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Abstract: This work deals with the identification of natural binders and the study of the complex
stratigraphy in paintings using reflection FT-IR spectroscopy, a common diagnostic tool for cultural
heritage materials thanks to its non-invasiveness. In particular, the potential of the near-infrared
(NIR) spectral region, dominated by the absorption bands due to CH, CO, OH and NH functional
groups, is successfully exploited to distinguish a lipid binder from a proteinaceous one, as well
as the coexistence of the two media in laboratory-made model samples that simulate the complex
multi-layered structure of a painting. The combination with multivariate analysis methods or with
the calculation of indicative ratios between the intensity values of characteristic absorption bands is
proposed to facilitate the interpretation of the spectral data. Furthermore, the greater penetration
depth of NIR radiation is exploited to obtain information about the inner layers of the paintings,
focusing in particular on the preparatory coatings of the supports. Finally, as proof of concept, FT-NIR
analyses were also carried out on six paintings by artists working in Lombardy at the end of the
15th century, that exemplify different pictorial techniques.

Keywords: FT-NIR spectroscopy; binder; painting; stratigraphy; non-invasive analysis

1. Introduction

The analysis of the binders, i.e., the media in which the pigments are dispersed to
be spread on the pictorial supports, is an important but demanding task in the field of
conservation science.

Over the centuries, artists have used a wide range of materials—drying oils, natu-
ral gums and proteinaceous materials, such as egg white or yolk, animal glue or milk
derivatives—associated with different painting techniques. Since ancient times, proteina-
ceous tempera based on egg yolk diluted in water was used in painting, while egg white
or yolk, vegetable gums and animal glues were preferred, separately or in mixture, to
create illuminated manuscripts. In the Renaissance, the use of drying oils spread in Eu-
ropean painting and these gradually became one of the most used binding media during
the modern age. The artists also experimented with recipes based on mixed binders to
improve and modify their pictorial properties or to obtain particular chromatic effects by
combining their different characteristics. This is the case, for example, of tempera grassa, an
emulsion of oil and egg or, sometimes, oil and casein [1]. Furthermore, even the preparatory
layers, i.e., the coatings spread on the support (typically a wooden panel or a canvas) before
the application of the subsequent layers, represent an important aspect in the investigation
of a painting. They were traditionally made of white mineral substances mixed with an

Sensors 2022, 22, 2052. https://doi.org/10.3390/s22052052 https://www.mdpi.com/journal/sensors

https://doi.org/10.3390/s22052052
https://doi.org/10.3390/s22052052
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-0321-543X
https://orcid.org/0000-0002-5077-0391
https://doi.org/10.3390/s22052052
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s22052052?type=check_update&version=1


Sensors 2022, 22, 2052 2 of 18

adhesive, usually animal glue. Gypsum (CaSO4·2H2O) or calcite (CaCO3) were the main
raw materials; the first was mostly adopted by artists from Mediterranean countries, while
the second was typical of central-northern Europe [2,3].

In this scenario, the identification of the binders is of great interest both for the
restoration and conservation of the paintings, and from the historical and artistic point
of view. Until now, the analytical technique commonly used for their investigation is gas
chromatography, often coupled with mass spectrometry (GC-MS) [4–8]. However, while
being a very sensitive and specific method, it suffers from the main disadvantage of being
destructive and sample-requiring. A completely non-invasive approach should instead be
highly recommended in the field of cultural heritage. In any case, compared to inorganic
pigments and fillers, the detection of binders is a difficult task as they are present in smaller
amounts and more subject to chemical alterations. Referring instead to the study of the
molecular composition of the preparatory layers and also of superimposed colour layers,
it is feasible only when a sample containing the entire stratigraphy is available. Fourier-
transform infrared micro-spectroscopy (micro-FTIR) in reflection mode can be used for this
purpose, but it requires the preparation of a polished cross-section of the sample. GC-MS,
on the other hand, does not usually allow for the discrimination of the layers, unless they
are previously separated mechanically.

Among the spectroscopic techniques traditionally used for the non-invasive analysis
of works of art [9–15], FTIR spectroscopy has acquired a key role thanks to the development
of portable and compact instrumentation suitable for non-invasive in situ analyses in
reflection mode. However, the mid-infrared (MIR) region (4000–400 cm−1), commonly
studied to characterize materials, is dominated by the strong absorption bands of the
pigments or, in general, of the substances that make up the surface layer of the painting,
such as protective varnishes. On the other hand, the range from 7500 to 4000 cm−1 of
the near-infrared (NIR) region shows interesting features for the identification of organic
compounds. This spectral range is in fact dominated by overtone and combination bands,
whose wavenumbers are multiples or sums of those of the fundamental bands—due to
stretching or bending vibrations—which occur in the MIR. These absorption bands are
broader and less resolved than the fundamental ones, but being orders of magnitude
weaker, they allow the acquisition of reflection spectra that do not require any processing
(e.g., Kramers–Kronig transform). Especially, the bands due to functional groups containing
hydrogen atoms (e.g., OH, CH, NH) are found in the NIR part of the spectrum and can be
exploited to identify organic binders, although their broadness can cause overlaps in the
case of mixtures and superimpositions of different substances. This problem is generally
addressed by using derivative methods, difference spectra and Fourier self-deconvolution,
which allow to enhance the resolution [16,17]. Furthermore, the lower absorption coefficient
and the higher energy of the NIR radiation allow a deeper penetration than MIR. This is a
main advantage as, in principle, it allows to obtain information on the composition of the
underlying layers.

