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A B S T R A C T

Even though, atmospheric SO2 contamination has been reduced over the last decades in Europe, practical ex-
perience has shown that sulfation of lime-based materials (i.e., lime-based tempera paint, lime mortar and
plaster, as well as limestone) is still of importance, affecting monuments exposed to polluted air in urban centers.
In order to evaluate the effect of organic binders (i.e., rabbit skin glue or egg yolk) on the chemical weathering
resistance of lime-based materials, tempera paint dosimeters (i.e., paints containing calcite or mixtures of
portlandite and calcite) were subjected to long-term outdoor exposure and accelerated SO2-aging. SO2-aging
caused important morphological changes of the paint surface on the nano- and microscale. However, sulfation
was significantly delayed in the presence of the organic binder. Furthermore, paints containing portlandite and
calcite transformed faster into calcium sulfite hemihydrate and gypsum than paints containing only calcite.
Calcium sulfite hemihydrate formation onto calcite always preceded non-epitaxial gypsum crystallization after
dissolution of the sulfite precursor phase. These results suggest that a passivating product layer will not form
onto calcite, and so sulfation will continue under suitable environmental conditions until all calcite is trans-
formed into gypsum. Nevertheless, the organic binder strongly affected the mineralogical evolution of paints
containing portlandite, resulting in the formation of organic-inorganic hybrid materials similar to biominerals.
These hybrid materials generally have superior weathering resistance and might explain the absence of any clear
signs of sulfation after prolonged outdoor exposure. The selection of lime-based tempera paints for conservation
interventions must be made considering the prevailing exposure conditions. In polluted dry environments where
carbonation of portlandite will be significantly delayed, the use of calcite-based tempera paints might be pre-
ferable, while tempera paints containing portlandite would be more suitable in humid climates where carbo-
nation is fast, resulting in the formation of weather resistant hybrid materials.

1. Introduction

For decades atmospheric pollution has been recognized as one of the
major threats to cultural heritage [1]. More recently, scientists have
established that the damaging effects of pollution are enhanced by
climate change, affecting a wide range of materials of the built heritage
[2,3]. One of the classical examples of pollution-induced deterioration
includes the formation of gypsum-rich black-crusts on limestone and
lime mortars due to sulfation of calcite [4–7].

Even though, SO2 concentration has been reduced drastically by
∼75% since 1990 according to the European Environment agency [8],
pollution-induced sulfation is still affecting monuments located in
polluted metropolitan areas [9]. Actually, some experts suggest that
there might not be any safe threshold and that resulfation of previously

cleaned monuments could occur relatively rapidly. The formation of
gypsum crusts is well documented for many monuments and historic
buildings in Granada (southern Spain) [4]. However, sulfation is not
limited to building materials and also affects painting materials. Sayre
et al. [10] detected large amounts of gypsum (CaSO4·2H2O) in decayed
lime plaster from the Giotto frescoes in the Scrovegni Chapel, Italy,
which they identified as a reaction product of calcium carbonate with
atmospheric sulfur oxides (i.e., sulfur di- and trioxide) in the presence
of moisture. While some research has been dedicated to the sulfation of
pure lime in wall paintings [10,11], little is known on the effect of
atmospheric SO2 on lime-based binary systems, such as tempera paints,
which contain an inorganic pigment and an organic binder.

Tempera paints applied in the fresco-secco technique have been
extensively used in southern Spain and important examples include the
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wall paintings of the Hospital of “San Juan de Dios” located in semi-
open courtyards or the mural paintings of the Alhambra and the
Moorish quarter (Albaycin, Granada) [12,13]. These wall paintings are
exposed to relatively high levels of atmospheric pollution [9,14]. The
high porosity of tempera paints and the underlying mortars make wall
paintings very vulnerable to pollution-induced chemical weathering.
Common damage patterns observed upon crystallization of gypsum
include disaggregation, microflaking, and the formation of surface
bloom [15].

In order to get a better insight into SO2-induced deterioration of
lime-based tempera paints, paint dosimeters containing either rabbit
skin glue or egg yolk were exposed outdoors for 40 months in the
historic city center of Granada. A second set of dosimeters was exposed
to an accelerated SO2-aging test to further study mineralogical and
morphological changes upon sulfation of lime-based pigments in the
presence and absence of an organic binder. To this end a wide range of
analytical techniques were applied, including x-ray diffraction (XRD),
laser particle size analysis, nitrogen adsorption, field emission scanning
electron microscopy (FESEM), Raman spectroscopy, and spectro-
photometry. Analytical results revealed a significant effect of the or-
ganic binders on the mineralogical evolution of lime-based tempera
paints and their susceptibility to sulfation. The outcome of this in-
vestigation furthers the understanding of the chemical weathering
process of lime-based tempera paints and allows for recommendations
regarding the selection and preparation of adequate materials, not only
for paintings conservation but also for applications involving the use of
lime mortars or plasters exposed to polluted urban air.

2. Materials and methods

2.1. Pigments and binders

Three different lime-based pigments of different grain size (see
Table 1) were purchased from Kremer Pigment GmbH & Co. (Germany):
Bianco di San Giovanni standard (Ref. 11,415) with a mean particle size
of ∼60 μm, Bianco di San Giovanni coarse (Ref. 11,416) with a mean
particle size of ∼120 μm, and extrafine calcite (Ref. 58,720) with mean
particle size of ∼25 μm [16]. Note that Bianco di San Giovanni has been
historically prepared by sun-drying small “cakes” of slaked lime in
order to obtain a partial carbonation of portlandite upon reaction with
atmospheric CO2 [17]. Consequently, these pigments contain a mixture

of calcium carbonate (i.e. calcite, CaCO3) and calcium hydroxide (i.e.
portlandite, Ca(OH)2). Pigments were mixed with two different organic
binders: rabbit skin glue (Ref. 63028, Kremer Pigment GmbH & Co) or
locally purchased egg yolk.

