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a b s t r a c t

Calcium hydroxide and calcium carbonate, or mixtures of both have been used for millennia as pigments
or primers, often in combination with proteinaceous binders. Despite their historical importance and
widespread use in wall paintings, little research has been dedicated to possible interactions between the
inorganic pigment and the organic binder, and their impact on paint aging under variable environmental
conditions. Here, paint dosimeters mimicking historic paints were exposed to artificial UV-aging and
long-term outdoor exposure tests and analyzed using a wide array of techniques, including x-ray
diffraction, scanning electron microscopy, attenuated total reflectance-Fourier transform infrared spec-
troscopy, thermogravimetry, laser particle size analysis, and spectrophotometry. Our results show that
the prevailing environmental conditions (i.e., sheltered or directly exposed to rain and sunlight) and the
presence or absence of proteinaceous binder have a significant influence on the mineralogical and
morphological evolution of paints containing calcium hydroxide. The organic binder delays carbonation
and induces the formation of hybrid materials similar to biominerals, incorporating organics into the
inorganic carbonate matrix. Such a biomimetic effect significantly enhances the durability of the paint
layer. Calcium carbonate pigments, in contrast, did not suffer mineralogical changes in the presence of
organic binder. However, both, calcium carbonate and hydroxide caused conformational changes in the
proteinaceous binder. Observed differences in pigment-binder interactions have an important influence
on the paints' resistance to chemical weathering, explain different alteration patterns observed in his-
toric paints under semi-open exposure conditions, and allow for recommendations regarding the most
suitable material for wall painting conservation considering the prevailing environmental conditions.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Throughout history calcium carbonate has been extensively
used as a painting material, either as a pigment, often as an
extender blended with more expensive white pigments, or as a
primer [1]. The pigment can be made of ground limestone (marble)
or chalk [2]. It shows good hiding power in water-based systems
(i.e., tempera paints with egg yolk, casein, or rabbit glue binder) and
is often mixed with animal glue when used as a primer. Early ex-
amples of its use as a pigment include the Lascaux and Roucadour
cave paintings from the Palaeolithic period [3]. Apart from pure
calcium carbonate, “Bianco di San Giovanni” (BSG) a white pigment
made of partially carbonated lime has been used in fresco and
tempera paintings. This pigment was first mentioned by Cennino
Cennini in his “Il Libro dell Arte”, but was most likely used before
Cennini's time [4,5]. According to Colalucci [6] Michelangelo used
this pigment as a base for certain reds and yellows in the frescoes of
the Sistine Chapel. Slaked lime (Ca(OH)2) was also used as binding
media for pigments applied in wall paintings (fresco technique).
Earliest examples are found in Greece and Italy [1].

Despite their historical importance and widespread use as
painting materials, little research has been dedicated to the inter-
action of calcium-based pigments and proteinaceous binders
[2,5,7e9]. High pH, especially in the case of calcium hydroxide
(pH ¼ 12.5), might cause changes in the structure of proteins and
will consequently affect the paint's stability over time [10].

Up to now, no detailed studies are available which would clarify
this aspect. Furthermore, the calcium hydroxide in BSG-based
paints inevitably carbonates once applied and exposed to
ambient air and mineralogical and morphological changes that can
alter the paints' properties will occur.

Here we examined the effect of different calcium-based pig-
ments (pure calcium carbonate or calcium hydroxide, and mixtures
of both) on conformational changes in rabbit glue used as organic
binder. We also tracked the morphological changes of calcium-
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Table 1
Nomenclature of samples.

Pigments

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

Outdoor exposed dosimeters Location and test duration

Cal-EF-RG-Aa A ¼ Alhambra
BSG-ST-RG-A Test duration: 6, 12, and 24 months
BSG-C-RG-A

Cal-EF-RG-CC CC ¼ city center
BSG-ST-RG-CC Test duration: 6, 12, 24, and 30 months
BSG-C-RG-CC

