leading to the fading or darkening of the color
(Turner, 1979). In some cases, the loss of chemical-mechanical
properties of the binder mixed with pigment (as for PB29) leads
to the highest fragility of the paint on the surface, which becomes
almost powdery (chalking).

Scanning Electron Microscopy Results
With SEM analyses it was possible to evaluate the morphological
surface changes after artificial light aging considering the
different granulometry of the pigments and their amount in

FIGURE 5 | SEM images of alkyd resin mixed with PB29 (A,B), PG18 (C,D), and PY37 (E,F), before aging (left) and after 1,008 h aging (right).
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the paint mixtures. Observations of the unaged samples (P/BM 1:
2) showed the different morphological features of the pigments.
The particle size range of PB29 is around 1–3 μm in diameter, and
their shape and average distribution appear irregular and
inhomogeneous (Figure 5A). A similar observation is shown
for PG18, where, however, the grains have a size range from few
nm to 1–2 µm (Figure 5C). Finally, PY37 is the pigment with the
smallest particle size (few nm) and its grains appear to be
distributed in agglomerates, making the surface more
homogeneous than the other two pigments (Figure 5E).

The particle size distribution and R.I. play an important role in
the light beam-material interaction and, therefore, on the
degradation of the paints. If a paint film contains a pigment
with a high R.I., a high fraction of the incident light tends to be
bent or refracted at the surface and therefore less likely to interact
with and deteriorate the paint materials (Gueli et al., 2016).
Observing the R.I. values of the analyzed pigments (Feller,
1986; Roy, 1993; Vahur et al., 2010), PY37 has the highest R.I.
(approx. between 2.35 and 2.48), followed by PG18 (1.62–2.12)
and by PB29 (1.5). Therefore, light radiation will have a higher
impact on the blue paints, followed by green and yellow paint
samples. Moreover, the light scattering imparted by diffraction is
further affected by the particle size. The smaller the particle size
and the higher R.I. are, the more the light beam has a tendency to
be scattered (Baker and Lavelle, 1984; Yousif and Haddad, 2013).
As previously reported, the granulometric evaluation of the
inorganic pigments carried out by SEM measurements
confirmed these considerations (Holland and Gagne, 1970;
Kremer Pigmente).

However, it is also necessary to consider the influence of the
R.I. of the binding medium, the dispersion level of the pigment
(i.e., the degree of aggregation of the pigment particles), the
proportion of pigment in the vehicle, called pigment volume
concentration (PVC), and the thickness of the paint layer
(Merwin, 1917). Furthermore, the R.I. is not a constant value,
but changes over time according to other factors including the
P/BM ratio and the type of pigment employed. In this study, the
granulometry of the pigments played a major role in the binder’s
degradation. In the unaged samples, the alkyd resin is
homogeneously dispersed in the film. After aging (Figures
5B,D,F), the chemical transformations cause variations in the
surface morphology: the binder is no longer visible and the
pigment particles are better defined. This behavior is most
evident in PB29 and PG18 samples after 504 h of aging. In
PY37 paints, the morphology does not change significantly
after exposure to aging.

Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy Results
For the determination of the photodegradation effects on alkyd
paints, the main ATR-FTIR absorption bands of the binder and
inorganic pigments were identified according to Supplementary
Table S3 (Vahur et al., 2009; Coccato et al., 2016). Their
characterization was based on the analysis of the unaged
samples (P/BM 1:2 mixtures presented as reference example),
shown in Figure 6Aa (for PB29), Figure 6Ba (for PG18), and

