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Abstract: In order to improve our knowledge of the weathering response of tempera paints
exposed to an industrial atmosphere, azurite- and malachite-based paint mock-ups prepared with
either rabbit glue or egg yolk binders were artificially aged in an SO2 rich atmosphere. The aim
was to identify the different alteration mechanisms and forms of degradation in the paints by
observing their physical (color, gloss, reflectance, and roughness), mineralogical, chemical, and
micro-textural characteristics. Superficial physical changes were evaluated by stereomicroscopy,
spectrophotometry, gloss measurement, hyperspectral imaging, and roughness measurements.
Chemical and mineralogical changes were evaluated by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and scanning electron microscopy with microanalysis (SEM-EDS),
which was also used to evaluate the micro-texture of the paints. The differences between the fresh
temperas were due mainly to the binder (egg yolk or rabbit glue) used in the paint mixture, which
also played a crucial role in the different deterioration patterns in the artificially aged paint mock-ups.
Thus, the egg yolk-based paints remained physically quite intact after SO2 exposure, although they
suffered more significant chemical degradation, above all in the form of copious precipitation of Cu
and Ca-rich sulfate salts and the subsequent yellowing of the egg yolk binder. The SO2 aged rabbit
glue-based mock-ups showed microscopically important crack formation and binder loss and fewer
sulfated salts precipitated on the surface of the paints.
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1. Introduction

In order to design preventive conservation strategies to protect polychrome artworks and historical
paintings, paint mock-ups are used to evaluate the damage caused by different agents such as relative
humidity, (solar/artificial) irradiation, and atmospheric gases including pollutants (ozone, nitrogen
oxides, carbon dioxide, and sulfur dioxide) among others [1–10]. In the specific field of atmospheric
contaminants, artificial aging tests have produced important findings regarding the interaction between
model tempera paints and gases such as ozone, nitric acid, and nitrogen [8,11,12]. Despite the fact that
the concentration of SO2 gas in the atmosphere has been reduced in some regions of Europe in recent
years due to European guidelines [13], its damaging effects on other materials used in cultural heritage,
such as building stone, are still apparent in polluted metropolitan areas [14]. When the construction
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materials (stones, bricks, mortars, etc.) used in historic monuments are exposed to SO2, oxidation
occurs, producing one of the most serious forms of alteration, i.e., black gypsum crusts. These processes
have been widely studied in both carbonate sedimentary rocks and granites [15–17], and it seems likely
that this gas would have even more harmful effects on more sensitive artistic materials such as tempera
paints. The interaction between SO2 and tempera paints should therefore be investigated in order to
develop preventive conservation strategies to protect these artworks.

As tempera paints are made by mixing inorganic pigments with a proteinaceous binder (e.g.,
egg yolk or rabbit glue) [18], the damage caused to them by atmospheric gases such as SO2 must be
studied from different perspectives, focusing on the changes induced by the pigments, those related
with the binder and those produced by binder-pigment interaction. The literature reports that the
appearance and surface finish of fresh unaltered tempera paints varied depending on the type of
pigment used, the pigment particle size and the type and amount of binder present in the paints, as all
these factors influenced the color of the paint and the roughness of its surface [19–22]. Other recent
research has reported that the impurities found in the historic mineral pigments used in tempera
paints might significantly alter their optical, chemical, and physical properties [22–24]. Although some
research has been conducted on aged tempera paint mock-ups mainly exposed to artificial UV light
and outdoor atmosphere, including direct sunlight radiation, very little work has been done on the
effects of impurities and pigment grain size on their weathering processes [21,25,26]. Herrera et al. [10]
examined accelerated lime-based paint mock-ups and reported the importance of the mineralogical
composition of the pigments (including impurities) and the specific surface area of the paint related to
the binder. They also noted the role of pigment grain size in the susceptibility of the paint to sulfation,
such that pigments containing portlandite–Ca(OH2)–sulfated faster than pigments only containing
calcite (CaCO3).

The pigments studied in this present paper are azurite (Cu3(CO3)2(OH)2 and malachite
(Cu2CO3(OH)2). Both are hydrated copper carbonates used as blue and green pigments, respectively [27].
Both these natural pigments usually contain impurities of other minerals such as calcite, haematite
(Fe2O3), goethite α-FeO(OH), quartz (SiO2), cuprite (Cu2O), rutile/anatase (TiO2), and chrysocolle
((Cu,Al)2H2Si2O5(OH)4·nH2O, found with malachite), as well as trace elements including arsenic (As),
zirconium (Zr), antimony (Sb), barium (Ba), zinc (Zn), and bismuth (Bi) [28–30]. In fact, the particular
mineral composition of natural azurite and malachite varies significantly between artworks produced
at different times and places, and may be related to provenance [30]. In addition to the mineralogy, the
pigment grain size also influences the color and other superficial physical properties, as demonstrated
for azurite in several scientific papers [22,31]. These studies also highlighted the importance of the
binder (type and content) on the physical properties of the paint. Therefore, the mineralogy, pigment
grain size and the type and content of binder should be evaluated to understand the deterioration
processes that take place in tempera paints under different decay scenarios.

Azurite is formed from cupric-ion-bearing solutions under relatively acid conditions and relatively
high carbonate activity, while malachite is a more common form of copper carbonate under ambient
conditions [32]. Malachite may pseudomorph after azurite; thus malachite maintains the same external
form as the original azurite crystal, but the unit cells of azurite are gradually replaced by those of
malachite. In aqueous systems, CO3

2− and HCO3
− activities (and Cu2+ activity to a lesser extent) define

the stability of both azurite and malachite minerals [32]. In the field of tempera paint conservation, it
has been proved that exposure to UV light can transform azurite into malachite as detected via grains
with an intermediate chemical composition between both phases [21]. Also, the exposure of historical
azurite tempera paints to chloride-rich water (like those of rivers or sea floods) can lead to precipitation
of green paratacamite ((Cu2+)3(Cu,Zn)(OH)6Cl2) [33]. The treatment of such damaged azurite tempera
paints with ammonium carbonate and barium hydroxide (both well-known chemical reagents used
in the restoration of mural paintings) can also yield the precipitation of black copper species such as
copper hydroxide or basic copper chloride [33]. Black colored tenorite (CuO) was the final product
of the reaction between malachite and azurite with alkaline solutions in laboratory conditions [34].
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As regards artificial aging of azurite due to SO2 exposure, to the knowledge of the authors, only one
research study has so far been carried out. In the cited study, the effect on egg yolk-based azurite paint
mock-ups of exposure to a mixture of 10.2 ppm SO2, 11.4 ppm NO, and 5.2 ppm NO2 was evaluated
over 4 days (23 ◦C and 55% RH) [7]: the authors detected the formation of inorganic compounds such
as nitrates (NO3

−), nitrites (NO2
−), and sulfates (SO4

2−).
This work is part of a two-part research series entitled Effect of a SO2 rich atmosphere on tempera

paint mock-ups. Part 1 is entitled Accelerated aging of smalt- and lapis lazuli-based paints, while this paper,
Part 2, studies azurite- and malachite-based paints, made by mixing one of the pigments with either
egg yolk or rabbit glue binder, which were then exposed to SO2 for two months in order to examine the
effect of this gas pollutant on the physical-chemical properties of the paints. We studied the physical
(color, gloss, reflectance, and roughness values), mineralogical (XRD), molecular (FTIR), and chemical,
micro-textural, and micro-morphological (SEM-EDS) characteristics of fresh and aged paint mock-ups
in order to detect evidence of sulfation leading to the formation of new minerals in the paints.