UV-aged dosimeters

Cal-EF-RG-UV Total test duration: 1000 h
BSG-ST-RG-UV
BSG-C-RG-UV
CaCO3-RG-UV
Ca(OH)2-RG-UV
Ca(OH)2-H2O-UV

a All pigments are mixed with rabbit glue (RG) except Ca(OH)2eH2O which is
mixed with water.
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based pigments with or without organic binder under UV-aging
conditions. Besides laboratory tests, paint dosimeters prepared
following historic recipes, were placed over a period of 30 months
in strategic locations in the city of Granada, Spain (i.e., the historic
city center and the Alhambra monument), and textural, mineral-
ogical, morphological, and conformational changes were examined
using a wide range of analytical techniques, including x-ray
diffraction (XRD), scanning electron microscopy (SEM), attenuated
total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR), thermogravimetry (TG), laser particle size analysis, and
spectrophotometry. Our ultimate goal was to further the current
knowledge on pigment-binder interactions in order to help explain
observed alteration patterns in historic paintings, and assist in the
selection of appropriate conservation materials for wall paintings,
especially those suffering T and relative humidity (RH) fluctuations
in semi-open courtyards or halls.

2. Materials and methods

2.1. Materials

Pigments and rabbit glue were purchased from Kremer Pig-
mente GmbH & Co, Germany. The pigments and binder include
“Bianco di San Giovanni” standard (No.11415), “Bianco di San Gio-
vanni” coarse (No.11416), extrafine calcite (No.58720), and rabbit
glue pearls (No.63028). According to the manufacturer, the average
pigment particle size was <120 mm, 120 mm - 1 mm, and ~20 mm,
respectively. Note that “Bianco di San Giovanni” was historically
prepared by sun-drying small “cakes” of slaked lime to achieve a
partial carbonation of Ca(OH)2 [4]. Consequently, this pigment
contains a mixture of calcium hydroxide and calcium carbonate of
varying proportions, depending on the preparation method. Addi-
tionally, analytical grade calcium hydroxide (Ca(OH)2, Guinama
S.L.U., Spain) and calcium carbonate (CaCO3, Labkem, Spain) were
included in this study as reference materials.

2.2. Sample preparation

Two sets of dosimeters were prepared. The first set of samples
was prepared following traditional medieval recipes according to
organoleptic parameters in order to obtain paints with adequate
consistency [11,12]. Since binder demand depends on the pigments'
chemical composition and particle size, these paints contained
varying amounts of binder (see TG results below). Rabbit glue
pearls (8 g) were soaked in 100 ml deionized water for 24 h under
occasional stirring before heating to just below 50 �C in a water
bath until a homogeneous mixture was obtained. To prepare a
tempera paint of appropriate consistency, pigments were first
wetted with deionized water and afterwards mixed with sufficient
animal glue paste. Dosimeters were prepared by applying paints as
well as pure rabbit glue paste on glass slides using a brush. The
dosimeters' dimensions were 15x20 � 1 mm. This set of samples
was long-term exposed under ambient conditions at two locations
in the city of Granada (see below for details).

The second set of samples was prepared in a similar fashion.
However, the pigment-binder ratio was maintained constant at
10:1 wt/wt. This ratio has been chosen because it is close to the
average binder content of paint dosimeters prepared according to
traditional recipes and used for outdoor-exposure. In practice, 5 g of
pigment was wetted with 4 g of deionized water and afterwards
mixed with 6.5 g of rabbit glue paste (solid content 0.5 g). For
comparison, samples made of 5 g calcium hydroxide mixed with
10 g of deionized water (without the addition of rabbit glue) were
prepared. This set of samples was exposed to accelerated photo-
aging in the laboratory (see below). Note that no attempt was
made to study paints based on calcite-water mixtures, because
drying resulted in a powdery pigment layer without any cohesion.
Paint dosimeters are named according to the following system: A-
BeC-D; A ¼ type of pigment, B ¼ particle size, C ¼ type of binder,
and D ¼ type of exposure/location and duration. See Table 1 for the
complete nomenclature of samples.
2.3. Outdoor exposure test

Paint dosimeters were placed in a semi-open courtyard of the
Alhambra monument (“Patio del Harem”, Nasrid palaces) and on a
balcony (first floor) of a residential building facing SWadjacent to a
highly trafficked street in the historic city center of Granada.
Whereas dosimeters were protected from direct sunlight and rain
at the Alhambra, they were exposed to rain and sunlight (~5 h daily
in winter and ~10 h daily in summer) at the location in the city
center. After the 24-month outdoor exposure the overall sunlight
exposure duration was estimated to be ~5800 h at an irradiance
level of ~1090 W/m2 [13].