Figure 6Ca (for PY37). The unaged spectra of the other mixtures
(P/BM 1:3 and 1:6) are not depicted as they show the same
absorbance bands but with different intensities, proportional to
the binder content. Concerning the alkyd resin, significant
contributions of the oil and phthalic components are identified
in the polymer. The main absorption bands that identify these
two components are related to the C�O stretching vibration at
1,724 cm−1, and the CH2 and CH3 stretching and bending
(asymmetric and symmetric) at 2,926, 2,854, 1,465, 1,451, and
1,388 cm−1. Additional phthalic bands can be identifiedmainly by
absorption signals corresponding to C�C stretching aromatic
ring at 1,600 and 1,588 cm−1, the C-O-C symmetric stretching at
1,260 and 1,114 cm−1, and the aromatic out-of-plane bending at
741 and 709 cm−1 (Ellis et al., 1900; Hayes et al., 2014). By
comparing the results of the unaged and 1,008 h light aged
samples, significant chemical changes on the surface are
detected. The results are evaluated according to the type of
pigment used, the P/BM ratios, and the contribution of the
inorganic components to the degradation process.

Among the PB29 samples aged for 1,008 h, the intensity of the
OH stretching band at 3,244 cm−1 is the highest in the sample
with a high amount of binder (Figure 6Ad). Moreover, the (C-H)
CH2 asymmetric and symmetric stretching at 2,926 and
2,854 cm−1 disappears. These effects are due to hydrogen
abstraction and oxidation of double bonds, respectively (Perrin
et al., 2000). A decreasing trend with aging is observed for the
carbonyl band at 1,724 cm−1. This band can still be detected after
1,008 h of exposure only in the paint sample with a high amount
of binder (P/BM 1:6). Furthermore, in the same sample, the
carbonyl band gets broader due to the aging of the oil component
in the alkyd binder, which is caused by hydroperoxides and
peroxides reactions taking place during photochemical
degradation and resulting in oxidation products such as
aldehydes, ketones, and carboxylic acids (at 1,735, 1,720, and
1,710 cm−1) (Socrates, 2001). The bands at 1,068 and 984 cm−1,
related to the Al,Si-O4 asymmetric stretching, increase with aging
time and the pigment amount in the paint mixture (Bruni et al.,
1999). As shown in Figure 6Ab, additional pigment bands at 691
and 656 cm−1, related to the Al,Si-O4 symmetric stretching, are
detected. After the maximum exposure time (1,008 h), the
intensity of the small band at 470 cm−1 has increased. The
signal is identified as the O-Si-O bending vibration (Taylor,
1990). The apparent increase in the characteristic PB29
absorption bands is mainly due to the volatilization of the
binder on the superficial level of the paint (Mecklenburg et al.,
2013; Keune et al., 2016). This chemical-physical phenomenon is
very prominent in the alkyd paints due to the oil component,
which is very reactive toward the oxidative elements present in
the surrounding environment (such as oxygen, sunlight, and O3),
leading to Norrish photo-cleavage reactions and formation of
free-radicals, able to make the polymeric films unstable (Berg
et al., 1999).

In Figure 6B, the ATR-FTIR spectra of alkyd binder in
mixture with PG18 in different P/BM ratios (1:2, 1:3, and 1:6)
aged for 1,008 h are shown in comparison to the unaged P/BM 1:2
mixture. Overall, all the main absorption bands of the alkyd
binder are present (Supplementary Table S3), however, after
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FIGURE 6 | ATR-FTIR spectra of alkyd binder in mixture with inorganic pigments: (A) PB29, (B) PG18, and (C) PY37. The graphs of paint mixtures are, (a) unaged
P/BM 1:2, and after 1,008 h of UV exposure according to different P/BM ratio: (b) 1:2, (c) 1:3, and (d) 1:6.
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light aging, the spectra show a decreasing trend in the intensity of
the binder absorption bands, less evident than paints with PB29.
In fact, even if the (C-H)CH2 stretching bands at 2,926 and
2,854 cm−1 tend to disappear, the intensity of the C�O band at
1,724 cm−1 decreases, the band widens but does not disappear, as
seen previously for PB29 mixtures with P/BM 1:2 and 1:3. The
decreasing and widening trend of the C�O band may be due to
the β-scission and possibly Norrish I reactions of the ester groups
in the polyester and oil fractions, leading to the formation of low
molecular weight compounds which subsequently volatilize. The
formation of the shoulder at about 1,640 cm−1 is due to the

