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We explored the potential of infrared hyperspectral microimages to investigate the alteration of organic
binders in pictorial layers after artificial UV light ageing. A set of paint mockups was prepared considering
three different binders, namely, rabbit glue (a collagen-based proteinaceous binder), linseed oil (repre-
sentative of drying oils) and egg tempera (a mixture of egg yolk and linseed oil). Four pigments (vermil-
ion, orpiment, azurite and lead white) were considered in order to investigate the influence of pigment-
binder interaction, following color changes by means of fiber optic reflectance spectroscopy (FORS). FTIR
micro-images provided a representative picture of the complex and heterogeneous structure of paintings
since each pixel contained the whole spectrum of the sample area from it was recorded. Principal com-
ponent analysis (PCA) was used to analyze the FTIR images data in order to extract useful information
about spectral changes taking place during UV induced ageing.
Significant trends were observed, mainly depending on the binders and their degradation as a conse-

quence of UV exposition in this pilot study on model samples. Several processes, such as the oxidation
of proteins with the formation of carbonyl moieties and changes in amide band positions have been
detected in the case of rabbit skin glue. The evaporation of linseed oil, probably due to the breakdown
of the triacylglycerols, has been noticed for the binder alone but not when it was mixed with the pig-
ments. In these cases, other spectral features depending on the pigment have been observed in the load-
ing plots upon oxidation, namely the broadening of the carbonyl band, the appearance of carboxylic and
dicarboxylic acids and the formation of metal carboxylates. For egg tempera, the main changes detected
were related to the oxidation of lipidic components present in egg yolk fraction. Furthermore, in this case,
the trend observed in the score graphs suggested that the presence of lead white accelerates its oxidation.
It is interesting to note the major stability of the colored pigments when using this binder.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Heritage science is, nowadays, a well-established multidisci-
plinary field as the scientific study of cultural heritage artefacts
can provide a deeper knowledge of the origin, age, sort of fabrics
or even social status of the time [1]. The field is in continuous
expansion due to the development of new instrumentation and
methods for investigation of artworks, stimulated by the rapid pro-
gress in physics, chemistry and computer technology. Solving
problems through scientific inquiry is one of the basis of cultural
heritage conservation [2,3]. Thus, the analysis of alteration mecha-
nisms in artworks is notably relevant for conservation and restora-
tion procedures, because its understanding can aid to make
strategic decisions on their long-term preservation [4–6].

Several factors can influence the wear of the layers of the paint-
ings, such as the support, the preparation layers, and the mixture of
binder and pigment, among others. Either natural or anthropogenic
agents, like extreme temperature or humidity conditions [7,8],
chemical reactions between binders and pigments [9], the pres-
ence of small bugs, micro-organisms [10], dust or a not careful
treatment, can damage the physical state and chemical composi-
tion of the artwork [11]. Prolonged exposure to an ultraviolet
(UV) radiation source is also one of the main causes of the degra-
dation process. It acts as a catalyst, enhancing the speed of some
chemical reactions and breaking chemical bonds (mainly C-H and
C-O) of the materials. Moreover, it accelerates the oxidation, dark-
ening and yellowing of binders, catalyzing radical oxidation reac-
tions in proteinaceous binders or affecting the amide bonds [12]
and favoring the cleavage of fatty acid chains in lipidic ones
[13,14]. Numerous studies have been already carried out by sub-
jecting synthetic painted samples to UV radiation in order to sim-
ulate accelerated ageing procedures in closed environments [15–
17]. Some of them have even applied UV-B light (280–315 nm)
as radiation source, instead of the most common one for these
treatments, UV-A (315–400 nm) to study the ageing effect in the
stability of different acrylic binding media [18].

For the characterization of color and chemical properties of
artwork, several analytical techniques can be employed [3,19].
Among them, Fiber Optics Reflectance Spectroscopy (FORS),
Raman spectroscopy, X-Ray Fluorescence (XRF) or gas chro-
matography (GC) are commonly used for this purpose, either
alone or in combination in the form of multi-analytical
approaches [20–22]. Infrared spectroscopy has also a great
potential in this field, being suitable for the identification of
both organic and inorganic pigments and binders [23,24]. The
technique is particularly useful for the characterization of
organic materials in artworks [25], including studies on changes
induced by UV radiation exposure. Thus, the interaction of bin-
ders and pigments of different nature [26] and the kinetic of
the photodegradation of natural resins acting as varnishes [27]
have been previously studied by means of IR spectroscopy.