2. Materials and Methods

2.1. Tempera Paint Mock-ups

Azurite (AZ hereafter) with five different grain sizes and malachite (MAL hereafter) with
one grain size (Table 1) were used to prepare tempera mock-ups by mixing one of the pigments
with a proteinaceous binder, i.e., egg yolk denoted E hereafter (composed of albumin, ovalbumin,
carbohydrates, lipids, and fatty acids) obtained from eggs purchased locally, or rabbit glue (R hereafter)
from Kremer Pigments GmbH & Co. (Aichstetten, Germany, collagen pearls, ref. 63028). The lipids
present in egg yolk are triglycerides (neutral lipids), phospholipids, cholesterol, and fatty acids
(saturated 38%, monounsaturated 42% and polyunsaturated 20%) [35]. Both binders are barely acidic:
egg yolk has a pH of 6.4 [36] and rabbit glue has a pH of 5.8 [24].

All the pigments were supplied by Kremer Pigments GmbH & Co. KG (Aichstetten, Germany).
Table 1 shows the commercial name, the mineralogical composition according to Kremer, and the
mineralogical composition and grain sizes as determined by the authors [22]. Five azurite pigments
were selected for this work. According to the information provided by the supplier, four of these
(extra coarse: AZ-EC, coarse: AZ-C, medium: AZ-M, extra-fine: AZ-EF, named by the authors) were
prepared using the Michel Price (MP) method, while the fifth is an azurite natural standard (ST). There is
no mention of this latter being prepared using the MP method. Only one malachite pigment was used:
malachite natural standard (MAL). The MP method consists of consecutive washing of the pigments in
an egg yolk medium followed by grain size classification according to Stoke’s Law [37]. In this way,
grains of classified pigments surrounded by a protein coating were obtained [19]. When analyzing
these same commercial pigments, Cardell et al. [21] found that the egg yolk content added to AZ-EC,
AZ-C, AZ-M, and AZ-EF due to the MP process ranged from 2 wt% to 3.5 wt%, whereas the egg yolk
content in AZ-ST was significantly higher (10.5 wt%).

The tempera mock-ups were prepared by mixing one of the pigments and one of the binders
according to Old Master recipes [38]. The procedure for the egg yolk-based paints can be consulted
in [39] and that for the rabbit glue-based paints in [21]. The pigment-binder mixture (i.e., the tempera
paint) was applied onto glass slides (ca. 76 mm × 26 mm × 1 mm) using a paintbrush; several layers
were applied (once the previous layer was completely dry) in order to ensure that the substrate
was well covered. Paints were applied on glass slides in order to use a simple and homogeneous
substrate in composition and physical properties (porosity, roughness, etc.) to avoid the introduction
into the system of variables difficult to control that could influence the behavior of the paint to the
accelerated aging test. The tempera mock-ups obtained were identified by writing first the pigment
letter followed by the binder letter (i.e., E or R). They were then stored under laboratory-controlled
conditions (18 ± 5 ◦C; 60 ± 10% RH) for 1 month. Afterwards, each paint mock-up was divided into
two pieces measuring 38 mm × 26 mm × 1 mm; one piece was used for the SO2 accelerating aging test
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and the other piece was stored untested under the aforementioned laboratory conditions for reference
purposes. These paint mock-ups were distinguished by adding Ref to the names of the fresh untested
paints and by adding SO2 to the names of the aged paints. Note that the mock-ups solely made with
binder are the same ones prepared and studied in the work: Effect of a SO2 rich atmosphere on tempera
paint mock-ups. Part 1: Accelerated aging of smalt- and lapis lazuli-based paints [40], which is published also
in this Special Issue.

2.2. SO2 Accelerated Aging Test

The accelerated aging test by SO2 exposure was performed using a FITOCLIMA 300EDTU climatic
chamber (25 ◦C; 45% RH) with SO2 exposure in the Instituto Superior Tecnico in Lisbon (Portugal).
SO2 was diluted at 3% in 3000 ppm of nitrogen and dosed at a concentration of 200 ppm, which is
250,000 times higher than current SO2 levels in most European cities (average value 0.00076 ppm) [41].
This high SO2 concentration compared to the current atmospheric concentration was used to accelerate
the aging of the model paints and to define a worst-case scenario. The paint mock-ups were stored
inside the chamber for two months.

The water used in the test chamber to produce the RH (45%) was analyzed by high-resolution
liquid chromatography (HRLC) (Metrohm instrument with Metrosep A Supp5-250 column, Metrohm,
Herisau, Switzerland) and the ICP-OES (inductively coupled plasma-optical emission spectrometry)
technique (Perkin Elmer Optima 4300 DV ICP-EPS, PerkinElmer, Waltham, MA, USA) and was found
to have the following composition: 15.8 mg/L Cl−, <0.05 mg/L NO2

−, 2.15 mg/L NO3
−, 23.7 mg/L

SO4
2−, 0.017 mg/L Ba2+, 17.35 mg/L Ca2+, 2.37 mg/L K+, 3.74 mg/L Mg2+, and 13.18 mg/L Na2+.

2.3. Analytical Methods

A multi-analytical approach was applied to determine the changes that take place in the azurite
and malachite-based tempera mock-ups due to SO2 exposure.

Firstly, the reference (fresh) and aged samples were visualized using a stereomicroscope (SMZ 1000,
Nikon, Brighton, MI, USA) to examine the possible textural and chromatic changes.

The mineralogical composition of fresh and aged mock-ups was studied by means of X-ray
diffraction (XRD) using a Siemens D5000 (Siemens, Munich, Germany) equipped with an X-ray
generator and Cu-Kα radiation. The random powder method was applied, and each mineral phase was
identified using the X’Pert HighScore (Malvern Panalytical B.V., Almelo, The Netherlands). Analyses
were done using the following set up conditions: Cu-Kα radiation, Ni filter, 45 kV voltage, 40 mA
intensity, and exploration range between 3◦ to 60◦ 2θwith a goniometer speed of 0.05◦ 2θ s1.

Color changes before and after SO2 exposure were characterized using CIELAB and CIELCH
color spaces [42,43] measuring L* (lightness), a*, and b* (color coordinates) by means of a CM-700d
spectrophotometer (Minolta, Osaka, Japan). L* is the lightness ranging from 0 (absolute black) to
100 (absolute white); a* indicates the color position between red (positive values) and green (negative
values); and b* between yellow (positive values) and blue (negative values). Nine measurements were
taken randomly for each paint to provide statistically consistent results. The measurements were
made using the Specular Component Included (SCI) mode, for a spot diameter of 3 mm, using D65 as
the illuminant and an observer angle of 10◦. In order to evaluate the color changes, color data were
processed as the color differences (∆L*, ∆a* and ∆b*) and the global color change (∆E*ab) between the
fresh and aged paint mock-ups [42,43]. The highest values were therefore obtained in the paints with
the most visible color change.

