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Abstract: The behavior of historic tempera paints exposed to pollutant gases is an important
issue when developing conservation strategies. In this work, binary tempera paint mock-ups
that were made with either smalt or lapis lazuli pigments mixed with either rabbit glue or egg
yolk binders were exposed to an SO2 accelerated aging test in order to find out more about
the forms and mechanisms of alteration resulting from pigment-binder interaction. To this end,
spectrophotometry, hyperspectral image analysis, and profilometry were used to study macro-scale,
physical changes taking place on the surface of the paints, affecting color, gloss, reflectance, and
roughness. Likewise, chemical and mineralogical changes were evaluated by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (ATR-FTIR), polarized light microscopy (PLM), and scanning
electron microscopy with micro-analysis (SEM-EDS), which was also used to visualize micro-texture
changes in the paints. The smalt-based tempera showed a higher degree of deterioration than the
lapis lazuli-based tempera, in particular a notable whitening related to the precipitation of sulfate-rich
salts and to binder and pigment chemical alterations. Moreover, whereas aged egg yolk-based paints
showed visible color change due to damage to the oily binder and the pigments, the most evident
change in rabbit glue-based paints was binder loss. The alteration suffered by the pigments varied in
line with their composition; thus, smalt (blue cobalt-containing glass) grains were more sensitive
to SO2 exposure than lapis lazuli-(Na,Ca)8[(S,Cl,SO4,OH)2|(Al6Si6O24)]-crystals. In the smalt grains,
the SO2 test caused K+ leaching from the glass matrix, which was detected by means of K/Co
ratios, but the lazurite crystals (main component of lapis lazuli) were unaffected (regardless of the
binder used in the tempera). The most likely source of the crystallized sulfate rich salts were the
impurities that were detected in association with the natural lapis lazuli pigment, i.e., calcite and
diopside. Indeed, the precipitation of efflorescences is the main cause of the optical changes found
in the smalt- and lapis lazuli-based tempera, in addition to the physical-chemical damage to the
binders. The information reported here would be useful for preventive conservation, as well as for art
restorers, who are planning work on paintings in which paints of this kind were used.

Keywords: tempera paint; inorganic pigment; proteinaceous binder; sulfur dioxide; physical-chemical
change; sulfate-rich salt; aging
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1. Introduction

The SO2 levels in some cities (e.g., in the Mediterranean area) still surpass the limits recommended
by the World Health Organizations (WHO), despite the fact that SO2 concentration in the atmosphere
has been reduced in Europe in the last two decades due to European guidelines [1]. SO2 can damage
cultural heritage monuments and other works of art in polluted urban areas [2–7]. The role of the
deposition and oxidation of SO2 in the formation of gypsum (CaSO4·2H2O) rich crusts on the surface
of stones has been established in both sedimentary (carbonate) and silicate rocks [5–7]. On sedimentary
carbonate stones, gypsum crusts form as a result of wet or dry deposition of SO2 and the subsequent
reaction of the sulfur with the calcium contained in the stone by means of various different processes
([8], and references therein). Gypsum-rich crusts have been studied on building materials that have
been used in numerous cultural heritage monuments [9,10]. Sulfation mechanisms have also been
described in decorative materials and mural paintings in a range of historical buildings, such as houses
in Pompeii, which are exposed to medium/high SO2 levels due to the site’s proximity to Naples and to
active volcanoes in southern Italy [2,3]. In “Villa Sora” (Torre del Greco near Pompeii), Cotte et al. [2]
found that the lime-based mortar in the paintings had sulfated into gypsum and, in the Marcus
Lucretius House, Maguregui et al. [3] identified the formation of gypsum from the lime-rich plaster,
the transformation of red hematite into black magnetite, and the formation of Fe-rich sulfates on the
wall paintings due to exposure to SO2 in the atmosphere.

Although being a medium-sized, non-industrial city, Granada in southern Spain, which is well-known
for the Alhambra (a UNESCO World Heritage site), is one of the most polluted cities in Western Europe [1],
with annual mean concentrations of SO2 and O3 in excess of WHO recommendations (e.g., 11.85 µg/m3

SO2 in 2013) [11]. For this reason, over the last decade, several research projects (EXPOAIR and
AERIMPACT, see acknowledgments) have been launched aimed at analyzing the impact of urban
atmospheric aerosols on paints in open-air architectural monuments. As part of these investigations,
long-term outdoor exposure tests and accelerated aging tests (ultraviolet irradiation—UV, temperature—T
and relative humidity—RH cycling, and pollutant gases) were performed while using tempera paint
mock-ups. Mixing an inorganic pigment with a water-soluble proteinaceous binder, e.g., egg yolk or
rabbit glue, is utilized to produce traditional tempera [12]. The mock-ups used in these projects were
binary mixtures of either egg yolk or rabbit glue with a mineral pigment. Lapis lazuli and blue smalt were
the pigments selected for testing, since they have been important in historical paintings and, likewise,
have been identified in Granada polychromed decoration [13–16]. In particular, lapis lazuli of different
quality has been found in paintings from the Alhambra palaces [13–16]. Here, there is no scientific
evidence of sulfation on the so-far studied decorative paintings, despite the high SO2 atmospheric
levels reported in the city [11]. Instead, chloride-induced degradation was recognized through the
identification of mixed-cation chloride compounds in synthetic red lead (Pb3O4), cinnabar (HgS),
azurite (Cu3(CO3)2(OH)2), and malachite (Cu2CO3(OH)2) pigments. Chemical degradation was also
observed in gilded tin decoration, while the best preserved of all the pigments in the polychromes at the
Alhambra palaces are lapis lazuli and ultramarine, showing their high resistance to weathering [13,16].
The identification of diopside (CaMgSi2O6), a common mineral that is related with lapis lazuli in nature,
made it possible to discern between the natural or synthetic origins of these blue pigments in the Alhambra
paintings. Moreover, the Raman spectrum of the lapis lazuli pigments indicated their provenance from
the Badakhshan region of Afghanistan [17].

Egg yolk is composed of (58%) fatty acids (oleic and linoleic acids as unsaturated fatty acids
and palmitic and stearic acids as saturated fatty acids) and (32%) proteins [18]. Rabbit glue is mainly
composed of collagen [19]. In addition to the characteristics of the mineral/inorganic pigment, the type
and amount of binder, which can affect the color, superficial roughness, consistency, and weathering
behavior of the paint, also directly influences the final appearance of the tempera paint [12,20–22].
In principle, egg yolk, which dries faster than rabbit glue, is longer lasting and makes the paint
brighter and more flexible [12,20]. The components of the tempera paint (binder and pigment) must
be blended in precise proportions to achieve a smooth-spreading paint layer, which must also be
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consistent. The precise amount of binder to be mixed with a particular pigment (which also affects
the surface properties of the paint) depends on the nature of the pigment and its grain size [12,23,24].
Generally, the smaller the pigment particle size, the higher the amount of binder that needs to be
added [22,23]. The pigment particle size affects the color and the hiding power of the paint, and also
plays a key role in the optical appearance and surface finish of the paint layer [22,25]. Recent research
studies have pointed out that impurities present in historical pigments could significantly alter the
optical, chemical, and physical properties of the whole paint system, in that they can influence
pigment-binder interaction and, thus, the aging behavior of the paint [22,26,27].