Hyperspectral imaging (HSI) is an active area of research that
has grown quickly during the last decade. It collects information
from three dimensions – two spatial (x, y) and one spectral (k),
resulting in a (x, y, k) dataset which is typically referred to as a dat-
acube. The term hyperspectral refers to the collection of a large
number of spectral channels, usually more than 100, in comparison
with multi-spectral [28]. Thereby, HSI exhibits more sensitivity to
subtle spectral variations. In the last years, there has been an
increasing interest in the use of non-invasive macroscopic HSI for
the study of artworks [29–31]. Most studies have focused on the
use of reflectance spectroscopy in the visible range for pigment
identification with improved results by extending into the NIR
range [32–34]. Although it is experimentally much more complex,
remote-sensing HSI in the mid-IR has also been reported [35].
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On the other hand, by integrating HSI with microscopy into one
system, hyperspectral microscope imaging (HMI) techniques can
collect spectral information with spatial resolution at the micro-
scopic level. This is also an interesting tool for artworks examina-
tion since factors affecting the macroscopic appearance of an
artwork, like color, texture or sheen, are typically controlled by
phenomena occurring at the microscale (such as changes in oxida-
tion state or grain size/shape) that may be studied using micro-
imaging techniques. The study of features at the microscale usually
involved sampling and preparation of cross-sections to provide
information about the underlying structure, chemistry, and stratig-
raphy of objects [22,36]. In this work, we propose the use of this
methodology for the characterization of the molecular changes
taking place in binders and pigments of varied hues and nature
during consecutive steps of an UV ageing procedure. Instead of
using cross-sections, we propose the investigation of intact model
samples in the reflection mode. In this way, the technique would
be suitable for the investigation of intact artefacts or fragments
of a suitable size to fit into the microscope measurement plate.
Using hyperspectral micro-FTIR imaging and chemometrics we
will achieve information about how UV radiation induces changes
in pigments and binders, taking also into account the sample
heterogeneities typical of paintings (like layer thickness, pigment
particle size, local differences in binder/pigment ratio, surface tex-
ture, etc.). Complementary measurements by means of colorimetry
(FORS) and optical microscopy help to describe the macroscopic
changes in color.
2. Materials and methods

2.1. Samples preparation

Two identical plaster plates (20 � 15 cm) were prepared to be
used as a reference and main mock-up for the ageing experiments.
Four different pigments: vermilion (HgS), orpiment (As2S3), azurite
(Cu3(CO3)2(OH)2) and lead white ((PbCO3)2. Pb(OH)2); and three
binders: rabbit glue, egg tempera and linseed oil, were considered.

Pigments were purchased from Kremer Pigmente GmbH & Co.
KG (Germany) in the form of powder. Binders were acquired from
local stores and prepared as follows. Linseed oil was used in its raw
form. Granular rabbit glue (5 g) was immersed in 50 mL of distilled
water for 24 h, for the particles to swell up. Then, the remaining
water was boiled and re-used to dissolve the rabbit glue. For the
egg tempera binder, a yolk was mixed with two drops of linseed
oil and two drops of distilled water and stirred into a homogenous
mixture.

The painting mixtures (pigment-binder) were all prepared in
individual plastic containers, by mixing 0,2500 g of pigment and
the necessary amount of binder (3:1 proportion). Fifteen model
samples were prepared by painting the plaster plates. The platters
were dried for a month at room temperature and in a dark environ-
ment before starting the artificial ageing with UV light.
2.2. Instrumentation

2.2.1. Ageing approach
A SwiftCure HL250 UV radiation ageing chamber was used for

the simulation of the accelerated ageing procedure of the samples.
The platters are located in a sealed cell inside an irradiation cham-
ber (UV-A 315–400 nm: 30 W and UV-B 280–315 nm: 3 W). Three
cycles of time were considered (24 h, 72 h and 120 h) maintaining
them at 35 �C ± 0,6�C by means of a water bath temperature con-
trol system. Samples without any sort of ageing treatment were
used for the reference measurements (0 h).
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2.2.2. Sample characterization
For the visual inspection, a Dino Lite optical microscope