The variation in the gloss (∆G) value after SO2 exposure was obtained using a Unigloss 60Plus
(Konica Minolta, Kyoto, Japan) with a reflection angle of 60◦. Three measurements were taken for each
paint mock-up.
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Table 1. For each pigment, Kremer and author’s references, mineralogical composition (by means of XRD) and grain size (µm) according to Kremer supplier and to the
authors [22], mineral phases identified in the mock-ups by XRD before and after SO2 exposure of the temperas. E: egg yolk-based paints and R: rabbit glue-based
mock-ups. Mm: maximum grain size and r: grain size range.

Kremer Reference Authors
Reference

Kremer
Composition

Authors
Composition

Kremer
Particle Size

(µm)

Authors
Particle Size

(µm)

Author Composition before SO2
Exposure Author Composition after SO2 Exposure

E-Paints R-Paints E-Paints R-Paints

Azurite MP
extra deep,

Intense dark blue.
Ref 10203

AZ-EC (extra
coarse) Azurite

Azurite
Quartz

Malachite
100–80 Mm = 90

r = 20–280

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite

Azurite,
Cu2O·(SO4)

2CuSO4·Cu(OH)2·4H2O

Azurite,
Quartz

Cu2O·(SO4)
2CuSO4·Cu(OH)2·4H2O

CaSO3·1/2H2O

Azurite MP deep blue.
Ref 10204

AZ-C
(coarse) Azurite

Azurite
Quartz

Malachite
80–63 Mm = 70

r = 25–180

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite
MgSO4·3Mg(OH)2·8H2O
2CuSO4·Cu(OH)2·4H2O

Azurite
Quartz

2CuSO4·Cu(OH)2·4H2O

Azurite MP Pale light
blue.

Ref 10206

AZ-M
(medium) Azurite

Azurite
Quartz

Malachite
63–38 Mm = 45

r = 20–110

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite

Azurite
Quartz

CaSO3·1/2H2O

Azurite
Quartz

Malachite
Cu2O·(SO4)

2CuSO4·Cu(OH)2·4H2O

Azurite MP
sky blue,

light greenish blue.
Ref 10207

AZ-EF
(extra-fine) Azurite

Azurite
Quartz

Malachite
<38 Mm = 25

r = 4–90

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite
Cu2O·(SO4)

2CuSO4·Cu(OH)2·4H2O

Azurite
Quartz

2CuSO4·Cu(OH)2·4H2O

Azurite standard,
Deep greenish blue.

Ref 10200

AZ-ST
(standard) Azurite

Azurite
Quartz

Malachite
<120 Mm = 22

r = 0.2–55

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite

Azurite
Quartz

Malachite
2CuSO4·Cu(OH)2·4H2O

Azurite
Quartz

Malachite
2CuSO4·Cu(OH)2·4H2O

Malachite
Natural standard.

Ref 10300
MAL Malachite

Malachite
Pseudomalachite

Quartz
<120 Mm = 25

r = 0.2–112
Malachite

Pseudomalachite
Malachite

Quartz

Malachite
Pseudomalachite

Bassanite
Na2Cu(SO4)2

Malachite
Pseudomalachite

Bassanite
Na2Cu(SO4)2

Note: Azurite (AZ), Malachite (MAL), EC = extra coarse; C = coarse; M = medium; EF = extra fine; ST = standard. Pseudomalachite: Cu5(PO4)2(OH)4; Bassanite: CaSO4·1/2H2O.
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The difference in roughness between fresh and SO2 aged paints was characterized by a profilometer
(Mitutoyo SJ400, Mitutoyo, Takatsuku, Kawasaki, Kanagawa, Japan) obtaining the arithmetic average
roughness (Ra, µm), the root mean square roughness (Rq, µm) and the average maximum profile
height (Rz, µm) following [44]. The profilometer traced a scan length of 2 cm, and 3 profiles were
obtained per paint. Each roughness parameter was obtained for each profile, after which average
values were computed.

Reflectance variation due to SO2 exposure was characterized using a hyperspectral imaging
system, which is a combination of an imaging spectrograph with a monochrome matrix array sensor.
The system is composed of a CCD sensor Pulnix TM-1327 GE (PULNiX America Inc., CA, USA),
1040 rows, 1392 columns) with an objective lens with a focal length of 10 mm. An ImSpector V10
spectrograph with a spectral resolution of 4.55 nm and a spectral range from 400 to 1000 nm was
positioned between the sensor and the lens. The camera scans the surface line by line to obtain an
image at each of 1040 wavelengths. A Schott DCR® III incandescent lamp (SCHOTT-FOSTEC, LLC,
New York, NY, USA) with a rectangular head (51 mm long and 0.89 mm wide) was used as a light
source. The light was focused on each paint through a cylindrical lens, so illuminating an area of the
sample that was 15 cm long and 1 cm wide. The paint was placed on a motorized XYZ translation stage
in which the Z-axis was perpendicular to the paint surface. Each paint mock-up was fully scanned.
Each hyperspectral image was processed in a MATLAB programming environment to obtain the
reflectance graphs.

Changes in the chemical (molecular) composition were evaluated by means of attenuated
transmittance reflectance–Fourier transform infrared spectroscopy (ATR-FTIR) with a Thermo Nicolet
6700 (Thermo Scientific, Waltham, MA, USA). Infrared (IR) spectra were recorded at a 2 cm−1 resolution
over 100 scans from 400 to 4000 cm−1.

A sample of each paint (reference/fresh and aged paint) measuring approx. 4 mm × 26 mm ×
1 mm was cut from the glass slide substrate, and was then embedded in resin and cross-sectioned in
order to study the paint layer transversally. The cross-sections were visualized with an Axioscope 5
(Zeiss, Oberkochen, Germany) polarized light microscope (PLM).

Finally, micromorphological, microtextural and chemical analyses of fresh and SO2 aged paints
were performed by scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS) using the two machines (Philips XL30 and FEI Quanta 200, Thermo Scientific, Waltham, MA,
USA) in both modes, i.e., Secondary Electron (SE) and Back Scattered Electron (BSE). The surfaces of
the paint mock-ups and cross sections were carbon-coated. Optimum observation conditions were
obtained at an accelerating potential of 15–20 kV, a working distance of 9–11 mm, and a specimen
current of 60 mA. The acquisition time to record the EDS spectra, i.e., the dwell time, was 40–60 s.

In order to investigate the hydrophobicity of the fresh paints, the static contact angle (SCA) of
the fresh tempera mock-ups and the fresh binder mock-ups was measured using a goniometer SEO
Phoenix-300 Touch (Kromtek Sdn Bhd, Selangor D.E., Malaysia.) following [45]. The sessile drop
method (three droplets of 6 µL per sample) was applied.

3. Results and Discussion

Before SO2 exposure, stereomicroscopy (Figure 1) confirmed different aspects of the fresh paints
according to the binder, above all in the AZ-based paints. Thus, the AZ mock-ups made with egg
yolk (mainly those made with coarser pigment AZ-EC and AZ-C) had a slightly greener color than
their counterparts made with rabbit glue; the AZ-ST mock-ups made with egg yolk and rabbit glue
had a similar color. Color measurements confirmed the stereomicroscopy observations. In Table 2,
L* coordinate values of each paint is depicted, whereas in Figure 2, the projection of a* and b*
coordinates in a polar graph is represented. Firstly, all R-based mock-ups had higher L* values than
the E-based mock-ups (Table 2). Therefore, R-based mock-ups were lighter than E-based mock-ups.
Secondly, the values of a* and b* confirmed a shift of the hue of azurite: E-based mock-ups towards the
green (these paints are positioned, on the graph of Figure 2, closer to a green hue than their R-based
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paints counterparts, which consequently, have a bluer coloration). Finally, azurite R-based mock-ups
showed more vivid colors than their egg yolk-based paints counterparts: azurite E-based paints are
placed closer to the center of the color wheel which corresponds to dull colors.
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(MAL) mock-ups based on egg yolk (E) and rabbit glue (R). EC: extra coarse grain size; C: coarse grain
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Table 2. L* CIELAB parameter of reference (fresh) paint mock-ups made with azurite (AZ) or malachite
(MAL) mixed with either egg yolk (E) or rabbit glue (R).