In the last two decades, research conducted on historical paints using mock-ups has increased in
order to fully characterize the mineralogical and physical changes affecting oil/tempera paints that
were subjected to exposure to the natural environment or artificial accelerated tests [11,21,28–36].
The weathering mechanisms taking place in these paints have been related to (i) the type and amount
of binder, (ii) the nature of the mineral pigment (chemical composition, impurities, and neoformed
minerals), and (iii) the pigment-binder interaction [21,23,27,30–36]. As mentioned, the response of
a paint to aging varies according to the type of binder that it contains [21]. Rivas et al. [21] found
that, with exceptions, egg yolk-based paint mock-ups made with one of the following pigments:
chalk (CaCO3), gypsum (CaSO4·2H2O), white lead (PbCO3/Pb3(CO3)2(OH)2), hematite (Fe2O3),
cinnabar (HgS), azurite (Cu3(CO3)2(OH)2), and lapis lazuli ((Na,Ca)8[(S,Cl,SO4,OH)2|(Al6Si6O24)])
with different grain sizes and subjected to a real marine and industrial environment, were more resistant
to decay than equivalent paints that were prepared with rabbit glue binder, when subjected to outdoor
(natural) marine and industrial exposure [21]. Elert and Cardell found significant conformational
changes in the egg yolk binder while working with cinnabar-based tempera mock-ups with egg yolk
binder exposed to UV- and sunlight-based tests [24]. In other research based on calcium sulfate-based
paints mock-ups with rabbit glue exposed to high RH and to water spray tests, the authors recommended
the use of a more water resistant material than animal glue, such as casein or egg yolk, because they
found, in the rabbit glue-based paints, that volumetric changes due to the mineralogical transformation
could accelerate paint loss [35].

Having verified sulfation in lime-based paints that were prepared with either egg yolk or rabbit
glue [11], the SO2 effect on tempera mock-ups made with mixtures of these binders with other inorganic
pigments should be investigated in order to improve our knowledge of the weathering mechanisms
affecting paints. This can then be applied in the preventive conservation of historical paintings and can
help to ensure longer-lasting restorations. To this end, we conducted an in-depth study on the effect
of SO2 on blue and green tempera mock-ups made with one of the following pigments: smalt (blue
cobalt-containing glass), lapis lazuli ((Na,Ca)8[(S,Cl,SO4,OH)2|(Al6Si6O24)]), azurite (Cu3(CO3)2(OH)2),
and malachite (Cu2CO3(OH)2) pigments mixed with either rabbit glue or egg yolk as binders. This was
done using an accelerated SO2 aging test while using a climatic chamber in Instituto Superior Tecnico
(University of Lisbon, Portugal). In this paper, which is Part 1 of a series entitled Effect of a SO2 rich
atmosphere on tempera paint mock-ups, we present and discuss the results that were obtained due to SO2

exposure of smalt- and lapis lazuli–based tempera paints. In a second article (Part 2), also published in
this Special Issue of Historical Mineral Pigments, we show the results of research into the impact of SO2

on azurite (different grain sizes) and malachite-based tempera paints.
Blue smalt is a synthetic potash silicate pigment made by mixing cobalt (Co) oxide (cobalt-potassium

silicate glass) with molten glass [36], which itself is made from three main materials, i.e., sand (SiO2),
limestone (CaCO3), and sodium carbonate (Na2CO3). This pigment does not have a precise chemical
formula and its composition can vary, as follows: cobalt oxide = 2–18%, silica = 66–72%, and potassium in
the form of potassium carbonate (10% to 21%), which is added to the glass to act as a flux. It might also
contain impurities, such as oxides of copper (Cu), magnesium (Mg), sodium (Na), nickel (Ni), manganese
(Mn), and barium (Ba). Once the glass melts, the glass is exposed to cold water to create a thermal shock,
which breaks the glass into several chunks. These pieces of glass are then ground into a fine powder. Its use
features in paintings back to 11th and 12th century wall paintings in Mongolia and Turkey [37]. It appeared
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in Europe at the beginning of the 15th century and it was largely used in important Italian artistic contexts
such as Rome and Florence at the end of this century. It became a substitute for azurite and lapis lazuli
in the 17th century [38], perhaps because it was cheaper than other blue pigments, such as azurite [39].
In decorated stained glass, a layer of smalt mixed with a binding agent (gum arabic or an essential oil) is
deposited on the glass and then exposed to 600–700 ◦C [36]. The discoloration (fading) of blue smalt-based
paints was attributed to the leaching of potassium (K+) ions from the glass matrix towards the binding
medium, causing an increase in pH and the subsequent rearrangement of the structure, specifically a
change in the cobalt coordination from tetrahedral to octahedral [36,40,41]. Robinet et al. showed that
this process causes an increase in the Co-O distance in the altered pigment [42]. These authors [42] also
stated that the alteration in the color of smalt that was caused by this process resulted in a change in the
K/Co ratio: a K/Co ratio of 1/1 or higher corresponds to non-altered smalt, whereas K/Co ratios of less
than 1 are typical of faded smalt grains. Spring et al. [43] found that the K+ leached from the glass can
form potassium soaps on the surfaces, inducing a darkening of the organic medium and, subsequently,
a grey-brown appearance of the paint. For other authors [44], smalt deterioration occurs through various
combined processes, both physical, such as the formation of a crack network due to hydration of the glass,
and chemical, e.g., leaching of cobalt ions, which leads to pigment discoloration, darkening of the oil
medium due to alkaline loss from the glass, or K/Co soap and salt formation (in oil-rich paints).

Lapis lazuli was one of the most used mineral pigments in medieval tempera paints. It is a natural
pigment that is obtained by grinding the semi-precious stone lapis lazuli, whose main component is
lazurite. Lazurite is a tectosilicate -(Na6Ca2(Al6Si6O24)(SO4,S,S2,S3,Cl,OH)2)- belonging to the sodalite
group, which is formed through contact metamorphism of limestones and is naturally associated
with diopside (CaMgSi2O6), forsterite (Mg2SiO4), wollastonite (CaSiO3), calcite (CaCO3), and pyrite
(FeS2). Lapis lazuli was a very expensive pigment, so that it was often mixed with cheaper blue
pigments, such as azurite and indigo (natural blue dye) [45]. Lapis lazuli has been widely used since
ancient times—there is evidence of its use in cave paintings in Afghan temples from the 6th and 7th
centuries AD—although it was most extensively used in the 14th and 15th centuries, in illuminated
manuscripts, Italian panel paintings, and even in mural paintings [45,46]. Lapis lazuli was also used in
the paintings that cover the yeserias (plasterwork) and woodwork decoration in the Alhambra palaces
(Granada, Spain) [13,14].

In this research paper (Part 1 of the series entitled Effect of a SO2 rich atmosphere on tempera paint
mock-ups) smalt- and lapis lazuli-based tempera paint mock-ups that were prepared with different
binders—i.e., egg yolk or rabbit glue—were subjected to an SO2 aging test, and their behavior was
evaluated in terms of compositional (chemical and mineralogical) and physical changes as a result of
pigment-binder interactions.

2. Materials and Methods

2.1. Tempera Paint Mock-Ups

In this study, we used six tempera paint mock-ups that were prepared as binary mixtures (inorganic
pigment and organic binder) that mimicked real tempera paints. Two organic binders were selected:
egg yolk (albumin, ovalbumin, and fatty acids), named E hereafter, obtained from locally purchased
eggs, and rabbit glue (collagen pearls, ref. 63028) named R hereafter, that was supplied by Kremer
Pigments GmbH & Co (Aichstetten, Germany). The inorganic pigments selected for this study were
lapis lazuli (LAP hereafter) and smalt (SM hereafter), both of which were supplied by Kremer Pigments
GmbH & Co. KG (Aichstetten, Germany). Two different grain sizes (coarse-C and extra-coarse-EC,
see Table 1) were selected for the SM pigment in order to identify the influence of grain size on the
durability of the paints against SO2 exposition.
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Table 1. Mineralogical/Chemical composition and grain size of the pigments according to Kremer supplier and to the authors [22], binder (egg yolk and rabbit glue)
content in the tempera mock-ups, and mineral phases identified in the tempera mock-ups by XRD before and after SO2 exposure. The author references are also shown.
E-T: egg yolk-based temperas and R-T: rabbit glue-based temperas. Mm: maximum grain size and r: grain size range.