For all these reasons, NIR spectroscopy has already been proposed for the identification
of artistic binders [18–21], also pointing out that their spectral pattern in this region is not
significantly affected by ageing and, therefore, fresh substances can be used as reference
materials. In particular, Vagnini et al. [18] proposed first a spectral database of pure
reference materials, highlighting the spectral features that can be useful to distinguish
different compounds belonging to the classes of lipids, proteins or resins. However, these
previous spectroscopic studies have mainly focused on pure binders. The NIR bands of
organic binders were then exploited, for example, also in a reflectance imaging investigation
of illuminated manuscripts to identify the presence of a generic binder containing fatty
acids [22]. The present work instead intended to investigate the possibility of exploiting
FT-NIR spectroscopy to recognize specific binders, such as drying oils, egg yolk or even
their mixtures, in complex multi-layered systems, as often were ancient easel paintings. In
this regard, the potential usefulness of the deeper penetration of NIR radiation to obtain
information on the inner layers of a painting was also considered. To this end, mock-up
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painting samples were first made in the laboratory following ancient recipes and using
different binders to spread pigments in one or more layers on wooden panels. In particular,
inorganic pigments showing absorption bands in the NIR region were chosen in order to
evaluate how they can influence the identification of binders. Two different ground layers
were used for the models, respectively consisting of calcite or gypsum mixed with animal
glue, considering that, unlike calcite, gypsum has characteristic absorptions in this spectral
region. Finally, a multivariate approach based on principal component analysis (PCA) of
spectral data was also investigated as a possible tool to differentiate binders.

As a proof of concept, FT-NIR analyses were then carried out on ancient paintings, to
gain a deeper insight on the applicability of this method for the non-invasive detection of
binders and the stratigraphic study of paintings. Works of art belonging to the Lombard
Renaissance were examined, in particular a “Madonna and Child” by Giovanni Antonio
Boltraffio (ca. 1495), a “Nursing Madonna” by an anonymous Lombard school painter
(ca. 1500–1510), again a “Madonna with Child” by Francesco Galli, also known as Francesco
Napoletano (ca. 1490–1500), “Ecce Homo” by Andrea Solario (1503–1505), “St. John the
Baptist” by Bernardo Zenale (ca. 1490–1520) and “St. Augustine and St. Jerome” by
Ambrogio da Fossano known as Bergognone (1492–1494). These paintings are particularly
interesting from the point of view of the investigation of binders, as they belong to the
transition period from the use of tempera to that of drying oil. Another interesting feature
is that, even if Italian paintings of the time had in many cases a preparatory layer made of
gypsum, in other cases, it was not present or was replaced by an oil priming layer which
could contain different pigments [23].

2. Materials and Methods
2.1. Materials

Linseed and walnut oil were purchased from local paint shops in Milano (Italy). Lead
white, azurite, yellow ochre, lead tin yellow and dammar resin were purchased from Zecchi
(Firenze, Italy). Red lead and hematite were bought from Sigma Aldrich.

2.2. Instrumentation

A Bruker Alpha FTIR spectrophotometer was used for non-invasive analyses in reflec-
tion mode. The instrument is equipped with a reflection module for contactless measure-
ments and a deuterated triglycine sulfate (DTGS) detector, operating at room temperature
and ensuring a linear response in the spectral range between 7500 and 375 cm−1. The FTIR
spectrophotometer collects spectra from a sample area with a diameter of approximately
6 mm and with a resolution of 4 cm−1. An integrated camera allows the operator to select
the area to be measured. FTIR spectra were acquired as sum of 200 scans after the back-
ground spectrum acquisition on a gold mirror. The reflection spectra in the MIR region
were processed by the Kramers–Kronig transform using the Bruker OPUS software. In the
NIR range, on the other hand, they were transformed into pseudo-absorbance Log(1/R).

2.3. Sample Preparation
2.3.1. Pure Binders

The pure reference binders were spread directly on glass slides and left to dry in the air
or, especially in the case of drying oils, in an oven set at ≈100 ◦C for 72 h to accelerate the
polymerization process. In particular, the reference materials were siccative oils (linseed,
poppy and walnut), egg (white and yolk) and animal glue.

2.3.2. Mock-Up Painting Samples

Mock-up samples, simulating the complex layered structure of real paintings (Figure 1),
were prepared on the basis of ancient treatises [24] and especially of the literature re-
porting the results of scientific studies on Old Masters’ paintings dating to the 15th–
16th century [23,25,26]. They were made on a wooden panel, and two different prepara-
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tory layers were used, commonly adopted by artists, and respectively based on calcite
and gypsum.
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Figure 1. Mock-up samples prepared in the laboratory: painting layers on (a) calcite ground layer;
(b) white and pink priming layers; (c) gypsum ground layer. The pigments were lead white, azurite
and yellow ochre for (a) and (b), and lead white and hematite for (c).