equipped with a polarized light regulator was employed. Visible
images of the surface of the samples were taken by using 15X,
100X and 200X magnification. Reflectance measurements in the
range between 400 and 700 nm were carried out by means of a
compact and portable Bluewave-Vis spectrometer (StellarNet)
equipped with a charge-coupled detector and employing a
tungsten-krypton lamp and an optical fiber probe (600 mm internal
diameter). The measurement was performed by keeping the probe
at 90� with respect to the sample, which is illuminated over a sur-
face area of ca. 4 mm2 at a distance of 15 mm. A 50 mm Halon
reflectance standard (STN-RS50) was used as a reference, register-
ing its spectrum in the same conditions. Colorimetric parameters
were calculated using the CIELAB system, namely L* for the light-
ness, a*, from green (-) to red (+), and b*, from blue (-) to yellow
(+) [37]. Total color parameter DE*ab (eq. (1), [38]) was used to
show the overall color variation of samples during the ageing
procedure:

DE�
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 � L1ð Þ2 þ b2 þ b1ð Þ2 þ a2 � a1ð Þ2

q
ð1Þ

It has been calculated for each step of the ageing process, being
L1, b1 and a1 those parameters corresponding to 0 h of UV
exposure.

FT-IR hyperspectral images were obtained with a Jasco Fourier
transform infrared (FTIR) 6300 spectrometer coupled to an FTIR
IRT-7000 microscope equipped with a single element mercury cad-
mium telluride (MCT) detector and a XYZ automated stage for
mapping. A 16X Cassegrain objective (20 mm distance work) work-
ing in reflection mode was used to focus the infrared beam on the
sample and to collect the radiation reflected. An adjustable aper-
ture allowed data collection from a localized spatial position
within the sample with desired spatial dimensions. We used the
point to point scanning method, in which the sample is scanned
by moving the sample stage and recording a spectrum correspond-
ing to a small area at a time [39]. In this way, each spectrum
recorded corresponds to a pixel of the image. The aperture size
was optimized to 100 mm � 100 mm in order to achieve good
signal-to-noise ratio. We recorded maps of 1,5 mm � 1,5 mm total
size consisting of 225 spectra registered in the range between 3100
and 800 cm�1 with a spectral resolution of 4 cm�1. Each spectrum
was average of 200 scans and, therefore, each map recording lasted
around 100 min. The same area of each sample was considered for
the successive maps acquisition after UV treatment. To be sure,
they were marked for simple visual identification. The background
was always acquired in a clean area of the plaster plate.

2.2.3. Data analysis
Infrared spectra were pre-processed by an area-normalization.

Selected spectral ranges were employed for each binder depending
on characteristic spectral changes, being 2000–1400 cm�1, 3100–
1000 cm�1 and 2000–1000 cm�1 for rabbit glue, linseed oil and
egg tempera, respectively. PCA Model Editor 2.12.00 from Spectra
Manager version 2 (JASCO) was used to build the principal compo-
nent analysis models. A cross-validation procedure based on leave
one out method was used in order to evaluate the performance of
the models. Micro Spectra Analysis software (JASCO) was used to
obtain different ratios of both peak intensities or areas to construct
false color images.

3. Results

In this work, the evolution of binders and pigments during age-
ing in model plaster samples has been studied in order to get infor-
mation about the chemical changes occurring through degradation
3

under UV exposition. The set of mock-up samples with different
combinations of pigments and binders was prepared using a plas-
ter plate as support, taking into account the importance of gypsum
in historical paintings. Gypsum has not only been utilized as the
support element itself, like in the case of Muslim or Islamic plaster-
work coatings [19,21], but it is also commonly employed as a
preparation layer for priming purposes on wooden, wall painting
or canvas supports [40].

Samples were exposed to four-time cycles of UV radiation
under temperature-controlled conditions (35 �C ± 0,6�C), employ-
ing a continuous cooling current, as already reported by Tochácek
et al. [41]. A detailed characterization of the aged samples was car-
ried out by means of several optical and spectroscopic techniques
exploiting the use of hyperspectral images after each of those time
cycles.

3.1. Visual and colorimetric impact of ageing

The progressive loss of color is one of the early indications of the
deterioration process in paintings and polychromies. Exposition to
UV radiation can accelerate that effect. This can be observed in the
microscopic images, being particularly evident in the case of orpi-
ment (not shown). The total color parameter (DE*ab) reflects the
global changes in the color of the samples during the ageing pro-
cess as shown in Fig. 1. The changes were analyzed considering
also the corresponding CIELab* spaces containing a* and b* color
parameters (Figure S1, Supplementary information) and reflec-
tance spectra depicted in Fig. 2.