Kremer
Reference

Authors
Reference

Kremer
Composition

Authors
Composition

[22]

Kremer
PigmentSize

(µm)

Authors
Particle Size

(µm) [22]

Paint‘s Binder
Content (%) [22]

Authors Composition
before SO2

Authors Composition after SO2

E-T R-T E-T R-T E-T R-T

Lapis lazuli
No. 10540,
crystalline

(natural pale)

LAP Haüynite
Lazurite
Calcite

Diopside
< 80 Mm = 47

r = 0.6–95 27 18
Lazurite
Calcite

Diopside

Lazurite
Calcite

Diopside

Lazurite
Calcite

Diopside
Gypsum
Bassanite

Pentahydrite

Lazurite
Calcite

Diopside
Gypsum
Bassanite

Pentahydrite

Smalt coarse
No. K10010

SM-C
(coarse)

Blue glass,
Co-silicate n.d. 80 Mm = 55

r = 1–100 43 21 n.d. n.d. Thenardite Aphthitalite

Smalt standard
No. K10000

SM-EC
(extra

coarse)

Blue glass,
Co-silicate n.d. 0–120 Mm = 75

r = 1–140 37 20 n.d. n.d. Thenardite n.d.

LAP: lapis lazuli; SM: smalt; C: coarse grain size; EC: extra coarse grain size; Mm: maximum grain size; R: grain size range; n.d. not detected; Haüynite: (Si3Al3)Na3CaO12S; Lazurite:
Na6Ca2(Al6Si6O24)(SO4,S,S2,S3,Cl,OH)2-; Calcite: CaCO3; Diopside: MgCaSi2O6; Gypsum. CaSO4·2H2O; Bassanite: CaSO4·1/2H2O; Pentahydrite: MgSO4·0.5H2O; Thenardite: Na2SO4;
Aphthitalite: K3Na (SO4)2.



Minerals 2020, 10, 427 6 of 24

The paint mock-ups were prepared by mixing one proteinaceous binder with one pigment
according to the recipes of the Old Masters in order to achieve standards that are similar to those
used by medieval artists [47]. The procedure for making the E-based paints can be consulted in [33],
and for the R-based paints in [23]. These paints contain varying amounts of organic binder, because
binder demand depends on the chemical composition and particle size of the pigment (Table 1). For the
E-based paints, ca. 0.5 g of each powdered pigment was placed in a small bowl and different amounts
of beaten egg yolk were added to form a fluid paste. For the R-based paints, the rabbit glue pearls
(8 g) were previously soaked in 100 mL deionized water for 24 h under stirring before heating below
50 ◦C in a water bath until a homogeneous mixture was obtained. In order to prepare a tempera paint
of appropriate consistency, 0.5 g of each pigment was first wetted with deionized water and mixed
afterwards with sufficient animal glue paste.

The binary paints that were obtained were then painted onto glass slides (ca. 76 mm × 26 mm × 1 mm)
while using a paintbrush. Several layers were applied (once the previous layer was completely dry) in
order to properly cover the substrate. The paint mock-ups were labeled using the acronym of the pigment,
LAP for lapis lazuli, and SM for smalt, followed by the grain size, i.e., coarse -C- and extra-coarse -EC-,
and finally, the letter E to refer to egg yolk or the letter R for rabbit glue (see Table 1).

Additional mock-ups were prepared with each binder by itself for comparison purposes (Figure 1).
These were prepared by painting the binder onto a glass slide using a paintbrush. Subsequently, all of
the paint mock-ups were kept under laboratory-controlled conditions (18 ± 5 ◦C; 60 ± 10% RH) for one
month, in which they were protected from light exposure. Subsequently, each tempera paint and solely
binder mock-up was cut into two pieces (so creating two paint samples of 38 mm × 26 mm × 1 mm);
the fresh reference sample was kept under the aforementioned storage conditions, and the other sample
was subjected to the SO2 test.

2.2. SO2 Accelerated Aging Test

The tempera mock-ups and the binder mock-ups were placed in a FITOCLIMA 300EDTU climatic
chamber (25 ◦C; 45% RH) in the Instituto Superior Tecnico in Lisbon (Portugal), where they were exposed
to SO2 gas for two months. The SO2 was diluted at 3% in 3000 ppm of nitrogen and then dosed
at a concentration of 200 ppm, a value more than 250,000 times higher than current SO2 levels in
most of Europe (average value 0.00076 ppm) [48]. The reference fresh samples were stored under
laboratory-controlled conditions (18 ± 5 ◦C; 60 ± 10% RH) and light-protected during these two months.

The tap water used in the 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 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
(Perkin Elmer Optima 4300 DV ICP-EPS, PerkinElmer, Waltham, MA, USA) providing 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 Na+.

2.3. Analytical Methods

The reference (fresh) and SO2 aged paint and binder mock-ups were characterized while using
the following techniques:

The mineralogical composition (when possible) was obtained using X-ray diffraction (XRD) via
a Siemens D5000 (Siemens, Munich, Germany), by applying the random distribution of powder
particles. Analyses were performed using Cu-Kα radiation, Ni filter, 45 kV voltage, and 40 mA intensity.
The exploration range was 3◦ to 60◦ 2θ and the goniometer speed was 0.05◦ 2θ s−1. The identification
of each mineral phase was determined using the X’Pert HighScore (Malvern Panalytical B.V., Almelo,
The Netherlands).

A stereomicroscope (SMZ 1000, Nikon, Brighton, MI, USA) was used to examine the textural and
chromatic features of the surfaces of the mock-ups.



Minerals 2020, 10, 427 7 of 24

The color changes in the tempera paints and the binder mock-ups were characterized using
CIELAB color space [49,50] measuring L* (lightness), a* and b* (color coordinates) using a Minolta
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
randomly taken for each sample to provide statistically consistent results. The measurements were
made in the Specular Component Included (SCI) mode, for a spot diameter of 3 mm, while using
D65 as the illuminant and an observer angle of 10◦. Color data were processed as color differences
(∆L*, ∆a* and ∆b *) and global color change (∆E*ab) between the initial color and that of the aged
surface in order to evaluate the color changes [49,50]. Therefore, the higher the value, the more visible
the color change. A global color change (∆E*ab) of more than 3.5 CIELAB units represents a color
change visible to a non-expert observer [51].

The gloss value (G), which is the amount of specularly reflected light when compared to the amount
of diffusely reflected light, and its variation (∆G) were obtained by means of a Konica Minolta Unigloss
60Plus (Konica Minolta, Kyoto, Japan). A reflection angle of 60◦ was used and three measurements
were taken per sample.

A profilometer Mitutoyo SJ400 (Mitutoyo, Takatsuku, Kawasaki, Kanagawa, Japan) characterized
roughness to assess the relief of the samples before and after exposure to SO2 through the arithmetic
average roughness (Ra, µm), root mean square roughness (Rq, µm), and average maximum profile
height (Rz, µm) described in [52]. The equipment traced a scan length of 2 cm, and three profiles per
sample were obtained.

The change in reflectance in each aged paint and binder mock-up was obtained while using a
hyperspectral camera. The equipment consisted of a CCD sensor Pulnix TM-1327 GE (1040 rows,
1392 columns, PULNiX America Inc., California, United States), with an objective lens with a focal
length of 10 mm. An ImSpector V10 spectrograph with a spectral range of 400–1000 nm and a spectral
resolution of 4.55 nm was positioned between the sensor and the lens. The spectral camera recorded
a linear array of 1392 pixels at 1040 wavelengths in the range 400–1000 nm. The camera scans the
surface line-by-line in order to obtain an image at each of the 1040 wavelengths. A Schott DCR® III
incandescent lamp (SCHOTT-FOSTEC, LLC, New York, United States) with a rectangular head of
51 mm long and 0.89 mm wide was used as a light source. A cylindrical lens placed in front of the
lamp that was focused the light to produce an illuminated area that was 15 cm long and 1 cm wide.
The sample was placed on a motorized XYZ translation stage in which the Z- axis was perpendicular
to the sample surface. The paint mock-ups were fully scanned. Once the hyperspectral images were
acquired, the data were processed in a MATLAB programming environment in order to display the
respective reflectance graphs.

Molecular composition was obtained by Attenuated Transmittance Reflectance–Fourier transform
infrared spectroscopy (ATR-FTIR) with a Thermo Nicolet 6700 (Thermo Fisher Scientific, Waltham,
MA, USA). The infrared (IR) spectra were recorded at 2 cm−1 resolution over 100 scans from 400 to
4000 cm−1.