In the first case, a ground layer made of calcium carbonate (CaCO3) mixed with rabbit
skin glue (ratio 1:7) was first applied to the wooden support. The mock-up samples were
then prepared according to the stratigraphy reported in Table 1. The selected inorganic
pigments were yellow ochre FeO(OH)·nH2O, azurite 2CuCO3·Cu(OH)2 and lead white
2PbCO3·Pb(OH)2, which all show absorption bands in the NIR region that may overlap
with those of the binders. The binding media chosen were linseed or walnut oil, egg yolk
and a mixture of the two to produce the so-called tempera grassa. Two identical series of
samples were prepared, and a final layer of dammar varnish was applied to one of them.
Egg tempera was prepared from egg yolk, previously rinsed with water and then pierced
with a wooden stick to allow the spilling of the liquid used as binder. A spoonful of vinegar
was added to avoid fermentation. Both the drying oils and the egg yolk were mixed with
the pigments in a ratio of approximately 1:1. Finally, the varnish was obtained by dissolving
the dammar resin in turpentine essence.

For the second series of models, a preparatory layer of gypsum (CaSO4 2H2O) mixed
with rabbit glue (ratio 2:1) was first applied to the wooden panel, followed by a second
(ratio 1:1) and a third one with a higher proportion of glue and diluted with water (ratio 1:2).
Two different pigments (lead white and red ochre Fe2O3) with oil or tempera binders, pure,
in mixture or in multiple layers, were then applied on this coating (see Table 1).
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Table 1. Stratigraphy of the mock-up samples realized on a wooden panel.

Preparatory Layer Priming Layer a Binders Pigments

CaCO3 + animal glue

Animal glue
Egg tempera

Yellow ochre
Lead white

Azurite

Tempera grassa
Linseed oil on tempera

Walnut oil + lead
white Linseed oil

Walnut oil + lead
white + red lead +

lead tin yellow

CaSO4·2H2O +
animal glue

-

Linseed oil

Hematite
Lead white

Walnut oil
Egg tempera

Tempera grassa
Linseed oil on tempera
Tempera on linseed oil

a A primer layer was not applied over the gypsum ground, but more coats were applied (see text) for each pigment
spread in oil.

2.4. Preparation of Cross-Sections

Cross-sections were prepared from the mock-up samples to evaluate the thickness of
the paint layers and correlate it to the penetration depth of the NIR radiation. For each
sample, a small fragment containing all layers was carefully collected by a scalpel and
placed in a silicon mold on an already hardened layer of the embedding resin. The latter
was prepared by mixing Struers Epoxy resin and Epofix hardener in a 15:2 ratio and stirring
until the mixture was completely homogenous. The sample was then covered with a second
layer of resin and left to cure overnight. The cross-sections were manually polished using a
Struers Labopol-1 lapping machine equipped with a magnetic rotating disk. Several silicon
carbide abrasive papers with decreasing granulometry were used in succession, until the
surface of the sample came out of the resin block. A 6-µm DP-Struers diamond paste was
then used to obtain a perfectly smooth surface. Finally, the cross-sections were observed
and photographed using an Olympus optical microscope.

2.5. Data Processing

The FT-NIR spectra of the mock-up samples and pure binders were processed by
principal component analysis (PCA), performed by the MINITAB 14 software. The spectra
were first truncated between 6000 and 4000 cm−1 and normalized between 0 and 1. Subse-
quently, they were transformed into the corresponding 1st derivatives using GRAMS AI
software (Thermo Fisher Scientific) and the Savitsky–Golay algorithm (2nd degree polyno-
mial and 31 points), to eliminate the contribution of the baseline slope and to emphasize
the differences among the spectra. The variables to which PCA analysis is applied are,
therefore, the dA/dν values in the range 6000–4000 cm−1. The covariance matrix was used
to give less weight to baseline points in the calculation.

To calculate the ratios between band intensities, the baseline was subtracted from
the spectrum and the band heights were evaluated by using the Grams/AI software.
Absorption bands typical of oil or egg yolk, respectively, were chosen to exploit the ratio
as discriminating value between the two binders (see Section 3.3 for more details). When
bands due to the gypsum ground layer were observed in the NIR spectrum besides those
of the binder, the contribution of calcium sulphate dihydrate was subtracted using the
same software.

2.6. Case Studies

As proof of the concept of the proposed methodology, six paintings dating back to
the Lombard Renaissance were studied using FT-NIR spectroscopy. Three of the paintings
under investigation were made in the last two decades of the 15th century by pupils of
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Leonardo da Vinci. They were the “Madonna and Child (Madonna of the Rose)” by Gio-
vanni Antonio Boltraffio and the “Madonna nursing the Child” by an unknown Lombard
school painter, exhibited at the Poldi Pezzoli Museum in Milan, and the “Madonna and
Child” by Francesco Galli, called Francesco Napoletano, stored at the Pinacoteca di Brera in
Milan. These masterpieces have already been extensively characterized using imaging and
non-invasive spectroscopic techniques, as part of a dedicated project coordinated by the
Italian Consiglio Nazionale delle Ricerche—CNR and the University of Milano-Bicocca [27],
and the results of FT-NIR measurements reported here were collected during that survey
campaign. Two other paintings were examined on the occasion of their restoration, namely
“St. Augustine and St. Jerome”, painted at the end of the 15th century by Ambrogio da
Fossano, known as Bergognone, and belonging to the Chartreuse of Pavia, and “St. John
the Baptist”, a work by Bernardo Zenale from the beginning of the 16th century and part of
a private collection. All the above works are painted on a wooden panel. Finally, during its
restoration, the coeval painting “Ecce homo”, made by Andrea Solario on a paper support
applied on a panel and belonging to the Accademia Carrara in Bergamo, was also analysed
for comparison.