Sample
Egg Yolk (E) Rabbit Glue (R)

L* L*

AZ-EC 32.08 33.29
AZ-C 32.80 34.65
AZ-M 33.80 36.28
AZ-EF 38.89 43.26
AZ-ST 34.77 38.23
MAL 56.43 60.03

Note: EC = extra coarse; C = coarse; M = medium; EF = extra fine; ST = standard.
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Figure 2. a*–b* polar plot of the fresh azurite (AZ) and malachite (MAL) egg yolk (E) and rabbit glue
(R)-based paint mock-ups. EC = extra coarse grain size; C = coarse grain size; M = medium grain size;
EF = extra fine grain size; ST = standard grain size.

Mineralogical analysis by XRD of the fresh paints is presented in Table 1. Firstly, it was found
that the commercial pigments contained impurities that had not been reported by the manufacturer.
Quartz and malachite were detected in the azurite pigments, while pseudomalachite (Cu5(PO4)2(OH)4)
and quartz were detected in the malachite pigment (Table 1). The manufacturer does not mention the
impurities in the azurite and malachite pigments, as reported elsewhere for other historical pigments
supplied by Kremer [22,23]. It seems possible that the presence of these impurities could induce changes
in the pigment coloration. Moreover, the presence of these impurities suggests that the pigments
are of natural origin in that if they were synthetic, the presence of other compounds such as calcite,
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gypsum (CaSO4·2H2O), or barite (BaSO4) (added as fillers) would be expected; these compounds are
deliberately added to synthetic pigments to decrease costs or change their color [23].

Secondly, similar mineralogical composition among the pigments and their corresponding
temperas was found. Only in the case of malachite mock-ups did we find a slight disparity with respect
to the composition of the initial pigment: in MAL-E mock-up, no quartz was detected and in MAL-R
mock-up no pseudomalachite was detected. This could be due to a dilution effect on the minerals
found in trace quantities (as in the case of quartz and pseudomalachite) due to the addition of the
binder; this fact can lead to non-detection of these trace minerals whose relative amounts are lowered
in the paint below the detection limit (3%). Another difference in the mineralogical composition was
found between the azurite egg yolk- and rabbit glue-based mock-ups: the amount of malachite in
all AZ-E mock-ups was slightly higher (except for the AZ-M mock-ups) than the amount in their
counterparts made with rabbit glue. This is confirmed by the estimation of the ratio AZ/MAL in all the
fresh paints by calculating the intensity (cps, i.e., count per second) of the maximum reflection peak
of azurite (3.51 Å, 25.31 θ) and the intensity of the I = 86% reflection peak of the malachite (5.97 Å,
14.82 2θ): this ratio was slightly lower in AZ-E mock-ups, which means that these paints had larger
amounts of malachite. The AZ-M mock-up was an exception in that it had a similar AZ/MAL ratio in
both E- and R-based mock ups.

It could be argued that the higher amount of malachite in E-based mock-ups than in R-based
mock-ups could be related to a transformation of azurite into malachite during the preparation of the
tempera. However, from a chemical point of view, this transformation is not possible considering
that egg yolk is acidic (pH 6.4, [36]). Following the pH-Eh stability diagram of malachite-azurite [32],
malachite is more stable at alkaline pH, whereas the stability of azurite falls off at more acidic pH. So,
the stable mineral phase in this acidic environment is precisely azurite.

The existence of higher amounts of malachite in E-based paints could be due to a lack of uniformity
in the composition of different batches of the azurite pigments delivered by Kremer. In a previous
work [21], the different batches of azurite pigments used in the experimentation showed dissimilar
mineralogical compositions. In our present study, different batches were also used, but given that this
circumstance (i.e., the compositional non-uniformity of the pigments that come from the factory) was
unknown at the time of paint preparation, it was not possible to record which paint was prepared
with one or the other batch, and unfortunately, no analytical control was maintained regarding the
composition of the original azurite pigments. Therefore, in order to avoid uncertainties, it is of
enormous importance to check the composition of the commercial pigments from different batches
prior to preparing paint mock-ups.

The greener coloration of AZ-E mock ups compared to that of AZ-R mock-ups could be due to the
slightly higher amount of malachite in the former paints. Also, interaction between the color of the
azurite pigment and the color of the binder after tempera drying should not be ruled out. Indeed, some
authors found that the use of egg yolk as a binder with certain pigments can lead to the appearance
of an undesirable color, producing yellowish tones in some tempera paints [21,46]. Consequently, in
our paints, this yellowing could have contributed to the change of blue color towards green. Other
authors stated that azurite can change its blue color as a result of chemical interaction with the binder.
Thus, Odlyha et al. [7] related the color change of temperas prepared with azurite mixed with either
egg yolk, egg white, apple cider, or a solution of mastic in white spirit, to an oxidation of the binder.
Other authors [35] stated that once the pigment and the egg yolk are mixed, oxidation of the binder
and binder-pigment interactions begin to take place through radical reactions, cross-linking, and
chain scission.

After SO2 exposure, stereomicroscopic observations allowed the confirmation of an intense color
change in AZ-E paints, mainly those containing the pigments AZ-EC, AZ-C, AZ-M, and AZ-EF,
compared to the corresponding reference fresh paints (Figure 1), where aged paints appeared to have
lost the initial greenish coloration. Instead, AZ-R mock-ups hardly changed color after the SO2 test,
since they kept their initial blue coloration without remarkable changes except the AZ-ST-R mock-up,
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whose surface became whiter than the corresponding fresh paint. Regarding malachite tempera, the
MAL-R paint showed the formation of new voids.

XRD identified various newly formed sulfated phases in the SO2 aged paints and confirmed the
oxidation of SO2 and its transformation into more oxidized forms in the paint mock-ups (Table 1).
The precipitation of copper (Cu) sulfates therefore indicates that both the azurite and the malachite
pigments undergo chemical alteration, since they are the only possible sources of Cu. Another
interesting fact is that the malachite present in AZ-EC-E, AZ-EC-R, AZ-C-R, AZ-M-E, and AZ-EF-R
paints disappeared after the SO2 test (Table 1). It should be noted that the stability of the two minerals,
azurite and malachite, is different depending on the pH of the media [32]: at acidic pH—which is
the characteristic pH of the SO2 deposition and of its transformation to sulfate species—azurite is
more stable than malachite. The disappearance of malachite impurities in AZ-E mock-ups could
therefore explain why the AZ-E paints had lost their greenish color after the SO2 aging test. As regards
the identification of neoformed mineral phases rich in Ca or Mg or Na in the SO2-aged azurite and
malachite-based paints with both binders (Table 1), the most likely source of the cations present in the
new sulfated minerals is the test water (see Section 2.2).