A sample ca. 4 mm × 26 mm × 1 mm was cut from the glass slides of each paint sample (fresh
and aged samples), embedded in styrene resin, and then cut in order to obtain a cross section with
which to study in-depth the alterations in the tempera paints from the exposed surface toward their
interior. Thus, cross-sections that were prepared as thin sections were visualized with an Axioscope 5
(Zeiss, Oberkochen, Germany) polarized light microscope (PLM).

The micromorphological and chemical characterization of all paint mock-ups was obtained
using a scanning electron microscope (SEM) with energy-dispersive X-ray spectroscopy (EDS)
(Philips XL30-Philips, Amsterdam, Netherlands and FEI Quanta 200- Thermo Fisher Scientific,
Waltham, MA, USA) in both Secondary Electron (SE) and Back Scattered Electron (BSE) modes. Both the
carbon-sputtered chip surfaces and the cross sections were studied. Optimum observation conditions
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were obtained at an accelerating potential of 15–20 kV, a working distance of 9–11 mm, and specimen
current of 60 mA. The acquisition time for recording EDS spectra, i.e., the dwell time, was 40–60 s.

The static contact of the fresh paint and binder mock-ups was measured while using a goniometer
SEO Phoenix-300 Touch (Kromtek Sdn Bhd, Selangor D.E., Malaysia) following [53] and applying the
sessile drop method (three drops of 6 µL of deionized water per sample).

3. Results and Discussion

Table 1 shows the mineralogical/chemical composition and grain size of the commercial pigments,
as detailed by the supplier (Kremer Pigments GmbH & Co), plus those that were obtained by the
authors using XRD during this and previous research [22]. Note that the information that was provided
by Kremer did not fully coincide with the composition identified by the authors, as also reported
for other pigments in previous works [22,23,35]. The authors found that the LAP pigment was
composed of lazurite, calcite, and diopside, proving that this is a natural pigment (unlike the synthetic
impurity-free ultramarine), while that reported by the manufacturer was haüynite, also known as
haüyne, with empirical formula Na4Ca2Al6Si6O22S2(SO4)Cl0.5. Lazurite and haüyne are both cubic
mineral varieties from the sodalite group (a member of the feldspathoids group), together with
sodalite (Na8(Al6Si6O24)Cl2) and nosean (Na8(Al6Si6O24)(SO4)H2O). Lazurite is the blue variety and
the primary constituent of lapis lazuli, while haüyne varies in color from white or gray to green or
blue. Members of the sodalite group often occur in the same rock together with amphiboles, olivine,
pyroxenes, calcite, and/or pyrite, as mentioned earlier.

After exposure to SO2, the formation of various neoformed mineral phases in the LAP mock-ups
(irrespective of the binder present) were confirmed using XRD, in addition to those found in the LAP
pigment, as shown in Table 1. The new phases included gypsum (CaSO4·2H2O), bassanite (CaSO4

·1/2H2O)
and pentahydrite (MgSO4·0.5H2O), all of which are sulfate-based (Table 1). Natural lapis lazuli is not a pure
mineral; it is a rock made of varied minerals (e.g., calcite, dolomite, pyrite, mica, diopside, albite, sodalite,
etc.), each of one with different properties and therefore different susceptibility to weathering [54,55].
The impurities that are present in our LAP pigment are calcite and diopside. Following several works,
these minerals are prone to dissolving under acidic, neutral, and basic pH conditions, releasing Ca,
Si, and Mg cations to the media [55,56]. Accordingly, it is reasonable to suggest that the sulfate salts
detected after this SO2 test were precipitated due to the interaction of the LAP pigment grains with SO2.
Consequently, it is likely that pentahydrite was formed at the expense of diopside and the Ca-sulfate
salts at the expense of calcite. As these two minerals are present in the LAP pigment in trace amounts,
the confirmation that they have been altered to form neo-formed phases through the estimation of their
content by means of XRD is, however, difficult. Mg and Ca, which make up these sulfates, could also
come from the water used for the test. Nevertheless, this possibility is unlikely in the case of magnesium
salt, because the Mg2+ content in the water was fairly low (see Section 2.2).

Various different sulfates were also detected in the SM mock-ups, such as thenardite (Na2SO4) in
the SM-E-based paints (SM-C-E and SM-EC-E) and aphthitalite (K3Na(SO4)2) in the R-based paint
SM-C-R. No neoformed minerals were detected with XRD in the aged SM-EC-R. Smalt is a synthetic
pigment that is made by mixing cobalt oxide with molten glass from sand (SiO2), limestone (CaCO3)
and sodium carbonate (Na2CO3). Therefore, it could be that the interaction of the SO2 with the SM
pigments results in the formation of new Na/K-rich minerals. Potassium and sodium (chemically very
similar) are strongly alkaline and their presence in the SM pigment assures the necessary level of
alkalinity to maintain the SM’s blue color. The acidic pH of the SO2 deposition and oxidation process
could favor the chemical degradation of the smalt pigment in SM paints.

The formation of the sulfated salts on the SM mock-ups could have been favored by the use of
non-ultrapure water in the test, as was commented in the LAP paints. Nonetheless, the contribution
of the water in the formation of aphthitalite (K3Na (SO4)2) would be ruled out, since the content
of K+ in the water is really very low. On the one hand, the use of non-deionized water in this test
has undoubtedly incorporated a variable that is difficult to control and it leads to more difficult
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interpretation of the results of the tests; however, on the other hand, the studied system is more closely
adjusted to the real exposure environment and, in this sense, the obtained results better reflect the
pigments susceptibility to this type of aging.

Figure 1 shows stereomicroscope micrographs of the surfaces of the paint and binder mock-ups
before and after the SO2 test. As regards the binder mock-ups, the E-mock-up, before the test,
has a cracked appearance and a yellowish tone, while the R-mock-up showed a continuous grayish
color. After the SO2 test, both of the binders reacted in a different way: in E-mock-up, the cracking
phenomenon became more severe, whereas R-mock-up became more friable, resulting in a partial loss
due to peel off the glass slide.
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Figure 1. Micrographs taken with stereomicroscopy of the binders (E and R) and the tempera paint
mock-ups made with either LAP or SM mixed with E or R. Note: Ref: reference sample; SO2: SO2 aged
paints; C: coarse grain size; EC: extra-coarse grain size. Check Table 1 to better follow the paints labeling.

As regards the tempera mock-ups, the color of fresh SM-paints varied depending on the binder
and the pigment grain size, in that the blue color was more intense in the E-paints when compared to
those made with R (Figure 1). This intense blue color was particularly evident in the SM-paints and
less so in the LAP-paints.
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After SO2 exposure, no visible color changes were detected on the LAP-paints after SO2 exposure.
Conversely, SM-paints acquired a visible whitish tone, especially those that were made with egg yolk
(SM-EC-E, SM-C-E) (Figure 1). This whitening could be related to the precipitation on the surface
of the different identified salts by XRD. Note that the discoloring of the surfaces of the SM-R-paints
(SM-EC-R and SM-C-R) did not affect the entire surface, but was distributed in the form of spots;
conversely, in SM-E-mock-ups, discoloration affected almost the entire surfaces, being much more
intense. The different degree of discoloration that was exhibited by SM-E paint and SM-R paint could be
due to a different amount of sulfated salts precipitated on the surfaces. However, it cannot be ruled out
that the discoloration is due to deterioration of the smalt itself or even to a different interaction between
the pigment and the binders. Indeed, it is known that smalt often discolors from blue to grayish when the
pigment is present in an oily medium, such as egg yolk [40]; following these authors, this phenomenon
is due to a reaction between the fatty acids (even in low proportions) and K. Hence, the presence of
egg yolk (which is barely acidic to neutral, with pH ca. 6.5–6.7, [57]) might induce a slightly acidic
environment in the SM paints that triggers the destabilization of K in the structure of the SM pigment.

