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This work shows the capability of principal component analysis (PCA) to detect molecular, chemical
and mineralogical changes in historic painting materials subjected to a thermal ageing test (<250°C).
To simulate the heat-induced alterations an ageing accelerated process was performed on two sets of
samples containing two mineral phases (hydroxyapatite and quartz) and two organic compounds (col-
lagen and albumin). The chosen minerals behaved as internal standards during the tests since they are
stable and chemically inert at the tested temperatures. Raman microscopy (RM) was applied to charac-
terise one set of samples made of bone, containing ca. 70% hydroxyapatite and 30% collagen. Attenuated
total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was used to study the other set of
samples made of four different quartz/albumin mixtures with quartz contents of 30%, 50%, 70% and 90%
(w/w). The aim was to identify the ideal proportion of internal standard to be validated by ATR-FTIR and
PCA, determined to be 70%. PCA analyses detected changes in the molecular structures of the organic com-
ponents while the internal mineral standard remained stable. Moreover, the internal standard IR/Raman
bands were constant during the tests and confirmed that the results of PCA analyses were independent
of instrumental and technical factors, as well as sample collecting and handling. This demonstrates the
potential benefits of our approach to study historical painting materials, which have suffered any type of

Keywords:

PCA

Thermal ageing test
Painting materials
Internal mineral standard
ATR-FTIR

Raman microscopy

heat-induced alteration.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Research aims

This work describes a methodology based on the use of internal
mineral standards to validate possible molecular changes in two
sets of painting samples revealed by PCA. To this end, changes have
been studied during an accelerated thermal aging test performed
on albumin/quartz (SiO,) and collagen/chicken bone [composed
mainly of hydroxyapatite, HAp, Ca1o(PO4)s(OH), samples]. Vibra-
tional spectrocopic techniques were used to characterise these
samples. Subsequently, the spectral data were analysed by PCA.
In both cases, quartz and hydroxyapatite were selected as internal
standard minerals since they are stable through the thermal tests
and their corresponding spectral bands are invariable and non-
overlapping with the bands of albumin and collagen. The ultimate
goal was to identify the capability of PCA to track the ageing pro-
cess of the studied samples due to harmful temperatures (<250°C)
such as those caused by exposure to candle burning.
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2. Introduction

The study of alteration processes of painting materials in arte-
facts is challenging due to the complexity of their composition and
variety of alteration mechanisms, as well as interactions among
them. Historical paintings contain pigments, mainly mineral phases
(e.g. azurite, cinnabar, minium), and specific binding media such as
calcium carbonate, protein binders or drying oils [1-5]. Painting
materials are sensitive to the influence of atmospheric pollu-
tion, humidity, temperature and varying environmental conditions
associated with climate change or catastrophes [6-14]. In fact,
exposure to extreme temperatures caused by fire resulting from
candle burning, heating or eruptions of volcanos could involve
serious damage, for example, in the inner pictorial decorations
of monuments [7,14]. In this regard, other studies describe how
organic components are more easily degraded than pigments
due to oxidation or denaturation processes [8,9]. Knowing the
stability and/or chemical modification of painting materials is
critical to designing the right strategy to conserve or restore
painting artworks [4-8,13,15]. In any case, to fully characterise
organic and mineral painting materials and their alteration prod-
ucts, a combination of advanced analytical techniques is necessary
[2,9,15].
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Regarding advanced analytical techniques, Raman and Infrared
spectroscopies provide a wealth of information regarding chem-
ical composition and structural features of inorganic and
biomolecular compounds [16-18]. However, the complexity
of analytical data from painting materials often makes nec-
essary the use of sophisticated statistical and mathematical
methods for data analysis. Therefore, there is an increasing interest
in applying chemometric tools to spectral data to help characterise
Cultural Heritage materials with complex composition [19-24].
Principal component analysis (PCA) is one of the most commonly
used of these methods. In fact, PCA greatly facilitates analytical
data interpretation and helps to classify or group samples accord-
ing to similarities in composition and/or molecular conformation,
e.g., which are indicative of alteration processes to which these
materials have been subjected [25-27].