2.2. Preparation of paint dosimeters

Two sets of samples were prepared for testing. For long-term out-
door exposure, paint dosimeters were prepared following traditional
recipes according to organoleptic parameters in order to mimic the egg
yolk- and rabbit skin glue-based tempera paints used by medieval artists
[18]. The binder content of paints with adequate consistency varied
slightly, because binder demand depends on the pigments miner-
alogical composition and pigment particle size [16]. Note that the
paints’ consistency was found adequate when droplets formed at the tip
of the brush would not fall off easily. In practice, 5 g of pigment were
wetted with deionized water before adding fresh egg yolk or an 8 wt%
aqueous rabbit glue solution. The organic binder content calculated
based on thermogravimetric analysis was 16.6 ± 3.3 wt% in the case
of Bianco di San Giovanni-based paints and 9.5 ± 1.5 wt% in extrafine
calcite-based paint [19]. Freshly prepared paints were spread directly
onto glass slides with a paintbrush. The paint was applied in several
layers once the previous layer was completely dry. The paints’ film
thickness was 0.53 ± 0.23mm.

For the accelerated SO2-aging test a second set of samples was
prepared following the methodology above but with a fixed water/
pigment/rabbit skin glue ratio of 2:1:0.1 wt/wt. Paints prepared with
analytical grade calcium hydroxide (Ca(OH)2, Guinama S.L.U., Spain)
and calcium carbonate (CaCO3, Labkem, Spain) were included in this
test as reference materials. The former was also prepared without the
addition of rabbit skin glue, maintaining the same water-pigment ratio.
Note that only samples prepared with rabbit skin glue were included in
the accelerated SO2-aging test because they can be expected to be more
susceptible to chemical weathering than their egg yolk-based counter-
parts. All paint dosimeters were dried under laboratory conditions
(20 ± 5 °C and 40 ± 10% RH) for 1 week before testing. Dosimeters
were labeled by adding to the pigments label the letter EY for egg yolk-
based paints, RG for rabbit skin glue-based paints, and H2O for dosi-
meters prepared with water. See Table 1 for the complete nomenclature
of samples.

2.3. Outdoor exposure test

Dosimeters were placed vertically in an exterior eave of the Hospital
of San Juan de Dios in Granada which faces SW and is adjacent to a
highly trafficked street. Samples were exposed for up to 40 months (i.e.,
from January 2014 to July 2017) to direct sunlight but partially pro-
tected from rain. Sunlight exposure was ∼10 h in summer and ∼5 h in
winter, the maximum T being 40 °C in summer and the minimum T
being −3 °C in winter. The climate in Granada is characterized by
significant diurnal T and RH variations of 20 °C and 50%, respectively.
Average RH is ∼40% in summer and ∼75% in winter [20]. Granada is
a non-industrialized city surrounded by up to 3500m high mountains.
As a result of its topography, low wind speeds, heavy traffic and in-
tensive construction work, O3 and particulate matter frequently ex-
ceeded the threshold values set by the EU directive 2008/50EC and the
World Health Organization (WHO) [9,21–24]. Even though, SO2 con-
centration was below the limit established by the Directive 2008/50/EC
it exceeded that recommended by the WHO in several occasions
[21–23]. Moreover, based on the annual mean concentration (i.e.,
11.85 μg/m3 SO2 in 2013), Granada is among the cities with the highest
SO2 contamination in Western Europe according to the European En-
vironment Agency [24]. Data on average concentrations of atmospheric
contaminants during the outdoor exposure test are reported in Table 2.
Previous studies [4,9,14,25] showed that atmospheric particulate
matter was primarily constituted of soil dust (quartz, calcite, dolomite,

Table 1
Nomenclature of samples.

Pigments Material

CA-EF Extrafine calcite
BSG-ST Bianco di San Giovanni (standard)
BSG-C Bianco di San Giovanni (coarse)
CaCO3 Analytical grade calcium carbonate (calcite)
Ca(OH)2 Analytical grade calcium hydroxide (portlandite)

Outdoor-exposed dosimeters and Test duration
CA-EF-EY* 6, 12, 24, 36, 40 months
BSG-ST-EY
BSG-C-EY
CA-EF-RG*

BSG-ST-RG
BSG-C-RG

SO2-aged dosimeters and Test duration
CA-EF-RG 5, 10, 34, 82 h
BSG-ST-RG
BSG-C-RG
CaCO3-RG
Ca(OH)2-RG
Ca(OH)2-H2O*

* Paint dosimeters prepared with egg yolk (EY), rabbit skin glue (RG), or
deionized water (H2O).
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gypsum, phyllosilicates, iron oxides/hydroxides), antropogenic black
and organic carbon, metallic particles from fossil fuels, and sea salt.

2.4. Accelerated SO2-aging test

Currently, no specific normative for accelerated SO2-aging tests of
pictorial samples is available. For this reason a test method used for the
determination of the resistance of natural stone to SO2-induced aging
under high humidity conditions [26] was adapted. To this end, samples
were enclosed in a hermetically sealed plastic container (7.5 l) together
with diluted sulfurous acid (1.35 wt% SO2, 104ml) to generate a sa-
turated SO2 atmosphere and ∼100% RH. The container was main-
tained at a 45° angle during testing in order to facilitate the run-off of
condensation droplets accumulating at the container ceiling, which
would otherwise have impacted the paint dosimeters. Samples were
placed on a grid above the diluted acid and kept in the container for a
total of 82 h. The mineralogical evolution was monitored by XRD after
5, 10, 34, and 82 h. Each time the container was opened the acid so-
lution was replaced to assure a saturated SO2 atmosphere.

2.5. Analytical techniques

X-ray diffraction (X’Pert PRO PANalytical B.V.) was used to de-
termine the mineralogical composition of blank dosimeters and to
identify compositional changes in outdoor-exposed/SO2-aged samples.
Analyses were performed using Cu-Kα radiation, Ni filter, 45 kV vol-
tage, 40mA intensity and spinner. The exploration range was 3–60 º2θ
and goniometer speed 0.05°2θ s−1. Identification and semi-quantifica-
tion (± 5wt%) of minerals were carried out using Xpowder software
[27].