Color spectrophotometry (Figure 2) confirmed the stereomicroscopy observations by revealing
that, in all the paints, except for LAP-E, the L* coordinate was the color parameter that was most affected
by SO2 exposure. Thus, after SO2 exposure, L* increased in the SM-mock-ups (regardless of the binder
used) in line with the whiteness that was observed under stereomicroscopy. Conversely, L* decreased
in the aged LAP-R-paint. In aged LAP-E paint, the most affected parameter was b*, which decreased
(there was an increase in the bluish tone of the paint). However, in the SM-paints, the increase in
b* suggests a shift towards yellow tones. It is important to highlight that, in the mock-ups made
solely with binders, b* was also the most affected color parameter. However, the trend in b* was
different for each binder: in the egg yolk, b* increased with a yellowing effect, while b* fell in the
rabbit glue, denoting a loss of yellow tone (as seen in Figure 1). Coordinate a* increased in aged
LAP-paints, regardless of the binder used (color became redder), while, in aged SM-paints, the a* value
fell (they became greener).
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Figure 2. Variations in the color parameters (∆L*, ∆a*, ∆b*, and ∆E*ab) of the paint and binder mock-ups
after SO2 exposure. (a) Binder (E and R) mock-ups. (b) Lapis lazuli (LAP) mock-ups. (c) Smalt (SM)
mock-ups with a coarse (C) grain size. (d) Smalt (SM) mock-ups with an extra-coarse (EC) grain size.
Check Table 1 to better follow the paints labeling.
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The changes in color suffered after aging by all tempera mock-ups, as well as the binder mock-ups,
were visible to the naked eye, as, in all cases, the global color changes (∆E*ab) were higher than
3.5 CIELAB units [51]. SM-C-E paint showed the highest ∆E*ab (29.9 CIELAB units), while the LAP-E
paint showed the lowest ∆E*ab (7.97 CIELAB units). The extent of the color change varied between
LAP- and SM-paints. In LAP-paints, ∆E*ab was higher in R-based mock-ups, whereas, in SM paints,
∆E*ab was higher in the E-based mock-ups. In the latter, the paint prepared with the coarse pigment
(SM-C-E) had a higher ∆E*ab value than the paint made with the extra-coarse pigment (SM-EC-E).

Regarding gloss, measurements on the reference (fresh) paints (Table 2) allowed us to confirm
higher gloss values for binder mock-ups when compared to the values for tempera paint mock-ups;
no statistically significant differences were found between the two binders (E and R). As regards the
tempera mock-ups, those containing E had higher gloss values than their counterparts that were made
with R. This trend was also detected in SO2 aged paints. No relation was found between the grain
size of pigments and the gloss value in the SM-paints (made with either coarse or extra-coarse SM).
In general, the mock-ups showed negligible variations in gloss (Table 2), except for those that were
prepared with just the binder. The sharp increase in the gloss value detected on the (solely binder)
R-mock-up (27.27 ± 1.07 gloss units) is worthy of note; this increase could be due to the fact that
the measurement was taken on the glass slide substrate, since, as observed with stereomicroscopy,
almost all of the rabbit glue binder film had been lost after the SO2 test. In the tempera mock-ups, the
variation in the gloss value was less than one gloss unit. The highest gloss change was detected in
LAP-E (−0.37 ± 0.06 gloss units) and the lowest in SM-C-R (0.01 ± 0.00 gloss units).

Table 2. Gloss values (G, gloss units), gloss variations (∆G, gloss units), average maximum profile
height (Rz, µm), and respective variation (∆Rz, µm) of paint and binder mock-ups before (before
SO2) and after (after SO2) SO2 exposure, while considering the fresh samples as a reference. Standard
deviations are also shown. Check Table 1 to better follow the paints labeling.

Sample Gbefore SO2 Gafter SO2 ∆G Rzbefore SO2 Rzafter SO2 ∆Rz(µm)

E 8.33 ± 0.06 4.67 ± 0.06 −3.67± 0.50 65.70 ± 10.66 191.57 ± 30.56 125.87 ± 32.37
R 7.50 ± 1.07 34.77 ± 1.07 27.27 ± 1.07 21.90 ± 29.13 150.80 ± 33.07 128.90 ± 44.07

LAP-E 1.30 ± 0.00 0.93 ± 0.06 −0.37 ± 0.06 45.17 ± 3.20 50.80 ± 4.69 5.63 ± 5.68
LAP-R 0.57 ± 0.06 0.40 ± 0.00 −0.17 ± 0.06 68.57 ± 3.59 68.00 ± 6.43 −0.57 ± 7.36
SM-C-E 1.10 ± 0.00 0.90 ± 0.00 −0.20 ± 0.00 62.77 ± 8.13 65.83 ± 11.07 3.07 ± 21.24
SM-C-R 0.59 ± 00 0.60 ± 0.00 0.01 ± 0.00 80.50 ± 4.81 89.56 ± 10.65 9.06 ± 11.69

SM-EC-E 1.10 ± 0.00 0.90 ± 0.00 −0.10 ± 0.00 116.73 ± 16.45 105.17 ± 35.02 −11.57 ± 38.69
SM-EC-R 0.80 ± 0.00 0.63 ± 0.06 −0.17 ± 0.06 100.80 ± 22.68 96.40 ± 11.45 −4.40 ± 25.41

Among all of the measured roughness parameters, the one that showed the greatest variation after
the SO2 test was Rz (average maximum profile height); for this reason, only this parameter, among the
roughness parameter evaluated, will be discussed. Regarding fresh binder mock-ups (E and R), it can
be seen that E-mock-up had a higher Rz than the R-mock-up. As regards the tempera paint mock-ups,
we found that the R-based paints showed higher Rz values than the E-based paints, except for SM-C.
However, it is important to note that in the SM-C-E and SM-C-R paints, the standard deviations of the
measurements are greater than in the rest of the paints, which means that the differences cannot be
considered to be statistically significant. The fresh paint mock-ups with the highest roughness values
were those that were made with SM-EC pigment, followed by the SM-C-paints. This suggests that the
higher the grain size, the higher the Rz value.

After the SO2 aging test, the greatest change (increase) in Rz was observed in the binder (E and R)
mock-ups. Surprisingly, there was an increase in roughness values in both SM-C paints made with
either E or R, while, in both SM-EC paints these values fell. LAP–E paint showed an increase in
roughness whereas in LAP-R paint there was a slight decrease. The highest decrease in roughness
was found in the SM-C-E paint and the lowest increase was in LAP-R paint. Note that, although the
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variations in roughness were not statistically significant, the values shown here can be used to compare
the different paint mock-ups.

All of the paint mock-ups showed changes in their reflectance values after being exposed to SO2

(Figure 3). However, these changes varied from one paint to the other, as was also noticed in the binder
mock-ups (Figure 3a). Thus, in the R-mock-up, reflectance increased across the whole spectrum, but,
in the E-mock-up, a decrease was recorded above all in the region from 450 to 600 nm.
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mock-ups with different grain sizes, i.e., coarse (c) and extra-coarse (d). Check Table 1 to better follow
the paints labeling. –SO2 shows the aged samples.

Regarding tempera mock-ups, different behaviors were observed, depending on the pigment,
the binder, and the grain size of the pigment. In the LAP-mock-ups (Figure 3b), the changes in reflectance
affected the blue region of the spectrum and varied depending on the binder present in the paint: in LAP-E
paint, the reflectance value increased, while it fell in LAP-R paint. All of the SO2 aged SM-mock-ups
showed higher reflectance than their fresh counterparts, irrespective of the binder present in the paint
(Figure 3c,d). Additionally, in SM-paints reflectance varied, depending on the pigment grain size. In paints
made with coarse pigment (SM-C), exposure to SO2 caused an increase in reflectance in SM-paints,
regardless of the binder. This increase occurred in the blue region and in the rest of the spectrum from
500 nm up to 650 nm, as shown in Figure 3c. An increase in reflectance also occurred in paints that were
prepared with extra-coarse smalt grains (SM-EC), affecting above all the region between 500 nm and 650
nm (outside the blue region), particularly in the SM-EC-E paint (Figure 3d). The influence of the grain
size on the reflectance was previously reported for tempera paint mock-ups in Pozo-Antonio et al. [22].
It should be noted that SM-EC-based paints underwent the most intense color change towards whitening,
as observed with the stereomicroscope (Figure 1). This whitening results in a change in the tone away from
the blue and, therefore, it is logical that a change in the reflectance would manifest itself in a region other



Minerals 2020, 10, 427 13 of 24

than the blue region. This variation in reflectance coincides with the modification in the b* coordinate
noted in these paints. Surface salt formation is undoubtedly behind these changes in reflectance, but the
following facts could indicate differential deterioration related to interaction between pigment and binder
or even to chemical deterioration of the pigments: (1) the reflectance changes are different (in intensity
and direction) between the LAP-based and SM-based paints and (2) differences between grain sizes of SM
pigment were also found.