Nevertheless, spectral data are highly dependent on multiple
factors such as instrument settings, sample preparation and hand-
ling or acquisition time. Additionally, instrumental miscalibration
or measurement errors can substantially modify spectral data,
altering peak intensities or shapes, or even the appearance of spu-
rious peaks. Thus, these changes in spectral data can induce the
misclassification of samples with similar characteristics in different
groups when using PCA methods. This in turn may induce erro-
neous conclusions about alteration processes or mechanisms to
which they have been subjected. Also, sensitive components can
be altered during analysis, for example by laser exposition during
Raman analysis [22].

In order to detect and correct these systematic and other instru-
mental errors it is necessary to evaluate data quality by measuring
substances with well-known and accurate spectral data [28]. The
spectra generated by these standard substances can be compared
with the tabulated spectral data to check for any change arising
from differences in sample handling, instrument miscalibration, or
other problems, which may arise during sample measurement. The
standard substances can be a natural component of the studied
sample or can be intentionally added. Ideally, standards must be
chemically stable in the face of the treatment to which the samples
are subjected, and should not react with any sample components,
so that their contribution to the spectra is constant throughout the
test and measurement period.

Considering the above, this paper focuses on the denaturation
(not destruction) temperatures of the proteinaceous binders (i.e.
albumin and collagen) present in tempera model samples (i.e.,
binders are mixed with mineral components, namely quartz and
hydroxyapatite) due to thermal alteration. To better track the
alteration process of the proteinaceous binders, the selected min-
eral components (used as mineral standards) should be stable
throughout the thermal test and their Raman/FTIR spectral bands
invariable and not overlapping the organic bands of the proteins.
Thus, under these conditions we were able to observe slight molec-
ular changes in the proteinaceous binders.

3. Materials and methods
3.1. Reagents and samples

To track possible heat-induced transformation/alteration pro-
cesses in historic painting materials, we have prepared two sets of
model painting samples. In one set of samples the standard mineral
is a natural component of the material under investigation, which
is a natural composite, since fresh chicken bones (femur) com-
posed of hydroxyapatite (70%) and collagen (30%) were chosen. The
bones were ground using a cryomill (CertiPrep 6750, Freezer/Mill,
SPEX). Powdered burned bones have been used as white or black
pigments [29-32]. Collagen extracted from animal skins, bones or

fishes has been used as binders in historical paintings and patinas
since Ancient Egypt [33,34]. The other set of samples was made
by mixing albumin and quartz (SiO;), so quartz was intentionally
added as mineral standard to the sample mixture. For this set of
experiments, pure quartz was mixed with albumin (Kremer Pig-
ments GmbH & Co.KG; CI: PB 63250) to prepare four different
quartz/albumin mixtures with quartz contents of 30%, 50%, 70% and
90% (w/w). The use of quartz as an extender is very frequent in his-
torical paintings [4,5,29]. In addition, the use of albumin as organic
binder is common, for instance, it is present in egg which is a tradi-
tional media used in the tempera grassa painting technique [29]. In
addition, non-aged (untreated) model samples were used as blanks
and analysed for both studies.

3.2. Thermal aging processes

According to Rossi and Schiraldi, denaturation of the main egg
proteins takes place within the temperature range 60-100 °C, while
the destruction of collagen and the rest of the organic materials
present in bones occurs at temperatures between 350 °C and 650 °C
[35,36]. Therefore we have analysed aged model samples heated
after their collagen denaturation (at T > 100°C), but below the tem-
perature of protein destruction. As a consequence, the maximum
selected temperature for our tests was 250°C.

The powdered bone sample was divided into four fractions. One
fraction was used as a blank (control) sample and the other three
were heated to different temperatures (150°C, 200°C and 250°C)
using a muffle Thermo Scientific Thermolyne, mod. F4791026 (USA)
during 15 minutes. Subsequently, the resultant samples were ana-
lysed by RM. Similarly, the quartz/albumin mixtures were divided
into four fractions. One fraction was used as control sample and
the other three were heated in the same oven to 100°C, 150°C and
250°C. Afterwards, such samples were analysed by ATR-FTIR.