Nitrogen sorption isotherms of powdered pigment samples were
obtained at 77 K on a TriStar 3000 (Micromeritics) and the specific
surface area was determined applying the BET method [28]. About
0.2 g of sample was degassed at 80 °C for 24 h prior to analysis using a
sample degas system (VacPrep 061, Micrometrics).

Textural changes were studied using an optical microscope (Leica
DVM2000) with 50-400× lens. The data were processed using the Leica
Application Suite v3.8.0 (Leica Microsystems©).

Color parameters of blanks and dosimeters exposed outdoors for 1,
6, 12, 24, and 40 months were measured with a Minolta CM-700d
portable spectrophotometer using a 10° observer, 8 mm measuring
aperture, and standard daylight illuminant D65 (color temperature:
6504 K). Data were expressed in CIEL*a*b* and CIEL*C*h color spaces,
where L* is luminosity or lightness (black= 0 and white= 100); a*
from+a* (red) to −a* (green), b* from +b* (yellow) to -b* (blue), C*
is chroma and h is hue. Color changes were expressed as ΔL*, Δa*, Δb*,
ΔC*, Δh, and ΔE* (ΔE* = (ΔL*2+Δa*2+Δb*2)½ [29]. Average values
based on two measurements are reported. Note that ΔE* higher than

three units is considered the threshold of perceptible detection for the
human eye [30].

Morphological features and chemical composition of blank and ex-
posed dosimeters were studied by means of a Field Emission Scanning
Electron Microscope (FESEM, Auriga, Carl Zeiss, Germany) working at
10−4 Pa vacuum and 3 kV in secondary electron imaging mode.
Samples were carbon coated. Additionally, elemental mapping was
performed using a Supra 40Vp (FESEM, Carl Zeiss-Germany equipped
with an Aztec 3 EDX and X-Max 50mm detector). The working con-
ditions were: 40–66 Pa vacuum, 15–20 kV beam accelerating voltage.
High-resolution X-ray maps (1024× 768 pixels) from selected areas of
uncoated samples were obtained using 100 frames, a dwell time of
10ms (2.5 h acquisition), 3 nA filament current, and 20 eV/ch resolu-
tion.

Micro-Raman analysis was performed using a Jasco NRS-5100
confocal Raman spectrometer in order to detect possible compositional
changes in paint dosimeters upon outdoor exposure and accelerated
SO2-aging. Spectra were recorded by placing the samples on the
OLYMPUS microscope stage and observing them with a 20× objective.
Samples were excited with a solid state Torsana Starbright laser
(785 nm). A series of recorded spectra (n=6–10) were collected from
each sample spot and averaged, with exposure times from 60 to 90 s
(100% power). The Raman signal was collected in a 180° backscattering
geometry by a Charge Coupled Device (CCD) after having passed
through a 50 μm entrance slit. The Raman spectra were recorded in the
3000–100 cm−1 range with a spectral resolution of 1.6 cm−1. The
Raman spectra were processed using JASCO Spectra Manager™ II soft-
ware.

3. Results and discussion

3.1. XRD analysis of pigments and dosimeters before and after outdoor
exposure and accelerated SO2-aging test

3.1.1. Pigments
Semiquantitative XRD analyses showed that BSG pigments con-

tained∼15wt% calcite and∼85wt% portlandite. The analytical grade
Ca(OH)2 contained>95wt% portlandite and a small amount of calcite
(< 5wt%). The CA-EF pigment contained mainly calcite and ∼10wt%
dolomite (CaMg(CO3)2), while analytical grade calcite revealed no de-
tectable impurities.

3.1.2. Paint dosimeters
The mineralogical composition of BSG-based paints did not change

significantly upon mixing with either egg yolk or rabbit skin glue (i.e.,
the amount of newly formed calcite due to the carbonation of por-
tlandite was below the detection limit (∼5wt%) of this technique, and
the possible formation of amorphous calcium carbonate cannot be

Table 2
Average air contamination values (NO2, O3, SO2, and particulate matter (PM10 and PM2.5) during the outdoor exposure of dosimeters in the city center of Granada
[21–24].
Year NO2 O3 SO2 PM10 PM2.5

Annual 
average

8 hours 
values 

8 hours 
values 

Daily value Annual 
average

Daily value Annual 
average

Daily value

μg/m-3 

Dir.*:
max=40

WHO**:
max=40

Nº days 
>120μg/m3

Dir.:
max=25

-

Nº days
>100 μg/m3

-

WHO:
max=25

Nº days
>20 μg/m3

Dir.: max=35

WHO:
max=3

μg/m3 

Dir::
max=40

WHO:
max=20

Nº days 
>50 μg./m3

Dir.: max=35

WHO:
max=3

μg/m3 

Dir.: max=20

WHO:
max=10

Nº days 
>25 μg/m3

-

WHO: max=3

2014 32 15 76 2 25 2 11 5
2015 36 17 85 17 33 8 15 16
2016 36 12 76 4 33 7 12 8

*Dir. = Directive 2008/50/EC.
**WHO= recommendations issued by the World Health Organizations (Grey color indicates values which exceed the threshold values set by the WHO).
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detected with XRD. Paint dosimeters recently prepared with analytical
grade Ca(OH)2 and dried for 2 days under laboratory conditions con-
tained 70 wt% calcite and 30wt% portlandite in the absence of rabbit
skin glue, and only 15 wt% calcite and 85wt% portlandite in its pre-
sence. The later results indicate that the presence of rabbit skin glue
resulted in an important delay in carbonation by the formation of a
superficial film around portlandite particles, which hindered the dif-
fusion of ambient CO2 to the carbonation front (Fig. 1a and b, Sup-
plementary materials) [16]. CA-EF-based paints only contained calcite
and dolomite, which underwent only minor dissolution/reprecipitation
upon paint preparation. Consequently, no mineralogical changes were
detected upon paint preparation.