3. Results and Discussion
3.1. Model Samples with CaCO3 Preparatory Layer

Since calcium carbonate does not absorb in the NIR region, the only signals observed
in this range for the ground layer spectrum for these model samples are due to the animal
glue used to prepare it (Supplementary Materials Figure S1). The NIR spectra obtained for
the different painting layers will be discussed in detail below.

Tempera: The NIR spectra of all tempera mock-up samples (Figure 2d) allow the
identification of the proteinaceous binder, thanks to the characteristic bands at 5793, 5680,
5160, 4860, 4604, 4330 and 4258 cm−1, clearly recognizable in the spectrum of pure yolk
(Figure 2e). The corresponding assignments are reported in Table 2. All inorganic pigments
used show signals in this spectral range, because of the presence of -OH groups in their
chemical structure. In particular, lead white is recognizable from the band at 4275 cm−1,
azurite from those at 4370 and 4245 cm−1 and yellow ochre at 4526 cm−1 [14,28,29] (see
Figure 2 for the spectra of pictorial models containing lead white and Figures S2 and S3
and Table S1, for those containing the other pigments).

Furthermore, some minor spectral features suggest a contribution of the glue from
the preparatory and the priming layers, in particular, the slight broadening of the band at
4860 cm−1 and the shoulder at about 4400 cm−1 (Table 2). The MIR region of the spectra is
dominated by the signals of the inorganic pigments (for lead white at 1443 and 683 cm−1),
while the binder is suggested only by the bands at about 1650 and 1740 cm−1, respectively,
due to the proteinaceous and lipidic components of yolk (Table 2).

Tempera grassa: When the binder is a mixture of yolk and a smaller amount of linseed
oil, the NIR spectra (Figure 2c) are dominated by signals due to the first substance. In any
case, there is an increase in the signals at about 4330 and 4258 cm−1 (Figure S4), typical of
the lipidic component (Table 2). Furthermore, also in the MIR region the relative intensity
of the broad band at 1650 cm−1 compared to the signal at 1740 cm−1 is slightly higher in
the case of the pure egg binder than for the mixture with oil (Figure 2c).

Oil on tempera: The spectra of the superimposed layers of oil on tempera are very
similar to those of tempera grassa in the NIR region. However, focusing again on the MIR,
the band at 1650 cm−1 disappears while the one at 1740 cm−1, typical of siccative oils, is
more evident (Figure 2b). Therefore, by combining the information from the NIR and MIR
spectra, it is possible to distinguish a mixture from an overlap of oil and tempera binders.
This is a proof of the different penetration depths of NIR and MIR radiation, which can
therefore be exploited for a stratigraphic investigation.
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Figure 2. NIR (left) and MIR (right) spectra of: (a) linseed oil; (b) model painting sample of linseed
oil on tempera; (c) model painting sample of tempera grassa; (d) model painting sample of tempera;
(e) egg yolk; (f) model painting sample of tempera grassa with dammar varnish; (g) dammar resin. All
model samples contained lead white as a pigment. All spectra of the reference materials and model
painting samples were acquired in reflection mode, with the exception of the spectrum of dammar
which was acquired in transmission mode. The dashed lines indicate the two bands at 1740 and
1650 cm−1, respectively characteristic of oil and yolk in the MIR region.

Table 2. Assignments of the main bands observed in the NIR and MIR spectra of the components of
the mock-up samples.

NIR (6000–4000 cm−1) MIR (1800–400 cm−1)

Drying oil [18,30,31]

4260 νs(CH2) + δ(CH2) 1746 ν(C = O) triglyceride ester

4340 νa(CH2) + δ(CH2) 1466, 1380 δ(C–H)

4694 ν(C = O) + νa(CH2) 1246, 1172, 1102 ν(C–O)

5208 2nd overtone ν(C = O) ester

724 C−H torsion band5690 1st overtone νs(CH2)

5805 1st overtone νa(CH2)

Yolk [18,30,32]

4258 νs(CH2) + δ(CH2) 1746 ν(C = O) triglyceride ester

4331 νa(CH2) + δ(CH2) 1654 ν(C = O) amide I

4602 ν(NH) + amide II 1542 δ(C–N–H) amide II

4660 - 1460, 1380 δ(C–H)

4865 ν(NH) + δ(NH)

1238, 1164, 1065 ν(C–O) triglyceride ester
5165 ν(OH) + δ(OH)

5680 1st overtone νs(CH2)

5793 1st overtone νa(CH2)
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Table 2. Cont.