3.3. Raman microscopy (RM)

A Renishaw Invia Raman microscope system fitted with a
Peltier-cooled CCD detector and a Leica DMLM microscope was
used to analyse the inorganic and organic compounds presentin the
bone samples. Samples were excited with a 785 nm diode laser over
the range of 400-3200 cm~! with an average spectral resolution of
approximately 1cm~!. To improve signal-to-noise ratios, 10 spec-
tra collected consecutively during 15 s each were averaged. Spectra
were taken by placing the samples on the microscope stage and
focusing on them with a 50 x objective. The video camera attached
to the microscope enabled both selection of the sample area to be
analysed and laser focus. Precautions were taken not to cause any
damage to the samples (i.e. laser-induced degradation of painting
materials). This was done by reducing the laser intensity and visu-
ally confirming the absence of damage in the sampling area with the
help of the camera. Consequently, 50% laser power (150 mW) was
employed. For statistical analysis, each sample treated at different
temperatures was consecutively analysed 10 times from the same
location on the model sample in order to avoid spatial variation.

3.4. Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy

A JASCOFTIR6200 spectrometer (JASCO, Tokyo, Japan) equipped
with an ATR diamond crystal plate (MIRacleTM ATR accessory,
PIKE Technology) was used to analyse the quartz/albumin mixtures
samples treated at different temperatures. For each measurement,
200 scans were made with a resolution of 2cm~! in the region of
650cm~! to 4000 cm~!. Smoothing and baseline fitting were per-
formed using the JASCO software Spectra Manager v.2. As with the
RM analysis, every sample was characterised by 10 spectra obtained
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Fig. 1. Thermal ageing of bone samples. Raman microscopy spectra of fresh and
aged bone samples at 100°C, 150°C and 250 °C from 400 to 3200cm™!.

from the same location on the model sample to avoid spatial
variation.

3.5. Statistical analyses

The spectra acquired from the studied samples subjected to dif-
ferent thermal treatments were combined on an Excel spreadsheet
and the resulting data matrices were used as input data for the PCA
analyses. PCA analyses were performed using the Statistical Prod-
uct and Service Solutions program (SPSS, for Windows v.15, USA).
Specifically, in the case of the quartz/albumin mixtures, four differ-
ent data matrices were prepared containing spectra data from each
mixture prepared at different ratios, which included 10 spectra of
the quartz/albumin samples at each temperature studied (fresh and
aged samples). In this way, each matrix was initially formed by
40 spectra. The principal components (PCs) were obtained using
both the covariance data matrices (scaling by mean-centered data)
and the correlation data matrices (scaling by unit variance). PCA
results from correlation data matrices were better, as showed in
previous works [21,22]. Thus, the results shown and discussed here
correspond to autoscaled data. In this work only regions contain-
ing relevant bands were selected to apply PCA. Similarly, for the
bone samples a correlation data matrix was prepared containing
the information from 40 spectra.

4. Results and discussion

Fig. 1 shows the Raman spectra of the bone samples treated at
different temperatures in the region between 400 and 3200 cm™!
where thermal degradation is evident. The PCA analysis of the
spectral data focused on the region from 650 to 1730 cm~! which
included the main characteristic Raman bands of the principal
chemical component of bones, i.e. the phosphate band of the HAp
mineral and the amide or C-H groups of proteins and lipids [37]. The
two first principal components explained 99.97% of the total vari-
ance of the data (Fig. 2). Scores for PC1 and PC2 showed that data
from bone samples treated at the same temperature were grouped
in the same cluster, and the clusters of samples treated at differ-
ent temperatures separated well. In particular, PC1 (accounting for
94.6% of total variance) distinguishes fresh bone samples with pos-
itive scores from aged bone samples heated at 100°C, 150°C and
250°C, which showed negative scores (Fig. 2a). On the other hand,
the information contained in PC2 (accounting for 5.1% of total vari-
ance) was associated with the thermal degradation of samples up
to 250 °C (with negative scores), separating aged samples from the
rest of the bone samples studied, which showed positive scores
(Fig. 2a).

In addition, the analysis of the corresponding values of loadings
plots of PC1 and PC2 revealed strongly negative values for the wave
numbers associated with the main phosphate band of HAp (around
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Fig.2. Principal componentanalysis (PCA)in the Raman microscopy region between
650 and 1730 cm™"'; a: Scores plots; b: loading plots for PC1 and PC2.
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Fig. 3. Score plot of the two principal components for the hydroxyapatite Raman
region between 833 and 912cm~', PC1 and PC2 of bones samples. Figure includes
ageing at different temperature (Fresh; 150°C; 200°C and 250°C).