Color changes related to ageing appear to be very dependent on
both the pigment and the binder. In general, the color was more
stable when using egg tempera, especially for vermilion, whereas
all the pigments, except white lead, showed the highest color
changes when using rabbit glue as binder. The pigments vermilion
and orpiment suffered the highest variations, withDE*ab values up
to 52 and 41, respectively, while color changes for azurite and lead
white were less pronounced (maximum DE*ab of 26 and 15,
respectively). This is in agreement with previous knowledge about
photostability of these pigments [42]. The visual inspection of the
microscopic images showed that orpiment is coarser-grained than
vermilion, which can favour certain detachment, besides decol-
oration. For orpiment, parameter b* (yellow factor) drastically
decreases upon ageing, being especially noticeable in the case of
rabbit skin glue and linseed oil. This can also be seen in the reflec-
tance spectra, in which the band around 435 nm shows a much
smaller curvature at 120 h of UV treatment. In previous studies
[42], orpiment has been reported to become paler and colourless
on exposure to light as it converts to arsenic oxide (arsenolite,
As2O3). The minimum in the reflectance spectra of vermilion sam-
ples appears close to 600 nm, showing a much less broad absor-
bance band with increasing irradiation time with rabbit glue and
linseed oil. This is reflected in the decreasing of both a* and b* color
parameters. Azurite owes its blue color to a combination of d-d and
charge transfer absorptions [43]. In its reflectance spectra, a promi-
nent maximum located at 475 nm appears and, as it can be
observed, it is less pronounced in those samples of advanced age-
ing state. This is particularly accused when linseed oil acts as the
binder. This change is reflected in a progressive decrease of CIELab*
parameter -b* (blue indicator) with UV exposure and it could be
considered the initiation of the typical yellowing observed in many
oil-based paintings due to binder oxidation [27]. In the case of lead
white samples, there are no significant changes in neither reflec-
tance spectra nor colorimetric parameters throughout the process.
It is observed a certain decrease of the parameter a*, particularly
noticeable for egg tempera, and probably related to the loss of
the yellow color of the binders (especially egg yolk), more percep-
tible when mixed with this white pigment.



Fig. 1. Graphs representing changes of DE*ab (total color parameter) of (a) vermilion, (b) orpiment, (c) azurite and (d) lead white samples painted with rabbit glue, linseed oil
and egg tempera binders through UV accelerated ageing procedure.
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Regarding CIElab* parameter L*, an increase during the exposi-
tion treatment has been observed in most cases, as can be expected
from the loss of color. Vermilion samples (especially when painted
with rabbit glue and egg tempera) experienced a growth of more
than 20% from 0 h to 120 h states. A similar situation can be
detected for azurite samples, which increases up to 75%. For orpi-
ment, the initial L* values were already very high (close to 70%) and
ended up to 90%, being particularly remarkable the mixture with
rabbit glue, reaching values up to 93%.

3.2. IR microspectroscopic characterization

In order to investigate spectral changes taking place during the
consecutive steps of the ageing process, FTIR hyperspectral images
of all the samples were recorded after each of the UV exposition
cycles. First, the main spectral features of the pure binders and
binder-pigments mixtures will be discussed before considering
UV-induced changes. In Fig. 3, single spectra of the binders and
the mixtures are displayed, showing the initial state of the process
(0 h of ageing treatment). To interpret these FTIR spectra obtained
in reflection mode, it is necessary to take into account the appear-
ance of distortions with respect to the spectra acquired in the
transmission mode. Furthermore, since the sample surface is not
optically flat, both diffuse and specular reflected light are collected
in unknown proportions, impeding any mathematical correction.
Thus, some distortions appear as derivative-like spectral features
and inverted bands, following the Reststrahlen effect. In addition,
sometimes overtones and combination bands increase their signals
because many reflections occur.

For the rabbit skin glue samples, the most intense bands of the
binder are in agreement with those reported by Manfredi et al. [40]
and can be attributed to strong absorptions of C@O stretching in
amide I (1695 cm�1) and amide II (around 1577 cm�1) involving
CN stretching and NH bending. An additional feature is observed
at 1472 cm�1

, which can be assigned to CH2 scissoring modes. When
the binder is mixed with the pigments, these spectral features are
sometimes hidden under bands of azurite and lead white. In the case
4

of vermilion and orpiment, the binder absorptions dominate the
spectrum since As2S3 and HgS do not present spectral features in
the mid-infrared region. Here, the typical bands of rabbit skin glue
appear broadened and clearly shifted to lower wavenumbers
(1650, 1548 and 1457 cm�1). The observed shift can reflect changes
in protein secondary structure and/or hydrogen bonding on hydra-
tion sites such as C@O and N-H upon interaction with the pigments.
Additionally, other optical effects can be considered for the explana-
tion of these shifts. The mixing with the pigments probably enhances
diffuse reflected radiation and dismisses the proportion of specularly
reflected components.