3.1.3. Outdoor exposure
During outdoor exposure, BSG-based paints suffered important

compositional changes. In samples prepared with rabbit skin glue an
almost complete carbonation was observed after 6 months, and only
trace amounts of portlandite were detected (Fig. 1a). Egg yolk binder,
on the other hand, partially inhibited carbonation, and BSG-ST-EY and
BSG-C-EY dosimeters still contained 45 and 30wt% portlandite, re-
spectively. Apparently, the egg yolk was more efficient in forming a
long lasting superficial film around portlandite particles and impeded
the diffusion of ambient CO2 as compared to the more water soluble
rabbit skin glue (Fig. 1c and d, Supplementary materials). It is known
that egg yolk transforms into a fairly water- and weathering resistant
binder over time due to photochemical reactions, while animal glue has
a higher photostability and still swells in contact with water even after
prolonged aging [31,32]. In contrast to animal glue which contains
principally proteins (i.e. amino acids), egg yolk additionally contains
lipids. These lipids can form peroxy radicals upon photo-oxidation and
facilitate the denaturation of proteins (i.e., polymerization of proteins
and/or crosslinking of peptide chains) [32]. According to Smith et al.
[33], the lipid–protein interactions cause a decrease in protein solubi-
lity, which explains the lower water solubility of egg yolk.

After 1-year exposure of the BSG-based paints carbonation was
generally completed with the exception of paints prepared with BSG-ST
and egg yolk, where a trace amount of portlandite was still present.
After 2 years of outdoor exposure, however, portlandite was no longer
detected in any of the tempera paint samples. The presence of por-
tlandite has an important effect on the susceptibility of these paints
towards sulfation as revealed by accelerated SO2-aging test results, in-
creasing the rate of transformation (see below). CA-EF-based paints, in
contrast, showed only small mineralogical changes over the course of
the outdoor exposure (Fig. 1b).

In the majority of outdoor exposed paint dosimeters small amounts
of quartz, dolomite, and clay minerals (note that CA-EF originally

contained dolomite as an impurity) were detected, which originated
from the deposition of atmospheric particulate matter and increased in
concentration over time (Fig. 1b). The concentration of gypsum was
generally below the XRD detection limit. Only in CA-EF-EY a small
amount of gypsum was detected, which might either originate from the
deposition of particulate matter (i.e., gypsum being part of the soil dust)
or from sulfation of the calcite-based pigment by atmospheric SO2.

3.1.4. Accelerated SO2-aging test
Results of the accelerated SO2-aging test evidenced the important

role of the mineralogical composition of lime-based tempera paints on
the susceptibility to sulfation (Table 3; Fig. 2, Supplementary Mate-
rials). Paints originally containing 85wt% portlandite and 15wt%
calcite (i.e., BSG-ST- and BSG-C-based paints) suffered a more rapid
sulfation as compared to paints only containing calcite (Table 3). Note
that CaCO3-RG paint followed the same trend as CA-EF-RG paint, and
only data for the later sample are shown here as a representative ex-
ample. During the first stage of sulfation only calcium sulfite hemi-
hydrate (CaSO3·0.5H2O) was detected in all dosimeters. Note that cal-
cium sulfite has long been recognized as an intermediate product
during sulfation, eventually transforming into gypsum [34]. After 82 h
of exposure, gypsum was indeed observed additional to calcium sulfite
hydrate in BSG-based paints. In these paints only trace amounts of
portlandite and calcite remained (Table 3). In both calcite-based paints,
in contrast, gypsum was not detected after 82 h. The relative broadness
of the calcium sulfite hemihydrate Bragg peaks suggests its low crys-
tallinity (Fig. 2, Supplementary Materials), which is in agreement with
FESEM observation showing its nanogranular morphology (see below).
At the end of the test calcite-based paints still contained ∼80wt%
calcite. This result is not surprising because portlandite is much more
hygroscopic and soluble than calcite and, thus, reacts more readily with
ambient SO2 to form calcium sulfite/sulfate; a reaction which only
occurs in the presence of water or sufficiently high relative humidity
levels [35,36]. Cultrone et al. [7] already recognized the important role
of portlandite in the fixation of SO2 as sulfates. According to these
authors, the high pH created by the dissolution of portlandite facilitates
SO2 absorption and hydrolysis, leading to the formation of sulfite and
subsequent oxidation to sulfate ions, which react with Ca2+ and, ulti-
mately, precipitate as gypsum.

Experimental results also revealed the important influence of the
organic binder on the susceptibility to sulfation. In the presence of
rabbit skin glue, ∼50wt% of portlandite transformed into 25 wt%
calcium sulfite hemihydrate and 25wt% calcite after 34 h SO2-aging, in
the case of the sample prepared with analytical grade Ca(OH)2
(Table 3). In the absence of rabbit skin glue, in contrast, only 20 wt% of
calcite remained and portlandite completely transformed into calcium

Fig. 1. XRD patterns of outdoor-exposed paints; a) BSG-ST-RG dosimeter before and after 6-month exposure; b) CA-EF-RG paint exposed for 40 months. Inset shows
detail of the 020 reflection of gypsum. Por= portlandite, Cal= calcite, Gp= gypsum, Ms= unspecified mica, and Qz=quartz. See Table 1 for acronyms.
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sulfite hemihydrate. After 82 h, the sample Ca(OH)2-H2O contained
∼10wt% gypsum additional to 85 wt% calcium sulfite hemihydrate
and 5wt% calcite, whereas gypsum had not formed in the Ca(OH)2-RG
sample (Table 3). Note that the blank Ca(OH)2-RG sample contained
85 wt% portlandite at the beginning of the accelerated SO2-aging test
and, based on its mineralogical composition, should have been more
susceptible to sulfation than the corresponding sample mixed with
water (Ca(OH)2-H2O), which contained 70wt% calcite at the start of
the ageing test. However, the organic binder acted as a barrier by
creating a superficial film around pigment particles, which hindered the
access of water and SO2 to the calcite and/or portlandite surfaces
(Fig. 1, Supplementary materials). For sulfation to take place, water in
direct contact with the calcite/portlandite surface is needed to induce
the absorption and hydrolysis (and oxidation) of SO2, and the dissolu-
tion of the substrate (i.e., source of Ca ions), in order to reach super-
saturation with respect to calcium sulfite hemihydrate and/or gypsum.
Over time, the rabbit skin glue suffered hydrolysis and dissolution as a
result of the atmosphere´s high RH and high SO2 concentration, and
was no longer effective as a barrier [37]. Consequently, sulfation could
progress at a faster rate (Table 3).