958 cm~!; Fig. 2b). This result indicates that the spectral bands of
the HAp mineral remain unchanged during the heating test. This is
further confirmed with the PCA for the Raman region between 833
and 912 cm~1, where the main Raman band of phosphate groups
appears (958 cm~1). The first PC, accounting for 99.97% of total vari-
ance, did not discriminate samples related to the thermal ageing.
A unique cluster was identified for fresh and aged bones sam-
ples (Fig. 3). This result was expected since HAp is stable over the
temperature range selected in this work, and more importantly, it
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Fig. 4. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra
of 70% quartz/albumin sample from 650 to 4000 cm~! fresh and treated at 150°C,
200°C and 250°C.

confirms the quality of the results of the PCA analyses and that the
data acquired are correct. By contrast, bands associated with pro-
teins and lipids showed positive weight of the loadings plots of PC2
(Fig. 2b), indicating that these components are strongly affected by
the thermal test. In particular, the PC2 loading plot clearly showed
that these bands have an important contribution and are more
strongly affected in samples heated to 250 °C. In this case, the most
notable changes - to the amide I band at about 1640-1670cm™1,
i.e. v C=0 (a helix) and for v (C=Cgans) at 1125 cm~! of phospho-
lipids and proteins - could be indicative of a conformational change
of protein secondary structure [38] (Fig. 2). The bands at 1295 cm™!
and 1438 cm~! associated with lipids were also notably affected by
the test temperatures in agreement with results from other authors
[37,38].

In the case of the quartz/albumin mixtures (quartz contents of
30%, 50%, 70% and 90%), the spectral region from 600 to 1770 cm™!
containing the characteristic bands of quartz (779, 796, 1060 and
1089 cm~1) and the albumin (1156, 1440, 1524 and 1660cm™1)
were analysed by PCA [38,39]. In this work, the optimum amount of
quartz contained in the composite samples has to be established to
determine the minimum detectable quartz signal without interfer-
ing with the albumin bands. Four PCA analyses were carried out, one
for each quartz/albumin mixture. Table 1 summarises the explained
variance for the PCA analyses on each group of samples. The best
results were clearly obtained when the proportion of quartz in the
quartz/albumin mixture samples was 70% (Fig. 4).

The PCA results for samples containing 30% and 50% of quartz
showed a greater variability in their weights (Figs. 5 and 6). In
these multivariate analyses, the first calculated PC consistently
accounted for more than 70% of the variance present in the spectra
(Table 1), specifically 73.3% in the case of the 30% quartz/albumin
samples, 77.4% in the case of the 50% quartz/albumin samples, and
95.1% in the case of the 70% quartz/albumin samples. This indicates
mainly one source of variability in the spectra being observed in
70% albumin/quartz, which was related to the presence of quartz.

In particular, score plots for 30% quartz/albumin samples
showed separation of samples in groups according to the treatment
temperature, i.e. four groups were clearly discriminated when the
first two PCs were plotted against each other (Fig. 5a). These two
first PCs account for 96.9% of the total variance (Table 1). The load-
ing plot for PC1 showed a high weight for the whole band between
1200 and 1700 cm~! where some characteristic Raman bands of
albumin appear. Additionally, the corresponding plots of PC2 load-
ings showed the highest weight at 1690 cm~! revealing a shift in
the position of the amide I band from 1636 to 1690 cm~! (Fig. 5b).
This result indicates an alteration of the conformational structure
of the albumin due to its thermal degradation, in agreement with
Furlan et al. [38].

On the contrary, only three clusters were identified for 50%
quartz/albumin mixture samples when plotting PC1 against PC2
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Table 1
Principal component analysis (PCA) results in the quartz/albumin mixture samples.

ATR-FTIR region (cm~') PC Variance explained (%) Accumulated variance explained (%)
30% quartz/albumin 760-1700 PC1 73.6 73.6
PC2 233 96.9
50% quartz/albumin 950-1730 PC1 77.4 774
PC2 21.7 99.1
70% quartz/albumin 650-1730 PC1 95.1 95.1
PC2 3.7 98.8

ATR-FTIR: attenuated total reflectance-Fourier transform infrared.