Figure 4 shows the FTIR spectra of selected representative paint and binder mock-ups that were
studied in this work. The typical functional groups that characterize both binders, i.e., egg yolk (E) and
rabbit glue (R), were identified in the FTIR spectra of the fresh binder mock-ups and the fresh tempera
mock-ups. In fresh E-based temperas, the following bands were detected: 3264 cm−1 assigned to the
N–H stretching, 2920 cm−1 (vAS(CH2) stretching from long chain fatty acids), 2850 cm−1 (vS(CH2)
stretching from long chain fatty acids), 1735 cm−1 assigned to C = O asymmetric stretching, 1620
cm−1 (v(C = O) stretching from amide I), and 1517 cm−1 (v(N–H) bending from amide II) [58–60].
The FTIR bands that were assigned to rabbit glue (Figure 4) were those found at 3280 and 3075 cm−1,
corresponding to N-H stretching, at 2929 cm−1 (vAS(CH2) stretching from long chain fatty acids),
a weak shoulder at 2870 cm−1 (vS(CH2) stretching from long chain fatty acids), at 1630 cm−1 assigned
to C = O stretching from amide I, at 1542 cm−1 assigned to CN stretching and NH bending from amide
II, and bands at 1450–1000 cm−1 (collagen absorption features that were attributed to CH2 wagging,
CH3 deformation, C–N stretching, and C–OH stretching) [23,60–62]. After the SO2 aging test, no large
variations were detected in the typical FTIR bands of the binders, although a slight band (absent in
the fresh samples) was identified at 1090 cm−1, which could be due to S–O stretching. This finding
confirms that sulfate was formed on the binder surfaces as a consequence of SO2 exposure.

The FTIR spectrum of fresh LAP-E paint (Figure 4) showed a shoulder in the range 1100–1050 cm−1,
a band at 960 cm−1 assigned to O–Si–O antisymmetric stretching vibrations, bands in the range
669–597 cm−1 that could be assigned both to the S-O group and to Si–O, and an intense band at 410 cm−1

that was assigned to the O-Si-O deformation mode [62–65]. Hence, FTIR confirmed the XRD findings
that the LAP pigment used in this study was not composed of haüynite, as indicated by Kremer, as it did
not contain the band at 1149 cm−1 due to SO4

2−, which is characteristic of haüynite-type lapis lazuli [64].
Moreover, the lack of the sharp stretching band at 2340 cm−1 assigned to CO2 revealed that this LAP
pigment was not from Afghanistan [65], although this is the source specified by the manufacturer.
As regards the fresh SM-based mock-ups, their FTIR spectra detected potassium silicate glass by means
of bands at 987 cm−1 assigned to the O–Si–O antisymmetric stretching mode and 410 cm−1 assigned to
the O–Si–O deformation mode [62].

After the SO2 test (Figure 4), the following bands that were assigned to the S–O group were detected
in the FTIR spectra for the aged mock-ups: i) in LAP-E-SO2, LAP-R-SO2, SM-C-E-SO2, and SM-EC-E-SO2,
a strong band at 1090 cm−1 assigned to S–O stretching, and ii) in all SM-based paints, an intense band
at 613 cm−1 assigned to S–O bending vibration. In addition, in the aged LAP-based paints bands were
identified at 3500 cm−1 and 3372 cm−1 and assigned to OH stretching of water. This pair of bands is
characteristic of hydrated sulfated salts, especially gypsum [66]. Therefore, these findings confirm the
XRD results indicating the presence of hydrated sulfated salts, such as those identified in aged LAP-paints,
namely gypsum, bassanite, and pentahydrite.

It is worth noting that no noticeable variations in the typical FTIR bands of the binders were detected
in the SO2 aged paints, except in the SM-based paints made with rabbit glue (see Figure 4). In these
samples, a decrease in the characteristic rabbit-glue FTIR bands was detected, especially in the 1630 cm−1

band (C = O stretching) and the shoulder ca. 3280 cm−1 (corresponding to N–H stretching). These results
agree with the SEM findings explained below, in that rabbit-glue binder seems to dissolve in the aged
paints, most likely due to the humidity conditions of the SO2 test.
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Figure 4. Attenuated Transmittance Reflectance–Fourier transform infrared spectroscopy (ATR-FTIR)
(absorbance) spectra of the most representative paint and binder mock-ups in this research. Check Table 1
to better follow the paints labeling. –SO2 shows the aged samples.

Figure 5 shows the surface of representative tempera mock-ups before and after exposure to SO2

as well as the aged R-mock-up (made solely with rabbit glue) studied with SEM-EDS. Note the clear
difference in the surface texture of the fresh paints, which mainly varies according to the binder used
in the tempera, irrespective of the pigment it contains. Thus, the R-based paints (made with either
pigment) showed rougher and seemingly more porous surfaces than the paints that were made with E,
so much so that it was possible to distinguish the pigment grains protruding from the glue binder.
This finding suggests that the agglutination and coating capacity of the R binder is lower than that
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of the E binder. Similar situations in which the pigment particles were not completely covered by
animal glue have also been observed in previous research studies [23,24,35]. The E binder, by contrast,
has been shown to cover the pigments well [24].Minerals 2020, 10, 427 16 of 24 
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SO2 aged rabbit glue (R) mock-up. Check Table 1 to better follow the paints labeling. –SO2 shows the
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SEM observation also allowed for us to identify the morphological features of the pigments
(Figure 5). Thus, for the LAP pigment, we observed crystals of different sizes with the angular/irregular
edges typically observed in powder that was obtained by grinding larger lumps of rock. This denotes
the natural origin of the lapis lazuli, which is further corroborated by the associated impurities that
were identified with XRD and FTIR.

From a chemical point of view, the lazurite crystals on the LAP-based mock-ups were identified
by EDS through the detection of sodium (Na), aluminum (Al), silicon (Si), sulfur (S), and calcium
(Ca), whereas the SM pigment in the SM-based paints was identified through EDS spectra rich in Si,
K, and Co. Na was also found in this glass-rich pigment. This ion is related to the addition of Na
carbonate, besides K carbonate, as raw material in glass production. For its part, phosphorus (P) was
identified in all of the E-based paint mock-ups, and probably comes from the phospholipids present in
the E binder [33].

After the SO2 test, the SEM study confirmed the precipitation of sulfate-based salts on the surface
of all the tempera mock-ups and revealed that the precipitation of sulfate-rich salts also occurred in
binder (E and R) mock-ups (R-mock-up in the Figure 5, EDS3 spectrum). Crystal deposits rich in S
and Ca and, to a lesser extent, in Na, Cl and P were identified showing different habits, i.e., acicular,
tabular, and cell-shaped. These findings are consistent with the FTIR results that revealed the existence
of sulfate compounds on the binder mock-ups through the detection of bands that were assigned to
the S-O group. Na and Cl were identified in the binder mock-ups (attributed to NaCl), which might
have come from the water used in the SO2 test (when considering the amount of both Cl− and Na+,
which are 15.8 mg/L and 13.18 mg/L, respectively).