The spectrophotometry results showed that the color changes in SO2 aged AZ-based paints
were slightly more intense in the paints made with egg yolk, except that made with AZ-C pigment
(Figure 3). By contrast, in the MAL-based paints, ∆E*ab was higher in those made with rabbit glue.
∆E*ab was lower than 3.5 CIELAB units (and thus undetectable by an inexpert eye according to [47]
in AZ-C-E and AZ-ST-R, AZ-EF-R, AZ-C-R, and AZ-EC-R paints. The fact that ∆E*ab < 3.5 were
observed more frequently in R-based paints confirms that these paints were less affected by the SO2

exposure test than those made with egg yolk. This confirms the stereomicroscopy observations (see
Figure 1) in that the change in the color of the E-based paints is slightly higher than that observed in
their R-based counterparts.

The color parameters most affected by SO2 exposure varied from one paint mock-up to another
(Figure 3).

(i) L* was the most affected color parameter for AZ-ST-E, AZ-C-E, AZ-C-R, AZ-EC-E, and MAL-R
paints (Figure 3a,d–f). For E-based paints, L* increased (i.e., aged paints became lighter than fresh
paints) whereas for R-based paints, L* decreased (i.e., surfaces became darker after SO2 exposure).
In the E-based paints, the detected trend was opposite to that reported by Herrera et al. [10] for paints
prepared with egg yolk mixed with either calcite or gypsum exposed to SO2.

(ii) The most affected parameter in AZ-EC-R and MAL-E paints (Figure 3e,f,) was a*, which
decreased. This indicates that the paints became greener, although these changes were not noticeable
in the stereomicroscope images. In calcite- and gypsum-based paints mock-ups prepared with either
egg yolk or rabbit glue exposed to SO2, a* increases were negligible, as reported by Herrera et al. [10].

(iii) The most affected color parameter in AZ-ST-R, AZ-EF-E, AZ-EF-R, AZ-M-E, and AZ-M-R
paints (Figure 3a–c) was b*, which decreased in all the paints except AZ-M-E paint. This decrease in
b* indicates an increase in the bluish tone. Conversely, in AZ-M-E paint, the increase in b* indicates
a loss of blue tone towards a yellowish coloration. Note that for E-based paints with the exceptions
of AZ-EF-E and MAL-E paints, the b* increase showed a tendency to yellowish coloration, while for
R-based paints, with the exceptions of AZ-C-R, AZ-EC-R, and MAL-R paints, the b* increases show
a tendency to bluish color after the SO2 ageing. Herrera et al. [10] also found that yellowing after
outdoor exposure to an urban environment was more intense in the case of egg yolk-based temperas
than rabbit glue-based temperas.
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Figure 3. Color parameters variations (∆L*, ∆a*, and ∆b*) and global color change (∆E*ab) of paint
mock-ups after SO2 exposure. (a) AZ-ST-based paints; (b) AZ-EF-based paints; (c) AZ-M-based paints;
(d) AZ-C-based paints; (e) AZ-EC-based paints; (f) MAL-based paints. See Table 1 for more information
about the paint labeling.

If we look at the gloss value before and after the SO2 accelerated aging test (Table 3), although
gloss values were less than 2.5 GU, E-based paints showed higher values than R-based paints. We also
found that for fresh paints, the finer the grain size, the higher the gloss. The SO2 aging test caused
negligible variations in gloss values compared to fresh paints in all mock-ups (Table 3). However,
certain differences were detected, especially in the AZ-based paints. Firstly, for the AZ-EC- and
AZ-C-based paints it was observed that: (i) the paints made with egg yolk showed an increase in the
gloss value, albeit very small; this increase was greater in AZ-EC-E paint; (ii) the paints made with
rabbit glue showed a smaller gloss variation, in this case, a slight decrease. In all the other azurite
paints (AZ-M-, AZ-EF and AZ-ST-based paints), gloss values fell more sharply in those made with
rabbit glue. The paints that underwent the greatest changes in gloss values were those made with
the AZ-EF pigment, regardless of the binder. Gloss variation in MAL-based paints was negligible
regardless of the binder used in the paint.
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Table 3. Gloss values (G), gloss variations (∆G), average maximum profile height (Rz), and corresponding
variation (∆Rz) between fresh (before SO2) and SO2 aged (after SO2) paint mock-ups. Standard
deviations are also shown.

Sample Gbefore SO2 Gafter SO2 ∆G Rzbefore SO2 Rzafter SO2 ∆Rz

AZ-EC-E 1.60 ± 0.00 2.03 ± 0.06 0.43 ± 0.06 41.90 ± 10.71 35.17 ± 3.55 −6.73 ± 11.29
AZ-EC-R 0.50 ± 0.00 0.40 ± 0.00 −0.1 ± 0.00 47.03 ± 10.02 70.70 ± 6.20 23.67 ± 11.78
AZ-C-E 0.70 ± 0.00 1.00 ± 0.00 0.30 ± 0.00 44.60 ± 5.37 37.43 ± 6.39 −7.17 ± 6.70
AZ-C-R 0.80 ± 0.00 0.73 ± 0.12 −0.07 ± 0.12 43.70 ± 3.00 44.43 ± 5.18 0.73 ± 5.99
AZ-M-E 2.43 ± 0.06 2.10 ± 0.00 −0.33 ± 0.06 51.87 ± 10.19 43.07 ± 3.56 −8.80 ± 10.80
AZ-M-R 1.30 ± 0.00 0.50 ± 0.10 −0.80 ± 0.31 69.80 ± 2.07 110.67 ± 11.14 40.87 ± 11.33
AZ-EF-E 2.10 ± 0.00 1.00 ± 0.00 −1.10 ± 0.00 78.13 ± 12.91 81.47 ± 6.00 3.33 ± 12.24
AZ-EF-R 1.80 ± 0.00 0.87 ± 0.12 −0.93 ± 0.11 107.30 ± 4.59 116.30 ± 17.12 9.99 ± 17.73
AZ-ST-E 1.53 ± 0.06 1.20 ± 0.10 −0.33 ± 0.12 113.23 ± 17.04 88.77 ± 12.86 −24.47 ± 21.35
AZ-ST-R 1.20 ± 0.00 0.40 ± 0.00 −0.80 ± 0.00 132.40 ± 10.96 126.53 ± 5.00 −5.87 ± 12.05
MAL-E 1.50 ± 0.00 1.40 ± 0.17 −0.10 ± 0.17 87.47 ± 44.29 68.27 ± 10.83 −19.20 ± 45.59
MAL-R 0.80 ± 0.00 0.70 ± 0.00 −0.10 ± 0.00 69.37 ± 7.66 68.73 ± 34.26 −0.63 ± 35.11

Note: AZ = azurite; MAL = malachite; EC = extra coarse; C = coarse; M = medium; EF = extra fine; ST = standard.
R = rabbit glue binder. E = Egg yolk binder.

∆Rz (µm) (i.e., average maximum profile height) was the roughness parameter (Table 3) that
varied most after the paints were exposed to SO2, and was therefore considered the most representative
parameter for assessing the change in roughness. If we consider the Rz values according to the type
of binder, the paint mock-ups made with egg yolk showed smoother surfaces (lower Rz) than those
made with rabbit glue, with the exception of the MAL-based paints, where no statistically significant
differences were detected. The highest Rz values were found in paints made with finer grain sizes,
although when comparing the Rz values for the aged paints with the fresh paints, it was difficult to
establish a relationship between the pigment grain size (in AZ-based paints) and the change in Rz.