During the outdoor exposure tests, the maximum T in summer
and minimum T in winter were 40 �C and �3 �C, respectively, with
diurnal variations of up to 20 �C. Diurnal relative humidity (RH)
variations reached 50% with average RH ranging from ~40% in
summer to ~75% in winter. The number of rainy days per month
varied between 0 and 14 (Fig. 1) [14].

Granada is a non-industrialized city. However, particulate mat-
ter, NO2, and O3 concentrations frequently exceed threshold values
[15] set by the EU directive 2008/50 EC [16]. Particulate matter is
expected to deposit on exposed painted surfaces, causing soiling.
According to Urosevic et al. [17] its main constituents at Granada
are: soil dust (quartz, calcite, dolomite, phyllosilicates, and iron
oxides/hydroxides), black carbon, secondary inorganic aerosols,
and sea salt.
2.4. UV-aging test

Dosimeters were exposed in the laboratory to UV-C radiation
emitted by a small tubular Pen-RayMercury Lamp (No. 90-0012-01,
Utra-Violet Products Ltd, UK). The lamp emits a spectrum with the



Fig. 1. Average RH (city center) and rain events per month during the 24-month
outdoor exposure [14].

Table 2
pH of freshly prepared paints with rabbit glue or
water.

Paint sample pH

Cal-EF-RGa 7.7
BSG-ST-RG 11.1
BSG-C-RG 11.5
CaCO3-RG 6.6
Ca(OH)2-RG 11.6
Ca(OH)2-H2O 12.4
Rabbit glue 5.8

a See Table 1 for sample nomenclature.
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primary energy at 254 nm (2800 mW/m2 UV-C irradiance at
~2.5 cm). During testing, paint dosimeters were placed in a
chamber at 17 ± 4 �C and 50 ± 10% RH. Day-light was excluded
using aluminum foil. The overall UV-exposure durationwas 1000 h.
Note that the UV-lamp was not operated continuously to prevent
overheating and the UV-exposurewas done over a 3-month period.
For comparison a second set of samples was simultaneously placed
in the chamber and protected from the UV-radiation by a card-
board, allowing for free air-circulation.

2.5. Analytical techniques

2.5.1. pH measurements
The pH of freshly prepared rabbit glue and paints was measured

using a 905 Titrando coupled with a pH-meter (Electrode Plus,
Metrohm AG, Switzerland).

2.5.2. Granulometry
A laser particle size analyzer (Mastersizer 2000LF, Malvern In-

struments) was used to measure the particle size of calcium-based
pigments dispersed in ethanol.

2.5.3. X-ray diffraction (XRD)
X-ray diffraction (X'Pert PRO PANalytical B.V.) was used to

determine the mineralogical composition and evolution of
calcium-based pigments and paint dosimeters. Analyses were
performed using Cu-Ka radiation (l ¼ 1.5405 Å), Ni filter, 45 kV
voltage, and 40 mA intensity, 3�-60� 2q exploration range, and
0.05� 2q s1 goniometer speed. Xpowder software [18] was used to
identify mineral phases and perform semi-quantitative analyses.

2.5.4. Thermogravimetric (TG) analysis
The rabbit glue content of paint dosimeters prepared according

to traditional medieval recipes, before and after outdoor exposure,
was determined using a Shimadzu TGA-50H (Shimadzu Corpora-
tion). Analysis conditions: flowing air (100 ml/min) and a constant
heating rate of 10 �C min�1 (25-950 �C). In order to calculate the
dosimeters' binder content, the weight loss of the corresponding
calcium-based pigment and pure rabbit glue in the same T range
were considered. Note that the full T range was considered in the
case of blank dosimeters and dosimeters exposed at the Alhambra
because these samples did not undergo significant mineralogical
changes due to carbonation. In the case of dosimeters prepared
with BSG and exposed in the city center, in contrast, only the T
range between 330 and 600 �C was considered because they un-
derwent significant carbonation according to XRD results (see
below). At T < 330 �C dehydration of amorphous calcium carbonate
(i.e., ACC is a precursor of calcite and forms upon carbonation of
Ca(OH)2) can contribute to weight loss, whereas at T > 600 �C
decomposition of calcite can be expected [19]. Neglecting both
reactions would lead to an overestimation of the binder content.