In tempera mock-ups, globular-shaped deposits that formed by acicular crystals rich in Ca and S
were detected on the surfaces of aged LAP-mock-ups (Figure 5, EDS1); these deposits probably correspond
to gypsum and bassanite identified by means of XRD. As regards aged SM-based paints, four types
of neoformed compounds were identified on their surfaces (Figure 5 and the EDS2): (i) horn shaped
crystals that are rich in Na, S, and K, which could be assigned to aphthitalite already identified by XRD;
(ii) a few µm- length aciculae, rich in Na, S, and K, which could also be assigned to aphthitalite; (iii) regular
structures rich in S, K, and Ca or S, K, and Na, and (iv) abundant deposits that are rich in S and K.
The varied chemical balances indicate the possible coexistence of different sulfate species, although only
thenardite and aphthitalite were identified with XRD (see Table 1). It is important to note that surface
SEM observations did not reveal a higher amount of salt deposits on SM-based mock ups when compared
to LAP-based mock ups, which would explain the whitening suffered by SM temperas. Similarly, a greater
amount of saline deposits has not been found in the SM-E-mock-ups that could explain the greater
whitening of these paints when compared to the SM-R-mock-ups. Thus, the hypothesis previously stated,
i.e., the more intense whitening of SM-E paints compared to SM-R paints due to a higher salt precipitation
on SM-E paint surfaces, must be ruled out.

Figure 6 shows the micrographs of selected fresh and aged LAP- and SM-mock-ups prepared as
thin sections and studied under PLM and SEM-EDS. In accordance with the previous SEM results,
we observed that the surface of the fresh E-based paints (with a thickness of ca. 110–120 µm) was
more continuous than that of the fresh R-based paints. The surface was also smoother, as the pigments
grains were well covered by the E binder (Figure 6), in contrast to the paints made with R, in which
the pigments grains stood out from the binder matrix, as if floating on the surface of the paint
(see SM-EC-R-Ref and SM-EC-R-SO2 micrographs in Figure 6). Therefore, the R-based paints (both with
LAP and SM pigments) displayed rougher, more porous surfaces with a wider range of thicknesses
(70–120 µm).

After SO2 exposure, yellowing and opacification of the E binder was observed under PLM in
aged E-based paints (LAP-E-SO2, SM-EC-E-SO2, Figure 6). In R-based paints, yellowing has not been
observed, but, by contrast, new pores were formed apparently due to loss of binder. Thus, the cohesion
of the paint layer in E-based paints remained almost intact, after the SO2 test (as only slight fissures
were detected on the binder, Figure 6-LAP-E-SO2, SM-EC-E-SO2); conversely, R-based paints lost much
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of the binder, leaving the surface rough and the pigment grains exposed (Figure 6, SM-EC-R-SO2).
The physical deterioration that was suffered by rabbit glue binder in the tempera mock-ups could
contribute to the changes in the reflectivity that the paints underwent after the SO2 test. In fact,
De la Rié et al. [67] pointed out that the changes in reflectance shown on lapis lazuli model paints
after UV ageing were due the micro-cracking suffered in the binder, which improves light scattering.
Additionally, the cracking of rabbit glue used as binder on tempera mock-ups was already described
previously by other authors; in [23], polygonal cracks were observed in UV-aged rabbit glue-based
paints mock-ups that were prepared with azurite of different grain sizes, with this cracking being more
intense in paints made with coarser pigments (grain sizes from 63 to 100 µm) than in those made with
pigments with smaller grain sizes (<63 µm).

The deterioration of rabbit glue that was observed under SEM agrees with FTIR results,
which showed a significant reduction in the intensity of the characteristic rabbit glue FTIR bands in
the paint mock-ups containing this binder. It is noteworthy the fact that the intensity and type of
degradation of the glue binder in SM-based paints were the same, regardless of the grain size of the
pigment. These results indicate that the rabbit glue binder is more susceptible than egg yolk binder to
decay processes in terms of binder loss, associated with exposure to an SO2 atmosphere.

Furthermore, the SEM study allowed us to confirm three facts:
(i) in all paint mock-ups, noteworthy amounts of S and Ca were found not only on the surface of

the paints, but also within paint layers, as well as smaller amounts of Mg in LAP-paints and Na and K
in SM-paints. The pressure that is generated by the precipitated sulfated salts could have contributed to
the binder damage by enhancing its cracking. In this regard, the lipid-rich composition of the egg yolk
could provide greater resistance to salt crystallization, since the fatty binder will confer a hydrophobic
character on the paints. We measured the static contact angle (SCA) of fresh LAP- and SM-based paints
to verify this hypothesis. Surprisingly, the only paint with an SCA greater than 90◦ was LAP-R (115◦).
Note that the SCA was 85◦ for LAP-E paint. All of the SM-based paints had SCA values of less than
90◦ (ranging between 20◦ and 40◦) and, contrary to our expectations, the SCA values of the R-based
paints were slightly higher than those of the E-based paints. This might be related with the findings
that were observed with SEM and PLM, in that the R-based paints were not so good at covering the
pigment grains, therefore leaving more exposed, unprotected pigment grains with irregular edges
when compared to E-based paints. Subsequently, R-based paints showed higher Rz than their E–based
counterparts (with the exception of SM-EC paints in which there were no statistically significant
differences in Rz values). Therefore, the higher SCA values in these R-based paints are predictable,
since the higher the roughness, the higher the SCA, which, in turn, means that these paints are more
hydrophobic [68,69].

(ii) No evidence of chemical deterioration (pitting, dissolution symptoms, etc.) has been found
in the lapis lazuli grains mixed with either E or R binder of LAP-paints. This fact raises a question
regarding the source of the cations that make up the different sulfate salts that are found in the
LAP- paints, especially the Mg, which is present in negligible amounts in the water used in the test.
The hypothesis that the Mg ion comes from the alteration of the diopside present in trace amounts in the
LAP pigment is therefore reinforced. As previously indicated, the stability of diopside in the alteration
environment of this SO2 test is lower than lapis lazuli. Moreover, Ca from bassanite could also come
from calcite, which is chemically unstable at the characteristic acidic pH of the sulfation process from
SO2 gas. Indeed, previous research found that the calcite present in paints mock-ups made with either
egg yolk or rabbit glue reacted with SO2, under natural and accelerated SO2 aging tests, in order to
form calcium sulfite/sulfate [11]. However, we could not detect deterioration symptoms in diopside
and calcite grains on aged LAP-based paints while using SEM. These two minerals are present in
the LAP temperas as very small grains. Therefore, their mixture with the binder makes difficult their
observation and chemical analysis. The visualization of these grains separately of the organic phase,
or applying TEM analysis would be two appropriate strategies for confirming that Mg and Ca were
released from these two accessory minerals.
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Although we cannot confirm the dissolution of calcite in LAP-paints, the formation of pentahydrite
can be considered to occur at the expense of the diopside due to the fact that the Mg2+ content of the water
used was very low. The contribution of the impurities in the lapis lazuli pigment to the aging susceptibility
of tempera model paints has not yet been fully examined in the specialist literature, even though impurities
affect the final color of the natural pigment, the chemical-physical properties, and, therefore, its resistance
to alteration, as found in the present study and elsewhere [22,26,27]. Hence, the use of impurity-free
synthetic ultramarine instead of (natural) lapis lazuli could be a satisfactory preventive conservation
strategy in restoration campaigns. In the literature, previous efforts aimed to obtain acidic-resisting
ultramarine pigments by means of a novel two-step silica coating process [70] or by incorporating white
lead or amine compounds as light stabilizers [67]. However, these contributions focus on the protection of
ultramarine pigments against acid attack and UV light, but not against SO2 attack.

(iii) A chemical alteration was confirmed in the SM pigments. The degree of chemical deterioration
was evaluated while using K/Co ratios following a previous work [41], in which K leaching from the
smalt glass structure has been related to K/Co < 1, so that fresh blue smalt grains presented K/Co higher
than 1, whereas aged pale smalt grains had K/Co ratio as low as 1/4. In the present work, K and Co
concentrations were obtained with the energy dispersion microprobe coupled to SEM (i.e., SEM-EDS).
A minimum of 20 analyses were performed on SM grains from paints made with both binders (E and R)
before and after the SO2 test. In fresh E-based paints, 100% of the analyses performed on SM grains
had K/Co ≥ 1; in fresh R-based paints, only 85% of the analyses had K/Co > 1. After the SO2 test,
the K/Co ratio was higher or similar to 1 in only 30% of analyses made. It is important to note that this
proportion occurred in similar percentages in both E- and R-based paints, regardless the grain size of
the smalt pigment.