A clear relationship was observed, however, between Rz and the type of binder. On the one hand,
it was observed that Rz values (not exceeding 10 µm in depth) fell in AZ-EC-E, AZ-C-E, and AZ-M-E
paints (i.e., egg yolk-based paints), whereas in those made with rabbit glue they increased, above all in
AZ-M-R (40 µm) and AZ-EC-R (23 µm) paints. In these paints, there was no clear relationship between
the change in roughness values and grain size. On the other hand, for the AZ-EF- and AZ-ST-based
paints, we found that: (i) AZ-EF-based paints showed an increase in Rz, which was slightly higher in
the R-based paints (i.e., AZ-EF-R); (ii), and there was a fall in roughness in AZ-ST-based paints, which
was more noticeable in those made with egg yolk (i.e., AZ-ST-E). Note, however, that the differences
between the roughness values for each paint were not statistically significant, except in AZ-M-E and
AZ-M-R paints. Although these differences were not statistically significant, they can be used to make
comparisons between the different paint mock-ups.

MAL-based paints experienced a decrease in the Rz parameter. This decrease was surprisingly
higher in the E-based paints (MAL-E), since in aged MAL-E, no superficial changes were observed
under the stereomicroscope. By contrast, pores and voids were formed in aged MAL-R paint. These
pores should have caused an increase in the average height of the profile, although the variation in the
Rz value in MAL-R paint was minimal. This mismatching could be due to a factor scale. The holes and
pores identified in this paint, although numerous, were too big to allow roughness measurements to
be taken.

Figure 4 shows the reflectance spectra of all fresh and aged paints mock-ups. The AZ-based paints
have maximum reflectance in the blue region (455–492 nm), while in the MAL-based paints, maximum
reflectance is in the green zone (492–577 nm). Generally, R-based paints showed higher reflectance
than their counterparts made with egg yolk (Figure 4). In the spectra of fresh AZ-based paints, grain
size did not seem to influence the shape of each spectrum but did change its intensity. Considering the
highest intensity: (i) for E-based paints, similar intensities were identified for AZ-C- and AZ-M-based
paints (Figure 4, panels a and c respectively) and (ii) for the R-based paints, AZ-C paint was clearly the
one with the highest intensity (Figure 4b). Regarding the lowest intensity: (i) for E-based paints, similar
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levels were identified in AZ-EC-, AZ-EF-, and AZ-ST-based paints (Figure 4a,c), (ii) for R-based paints,
the lowest level of intensity was identified in AZ-EC-based paint (Figure 4b). Therefore, a mismatch
was detected with the findings of [48], since they reported that paints made with the finest grain sizes
showed the highest reflectance. However, as was reported in [22], the presence of impurities, even
in small amounts, the type of binder used in the paint and the pigment-binder interaction affect the
intensity of the reflectance. On the other hand, Liang et al. [48] reported that in their model tempera
paints the greatest variations in spectra were due to the type of binder, which changed the relative
height between the peaks, although the spectral features were preserved.

In general, aged paints showed higher reflectance than fresh paints, except in AZ-C-R, AZ-M-R,
and MAL-R paints (Figure 4). Hence, as was stated for color variation data, it is important to highlight
that pigment-binder interaction is decisive in the reflectance behavior of tempera paints that are aged
by exposure to SO2.
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Figure 5 shows the FTIR spectra for several (representative) paint mock-ups. FTIR allowed the
identification of the characteristic functional groups of binders and pigments. Typical bands assigned
to egg yolk were identified in our AZ- and MAL-based temperas, i.e., 3264 cm−1 assigned to NH
stretching, 2920 cm−1 assigned to CH2 stretching from long chain fatty acids, 2850 cm−1 due to CH2

stretching from long chain fatty acids, 1735 cm−1 assigned to ester C=O stretching band ascribable
to triglyceride, 1620 cm−1 assigned to C=O stretching from amide I, and 1527 cm−1 bending from
amide II [3,49]. For its part, the distinctive rabbit glue bands identified in our temperas were: a weak
band at 2921 cm−1 assigned to CH2 stretching vibration, 1630 cm−1 assigned to C=O stretching from
amide I, 1527 cm−1 associated to the CN stretching and NH bending from amide II, and bands ranging
from 1400 to 1000 cm−1 associated to collagen absorption features attributed to CH2 wagging, CH3

deformation, C–N stretching, and C–OH stretching [21,50,51]. Note that the rabbit glue characteristic
bands at 3300 cm−1 and 3100cm−1 assigned to NH stretching are not clearly seen in Figure 5. Instead a
broad band is noticeable, which was attributed to the overlapping of the above bands with the key
bands of azurite or malachite present in this region, as described below.
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On the other hand, in the AZ-ST- and MAL-based paints (See Figure 5), the bands assigned to
the binders were slightly relocated: (i) the egg yolk key band at 1527 cm−1 moved to 1487 cm−1 in
the reference egg yolk-based paints AZ-ST-E-Ref and MAL-E-Ref paints, (ii) the (amide II) band at
1527 cm−1 in the R−based paints also moved to 1477 cm−1 in AZ-ST-R-Ref paint and to 1475 cm−1 in
MAL-R-Ref paint. The shifts cited here were previously reported by Cardell et al. [21], who attributed
them to the complexation of Cu2+ ions with the amide group; indeed, the attachment of heavier atoms
reduces the frequency of the bending vibration of the C–N bonds [21,52]. The FTIR shifts described
above could be due to the fact that the azurite standard (AZ-ST) and malachite standard (MAL)
pigments have higher egg-yolk content than the other pigments we studied. As formerly mentioned,
the commercial AZ-ST pigment had 10.5% more egg yolk than the other azurite pigments (AZ-EC,
AZ-C, AZ-M, and AZ-EF contain less than 3.5 wt%) according to [21]. These authors also found that
AZ-ST pigment contained more azurite than the other AZ pigments.

In the FTIR spectra of the analyzed temperas, the bands for azurite and malachite could also
be identified (Figure 5). In the case of the reference AZ-based paints, the azurite bands correspond
to: a low intense band at 3694 cm−1 and a sharp band at 3419 cm−1 assigned to the O–H stretching
mode. Note that 3419 cm−1 band shift to 3410 cm−1 in the AZ-ST-R-Ref, and that it is hardly seen
in AZ-C-E-Ref paint; bands in the spectral region extending from 1500 to 1400 cm−1 (ca. 1490, 1436,
and 1400 cm−1) assigned to stretching vibration of CO3

2−; different bands in the range 1054–550 cm−1,
specifically, 1054 cm−1, 943 cm−1, 811cm−1 and 769 cm−1 assigned to bending of CO3

2−, and finally,
bands at 533 cm−1 and 445 cm−1, which were assigned to v(Cu–O) [53–55]. Malachite was recognized
by the FTIR absorbance bands at 3390 cm−1 and 3310 cm−1 assigned to O–H stretching mode, bands at
1487 cm−1, 1370 cm−1, 1151 cm−1, and 1035 cm−1, assigned to stretching vibration of CO3

2−, bands
assigned to bending of CO3

2− at wavenumbers below 860 cm−1, and bands at 561 cm−1, 495 cm−1, and
420 cm−1 assigned to v(Cu–O) [49,53–55].