NIR (6000–4000 cm−1) MIR (1800–400 cm−1)

Animal glue [18,32]

4257 νs(CH2) + δ(CH2) 1672 ν(C = O) amide I

4381 νa(CH2) + δ(CH2) 1560 δ(C–N–H) amide II

4604 1st overtone ν(CO) amide I +
amide II

1455, 1405 δ(C–H)4893 νs(NH) + δ(NH)

5157 ν(OH) + δ(OH)

5786 1st overtone ν(CH2)

Gypsum [33]

4405 - 1622 δ(OH)

4515 νs(OH) + δ(OH 1178 ν3(SO4
2−)

5060sh -

685, 602 ν4(SO4
2−)5150 νa(OH) + δ(OH)

5726 -

Calcium carbonate [32]

- - 1440 ν3(CO3
2−)

- - 875 ν2(CO3
2−)

- - 713 ν4(CO3
2−)

Lead white [14,28]

4300 ν(OH) + deformation modes
(Pb-OH) 1447 ν3(CO3

2−)

4403 ν(OH) + ν(CO) 1047 ν1(CO3
2−)

4988 -
680 ν4(CO3

2−)
5135 -

Dammar [18,32]

4057 3rd overtone δ(CC) 1705 ν(C = O)

4164 νs(CH2) + δ(CH2)

1483, 1455 δ(CH)

4345 νa(CH2) + δ(CH2)

4632 1st overtone ν(CO) amide
I + amide II

4830 ν(CO) + ν(OH)

5190 ν(OH) + δ(OH)

5737 1st overtone νa(CH2)

5864 1st overtone νs(CH2)

Dammar varnish on tempera grassa: When a layer of dammar resin is applied as varnish
on the paint samples, the MIR spectra are dominated by its signals (at 1705, 1455 and
1380 cm−1), which hide those of the inorganic pigments, as shown in Figure 2f for a sample
of tempera grassa. In the NIR range, on the other hand, the spectral trend remains substan-
tially unchanged (except for a slight broadening of the signal at 4330 cm−1), allowing the
identification of the binder. This fact is, once again, explained by the greater penetration
depth of the NIR radiation, which can pass through the most superficial layer. The cross-
section obtained from a small fragment of the varnished mock-up sample allowed one to
estimate a thickness of 80 µm for the surface coating (Figure S5).

Oil on oil priming layer: The NIR spectra acquired from these mock-up samples clearly
demonstrate the presence of drying oil as a binder (Figure 3). The bands at 5805, 5690, 5208,
4694, 4340 and 4260 cm−1 are, in fact, typical of lipidic substances (Table 2). The spectra
of the two priming layers are very similar to each other (Figure 3b,c), confirming that the
presence of the two red lead and lead tin yellow inorganic pigments in the pink sample
do not affect the spectrum in the NIR region. In both cases, the signal already mentioned
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at 4275 cm−1 and a weaker one at 5135 cm−1 are due to lead white. Such signals are less
evident when a painting layer, even containing the same pigment, is applied on the primer,
as the latter contains a higher pigment to binder ratio than the former (Figure 3d,e). The
MIR region is instead dominated by the signals due to the inorganic pigment, associated
with the characteristic drying oil band at 1740 cm−1 (Figure 3). The spectra of pictorial
models containing yellow ochre and azurite are shown in Figures S6 and S7, and the
corresponding assignments are reported in Table S1.
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Figure 3. NIR (left) and MIR (right) spectra of: (a) linseed oil, (b) white priming layer, (c) pink
priming layer, (d) lead white in linseed oil on white priming layer, (e) lead white in linseed oil on
pink priming layer. All spectra of reference materials and model painting samples were acquired in
reflection mode.

Principal component analysis (PCA) applied to NIR spectra in the 6000–4000 cm−1

region of pure binding media (alone or mixed) and of the painting mock-ups confirms the
differences and similarities among the spectra already discussed above. To give greater
consistency to the statistical analysis, in addition to linseed oil, poppy and walnut oils
were also included in the PCA, both as pure binders and in pictorial models. As shown in
the upper part of the score plot (Figure 4) for the models with lead white, when there is
coexistence of oil and tempera, the spectra match the group of the mixed binders. However,
there is a shift towards the symbol corresponding to the ground layer because of the slight
variation of the bands caused by the presence of rabbit glue. Indeed, in the mock-ups, the
painting layer is thin enough (40–60 µm) to allow NIR radiation to penetrate and reach
the preparatory layer. On the other hand, both the priming layers (white and pink), with
or without a superimposed layer of lead white in oil, occupy the region corresponding to
the group of pure oils in the graph. The loadings of the first two principal components
for these spectra are reported as supplementary material (Figure S8). The loadings of the
first principal component correspond mainly to the opposite of the first derivative of the
spectrum of a siccative oil, possibly containing also a contribution from the spectrum of
lead white. Instead, the loadings of the second principal component are dominated by
features corresponding to those of egg yolk. In conclusion, PCA is a powerful method
for highlighting the differences between these spectra. For this reason, even if similar
results were obtained for all the three investigated pigments (Figures S9 and S10), the
corresponding painting layers must be considered separately because of the presence of
their characteristic signals in the NIR range.
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Figure 4. Score plot of the first two principal components of the NIR spectra (6000–4000 cm−1) of
pure binders and of model painting samples on calcite ground layer. In the model samples, lead
white (LW) was used as pigment.