These results confirm, firstly, that there has been a leaching of K from smalt grains after exposure
to SO2, strengthening the hypothesis that the K forming the aphthitalite salt (K3Na(SO4)2) in the
SM-R-based paint comes from the smalt itself. On the other hand and, according to other authors [41,42],
the leaching of K could be the reason for the whitening of the SM-based paints after SO2 exposure.
As previously stated, this whitening was unlikely to be solely due to the deposition of salts, since these
salts were found in similar amounts in LAP- and SM-based paints, but only the latter lost its
characteristic blue color. However, it is difficult to explain the reason why the SM-E paints have suffered
more whitening than SM-R paints (see Figure 1). Two hypotheses were previously proposed here in
order to explain the more intense whitening in SM-E paints: (1) a greater quantity of saline deposits.
However, in SM-E paints, this possibility must be ruled out, since SEM did not show a greater amount
of salt deposits in these paints, (2) a release of K from the glass structure favored by the acidic to neutral
environment generated by the fatty acids of the egg yolk, which is the hypothesis that is offered in
other works [40]. This hypothesis could not be considered in the current study, since the percentage
of cases in which the K/Co ratio was lower than 1 was similar in the paints made with both binders.
A feasible explanation for the color difference between the SM-based paints with egg yolk and those
with rabbit glue, given that they differed neither in salt content nor in the degree of K release, is mainly
the different deterioration suffered by each binder. Indeed, the yellowing and opacification of the egg
yolk must undoubtedly contribute to the color change in these paints. Note that the rabbit glue binder
did not change color in the aged mock-ups. Noteworthy is the fact that the intense degradation of the
rabbit glue in aged R-based tempera (leaving the pigment grains exposed, see Figure 6 and related
comments) did not favor a greater chemical deterioration of smalt grains, since smalt K/Co ratios after
the SO2 test were similar in SM-based paints with both binders.

The results of the SEM analysis, which confirm the different susceptibility of both pigments to the
SO2 aging test, clarify the importance of the chemical structure (and, consequently, the main mechanism
of deterioration) of the pigments in the durability of the tempera paints. Thus, the differences between
pigments regarding their mechanisms of alteration could even explain the interesting fact that the
salts formed in LAP-paints are hydrated (pentahydrite, gypsum, and bassanite) whereas the salts that
formed in SM-paints are anhydrous. On the one hand, lazurite that is present in the pigment lapis lazuli
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is a tectosilicate (likewise ultramarine) made by a resistant aluminosilicate framework, built with AlO4

and SiO4 tetrahedral units linked by shared oxygen atoms and sodium cations. These cubic-octahedral
cavities, also called β-cages, are able to trap and stabilize the sulfur radical anions, i.e., S3

− and S2
−,

which are responsible for the pigment blue color. The strength of the bonds makes this structure quite
stable against hydrolysis, which, consequently, would progress very slowly, causing a low ion exchange
between the water and the mineral ions. The water present in the SO2 test environment would have
interacted with the impurities of calcite and diopside contained in the LAP pigment, most probably
leading to the precipitation of hydrated salts rich in the ions leached out from the mentioned minerals.
On the other hand, the smalt pigment, being a glass, is an amorphous solid whose corrosion is a
complex and slow process (which has been accelerated in the SO2 test conducted here) that involves a
diffusion and exchange of ions from the surface to the interior. The process begins with the adsorption
of water on the glass surface; protons diffuse within the glass structure and they are exchanged with
alkali metal ions present, especially Na. Hydroxyl accumulation generates a pH increase that favors
the breakage of the Si–O–Si bond that hydrolyzes, forming silica gel. In this process, water plays an
active role, so that it is not available for the formation of hydrated salts, thus becoming part of silica gel.
Consequently, the probability of hydrated salts precipitating is low. However, the process is not so
simple. In addition to the actual deterioration of the smalt pigment, other variables to consider are:
the contribution of each binder to the deterioration of the tempera paints (which is different, depending
of the binder nature), as has been corroborated in this study, the binder-pigment interaction under the
SO2 aging test, and, finally, the role of impurities and their different stability to weathering.
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4. Conclusions

The results that were obtained in this study led us to draw the following conclusions:
Fresh lapis lazuli- or smalt-based tempera mock-ups presented, before the exposure to SO2,

different textures, which were primarily induced by the different binders used in the tempera. The egg
yolk-based paints had more compact and continuous layers than those that were made with rabbit
glue. Rabbit glue binder had a more limited grain agglutination capacity than the egg yolk binder.
Moreover, fresh egg yolk-based paints had a more faded yellow color than those that were made with
rabbit glue, which showed greater reflectance.

After the SO2 aging test, calcium and magnesium sulfates were formed in lapis lazuli-based paints
and sodium and potassium-sodium sulfates were formed in smalt-based paints; deposits rich in S,
Ca, Na, P, and Cl were also formed on the mock-ups solely made with binders. The sulfation process
was active not only on the surface of the paint mock-ups but also inside the paint layers, as indicated
by the neoformed sulfate salts. No clear relation was found between the type of binder (egg yolk or
rabbit glue) and the variations in gloss and roughness, despite the fact that the fresh rabbit glue paints
were rougher than those made with egg yolk. The SO2 test produced imperceptible color changes
to the naked eye on lapis lazuli temperas, while intense whitening was observed on smalt-based
paints. Colorimeter measurements also confirmed that variations in color in the egg yolk-based
paints were greater than in the rabbit glue-based paints, especially in the temperas containing smalt.
Paints reflectance was also modified after the SO2 test; in smalt based-paints, reflectance increased
in all of the cases, but to a greater extent when egg yolk was used as binder. Salt precipitation on
the paint surface contributed to color and reflectance variations in the paints that were subjected to
SO2 exposure.

Deterioration was confirmed both in binders and in pigments. Regarding binders, egg yolk suffered
yellowing and opacification, being—in the case of tempera made with lapis lazuli—the responsible for the
weak color change suffered by this paint. In rabbit glue-based paints, the loss of binder creating new
pores was observed.

For lapis lazuli-based paints, lazurite grains remained unaltered. Hence, the deterioration of
these paints was related to: (1) the deterioration of the binders: yellowing in egg yolk-based tempera
and lost in rabbit glue-based tempera and (2) the deterioration of the trace minerals present in the
pigment, i.e., calcite and diopside. Thus, the origin of Mg2+ of the pentahydrite detected after the
test was related to the hydrolysis of diopside, given that no other source of Mg is likely, whereas the
Ca2+ of bassanite and gypsum could be related to the dissolution of calcite. Further analysis must be
conducted to identify the features (chemical or morphological) that support these assertions. On the
basis of these findings, a recommendation can be established to avoid salt precipitation on the surface
of lapis lazuli rich paintings exposed to polluted SO2-rich atmospheres, that is, the use of impurity-free
synthetic ultramarine pigment instead of lapis lazuli. Similarly, we recommend cleaning off from the
paint surface the efflorescence produced by exposure to SO2 to restore the color saturation in the lapis
lazuli-based paints.

Smalt pigment in tempera paints made either with egg yolk or rabbit glue revealed greater
susceptibility to SO2 attack than the lapis lazuli pigment. Indeed, smalt suffered a chemical deterioration,
evidenced through the K+ leaching from the glass matrix. This process, as confirmed by the K/Co ratio
reduction, induced both the loss of blue coloration in smalt-based tempera and salt precipitation on
the surfaces of the paints. The opacification and yellowing of the egg yolk binder after the SO2 test
could explain the more intense blue color loss in the smalt tempera made with egg yolk. The results
confirmed that the resistance of the smalt-based tempera to SO2 exposure is independent of the grain
sizes of the pigment. However, taking into account that: (1) in the present work, smalt-based tempera
showed greater susceptibility to SO2 attack when compared to the lapis lazuli-based tempera and
(2) previous works have demonstrated the greater stability of ultramarine pigments when compared to
other blue pigments, it could be suggested that, during restoration work of paintings, the replacement



Minerals 2020, 10, 427 21 of 24

of smalt by ultramarine pigments—or mixtures of both to get the right color—could be considered as a
preventive strategy in order to slow down the deterioration.
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