After SO2 aging of the AZ-based paints, new bands in the FTIR spectra assigned to S–O bands at
the range between 1050 and 1060 cm−1, and ca. 601 cm−1 (i.e., at 603 cm−1 in our paints) [49,56] confirm
the precipitation of sulfated phases on the surface of the paints. However, no FTIR changes were
identified in the spectra of the MAL-based paints, not even effects corresponding to the S–O group.
Note that XRD detected bassanite and Na2Cu(SO4)2 on MAL-based mock-ups. The non-detection
of sulfate salts by means of FTIR could indicate that the formation of sulfate compounds is not
homogeneous throughout the entire paint, which would complicate their identification by the diverse
analytical techniques, considering that different aliquots from scraped paint material taken from the
glass slide were used for each applied technique.

Figures 6 and 7 show the surface aspect of some of the AZ- and MAL-based paints before and
after SO2 exposure. Using SEM-EDS, azurite and malachite grains were identified embedded into
the organic matrix of the binder. SEM highlighted texture differences between the paints made with
egg yolk and those made with rabbit glue both before and after the SO2 aging test. Thus, in the
fresh E-based paints, the pigment grains were well covered by the binder, which gave the paint a
smooth surface with some cracks and voids, and a few grains protruding from the binder (Figure 6,
AZ-C-E-Ref). Conversely, in the paints made with rabbit glue, the binder was less able to cover the
pigment grains, and there were large empty spaces between the grains (Figure 6, AZ-C-R-Ref).

After SO2 exposure, SEM confirmed the precipitation of sulfur-rich neoformed minerals on the
surface of the paint mock-ups. Three different types of mineral groups were identified according to
their morphologies:

(1) Acicular-shaped crystals were observed on AZ-EC-, AZ-C-, AZ-M-, and AZ-EF-based paints
irrespective of the binder present in the temperas (Figure 6, AZ-C-E-SO2, AZ-EC-R-SO2); however,
the degree of coverage on the paint surface varied according to the binder. The deposits were more
extensive on the E-based paints than on the R-based paints (Figure 6, AZ-C-E-SO2 and AZ-EC-R-SO2).
In the AZ-E paints in addition to the acicular deposits that were mainly rich in copper (Cu) and sulfur
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(S) and to a lesser extent in phosphorus (P) (Figure 6 EDS1), dense plates rich in S, Cu, potassium (K),
and calcium (Ca) (Figure 6 EDS 2) were identified.

(2) On AZ-ST-based paints with both binders, the sulfated crystals were tabular in shape and less
than 10 µm long (Figure 6, AZ-ST-E-SO2). The salts were rich in S and Cu, and to a lesser extent, P,
silicon (Si), aluminum (Al), and magnesium (Mg) (Figure 6, EDS 3);

(3) On the MAL-based paints made with egg yolk binder (Figure 7, MAL-E-SO2), interconnected
prisms rich in S, Cu, K, and Ca (Figure 7, EDS 1) and acicula rich in Si, Cu, S, and P were detected
(Figure 7, EDS 2). Instead, on the surface of the malachite R-based paint, enrichments of S and Ca were
detected (Figure 7, MAL-R-SO2 and EDS 3).

All in all, SEM examination of the paints surfaces indicate that sulfated salts precipitated in larger
amounts in E-based paints (mainly made with AZ-EC, AZ-C, AZ-M, and AZ-EF pigments) than in
R-based paints.

The visualization of cross sections with PLM (Figure 8a–d) and SEM (Figure 8e,f and Figure 9)
showed that in fresh E-based paints, pigment grains were well agglomerated by the binder while in
R-based paints, the adherence between pigment grains and binder seemed to be lost. As a result, the
surface of the E-based paints appeared smoother (Figure 8a,b) than the surface of the paints made
with rabbit glue, a finding that is consistent with the lower Rz values found in E-based paints. Also,
observations under PLM revealed the presence of grains with an intense green color in the AZ-based
paints (Figure 8d). These grains could correspond to malachite; note that XRD results indicated higher
malachite contents in the fresh AZ-E-based paints than in fresh AZ-R-based paints.

PLM examination of cross sections of SO2 aged paints confirmed a yellowing of the binders, with
this effect being more intense in the egg yolk binder (Figure 8a–d). Therefore, the yellowing suffered
by the binders could be the reason of the color changes of the temperas detected by spectrophotometry.
In E-based paints—with the exceptions of AZ-EF-E and MAL-E paints—, a yellowing effect after SO2

exposure was detected. Conversely, in R-based paints—with the exceptions of AZ-C-R, AZ-EC-R and
MAL-R paints—, a tendency to bluish tones was detected after ageing. Herrera et al. [10] also found
an increase in b* in temperas made with calcite or gypsum mixed with either egg yolk or rabbit glue
exposed to SO2 rich-atmospheres, as already mentioned.

In addition to the detection of large amounts of sulfate salts on the surface of the temperas, SEM
confirmed the presence of sulfur in the interior of the paints (Figure 9). This fact, which was verified
irrespective of the binder, would confirm that either an interaction between SO2 and the paints has
occurred inside the paints or that sulfate-rich solutions have migrated towards the interior. It would be
interesting to further knowledge of this interaction: whether SO2 diffuses into the paint and oxidizes
inside the paint, or if it is only a penetration of dissolved salts that have previously precipitated onto
the surface. Whatever the process is, it will have different consequences on the stability of the tempera
paints: (1) the oxidation of SO2 to sulfate inside the paint will occur if water exists in its interior,
which depends in turn on porosity and the degree of aggregation of pigment grains. The process of
oxidation of SO2 to sulfates could chemically alter, by redox processes, the binder mixed with the
pigment inside the paint, leading to its color change; (2) if sulfur content inside the paints comes from
the penetration of sulfate rich solutions from the paint surface towards its interior through paint pores,
the precipitation of the salts in the interior of the paint would also produce changes in tempera paint
reflectance and color.



Minerals 2020, 10, 424 17 of 24

Minerals 2020, 10, x FOR PEER REVIEW 12 of 24 

 

 

Figure 6. SEM micrographs of reference (Ref) and aged (SO2) paint mock-ups made with azurite (AZ-
ST, AZ-EC, AZ-C) mixed with egg yolk (E) or rabbit glue (R). Some of the micrographs are 
accompanied by EDS spectra (depicted through the number EDS). See Table 1 for the labeling of the 
paint mock-ups. 