(these two PCs accounted for 99.1% of the total variance). Specif-
ically, the untreated (fresh) samples had negative scores for PC1;
while the samples treated to 150°C and 200 °C were grouped in
one cluster around zero scores for both PCs (Fig. 6a). Another group
with positive score for PC1 was identified, which included data from
samples heated to 250 °C. In these samples, the corresponding load-
ing plot was less informative than for the 30% mixture samples. A
broad region of high weight resulted and no relevant information
was obtained (Fig. 6b).

In the case of the quartz/albumin mixtures containing 70%
quartz, the score plot of PC1 (95.1%) versus PC2 (3.7%) accounted
for 98.8% of the total variance, and the samples clustered well and
separated according to temperature, i.e. four groups were identi-
fied in the first two component projection (Fig. 7a). The information
contained in the loading plot of this PC when plotted versus the
wavenumber values analysed showed that the values with the low-
est weight were those at 779cm~!, 1060cm~! and 1089cm!,
which correspond to the characteristic bands of quartz (Fig. 7b).
This is due to the fact that quartz is stable over the temperature
range of the test and thus its spectral bands are unaffected by the
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Fig. 7. Principal component analysis (PCA) of the thermal ageing of the 70%
quartz/albumin samples in the attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) region between 650 and 1730cm™': a: Scores plots; b: load-
ing plots for PC1 and PC2. Figure includes ageing at different temperature (Fresh;
150; 200 and 250°C).

thermal treatments, as expected. On the contrary, PC2 added no rel-
evant information to the first PC, accounting for less than 5% of the
variance. On the other hand, in the case of the 90% quartz/albumin
mixture sample, the PCA results were not interpretable since the
quartz bands masked the characteristic spectral bands of albumin
(not shown). Thus, in this later case, the excessive amount of quartz
in the mixture prevented the gathering of high quality data for the
albumin, and it was not possible to distinguish how albumin was
altered by the thermal test.

5. Conclusions

This work has demonstrated the capability of PCA to distin-
guish slight changes in the molecular structures of the organic
components present in the complex samples containing both min-
eral phases and organic compounds, due to an accelerated thermal
aging test. The quality of the data and the validity of the PCA results
were assessed by the use of quartz or hydroxyapatite as internal
mineral standards in two different composite samples (i.e. arti-
ficial and natural) containing either albumin or collagen. These
minerals remained unaltered in the studied samples during the
thermal tests, contributing constantly to the spectra. In addition,
this validation method made possible identification of the suitable
proportion of internal standard to be added to a sample, in such a
way that it can be used to validate results of PCA analyses. Basi-
cally, the amount of the mineral used for internal standard has to
be enough to produce a relatively high intensity peak so that it can
contribute significantly to the spectra. For instance, in this study the
concentration of the mineral used as internal standard should be
around 70% (by weight) in the mixture (inorganic-organic) sample
to obtain a good spectral signal from both types of compounds.

Regarding the spectrometric techniques used to characterise the
composite samples, both ATR-FTIR and RM showed similar capabil-
ity to validate the quality of the PCA results. However, RM provided
clearer spectral bands and thus better discrimination of samples
by PCA analyses, and this evaluation was not influenced by any
instrumental or technical factor.

Based on the results of this study, we propose the following
recommendations in order to validate results of spectral data ana-
lysed by PCA obtained from complex samples. The substance used
as aninternal standard should be stable and chemically inert for the
test conditions, i.e. stable against temperature or other parameters
or agents such as acids or UV radiation. Regarding thermal aging
processes, we propose the use of mineral phases such as quartz,
apatite or hydroxyapatite, which are stable over a large temper-
ature range. The material of choice to be used as a standard also
should ideally have a simple spectrum, with a single or few char-
acteristic spectral bands, which in addition should not mask the
key bands of the organic or inorganic compounds present in the
analysed sample.

The validation methodology of PCA described here, based on the
use of a stable mineral standard, might be also valid for many min-
eralogical studies, such as archaeological investigations involving
transformation or reaction processes of minerals. For instance, it
can be applied to better understand the heat-induced alteration of
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mineral pigments (clay minerals, realgar, minium, etc.) commonly
found in wall paintings, as well as archaeological metals or potter-
ies. Additionally, it can be useful to determine the compatibility or
reaction of materials introduced during restoration interventions,
with the original materials.
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