2.5.5. Stereomicroscopy
Textural, structural and chromatic features of blank and aged

paint dosimeters were determined using a stereomicroscope (SMZ
1000, Nikon).

2.5.6. Spectrophotometry
A portable spectrophotometer (Minolta CM-700d) was used to

determine color changes of dosimeters before and after UV-aging
and outdoor exposure. Equipment settings were: illuminant D65,
10� observer, Ø 6 mm measurement area. Data were expressed in
CIE L*a*b* and CIE L*C*h* color spaces (i.e., L* is luminosity or
lightness (black ¼ 0 and white ¼ 100)); a* from þa* (red) to �a*
(green), and b* from þb* (yellow) to �b* (blue), C* is chroma or
saturation, and h* is hue. Color changes for L*, a*, b*, C*, and DE
were calculated. The latter was calculated using the following for-
mula: DE¼(DL*2þDa*2þDb*2)½. Average values are based on a
minimum of 5 measurements per sample. Note that a color dif-
ference of DE �3 is perceptible to the human eye [20].

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

Mineralogical changes of calcium-based pigments and confor-
mational changes of the rabbit glue were studied using ATR-FTIR
spectroscopy (Jasco 6200, JASCO Analytical Instruments, Japan).
Small powder samples of blank and aged paints and binder were
analyzed at a 2 cm�1 resolution over 75 scans from 400 to
4000 cm�1.

2.5.8. Field emission scanning electron microscopy (FESEM)
Morphological features of pigments and dosimeters were

studied using a FESEM (Auriga, Carl Zeiss, Germany) working at
10�4 Pa vacuum and 3 kV in secondary electron imaging mode.
Samples were carbon coated.

3. Results and discussion

3.1. pH measurements

The rabbit glue had a slightly acidic pH which lowered the pH of
the binary paint systems with respect to the original equilibrium
pH of these pigments in saturated aqueous solutions (Table 2). Note
that the pH of saturated Ca(OH)2 and CaCO3 solutions are ~12.5 and
~9, respectively. The high pH of paints containing Ca(OH)2 can have



Fig. 3. Macroscopic surface texture of blank paint dosimeters (see Table 1 for sample
nomenclature).
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important effects on the organic binder. At high pH carboxyl and
amine groups of the protein binder are deprotonated. However,
only the former will be involved in the formation of complexes with
Ca2þ [21]. Considering the higher solubility of Ca(OH)2 (1.73 g/L
(20 �C)) as compared to calcite (0.013 g/L (25 �C)), the formation of
organo-metal complexes (i.e., one Ca2þ ion coordinated to two
carboxyl groups) in an aqueous solutionwill bemuchmore likely in
BSG/portlandite-based paints than in those based on calcite [7].
Denninger [5] recognized that Ca(OH)2 reacted with protein to
form protein-lime compounds which were especially stable in the
case of lime-casein mixtures where calcium caseinate compounds
formed.

However, high pH can also cause unfolding and denaturation of
the proteinaceous binder [22] (Das 2005). This process affects the
secondary structure of proteins, resulting in a partial or total loss of
regular repeating patterns such as beta-sheets or alpha-helices by
disruption of noncovalent bonds [23] (see FTIR results below). High
pH is also likely to cause modification of the protein backbone
structure by breaking covalent peptide bonds between carboxyl
and amino groups upon hydrolysis. Alkaline hydrolysis of proteins,
thus, results in their breakdown into individual amino acids [24].

Moreover, when used in conservation interventions, the high pH
of tempera paints prepared with BSG pigments has to be consid-
ered if mixed with alkaline-sensitive pigments such as Prussian
blue, verdigris, chrome yellow, crimson lake, and zinc white
because undesired color changes might occur [1].

3.2. Particle size analysis of calcium-based pigments

Analytical results revealed a relatively wide particle size range
for all pigments with a variable contribution of nano-sized particles
(Fig. 2). The different pigment particle sizes had a strong influence
on the surface finish of the tempera paints, larger particle sizes
resulting in a much rougher, irregular surface (Fig. 3).