Figure 6. SEM micrographs of reference (Ref) and aged (SO2) paint mock-ups made with azurite (AZ-ST,
AZ-EC, AZ-C) mixed with egg yolk (E) or rabbit glue (R). Some of the micrographs are accompanied by
EDS spectra (depicted through the number EDS). See Table 1 for the labeling of the paint mock-ups.
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Figure 7. SEM micrographs of the reference (Ref) and aged (SO2) paint mock-ups made with malachite
(MAL) mixed with egg yolk (E) or rabbit glue (R). Some of the micrographs are accompanied by EDS
spectra (depicted through the number EDS). See Table 1 for the labeling of paint mock-ups.
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Figure 8. Micrographs taken with PLM (plane polarized light) from cross sections of reference
azurite-based paints made with egg yolk (a) and with rabbit glue (b); reference (c) and SO2 aged
(d) AZ-M paints made with egg yolk (E). (e,f) are SEM micrographs of (c,d). Reference (Ref): fresh
paints; Aged SO2 paint: SO2. See Table 1 for the labeling of paint mock-ups.
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of the cross section of the SO2 aged AZ-M-E paint obtained by scanning electron microscopy with
microanalysis (SEM-EDS).
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SEM results showed that larger amounts of sulfated phases precipitated onto the surfaces of the
E-based paints versus R-based paints. In order to investigate why this happened, the static contact
angles (SCAs) of the fresh tempera paints and on fresh mock-ups made solely with binders were
measured (Table 4). In the case of the rabbit glue mock-up, it was impossible to obtain a contact
angle value, since the drops, as soon as they were brought into contact with the surface of the
binder, quickly dispersed, confirming the hydrophilic character of rabbit glue. The egg yolk mock-up,
on the contrary, showed an SCA around 75◦ (most probably due to the fatty character of its lipid
components). Consequently, it can be inferred that the hydrophilic nature of the rabbit glue binder
hindered measuring the SCA in the rabbit glue mock-up. Surprisingly, R-based tempera paints showed
higher SCA values than their counterparts made with egg yolk (Table 4). This could be related to the
roughness displayed by the paints (Table 3), i.e., R-based paints being rougher than E-based paints,
as was quantified by roughness measurements and illustrated via PLM (Figure 8a,b). Note that it is
well known that surfaces with greater micro-roughness have higher contact angles [57,58].

Table 4. Static contact angle (SCA) of reference paint mock-ups. See Table 1 for paint sample labeling.

Sample Egg Yolk-Based Paints (E) Rabbit Glue-Based Paints (R)

Binder 75.20 ± 1.04 n.d.
AZ-EC 73.35 ± 2.04 113.76 ± 3.36
AZ-C 72.84 ± 3.24 103.83 ± 0.32
AZ-M 80.62 ± 5.49 96.42 ± 2.51
AZ-EF 88.13 ± 4.17 109.13 ± 3.50
AZ-ST 92.56 ± 6.42 108.98 ± 3.78
MAL 83.67 ± 6.21 121.49 ± 3.53

Note: AZ = azurite; MAL = malachite; EC = extra coarse; C = coarse; M = medium; EF = extra fine; ST = standard.
n.d. = not detected.

SCA data, together with SEM observations, may explain why more salts precipitated in the
R-based paints, and moreover, will clarify the yellowing of the egg yolk binder after the SO2 test.
Firstly, the hydrophobic character of the R-based paints makes them less reactive to the wet deposition
of SO2. This could explain the lower amount of saline deposits formed in these paints compared to
the E-based paints. Note that R-based paints, although being less reactive to SO2 than the E-based
paints, suffered from deterioration; indeed, our results indicate that pigments altered because Cu-based
sulfates formed in the paints. On the other hand, the hydrophilic character of the E-based paints makes
them more reactive against wet SO2 deposition. The wet SO2 deposition would affect the mock-ups all
over their surface, leading, consequently, to a more intense salt deposit formation in these E-based
paints. In addition, dissolved SO2 or sulfates will penetrate more easily inside the paint. Therefore, the
possibility that the components of the tempera paint (i.e., pigment and binder mixture) will be affected
by SO2 deposition processes would be higher in the interior of the E-based paints. The yellowing of
the egg yolk (which hardly occurred in the rabbit glue binder) may be due to this fact.

This hypothesis, which should be proven by molecular techniques different to FTIR, is consistent
with the dissimilar behavior of the egg yolk and rabbit glue binders during aging, and agrees with
previous findings reported in the literature. Odlyha et al. [7] related the deterioration of egg yolk in
azurite tempera mock-ups subjected to an artificial light aging test, to an oxidation process catalyzed
by the copper of the azurite. Cardell et al. [21], working with azurite rabbit glue-based tempera
mock-ups subjected to a UV-aging test, found that the paints made with the finer grained pigments
displayed yellowing, which was related to modifications of the binder structure. Other works also
proved that X-rays were able to deteriorate the lipids and proteins of egg yolk present in tempera
mock-ups made with either azurite, malachite, or alizarin, affecting the cleavage of the C–N, C–O(H),
and C=O bonds [59]. In our work, despite the fact that R-based paints exhibit a hydrophobic character,
the binder loss in these paints was more significant than in the E-based paints. Although at first this
result seems contradictory, it should be noted that the rabbit glue binder present in our paints remains
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more prone to dissolution in moist conditions (like those present in this SO2 test) than the egg yolk
binder, which is more sensitive to irradiation [60].

4. Conclusions

The results obtained from this research allowed us to reach the following conclusions:
The fresh azurite- and malachite-based tempera mock-ups prepared with the two binders, i.e., egg

yolk or rabbit glue, had certain physical-chemical differences that affected their capacity to withstand
the accelerated aging test in which they were exposed to SO2. In particular, the distinctive crucial
features were:

(i) The slightly higher amount of malachite detected in the azurite-based paint mock-ups made
with egg yolk compared to those made with rabbit glue. Future studies conducted using paint
mock-ups should check out first the mineralogy of the purchased azurite and malachite pigments, in
order to ensure or discard possible interaction between them and the proteinaceous binder, i.e., egg
yolk or rabbit glue during the curing of the tempera paint.

(ii) The mixture of azurite with egg yolk gives a slightly yellower tempera than if rabbit glue
is used. Egg yolk proved to be a better agglutinant than rabbit glue. As a result, egg yolk-based
paints had a smoother and less porous surface than rabbit glue-based paints, which showed more
irregularities and pores, making the tempera more susceptible to future deterioration.

After the SO2 aging test, sulfate-rich salts were detected on the surface and also inside the paint
layer of the tempera mock-ups, principally in those containing egg yolk. The presence of Cu-rich
sulfate salts in the aged paint mock-ups proved that the azurite and malachite pigments were damaged
by SO2 exposure, irrespective of the binder present in the tempera and the grain crystal size. Binders
also deteriorated after the SO2 test: the egg yolk binder suffered yellowing but it did not show physical
deterioration, although weak fissuring after the test affected the tempera. Conversely, cracks formed in
the rabbit glue-based paints and important amounts of binder were lost. Despite the higher binding
ability of the egg yolk and its greater physical stability during SO2 attack, the color change of the aged
azurite egg yolk-based tempera was much greater than that of rabbit glue-based tempera, whose color
remained almost unchanged. The greatest color variation in azurite egg yolk paints after SO2 exposure
is a result of the combination of: (i) the greater amount of sulfate salt deposits on the paint surfaces,
(ii) the disappearance of malachite impurities due to the acidic pH of the SO2 deposition environment,
and (iii) the yellowing suffered by the egg yolk binder. Further studies should be performed on the
evaluation of the chemical changes occurred in both binders in order to correlate them with physical
changes, such as yellowing or cracks.

These results will help to understand the behavior of tempera paints exposed to SO2 rich
atmospheres. Although SO2 concentration in urban environments was reduced following European
guidelines, it should be noticed that the effect of this gas on temperas (as in other materials
used in cultural heritage) has an accumulated character over time. The knowledge about the
response of temperas exposed to SO2 can be useful in decision-making during the application
of preventive conservation measures (e.g., through the placement of protective screens or the
implementation of traffic regulation measures) or in selecting the appropriate paintings materials
during reintegration interventions.
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