formation of C�C functional groups resulting from the
photodegradation reaction Norrish type II and bond cleavage
of the carbonyl compounds subjected to photolysis (Mallégol
et al., 2000b; Cakić et al., 2012). Among the PG18 paint samples,
the most intense degradation effect is observed in the mixtures
with a high amount of pigment (Figure 6Bb). Similarly to the
PB29 results, the intensities of the PG18 bands at 552 and
493 cm−1 (of the oxide part) increase over time due to the
degradation and partial evaporation of the binder degradative
by-products. Comparing the spectrum of the unaged sample with
the aged ones, the intensity of the OH stretching band at

FIGURE 7 | Photodegradation kinetics observed from ATR-FTIR spectra of alkyd paints with (A) PB29, (B) PG18, and (C) PY37, at various P/BM ratios.
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3,066 cm−1 increases with the pigment concentration, as opposed
to the results obtained in the PB29 mixtures. This is because the
same absorption band is also ascribable to the hydrated
component of the pigment which, as previously described,
increases with aging time. Another absorbance band ascribable
to the pigment is registered at 1,283 cm−1. In combination with
the band at 1,252 cm−1, its presence can be abscribed to a minor
content of chromium borate, a compound used during industrial
manufacture of hydrated chromium oxide green pigments
(Fitzhugh, 1997; Zambuehl et al., 2009).

In the case of PY37 alkyd paints, the ATR-FTIR spectra
present some frequent spectral changes compared with the
results obtained for PB29 and PG18 mixtures. The OH
stretching band at 3,230 cm−1 tends to increase with aging
time, similarly to the PB29 samples, and binder concentration.
However, observing the spectrum in Figure 6Cd (P/BM 1:6), it is
noted that the carbonyl group signal at 1,724 cm−1 decreases, as
observed in PG18 mixtures. Furthermore, this band tends to
widen in PY37 samples to a higher extent than in the other two (in
PB29 mixture even disappears), suggesting that the PY37 tends to
limit the UV radiation-paint layer interaction and therefore the
degradation of the binder.

Photodegradation Kinetics
To better understand the influence that each inorganic pigment
has on the degradation of the alkyd binder, the kinetic behavior of
a specific IR-band of the binder was evaluated. It was studied by
integrating the carbonyl group C�O band (at 1,724 cm−1,
integration range from 1,800 to 1,640 cm−1) over time. This
specific band was selected for several reasons: 1) it shows
strong intensity; 2) it is not overlapping with other bands, and
3) it is the most representative band of the binder. In Figure 7, the
degradation behavior of the different paint mixtures (P/BM 1:2, 1:
3, and 1:6) are presented. Generally, the binder’s degradation,
shown by a decrease of the C�O area values, is observed after
168 h of aging for all three pigment mixtures at P/BM ratios 1:2. In
contrast, for those with P/BM ratios 1:6, binder’s degradation can
be observed approximately after 336 h. However, the kinetic trend
changes according to the type of pigment in the mixture. With
PB29, the organic binder’s degradation is higher than with PG18
and much higher than with PY37. The pigment’s contribution to
the binder’s degradation is important as it can enhance (with PB29
and PG18) or limit (with PY37) the detrimental effects of light
irradiation on the degradation process of the binder. At P/BM 1:2,
the intensity decrease of the binder’s band at 1,724 cm−1 is much
faster in the blue paint than in the yellow. On the other hand, by
increasing the binder amount (P/BM 1:6), its degradation is
reduced in all paint mixtures. For a complete kinetic
evaluation, the integration of the characteristic bands of
inorganic pigments could have potentially confirmed the
presented trend. However, this additional evaluation was
difficult to carry out as the spectral signal of PY37 cannot be
detected in theMid-IR range due to the detector cut-off. In further
studies, the use of other techniques (such as gravimetric analysis)
may support the evaluation of the pigments contribution to the
different kinetic degradation trends of alkyd paints.