In the un-treated linseed oil spectra, bands located at
2930 cm�1 and 2855 cm�1 are assigned to asymmetric and sym-
metric (CAH) CH2 stretching [44], as well as the small shoulder
at 1463 cm�1, related to sp3 C-H bending vibration [45]. The most
intense band appearing at 1742 cm�1 is attributed to the C@O ester
vibration. The typical band of the olefinic C-H stretching at
3010 cm�1, characteristic of unconjugated cis double bonds is
not observed. This reflects the complete drying of oil film during
the month after applying it, which involves several processes as
cis–trans isomerization, conjugation, oxidation and polymeriza-
tion, all of them responsible for the depletion of this band [46,47].

Furthermore, the sharp features observed at 1684 cm�1 and
1630 cm�1, as well as the inverted band observed at about
1152 cm�1

, do not correspond to the characteristic bands of the bin-
der. In fact, they can be attributed to gypsum bands of the plaster
plate. The first two can be assigned to the deformation vibrations
of the O–H bond of the water molecules of the gypsum (see Figure S2,
Supplementary information).

Moreover, due to the high adsorption index k, the asymmetric
SO4

2� stretching band of gypsum is affected by the Reststrahlen
effect and consequently appears as an inverted band. These bands
were not observable in the spectra of the binders containing pro-
teins (rabbit skin glue and egg tempera), due to the strong absorp-
tion of the amide I bands. Bands characteristic of the binder are
slightly shifted in the mixtures with pigments with respect to
the pure binder but in lees extension as for rabbit skin glue. This



Fig. 2. Reflectance spectra of pigments when rabbit glue, linseed oil and egg tempera are employed as binders. Color code for the figure: O = Orpiment, V = Vermilion,
A = Azurite and W = lead white. Spectra were stacked for better visualization.

Fig. 3. Infrared spectra of (a) rabbit glue, (b) linseed oil and (c) egg tempera samples at the initial state (0 h) of the ageing process. Color code for the figure: O = Orpiment,
V = Vermilion, A = Azurite, W = lead white. Spectra were stacked for better visualization.
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shifts are indicative of pigment-binder interaction as pointed out
in other studies [48].

Regarding egg tempera, the two bands situated at 1754 cm�1

and 1684 cm�1 correspond to C@O stretching of the lipidic part
of the binder and C@O stretching of amide I (protein), respectively.
5

The band related to the absorption of amide II can be found at
1555 cm�1 and the band appearing around 1470 cm�1 can be
attributed to bending asymmetric vibrations of CH3 [49].

When considering the spectra of the pigments, only azurite and
white lead show characteristic bands in the spectral region under
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investigation. Their spectral features are more easily identified in
the mixture with linseed oil. Thus, for lead white, the distorted
Reststrahlen band of antisymmetric CO3

2� stretching (m3) can be
observed between 1392 cm�1 and 1504 cm�1 and the combination
band of m1 + m3 at about 2428 cm�1

, due to the ((PbCO3)2.Pb(OH)2)
structure of hydrocerussite [40,50]. In the case of azurite, spectral
features coincide with those previously reported for its reflection
infrared spectra, which shows strong absorptions in the region
between 1450 and 1420 cm�1, related to the m3 of CO3

2�. There are
also two bands located at 2497 cm�1 and 2556 cm�1 due to
m1 + m3 combination.

In order to study the changes induced by the accelerated UV
ageing, we have used FTIR hyperspectral images, as they contain
large amounts of information since each pixel corresponds to an
infrared spectrum. Painting layers are intrinsically heterogeneous,
for example on thickness or pigment-binder distribution, and this
may influence the behaviour upon UV irradiation. The use of
hyperspectral micro-images enables to take into consideration
these sample heterogeneities. Thus, using hyperspectral micro-
images each pixel of the image can be considered as a ‘‘sample
replicate” under the same irradiation conditions, providing a statis-
tically more robust approach for the evaluation of the changes
induced by irradiation in comparison with the conventional
approach (an average FT-IR spectrum acquired on each sample).
To deal with this large amount of information the use of chemo-
metric tools is mandatory. Here, we used principal component
analysis (PCA) to extract the information embodied in the hyper-
spectral data. In this way, we identified maximum variance within
the multivariate data space. The PCA results have been interpreted
by investigating simultaneously the scores and loading plots. For
each binder, we have compared the results considering the binder
Fig. 4. Single-binder PCA models for rabbit glue, linseed oil and egg tempera including
(black), 24 h (red), 72 h (blue) and 120 h (green).