3.2. Model Samples with CaSO4·2H2O Preparatory Layer

A further step was the study of the influence in the NIR spectra of a preparatory
layer made of gypsum. Indeed, this material is characterized by an intense absorption in
this region, due to the two water molecules in its chemical structure. In particular, the
spectrum of calcium sulphate dihydrate shows a strong band at 5150 cm−1 with a shoulder
at 5060 cm−1, and minor combination bands at 4515 and 4405 cm−1 (Table 2). In the present
study, the possibility of identifying the binder through the NIR spectrum was investigated
even in the presence of gypsum and the information was correlated with the thickness of
the painting layer as estimated from the corresponding cross sections. For this purpose,
models with one and two layers of colour on the gypsum ground layer were prepared.

In general, when a single colour layer is applied, with a thickness around 60 µm, the
NIR spectrum is dominated by gypsum signals, preventing the binder from being identified
(Figure 5b). When a second layer of colour is applied (for a total thickness of about 100 µm),
the contribution of calcium sulphate dihydrate decreases and that of the binder becomes
more evident (Figure 5c). In this situation, the discrimination of a tempera from an oil
and even of a mixed binder becomes possible thanks to the signals due to the combination
bands at 4860 and 4604 cm−1, typical of the proteinaceous component.

This fact is again evidenced by the PCA score plot of the NIR spectra in the range
6000–4000 cm−1 of these model samples (Figure 6). The loadings of the first two principal
components of these spectra are also reported as supplementary material (Figure S11).
The loadings of the first principal component correspond mainly to the first derivative of
the spectrum of gypsum itself, while the loadings of the second component show again
the typical pattern of egg yolk. It should be emphasized that, in all the model samples
considered in the score plot, the thickness of the colour layer was similar, so that the
contribution of the gypsum bands to the spectra was also comparable. To appreciate the
effect of this contribution, it can be observed that in the plot the points associated with
layers with a mixed binder are displaced along the first component towards the point of
the spectrum of the ground layer, dominated by the bands due to gypsum. In those models,
in fact, the thickness of the colour layer is slightly less than in the painting mock-ups in
which two layers with different binders were superimposed.
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model painting samples on gypsum ground layer. The binders are tempera or linseed oil, used pure,
in mixture or in superimposed layers. The pigments are lead white (LW) and hematite (H).

In summary, the greater penetration depth of NIR radiation allows the identification
of gypsum in the preparatory layer, as already known [34]. The bands due to gypsum, on
the other hand, can have varying intensities in the spectra depending on the thickness of
the overlapping colour layers. In principle, this fact could hinder the application of PCA
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analysis of spectral data in the 6000–4000 cm−1 region to the identification of binders and
of their mixtures.

3.3. Case Studies

Based on the encouraging results obtained on model painting samples, FT-NIR spec-
troscopy was then applied to the investigation of binders and preparatory layers in the
ancient masterpieces listed above. It is worth noting that in a real painting, the situation is
more challenging than in mock-up samples: the impossibility of predicting the stratigra-
phy, both in terms of composition and thickness of the layers, and the eventual presence
of degradation products make the interpretation of NIR spectra more difficult. Calcium
oxalates and metal soaps, for example, are typical degradation products formed by the
interaction between a drying oil and metal ions, e.g., Ca2+, Pb2+ or Zn2+, contained in the
pigments. These compounds are characterized by absorption bands in the NIR range that
can interfere with those of the binder. In particular, whewellite and weddellite (the mono
and dihydrate forms of calcium oxalate, respectively) have intense bands in the range
6650–6250 and 5550–4500 cm−1 [34]. The NIR spectrum of a metal soap (i.e., lead palmitate)
is instead close to that of an oil: their chemical structure is, in fact, very similar as they
are compounds containing heavy metals combined with carboxylic acids of 7 to 22 carbon
atoms. The spectrum of lead palmitate was acquired as a reference (Figure S12) after having
synthesized the compound as described in [35]. Due to these uncontrollable factors, the
use of PCA for the identification of binders in the ancient paintings failed. In fact, being
very sensitive, this method of data analysis is also strongly affected by subtle differences
among the spectra, as already noted above. For these reasons, an alternative method is
proposed which can be combined with the observation of the spectral pattern. It is based
on the calculation of the ratio between the absorbance values at 4694 and 5160 cm−1, where
typical bands are found, respectively, for oil and tempera (Figure 7).
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Figure 7. Highlighting of the absorption bands at 4694 and 5160 cm−1 typical of oil and egg yolk,
respectively, and chosen for the calculation of the intensity ratio used to distinguish the two binders
and their possible mixture.

The ratio of their values was found to be in the range 0.2–0.5 for pure tempera, between
0.5 and 0.8 when the two binders are mixed or in overlapping layers, and greater than 1
for pure oil. The effectiveness of the method was successfully verified for the mock-up
samples before applying it to the cases of study. The results obtained both for models and
for ancient paintings are summarized in the histogram of Figure 8, and are confirmed by
the observation of the spectral pattern (Figure 9) and by the literature data available for the
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paintings. It is worth noting that all the ancient works analysed had a thin finishing layer
of varnish applied after their restoration, with the exception of “Ecce Homo” by Solario. As
demonstrated also experimentally by comparing the NIR spectrum of an oil film as such
and with a layer of synthetic varnish superimposed (Figure S13), it is, however, possible
with this technique to gain information on the original binders of the painting, again thanks
to the penetration depth of NIR radiation. As expected, instead, in the FT-MIR spectra
of the same areas of the paintings (Figure S14), only the bands due to the varnish could
be observed.