3.2. Optical microscope study of blank and outdoor exposed dosimeters

Microscopic observations of blank dosimeters showed the influence
of the pigment particle size on the surface roughness, coarser pigments
leading to rougher, more irregular surfaces (Fig. 2). In paints prepared
with the finest pigment (CA-EF) some large circular pockmarks were
observed on the paint surface, which were relics of air bubbles (arrows
in Fig. 2a and c). Generally, paints prepared with egg yolk had a more
yellowish tint due to the strong yellow color of the binder.

On the surface of all outdoor-exposed dosimeters a large amount of
dark brownish and yellowish particles was observed, which originated
from deposited atmospheric particulate matter after 40 months of ex-
posure. Elemental x-ray mapping allowed the identification of de-
posited particles as quartz, aluminosilicates, iron-bearing oxides/hy-
droxides, and dolomite (see below). The amount of deposited particles
depended on the paint’s surface roughness, a larger amount of de-
posited particles accumulating on rougher surfaces. Charola and Ware
[36] also recognized the relationship between surface roughness and
amount of deposited pollutants (i.e., gases and particles). They further
stated that deposition would be facilitated by a high surface moisture
content. Actually, surface moisture will be higher in BSG-based paints,
containing an important amount of portlandite, which is more

hygroscopic than calcite [38]. Deposited particulate matter plays an
important role in the acid-induced degradation of carbonate material
such as limestone, lime mortar, and lime-based tempera paints. On the
one hand, carbonaceous particles contribute to the dry deposition of
SO2 as a result of their high surface area [36]. On the other hand,
metallic particles (especially iron oxides/hydroxide) facilitate catalytic
oxidation of SO2 in the presence of humidity, resulting in the formation
of sulfuric acid. The acid, in turn, will react with the calcium carbonate
in the substrate and lead to the formation of calcium sulfates [4].

The paint sample prepared with CA-EF suffered severe material loss
after 24 months regardless of binder type due to the periodic impact of
rain (Fig. 2b and d), whereas paints prepared with BSG pigments ap-
peared intact (Fig. 2f, h, j, and l). It has been demonstrated previously
[16] that in the case of tempera paints prepared with BSG pigments
(i.e., pigments containing ∼85wt% portlandite), pigment-binder in-
teractions during carbonation lead to the formation of an organic-in-
organic hybrid material similar to biominerals with high weathering
resistance. In calcite-based paints (CA-EF), in contrast, no such pig-
ment-binder interactions occurred and the paint disintegrated upon
dissolution and leaching of the organic binder impacted by rain. As a
consequence, part of the deposited particulate matter was also washed
away and hardly any yellowish and brownish particles were observed
(Fig. 2b and d).

3.3. Color measurements of blank, outdoor-exposed, and SO2-aged
dosimeters

Spectrophotometry results revealed that L* was lower in paints
prepared with CA-EF as compared to BSG-based paints regardless of
binder type (Table 4). This can be explained by the substantial amount
of dolomite in this pigment; dolomite absorbing more light in the
visible spectrum as compared to calcite [39]. Color measurements were
in agreement with optical microscopy observations, showing that paint
prepared with egg yolk were more greenish-yellowish than rabbit skin
glue-based paints as indicated by lower a* and higher b* values.
Chroma and hue were significantly higher in egg-yolk based samples as
compared to their rabbit skin glue-based counterparts. However, a di-
rect relation between these parameters and the paints´ mineralogical
composition could not be established (Table 4).

Generally, a* increased slightly upon outdoor exposure, indicating a
change towards a more reddish color. This change was more pro-
nounced in the egg yolk-based samples (Fig. 3a). Remarkably, b* values
generally diminished upon outdoor exposure for up to 12 months,

Table 3
Mineralogical evolution (wt%) based on semiquantitative XRD analysis of paint dosimeters during accelerated SO2-aging (See Table 1 for acronyms).

Sample Mineral phase and JCPDS* card number

Calcite
(721652)

Portlandite
(892779)

Dolomite
(841208)

Calcium sulfite
hemihydrate (840962)

Gypsum
(741905)

BSG-ST-RG 15 85 – – –
BSG-ST-RG-34 h 20 60 – 20 –
BSG-ST-RG-82 h Tr Tr – 40 60
BSG-C-RG 15 85 – –
BSG-C-RG-34 h 35 50 – 15 –
BSG-C-RG-82 h Tr Tr – 35 65
CA-EF-RG 90 – 10 – –
CA-EF-RG-34 h 80 – 10 10 –
CA-EF-RG-82 h 80 – 5 15 –
Ca(OH)2-RG 15 85 – – –
Ca(OH)2-RG-34 h 25 50 – 25 –
Ca(OH)2-RG-82 h 5 – – 95 –
Ca(OH)2-H2O 70 30 – – –
Ca(OH)2-H2O-34 h 20 – – 80 –
Ca(OH)2-H2O-82 h 5 – – 85 10

JCPDS= Joint Committee on Powder Diffraction Standards.
Tr= trace.
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especially in the case of egg yolk-based paints (Fig. 3b). The reason for
this decrease is twofold. On the one hand, it is known that egg yolk
loses part of its yellow color upon exposure to light and/or heat
[32,40]. On the other hand, partial binder loss, especially in the case of
paints prepared with CA-EF, was responsible for the observed reduction
in b*. However, after 12 months of outdoor exposure b* generally in-
creased again and L* decreased in dosimeters prepared with BSG, in-
dicating a color change towards yellow, which might be attributed to
the deposition of yellowish/brownish atmospheric dust particles. The

amount of deposited particles increased over time, resulting in a re-
duction of L* of up to 8 units at the end of the outdoor exposure
(Fig. 3c). Additionally, sunlight-induced degradation of the organic
binder, which turned more yellowish especially in the case of rabbit
skin glue-based paints, also had an important contribution to the ob-
served color change [16,41]. Overall, paint dosimeters suffered im-
portant color changes (ΔE*), which were generally well above the es-
tablished limit for human perception (i.e., ΔE* ≥ 3 units [30]) after
prolonged exposure (Fig. 3d). The very small amount of gypsum (i.e.,

Fig. 2. Optical microscopy images of blank dosimeters and dosimeters exposed outdoors during 40 months. Arrows indicate pockmarks, being relics of air bubbles.
See Table 1 for acronyms.
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generally< 5wt%) detected with XRD, Raman spectroscopy and SEM
in outdoor-exposed dosimeters (see below) is not thought to be suffi-
cient to contribute to any color change.