6

alone (single-binder models, all summarized in Fig. 4) and mixed
with the different pigments (pigment-binder models). Further-
more, models combining different pigments with the same binder
(two pigment-binder models) were investigated to study the influ-
ence of the pigment identity in the changes. The following discus-
sion will be organized according to the binder employed.
3.2.1. Rabbit skin glue
Fig. 4a shows the results of PC analysis for the samples consid-

ering the rabbit glue alone. Taking into account that no pre-
treatment of the spectra was considered, PC1 (99,1%) reflects the
average values of all spectra, and it is necessary to consider the
PC4 (0,38%) to find the changes related to the irradiation. The vari-
ability collected by PC2 and PC3, not related to UV-irradiation time,
is possibly explained by differences in the proportion of specular
reflected radiation, since this binder showed the brightest surface.
The inspection of the loading of PC4 revealed a shift in the band of
the Amide I, with a decrease of the component at higher wavenum-
ber (1755 cm�1) and the increase of the lower wavenumber side of
the band (1693 cm�1). This is in agreement with former studies
that reported the shifting of amide bands of collagen upon UV irra-
diation due to the induced disorder of the secondary structure [51].
When studying the pigment-binder models, the tendency is simi-
lar, being particularly clear in the case of orpiment and vermillion,
thus no effects due to the identity of the pigment were observed.
Interestingly, additional features at 1770 and 1724 cm�1 increase
with ageing. This is also observed in models combining data from
two different pigments with the same binder, as it is the case for
vermilion and orpiment. Since these two pigments do not present
spectral features in the mid-IR region, the data have been treated
score graphs and more relevant loadings plots. Color code for the score plots: 0 h



Fig. 5. Two pigments-binder PCAmodel for vermilion (red) and orpiment (yellow) samples with rabbit skin glue including (a) score graph and (b) more relevant loadings plot.
Color code for the score plot: from dark to bright color (0 h to 120 h). Arrow to indicate the direction from initial to final step of ageing treatment.
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together building a two pigments-binder PCA model (see Fig. 5). As
can be seen, there is a clear grouping of the spectra according to
the irradiation time along the axis defined by PC3. It exhibits a pro-
gression from untreated samples (dark red and yellow for vermil-
ion and orpiment, respectively) owing positive score values, to
samples at 120 h of the ageing procedure, showing negative values
in this case and labelled with light colors.

The band at 1724 cm�1, which increases with irradiation time,
can be attributed to carbonyl moieties formed by oxidation of
the proteins. This seems to indicate that the presence of pigments
favored the degradation of proteins. This is most remarkable in the
case of orpiment, with larger changes in PC3 score values. The oxi-
dation of the polypeptidic chains leading to the generation of car-
bonyl compounds with characteristic vibrations in the region
1700–1750 cm�1 has been previously described for degraded his-
torical parchments [52]. In fact, the increase of the intensity of this
region with respect to the Amide I band has been proposed as a
marker for oxidative damage of parchments. In Fig. 6, the ratio of
the intensities of 1724 cm�1 and 1649 cm�1 bands for the vermil-
ion sample is shown. As can be observed, the band related to car-
bonyl moieties starts increasing its intensity in relation to the
Amide I band at the very first stages of the ageing treatment, reach-
ing high values at the end of the treatment. This means it can be
described as a gradual process, happening along with the UV expo-
sure time.
3.2.2. Linseed oil
In the case of linseed oil, the changes observed for the binder

alone revealed a general decrease in its characteristic bands
(2928, 2850, 1742, 1710, 1463 and 1182 cm�1) upon UV irradia-
tion, as can be seen in the loading plot of PC2 (0,10%) in Fig. 4. This
Fig. 6. False-color distribution maps of the spatial distribution of the ratio of the inten
obtained at the progressive stages of the ageing process.
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can be attributed to certain evaporation of the organic medium due
to the breakdown of the triacylglycerols and the formation of vola-
tile compounds.