3.3. XRD analysis of pigments and paint dosimeters

3.3.1. Pigments
Semiquantitative X-ray analysis of pigments showed that both

BSG pigments contained large amounts of portlandite (85 wt%) and
only ~15 wt% calcite had formed upon reaction with ambient CO2
during the preparation of this commercial pigment. The portlandite
content of these pigments is significantly higher than that reported
by Denninger [5]. This author prepared “Bianco di San Giovanni”
Fig. 2. Particle size distribution (mm) of calcium-based pigments. (see Table 1 for
sample nomenclature).
according to a recipe by Cennini and obtained a pigment with ~70%
calcite content. These results indicate that the preparation method
and the environmental conditions (i.e., T and RH) during prepara-
tion will have an important influence on the pigment's calcite
content.

The commercial extrafine calcite (Cal-EF) pigment contained
~10 wt% dolomite and a trace amount of quartz, whereas analytical
grade calcite revealed no impurities detectable with this technique.
The analytical grade calcium hydroxide contained <5 wt% calcium
carbonate.

3.3.2. UV-aging of paint dosimeters
Themineralogical composition of calcium-based tempera paints

did not change qualitatively during accelerated aging. XRD results,
however, revealed that the organic binder had an important effect
on the carbonation rate of BSG/Ca(OH)2-based paints (Fig. 4). Note
that in Fig. 4 only Ca(OH)2-based paints are included as BSG-based
paints showed a very similar behavior to Ca(OH)2-based paints
upon carbonation and nomineralogical changes due to carbonation
are expected in Cal-EF and CaCO3-based paints. Carbonation was
much slower in the presence of rabbit glue, which, apparently,
acted as a carbonation inhibitor, impeding the diffusion of ambient
CO2 by forming a superficial film around portlandite particles. Its
possible role as a crystallization inhibitor (i.e., delaying nucleation
and growth) of calcium carbonate phases cannot be ruled out
either. Consequently, the degree of carbonation reached after 3
months in BSG/Ca(OH)2-based paints mixed with rabbit glue was
much lower than in Ca(OH)2-paint dosimeter prepared with H2O,
which showed an initial fast carbonation, slowing down drastically
after ~75 wt% of portlandite had carbonated. The reason for the
slowing of carbonation is threefold: (1) Carbonation is a deceler-
atory process because it proceeds from the outside inward, thus,
the distance to the carbonation front increases as the carbonation
proceeds [19]. (2) Pore space is partially filled upon CaCO3 precip-
itation which significantly hinders CO2 diffusion [25]. (3) The
carbonation requires water. It proceeds according to the following
overall reactions [26]:

Ca(OH)2 (s)þ CO2 (g)þ H2O (aq)/ CaCO3 (s)þ 2H2O (aq)þ heat [
(74 kJ/mol) (1)

Beruto et al. [27] were able to demonstrate that Ca(OH)2 was
significantly more hygroscopic than CaCO3, adsorbing nearly twice
as much water at 50% RH. The authors found that water started to
leave the reaction zone when about 85 wt% of Ca(OH)2 had
carbonated, thus slowing down the reaction. This effect explains
the drastic reduction in the carbonation rate we observed when
75 wt% of Ca(OH)2 had carbonated (Fig. 4).

UV-exposure accelerated carbonation in paints containing



Fig. 4. Portlandite (wt%) concentration versus time of UV-aged and non UV-aged paint dosimeter with and without organic binder. RG ¼ rabbit glue.
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organic binder, especially during the initial stage. Results suggest
that acceleration was caused by a photo-induced partial degrada-
tion of the organic binder, facilitating the diffusion of CO2 towards
the carbonation front. The 5% higher degree of carbonation reached
in UV-exposed samples prepared by mixing Ca(OH)2 with water as
compared to the sample protected from UV-radiation is not
considered statistically significant. Note that XRD only allows for a
semi-quantitative analysis of mineral phases with an accuracy of
±5%.

3.3.3. Outdoor-exposure of paint dosimeters
XRD results of samples exposed for 24 months showed very

little changes in the case of dosimeters prepared with extrafine
calcite. Only the quartz content seemed to have increased slightly
as a result of particulate matter deposition [17]. A similar effect was
observed in all outdoor exposed dosimeters. Additionally, dolomite
was detected in outdoor exposed dosimeters prepared with BSG
pigments which did not contain dolomite before exposure. The
dolomite concentration increased over time and can as well be
associated with particulate matter deposition [17].