In detail, in the “Madonna and Child” by Giovanni Antonio Boltraffio [36] FT-NIR
analyses (Figure 9a) revealed the presence of a gypsum preparatory layer (as already
reported in [14]), while the binder is oil as suggested by the values (1.8 and 1.9) of the ratio
calculated as described in Section 2.5 for two details of the painting, namely the Child’s hair
and the Virgin’s complexion. Similar results were obtained for all the areas analysed in this
painting. These results agree with those of a previous analysis campaign conducted in the
National Gallery laboratories by means of microdestructive techniques. GC-MS analyses
have in fact identified oil as binder, while micro-analyses on a cross-section of the painting
have shown the presence of a gypsum ground, covered by a 60-µm thick colour layer [37].
The possibility of detecting the gypsum preparatory layer by the NIR analysis is therefore
consistent with what observed on mock-up samples. Similar results were obtained for the
“Madonna and Child” by Francesco Galli [38] (Figure 9b), for which gypsum was identified
in the ground layer (see also [27]) and it was possible to demonstrate the use of a drying
oil as a binder, consistent with the absorbance ratio values (1.4 and 1.7) calculated for two
measurement areas (the Virgin’s shoulder and her red dress) as an example.
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Figure 9. FT-NIR spectra from some details of the paintings (a) “Madonna and Child” by G. A.
Boltraffio; (b) “Madonna and Child” by F. Galli; (c) “Madonna nursing the Child” by Lombard school
painter; (d) “St. Augustine and St. Jerome” by Bergognone; (e) “St. John the Baptist” by B. Zenale.
The red dashed lines mark the weak bands associated with egg tempera. Bands due to paper in
spectrum (f) are marked with “x”.

As for the “Madonna nursing the Child” by an anonymous painter of the Lombard
school [39], the NIR spectra (Figure 9c) indicate that gypsum was not used in the ground
layer (see also [14]), in accordance with previous microdestructive analyses [40], while the
ratio calculated for two areas of the painting corresponding to the Virgin’s blue dress and
to the light blue sky (values of 1.7 and 1.9, respectively) still suggests that a siccative oil
was used as a binder.

A different situation occurred for some details of the paintings by Bergognone [41]
(the white fur and the blue of the border) and Zenale [42] (the banner held by the Saint and
the sky), both characterized by a preparatory layer containing gypsum (Figure 9d,e). In
fact, in other areas of the two artworks just oil was recognised as a binder, but for the above-
mentioned details, the absorbance ratio values between 0.3 and 0.4 suggest the coexistence
of tempera and oil in those areas of the paintings. It was thus possible to support by the
NIR spectroscopic analyses the hypothesis that had been advanced during the restoration
works. In fact, the visual inspection of the paintings showed that some areas had a more
compact and covering texture, and in these areas both oil and tempera were detected by
NIR analyses. On the contrary, areas where only oil was recognised as a binder appeared
more transparent. The fact that the two paintings had a synthetic varnish as a surface
coating applied during the restoration prevented the comparison with the MIR spectra
and, consequently, the possible determination of whether the two binders were mixed or
contained in overlapping layers (as described in Section 3.1). It should be emphasised
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that usually the original varnish is removed during the restoration and, therefore, if the
paintings could be analysed after this step and before the application of the modern final
coating, the distinction should again be possible, at least in principle.

Finally, a separate case is represented by “Ecce Homo” painted on paper by Andrea
Solario [43]. In the NIR region the spectra (Figure 9f) are dominated by the bands at
5180, 4745, 4390 and 4280 cm−1, typical of cellulose [44] and, therefore, of the paper that
constitutes the support of the painting. For some details, it is also possible to distinguish
the two most intense peaks at about 4330 and 4265 cm−1 of a lipidic component, but
the prevalence of the signals associated with the support prevents the observation of
bands possibly due to the proteinaceous part of a tempera binder. Therefore, based on the
measurements made and thanks to the penetration depth of the NIR radiation, it can be
assumed that both a gypsum preparatory ground and a possible oil priming are absent
in this painting, while a definite answer cannot be given as regards the binder, unlike the
above-discussed coeval paintings on wooden panel.

4. Conclusions

In the present work, the potential of FT-NIR spectroscopy for the non-invasive charac-
terization of binders and preparatory layers directly on the paintings was investigated.

Complex model samples were prepared, with two different compositions of the
preparatory layer, gypsum or calcite, and the use of drying oil and egg tempera binders,
separately, in mixture (tempera grassa) and in overlapping layers. Various pigments were
also used in the models, including pigments containing hydroxyl groups and therefore
prone to absorb NIR radiation. A multivariate approach based on principal component
analysis (PCA) was used to emphasize the subtle differences in the spectral patterns, al-
lowing the identification not only of oil and tempera, but also of tempera grassa and of
superimposed layers containing the two binders. The possibility of identifying the presence
of gypsum in the ground layer was related to the thickness of the overlying colour layer.