For a more detailed evaluation of the binder degradation rate,
according to the pigment and the P/BM ratio used, the different
numerical values obtained by integrating the C�O carbonyl band
were compared (Supplementary Table S4). The area values of each
sample for every week (168 h) of aging were determined (Wiesinger
et al., 2018). Subsequently, they were obtained by calculating the
difference between the area value of the unaged sample and after
1,008 h of exposure, expressed as Δ(C�Ounaged/aged). The evaluation
showed that there is a direct correlation between light exposure time
and degradation. In fact, with high values of Δ(C�Ounaged/aged), the
process of photo-oxidation on the surface is more damaging, with
the consequent decrease of the C�O band over time. Moreover, the
P/BM ratio also plays a role in the degradation effect. In fact, by
observing the Δ(C�Ounaged/aged) values, it is possible to notice that in
the samples with a high amount of binder (P/BM 1:6) the photo-
oxidative process is reduced. In contrast, in the samples with a high
amount of pigment (P/BM 1:2), these values increase, suggesting a
more oxidative effect. This trend also changes according to the
pigments used. Comparing the three different paints, this difference
is more significant in PB29 paints than in PY37. With the increase
of the amount of pigment (1:2), these values tend to decrease for
mixtures with PB29 and PG18, while for PY37 the trend is similar to
those of mixtures with higher concentration of binder. This
numerical difference indicates that with the same amount of
pigment, the PB29 further facilitates the interaction of light
irradiation with the surface of the paint, causing a more rapid
decomposition of the alkyd binder.

CONCLUSION

The chemical surface changes on alkyd paints mixed with
inorganic pigments and exposed to short-time artificial light
aging were documented by optical 3D microscopy and studied
by ATR-FTIR, SEM, and colorimetric analysis. To monitor the
degradation behavior of each paint sample, three P/BM ratios
were selected: 1:2, 1:3, and 1:6. The paint samples were exposed
for 1,008 h in total under conditions comparable to outdoor solar
conditions. The main degradation reactions that occur in alkyd
paints during light aging are:

• Chemical degradation of the alkyd binder is observed after
168 h, shown by an intensity decrease of the functional groups’
IR bands (Supplementary Table S3) of the alkyd resin over
time. This trend is most evident in the mixtures with the blue
pigment PB29, followed by PG18, whereas in those with the
yellow pigment PY37, the binder is more stable.

• As a consequence of the binder’s decomposition, the pigments’
IR absorbance bands show an increase during light exposure in
all paint samples.

• The kinetic evaluation of ΔE* shows that the PB29 alkyd
mixture (P/BM 1:2) undergoes the highest color change,
followed by PY37 and PG18.

• Morphological changes of the paint surfaces are visible by 3D
microscopy and SEM. Upon aging, the samples’ surfaces appear
more rigid and opaque, as well as less bright and stiffer in paints
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with P/BM 1:2. Generally, when the pigment content is low, the
degradation behavior is reduced due to light irradiation.

• Finally, PCAwas applied to study the microscopic images of the
paint samples, considering the color and texture changes after
aging. This application was useful for studying degradation
effects, focusing on the objective information related to the
modifications induced by artificial UV aging based on the
impact of pigments and P/BM ratio. This approach can be
further implemented for quantitative evaluation of aging time
for diagnostic purposes.

In conclusion, the paint samples exposed to artificial light aging
show degradation processes that vary according to the binder, the
inorganic pigment, and the P/BM ratio employed. The presence of
pigments can enhance several photo-oxidative effects on the
binder; indeed, PB29 causes higher degradation than PY37 and
PG18. Additionally, degradation of the binder increases with
pigment concentration. With this study, it has been
demonstrated that the use of non-invasive analytical techniques,
kinetic evaluation of their results, and the combination of analytical
data with chemometric methods have high potential in the
identification of paint components of complex artworks and in
obtaining in-depth chemical information to be complemented with
historical-artistic knowledge (Rosi et al., 2020).
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