Exposure to SO2 caused a decrease in L* and a generally important
increase in b*, while changes in a* were very small (Table 5). These
findings are in agreement with data presented by Grossi et al. [42],
showing a similar effect of accelerated SO2-aging on ornamental lime-
stone, which became slightly darker and more yellowish. Changes in
hue did not reveal any clear tendency in SO2-aged paint dosimeters and
the reason for the extreme color change in the case of CA-EF-RG has to
be clarified in a future study.

3.4. FESEM analysis of pigments and paint dosimeters before and after
outdoor exposure and accelerated SO2-aging test

3.4.1. Pigments
FESEM images of lime-based pigments show that CA-EF had a very

distinct morphology as compared to BSG-ST/C pigments (Fig. 4a and

d). The former was comprised of blocky calcite crystals (10–100 μm)
with irregular edges and a fractured appearance, typical for pigments
obtained by grinding of bigger lumps. These large crystals were ac-
companied by smaller crystals, ≤1 μm in size (Fig. 4a). Images of BSG
pigments, in contrast, revealed the presence of aggregates formed by
nano-sized portlandite/calcite crystals. The morphological differences
have an important influence on the paints’ susceptibility to pollution-
induced deterioration; BSG pigments offering a much larger surface
area (i.e., specific surface area of BSG-ST and BSG-C being 12.6 m2/g
and 11.7m2/g, respectively) for reaction with atmospheric con-
taminants as compared with the CA-EF pigment (i.e., specific surface
area being 1.6m2/g).

3.4.2. Outdoor exposure
After 40-month outdoor exposure only minor changes in the calcite

crystal morphology could be detected in CA-EF-based paints regardless
of binder type (Fig. 4b and c). The edges of larger crystals seemed
slightly rounded, possibly due to dissolution processes. Occasionally,

Table 4
Color measurements of blank dosimeters. See Table 1 for acronyms.

Sample L* a* b* C* h

CA-EF-EY 88,74 ± 0,07 −1,31 ± 0,01 7,40 ± 0,31 7,52 ± 0,30 100,1 ± 0,49
BSG-ST-EY 94,62 ± 0,13 −1,68 ± 0,04 8,70 ± 0,22 8,88 ± 0,22 101,0 ± 0,54
BSG-C-EY 95,68 ± 0,21 −1,05 ± 0,07 6,52 ± 0,66 6,60 ± 0,65 99,2 ± 1,19
CA-EF-RG 90,32 ± 0,40 −0,41 ± 0,10 3,51 ± 0,10 3,57 ± 0,10 96,7 ± 0,63
BSG-ST-RG 96,08 ± 0,09 −0,53 ± 0,02 3,42 ± 0,03 3,46 ± 0,03 98,8 ± 0,35
BSG-C-RG 93,48 ± 0,38 −0,35 ± 0,03 5,77 ± 0,18 5,78 ± 0,17 93,6 ± 0,42

Fig. 3. Color changes a) Δb*, b) ΔL*, and c) ΔE* undergone by paint dosimeters during outdoor exposure for up to 40 months. Error bars are included. Note that
errors were in most cases too small to be visualized in the graphs. See Table 1 for acronyms.
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calcite crystals showed fractures, likely being induced by severe diurnal
T changes (Fig. 4c, dashed line). Rodriguez-Navarro et al. [43] de-
monstrated that thermally-induced physical weathering of calcite is
related to the mineral´s anisotropic thermal expansion. Note that frac-
turing was no artifact of sample preparation because samples were not
ground prior to FESEM analysis. BSG-based paints underwent important
changes due to the dissolution and carbonation of portlandite (Fig. 4e
and f). Samples mixed with rabbit skin glue showed nanogranular
structures and rhombohedral calcite crystals, presenting in some cases

rounded edges (Fig. 4e, arrows). These morphological features have
typically been observed upon calcite crystallization in the presence of
organics, and are interpreted as evidence for the formation of an or-
ganic-inorganic hybrid material [16,44]. Note that if no direct attach-
ment or adsorption of the organics on ledges of advancing steps of the
growing calcite surface had occurred, there would be no rounding [45].
Furthermore, spherical or semispherical structures typical for vaterite
were detected in BSG-based paints prepared with egg yolk (Fig. 4f). The
presence of vaterite was confirmed by Raman spectroscopy (see below).

Table 5
Color changes of dosimeters after 82 h of SO2 exposure. See Table 1 for acronyms.