Finally, FT-NIR analyses were carried out on six paintings by artists operating in
Lombardy at the end of the 15th century. PCA analysis did not allow a fully satisfying
comparison between ancient paintings and model samples, as the even small differences
between their spectra (due to ageing and, possibly, alteration products) cause a separation
in the score plot. Therefore, a different approach was suggested, based on the observation
of the spectral pattern and the calculation of the intensity ratio between characteristic bands
of oil and egg tempera. It was thus possible to provide an insight into the applicability of
this method for the non-invasive detection of binders, even if different ones were used in
the same painting. At the same time, information could be obtained on the presence or
absence of a preparatory layer, in particular a gypsum-based one, or of a priming layer.

In fact, when such layer is composed of gypsum, it is easily recognised, as can be seen
in the paintings of Boltraffio, Napoletano, Bergognone and Zenale; in the absence of both
the ground layer and a primer, characteristic bands of the support are observed, as seen for
the Solario painting on paper, unlike the case of the painting by the anonymous artist of
the Lombard school, where the gypsum ground layer is absent but the presence of an oil
priming layer hides the bands due to the support.

Even when the non-invasive approach proposed in the present work cannot provide
as much specific information on binders as destructive chromatographic analyses, it still
allows for a screening of the pictorial surface which can help in the choice of representative
areas for possible sampling.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s22052052/s1. Figure S1. FT-NIR spectrum of (a) calcite-based
preparatory layer and b) animal glue. Figure S2. FT-NIR and MIR spectra of (a) tempera grassa with
linseed oil, (b) tempera grassa with walnut oil, (c) tempera, (d) linseed oil on tempera, (e) walnut oil
on tempera. The pigment is azurite. Legend: * = signals due to azurite. Figure S3. FT-NIR and MIR
spectra of (a) tempera grassa with linseed oil, (b) tempera grassa with walnut oil, (c) tempera, (d) linseed
oil on tempera, (e) walnut oil on tempera. The pigment is yellow ochre. Legend: * =signals due to

https://www.mdpi.com/article/10.3390/s22052052/s1
https://www.mdpi.com/article/10.3390/s22052052/s1
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yellow ochre. Figure S4. Comparison of NIR spectra of tempera and tempera grassa with yellow ochre
(* = band of the pigment). The arrows indicate the signals of the lipid component, which increase
in intensity in the mixed binders. Legend: (grey line) egg tempera; (dot line) tempera grassa with
linseed oil; (black line) tempera grassa with walnut oil. Figure S5. Cross-section showing the thickness
of the superficial layer of dammar varnish. Figure S6. FT-NIR and MIR spectra of: (a) white primer
layer with walnut oil and lead white, (b) lead white in linseed oil on white primer layer, (c) azurite
in linseed oil on white primer layer, (d) yellow ochre in linseed oil on white primer layer. Legend
* = signals due to lead white; = signals due to azurite; • = signals due to yellow ochre. Figure S7.
FTIR spectra of: (a) pink primer layer with lead white, red lead and thin yellow in walnut oil, (b) lead
white in linseed oil on pink primer layer (c) azurite in linseed oil on pink primer layer, (d) yellow
ochre in linseed oil on pink primer layer. Legend * = signals due to lead white; = signals due to
azurite; • = signals due to yellow ochre. Figure S8. Loadings of the first principal component (a) and
of the second principal component (d) of the NIR spectra (6000–4000 cm−1) of pure binders and of
model painting samples on calcite ground layer. In the model samples, lead white (LW) was used
as pigment. The first derivatives of the NIR spectra of lead white (b), linseed oil (c) and egg yolk (e)
are shown for comparison. Figure S9. Score plot of the first two principal components of the NIR
spectra (6000–4000 cm−1) of pure binders and of model painting samples on calcite ground layer. In
the model samples, yellow ochre (O) was used as pigment. Figure S10. Score plot of the first two
principal components of the NIR spectra (6000–4000 cm−1) of pure binders and of model painting
samples on calcite ground layer. In the model samples, azurite (A) was used as pigment. A shift of
the points corresponding to the spectra of the painting layers containing the blue pigment is due to
the overlapping of its bands with those of oil. Figure S11. Loadings of the first principal component
(a) and of the second principal component (c) of the NIR spectra (6000–4000 cm−1) of pure binders
and of model painting samples on gypsum ground layer. In the model samples, lead white (LW) was
used as pigment. The first derivatives of the NIR spectra of gypsum (b) and egg yolk (d) are shown
for comparison. Figure S12. FT-NIR spectra of lead palmitate synthesised for comparison. Figure
S13. Comparison between the FT-NIR spectrum of an oil layer as such on a glass slide (black line)
and that of an oil layer on which a layer of synthetic varnish was applied (grey line). Figure S14.
FT-MIR spectra from some details of the paintings: (a) “The Virgin and Child” by A. Boltraffio; (b)
“The Virgin and Child” by F. Galli; (c) “The Virgin feeding the Child” Lombard school painter; (d) “St.
Augustine and St. Jerome” by A. Bergognone; (e) “St. John the Baptist” by B. Zenale. In all cases, the
signals are mainly due to synthetic restoration varnishes. Table S1. Assignments of NIR and MIR
bands of azurite, yellow ochre, and hematite [45].
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