This can be further illustrated (see Fig. 7) by constructing distri-
bution maps showing the ratio between the area of the main band
of linseed oil (1742 cm�1) and the most intense band of the gyp-
sum support (1684 cm�1) during the ageing process. The propor-
tion of linseed oil clearly decreases with irradiation time.

This effect is not observed when the pigments are added to the
binder, which is in agreement with previous studies based on ther-
mogravimetric analysis (TG) and gas chromatography-mass spec-
trometry (GC–MS) [53]. These authors observed that when fatty
acids were saponified by the Pb2+ present in the lead white pig-
ment, the evaporation of the binder did not take place, in contrast
with the surprisingly fast rate of depletion of glycerol and fatty
acids for the binder alone upon ageing. In our case, when the bin-
der was mixed with pigments, the inspection of loading and score
plots for each pigment revealed certain distinctive features (see
Table 1).

Changes upon irradiation were more easily observed for vermil-
ion and orpiment, as explained before. Azurite showed the most
complex pattern of changes and the tendencies with irradiation
were more difficult to interpret. In general, the broadening of the
carbonyl band with ageing, which had been observed in previous
studies [46–49], was revealed to be due to the increase of bands
in the region 1790–1770 cm�1 and 1710–1670 cm�1. The exact
positions of the bands were dependent on the pigment identity.
The band at ~ 1780 cm�1 can be assigned to lactones or anhydrides.
This absorption is thought to be specific for drying oils [47]. The
absorption at 1710–1690 cm�1 can be assigned to the carboxylic
and dicarboxylic acids (like azelaic acid) typically formed upon oxi-
sities at 1724 cm�1/ 1649 cm�1 of vermilion pigment with rabbit skin glue binder



Fig. 7. False-color distribution maps of the spatial distribution of the ratio of the areas of 1742 cm�1/1684 cm�1 of linseed oil sample of the plaster plate obtained at the
progressive stages of the ageing process.

Table 1
Tentative assignment of changes in the infrared bands during ageing of samples with different pigments and linseed oil as binder.

Pigment Bands (cm�1) Assignment Reference

Vermilion Increasing 1770 C@O stretching of ester [45]
1701 Carboxylic and dicarboxylic acids [47]
1616 Formation of calcium oxalates [54]

Decreasing 1187 CAO stretching of triglycerides [53]
Orpiment Increasing 1772 C@O stretching of ester [45]

1677 Conjugated carbonyl compounds [53]
1629 Calcium oxalates [54]

Decreasing 1741 C@O stretching of ester [45]
1146 C-O stretching of triglycerides [53]

Azurite Increasing 2558 m1 + m3 combination modes of CO3
2� of pigment [48]

2496 m1 + m3 combination modes of CO3
2� of pigment [48]

1879 m1 + m4 combination modes of CO3
2� of pigment [48]

1587 Copper carboxylates [53]
Decreasing 1741 C@O stretching of ester [45]

1689 Conjugated carbonyl compounds [53]
1463 Antisymmetric stretching (m3) of CO3

2� of pigment [48]
1432 Antisymmetric stretching (m3) of CO3

2� of pigment [48]
White lead Increasing 1787 Lactones or anhydrides [47]

1725 m1 + m4 combination modes of CO3
2� of pigment [48]

1494 Antisymmetric stretching (m3) of CO3
2� of pigment [39]

Decreasing 2913 Asymmetric (CAH) CH2 stretching [44]
2853 Symmetric (CAH) CH2 stretching [44]
1679 Conjugated carbonyl compounds [53]
1509 Lead carboxylates [53]
1125 CAO stretching of triglycerides [53]
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dation. Featuresat lowerwavenumbers like1670cm�1 canbeattrib-
uted to conjugated carbonyl compounds. In all cases, a decrease of
the intensity in the region 1190–1120 cm�1 (attributed to C-O
stretching of triglycerides) was also observed. Furthermore, the for-
mation of metal carboxylates has been reported to be a common
degradation phenomenon in paintings, due to the reaction of mono
and dicarboxylic acids not incorporated in the polyanionic network
with metal cations from the pigments. In our study, this was clearly
observedonly for azurite,with the increase of the band at 1587 cm�1

characteristic of copper carboxylates [54]. In the case of lead white,
the band at 1509 cm�1 observed in the loading vector of the PC
related to ageing, is difficult to attribute to lead carboxylates, as
the pigment shows a band in the region. For vermillion and orpi-
ment, there was no evidence of metal carboxylates formation. Nev-
ertheless, the increasingbandobserved for these twopigments at ca.
1620 cm�1 couldbe attributed to calciumoxalates formeddue to the
interaction of oxalic acid, a dicarboxylic acid typically found in aged
lipidic binders [55], and the gypsum support.