Sample ΔL* Δa* Δb* ΔC* Δh ΔE*

CA-EF-RG −6,06 ± 0,25 −0,93 ± 0,11 14,31 ± 0,94 14,31 ± 0,94 −3,27 ± 0,43 14,91 ± 0,96
BSG-ST-RG −1,49 ± 0,19 013 ± 0,02 4,90 ± 0,09 4,77 ± 0,09 −6.51 ± 0,54 5,13 ± 0,13
Ca(OH)2-RG −0,95 ± 0,26 0,28 ± 0,05 4,09 ± 0,24 4,09 ± 0,24 −2,78 ± 0,39 4,21 ± 0,22
Ca(OH)2-H2O −0,98 ± 0,40 0,02 ± 0,10 4,78 ± 0,10 4,77 ± 0,17 2,60 ± 0,76 4,88 ± 0,18
CaCO3-RG −2,70 ± 0,77 0,33 ± 0,05 0,51 ± 0,63 0,48 ± 0,62 6,89 ± 1,08 2,85 ± 0,63

Fig. 4. FESEM images of a) CA-EF pigment; b) CA-EF-RG outdoor-exposed for 40 months; c) CA-EF-EY outdoor-exposed for 40 months; d) BSG-ST pigment; e) BSG-
ST-RG outdoor-exposed for 40 months (arrows indicate nanogranular structures and calcite crystals with rounded edges); f) BSG-ST-EY outdoor-exposed for 40
months, Vtr= vaterite; g) Sulfur x-ray map of CA-EF-EY blank; h) Sulfur x-ray map of CA-EF-EY dosimeter outdoor-exposed for 40 months; and i) gypsum detected on
CA-EF-EY dosimeter outdoor-exposed for 40 months (microanalysis in inset). See Table 1 for acronyms.
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Vaterite is a metastable phase and normally transforms readily into
calcite under most ambient conditions [46]. However, it has been de-
monstrated that the presence of organics may result in a kinetic stabi-
lization of vaterite and prevent or delay its transformation into calcite
[47–49]. Note that vaterite was detected with XRD and SEM in identical
samples exposed to very similar environmental conditions [16].

The comparison of elemental x-ray maps of blank and outdoor-ex-
posed dosimeters revealed the appearance of isolated areas of high
sulfur concentration upon prolonged exposure (Fig. 4g and h). All
outdoor-exposed dosimeters showed these sulfur-rich areas but only the
elemental map of CA-EF-EY is included here as a representative ex-
ample. The observed sulfur signal in the blank CA-EF-EY dosimeter
corresponded to background noise and no sulfur-rich impurities can be
detected in this sample (Fig. 4g). Note that elemental mapping also
disclosed the presence of Al, Si, Fe, K, and Mg on outdoor-exposed
dosimeters, all elements likely being related with deposited atmo-
spheric particulate matter such as quartz, aluminosilicates, iron-bearing
oxides/hydroxides, and dolomite. FESEM imaging (Fig. 4i) in combi-
nation with microanalysis allowed the unambiguous identification of
the sulfur-rich areas as gypsum aggregates, showing similar morpho-
logical features as those of authigenic gypsum (i.e., tabular-shaped
crystals either isolated or forming small clusters), formed in tempera
paint samples subjected to accelerated SO2-aging (Fig. 5). However,
solely based on FESEM results it was impossible to unambiguously
determine the origin of gypsum crystals (i.e., deposited gypsum parti-
cles or sulfated calcite particles) because the very early stages of cal-
cite/portlandite sulfation could not be detected. In many cases, gypsum
crystals seemed to be deposited on the surface and a calcite/gypsum
intergrowth was not observed. Even though direct evidence for sulfa-
tion was not detected in outdoor-exposed tempera paints, the presence
of gypsum particles is of importance because they can act as templates
for gypsum crystallization via self-epitaxy [4].

The lack of any clear sign of sulfation was unexpected. Especially,
considering the relatively high SO2 and particulate matter concentra-
tions in Granada’s urban air (Table 2). Moreover, Urosevic et al. [9]
found relatively rapid gypsum formation on limestone samples exposed
for 1 year to urban air in Granada´s historic city center. Most likely, the
organic binder in tempera paints hindered gypsum formation over the
course of the 40-month outdoor exposure. First of all, the organic
binder acted as a barrier by creating a film around the pigment particles
as observed in the case of dosimeters exposed to accelerated SO2-aging
(Table 3; Fig. 2, Supplementary Materials). However, the thickness of
the organic film will gradually be reduced during the outdoor exposure
by the periodic impact of rain and photo-induced degradation. As a
result, the film will no longer be effective as a protective barrier. In the
case of BSG-based paints, portlandite almost completely carbonated in
the presence of the organic binder during the first 6 months of the
outdoor exposure (Fig. 1a), facilitating the formation of an organic-
inorganic hybrid material (Fig. 4e), where part of the organic binder is
incorporated in the organic-inorganic calcite structure and cannot ea-
sily be leached out [16]. Recent studies demonstrated that these hybrid
materials not only have higher mechanical resistance, but also show
improved chemical weathering resistance, which would explain the
lack of any clear sign of sulfation in this type of paints [50]. Obviously,
in the case of calcite-based paints, the organic binder can not be in-
corporated into the calcite structure and organic-inorganic hybrid ma-
terials do not form. Actually, optical microscopy observations revealed
the lower weathering resistance of this type of paints, suffering severe
material loss (Fig. 2b and d). Considering the relatively high solubility
of gypsum (solubility= 2.4 g/L at 20 °C) as compared to calcite (solu-
bility= 0.013 g/L at 25 °C), it is possible that most of the sulfate
weathering products together with part of the calcite-based paint have
been washed away by the periodic impact of rain. In fact, gypsum
formation is generally not detected on surfaces which are “washed” by
the direct impact of rain [9,51].

3.4.3. Accelerated SO2-aging test
The extreme conditions during the SO2-aging test provoked sig-

nificant morphological changes in lime-based tempera paints. Paint
samples prepared by mixing reagent grade Ca(OH)2 with water, which
contained ∼70wt% calcite according to XRD analysis, originally
showed calcite crystal bundles with the typical scalenohedral mor-
phology of carbonated Ca(OH)2 pastes [52]. After 82 h of SO2 exposure,
scalenohedral calcite crystals suffered severe dissolution and blocky
gypsum crystals formed (Fig. 5b). However, it was not possible to un-
ambiguously identify calcium sulfite hemihydrate in this sample based
on morphological characteristics.