3.2.3. Egg tempera
In the case of this binder, the score plot of PC1 versus PC2 for

the single binder PCA model (Fig. 4) shows a clear distinction
between the non-irradiated samples (0 h) and the rest, correspond-
ing to the progressive steps of the ageing process. This reveals that
8

main changes occurred during the first hours of irradiation. The
same happened for the pigment-binder models, which is an inter-
esting observation since, for this binder, the color changes of the
pigments occurred in the opposite way: little color changes were
detected at the beginning and they were more pronounced with
long exposure times. Thus, in the initial phases of the ageing treat-
ment, the oxidation of the binder was the main effect induced by
UV irradiation. This fact was particularly remarkable in the case
of lead white (see Fig. 8). This suggests that the presence of lead
white accelerated the oxidation of the binder. In the case of azurite,
the tendency observed is more complex, since the score values for
PC2 increase in the first steps of irradiation and then decrease
reaching negative values. The inspection of the corresponding
loading vectors revealed changes mostly coincident with those
observed for linseed oil. The most noticeable were the increase of
absorption bands at 1770 cm�1 and 1710 cm�1. This is not surpris-
ing since egg tempera is a mixture of egg yolk and linseed oil, and
triglycerides are present in both materials. The distinctive features
of egg yolk are the bands of proteins, which seem to be more stable
upon irradiation than lipidic components. As can be seen in Fig. 8,
in the case of this binder, it is also remarkable that the changes
associated with irradiation are clearly reflected in changes in the
score values of more than one PC (with the exception of vermilion,
for which PC2 explained most of the variance related to ageing).



Fig. 8. Score plots of pigment-binder PCA models of (a) vermilion, (b) orpiment, (c) azurite and (d) lead white with egg tempera. Color code for the figure: from dark to bright
color (0 h to 120 h). Arrows to indicate the direction from initial to final step of ageing treatment.
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Since principal components are mutually orthogonal that means
that two uncorrelated processes are simultaneously happening
upon irradiation. The inspection of the loadings of PC2 and PC3
revealed differences mainly in the region 1200–1100 cm�1. They
could be related to the oxidation of phospholipids present in egg
yolk that present distinctive spectral features in this region when
compared with triglycerides [56].
4. Conclusions

The methodological study presented illustrates the high poten-
tial of hyperspectral infrared microimaging for the investigation of
UV induced changes of organic binders in pictorial layers. Painting
layers are intrinsically heterogeneous, showing variable thickness
and surface roughness and with uneven pigment-binder distribu-
tion. Using FTIR microimaging each pixel of the image is represen-
tative of the sample area of the mock-up sample from it was
recorded and therefore, when the whole image is considered, dif-
ferences in the behaviour upon UV irradiation are taken into con-
sideration. To extract useful information from the data, different
PCA models have been built including both single-binder models
and models with pigment-binder mixtures. Even when considering
short UV radiation exposition times, the characteristic spectral
changes of the binders have been detected, being mostly related
to the formation of oxidized functional groups. Fiber optic visible
reflection spectroscopy (FORS) provided complementary informa-
9

tion about the color changes of the pigments. However, no clear
relation was found between colorimetric changes registered and
the alteration processes suffered by the binders in our model sam-
ples. The interaction between different pigments and binders is
also an interesting issue. Thus, for example, in the case of egg tem-
pera, it was clearly seen that the presence of lead accelerated the
alteration of the binder and this was also reflected in the loss of
the yellow color due to the binder in these mixtures. Curiously,
for the rest of the analyzed pigments, egg tempera seemed to play
a protective role in the preservation of the color. The obtained
results highlight the need of considering pigment-binder interac-
tions when studying the degradation processes of the binders. This
is the case, for example of linseed oil: the evaporation of the bin-
der, probably due to the breakdown of the triacylglycerols, was
clearly observed in the single binder model but not when it was
mixed with the pigments. Even when more investigations are
needed to draw general conclusions on the effects of different pig-
ments on a given binder, the usefulness of hyperspectral FTIR
microimaging for the evaluation of UV induced ageing of pictorial
samples is demonstrated.
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