In the case of CA-EF-RG paint, the originally smooth surface of
calcite crystals (Fig. 5c) was almost completely covered with a film of
nanogranular calcium sulfite hemihydrate (according to XRD) after
82 h (Fig. 5d). The observed nanostructural features of the newly
formed phases are in agreement with XRD results, which hinted a low
crystalinity of calcium sulfite hemihydrate. The FESEM image shows
that no crystallographic continuity exists between the dissolving calcite
(Fig. 5d, arrow indicates dissolution-induced macro steps) and the
newly formed sulfite product layer (which is separated from the calcite
substrate by a gap). Although the produced sulfite grossly preserves the
overall rhombohedral shape of calcite crystals (Fig. 3, Supplementary
Materials), thereby pointing to a possible pseudomorphic replacement,
there is no epitaxy between parent and product phases (Fig. 5d, dashed
arrow). This implies that no passivation layer will form and the reaction
would continue under adequate environmental conditions until all
calcite is transformed [53].

BSG-based paints revealed a structure formed by aggregated nano-
sized particles (Fig. 5e). After 82 h of SO2 exposure, a massive forma-
tion of tabular-shaped gypsum clusters was observed, completely re-
placing portlandite and ∼90wt% of the original calcite according to
XRD data. Furthermore, spherical morphologies typical for vaterite
were detected. Note that the corresponding blank dosimeters did not
contain any vaterite and it can be ascertained that this phase formed
during the SO2 exposure. Actually, Fernández-Díaz et al. [54] were able
to demonstrate that vaterite was stabilized in the presence of SO4 over a
relative long period of time (i.e., > 250 h). The presence of the me-
tastable vaterite will add to the destabilization of tempera paints ex-
posed to SO2-aging. On the one hand, phase transition is accompanied
by volume changes (i.e., transformation of portlandite into gypsum or
vaterite, and calcite transformation into gypsum) (Table 6). Further-
more, vaterite will eventually transform into calcite, which again will
result in a volume change. On the other hand, the spherical vaterite will
have inferior mechanical strength as compared to scalenohedral calcite
crystals, which forms an interlocked structure with higher cementing
capacity [52].

3.5. Raman analysis

3.5.1. Outdoor exposure
Raman spectroscopy confirmed XRD and SEM data (see below),

revealing the presence of gypsum in outdoor-exposed paint dosimeters,
indicated by low intensity gypsum bands at 415 and 1013 cm−1

(Fig. 6a). Note that only spectra of the BSG-ST-EY sample are included
here as representative examples. Raman spectra also showed a decrease
in portlandite content over time in BSG-based paints as a result of the
reaction with atmospheric CO2 (Fig. 6a), and allowed the detection of
vaterite, which was not present in a sufficiently high concentration to
be detected by XRD. In samples exposed to accelerated SO2-aging,
abundant amounts of gypsum and calcium sulfite hemihydrate were
observed, the spectrum of the later being almost identical to hanne-
bachite (2CaSO3·(H2O)) (Fig. 6b) [55]. Note that the presence of va-
terite in SO2-aged samples could not be confirmed unambiguously with
this technique.
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4. Conclusions

Analytical results revealed the important influence of the pigment’s
mineralogical composition and specific surface area on the suscept-
ibility towards sulfation; pigments containing portlandite showing
faster sulfation than pigments containing only calcite. Furthermore, the
organic binder delayed the reaction between lime-based paints and
atmospheric SO2. However, the presence of organic binder also slows
down carbonation in the case of BSG-based paints and thus the possible
formation of organic-inorganic hybrid materials. Future studies should
be performed to determine the optimal binder content which would
effectively delay sulfation without impeding a fast carbonation.

Fig. 5. FESEM images of a) Ca(OH)2-H2O blank; b) Ca(OH)2-H2O after 82 h SO2-aging test, Gp=gypsum c) CA-EF-RG blank; d) CA-EF-RG after 82 h SO2-aging test;
e) BSG-C-RG blank (high magnification image in inset); and f) BSG-C-RG after 82 h SO2-aging test (arrows indicate gypsum crystals). See Table 1 for acronyms.

Table 6
Molar volume (cm3mol−1) of minerals and calculated volume change (%) upon
phase transition.

Mineral Molar volume (cm3mol−1) Volume change (%)

Por 33.2 19 (Por→Vtr)
11 (Por→ Cal)
123 (Por→Gp)

Vtr 39.4 −6 (Vtr→ Cal)
Cal 36.9 111 (Cal→Gp)
Gp 74.1

Por= portlandite, Vtr= vaterite, Cal= calcite, Gp= gypsum.
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Regardless of pigment composition, calcium sulfite hemihydrate was
always detected as an intermediate phase on samples exposed to SO2,
forming a nanogranular film on the pigment particle’s surface. Direct
transformation of calcite into gypsum was not detected and the lack of
crystallographic continuity of calcium sulfite hemihydrate with the
underlying calcite implies that the sulfation process will not cease until
complete sulfation is achieved. However, the sulfation reaction requires
water and might halt under dry conditions (i.e., low RH and little or no
precipitation) but resume as water becomes available.

Remarkably, no clear evidence for sulfation was detected in lime-
based tempera paints after 40-month outdoor exposure to polluted
urban air. Several reasons might explain this result. On the one hand,
carbonation of portlandite in the presence of organics (i.e., rabbit skin
glue or egg yolk binder) might have promoted the formation of organic-
inorganic hybrid materials with high resistance towards chemical
weathering in the case of BSG-based paints. On the other hand, periodic
impact of rain might have washed off calcium sulfite/sulfate phases,
especially in the case of calcite-based paints, which showed severe
material loss after prolonged outdoor exposure.

The selection of lime-based paints for conservation interventions in
polluted environments should be made considering the prevailing cli-
mate conditions. In dry climates where a severe delay in the carbona-
tion reaction can be expected, the use of calcite-based paints might be
advisable. In humid climates or under direct impact of rain, in contrast,
BSG-based paints are preferable, which are able to form organic-in-
organic hybrid materials with high resistance towards physical and
chemical weathering. The use of organic additives such as rabbit skin
glue might also be beneficial to improve the chemical weathering re-
sistance of lime mortars and plasters. However, as pointed out before,
the optimal organic content has to be established to allow for suffi-
ciently fast carbonation.
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