Dosimeters prepared with BSG pigments suffered additional
mineralogical changes, which depended on environmental condi-
tions during outdoor exposure (Fig. 5). The sheltered samples
exposed at the Alhambra carbonated slower as compared with the
unsheltered ones placed in the city center which were completely
Fig. 5. Evolution of the mineralogical composition over time of BSG-ST-RG paint
dosimeter exposed at the Alhambra (A) and the city center (CC) of Granada for
different periods of time (0, 6, 12, and 24 months).
carbonated after 6 months. Carbonation is a dissolution-
precipitation reaction and water is, thus, required (see reaction
(I)). In both outdoor locations water can be adsorbed from the at-
mosphere at sufficiently high RH. However, at low RH carbonation
will slow down or even cease at RH <30% [28]. In the case of
samples exposed in the city center, additional water is supplied by
the direct impact of rain, thus, facilitating carbonation. Further-
more, binder loss was more severe in dosimeters exposed in this
latter location (see TG results below) as a result of the direct impact
of rain and sunlight. In the case of the sheltered samples at the
Alhambra, in contrast, almost all binder was still retained after 6
months (see TG and SEM results below) and it is, thus, not sur-
prising that even after 24 months BSG-ST-RG-A and BSG-C-RG-A
still contained 20 and 30 wt% of calcium hydroxide, respectively.
Carbonation also depends on particle size (i.e., it will take longer
until the core of larger aggregates is fully carbonated [29]), and it is,
thus, not unexpected that a higher degree of carbonation was
achieved in dosimeters prepared with the finer-grained BSG-ST
than in the ones prepared with BSG-C.

The different environmental conditions did not only affect the
carbonation rate and yield. XRD results revealed that the presence
of a significant amount of rabbit glue in BSG-ST-RG-A and BSG-C-
RG-A exposed at the Alhambra facilitated the stabilization of
vaterite, which was detected after 6 and 12 months (Fig. 6),
respectively. Note that vaterite, a polymorph of calcium carbonate
and precursor of calcite, is unstable under most conditions because
of its higher solubility and lower density as compared to calcite
[30]. It is, however, stabilized in the presence of organic polymeric
substances, including those containing amino acids [31,32]. Ac-
cording to XRD data, metastable vaterite transformed into calcite at
a very slow rate (i.e., vaterite was still present in samples exposed
for 24 months at the Alhambra). This is consistent with previous
studies, showing a kinetic stabilization of vaterite in the present of
organic additives, which prevented or delayed its transformation
into calcite [33]. Regarding mechanical resistance, metastable
phases such as vaterite are less desirable as compared to the
interlocked structure of calcite (see FESEM results below).
Furthermore, mineralogical changes are accompanied by volu-
metric changes. Table 3 shows that the transformation from por-
tlandite to vaterite will result in a volume increase of 19%. This
increase is almost twice as high as the volume increase corre-
sponding to the transformation of portlandite into calcite. It is
especially important, considering the relatively large amount of



Fig. 6. Diffractograms of a blank BSG-ST-RG dosimeter and the same dosimeters
exposed at the Alhambra and the city center for 6 and 24 months. Por ¼ portlandite,
Qz ¼ quartz, Vtr ¼ vaterite, Cal ¼ calcite.

Table 3
Molar volume (cm3 mol�1) of minerals and calculated volume change (%) upon
phase transition.

Mineral Molar volume (cm3 mol�1) Volume change (%)

Por 33.2 19 (Por/Vtr)
Vtr 39.4 �6 (Vtr/Cal)
Cal 36.9 11 (Por/Cal)

Por ¼ portlandite, Vtr ¼ vaterite, Cal ¼ calcite.
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portlandite present in the commercial BSG pigments studied here.

3.4. FESEM analysis of pigments and paint dosimeters after
accelerated UV-aging and outdoor exposure

3.4.1. UV-aging test
According to FESEM observations the presence of the organic

binder influenced significantly the morphological evolution of
Ca(OH)2 (Fig. 7). As indicated by XRD analysis, the organic binder
reduced the carbonation rate and aggregates of nano-sized parti-
cles were detected which did not differ significantly from those of
the original Ca(OH)2 sample (Fig. 7a and b). Additionally, some
hexagonal portlandite crystals were present (Fig. 7b, arrow). Both,
the irregular nano-sized and the hexagonal plate-like morphol-
ogies are typical of portlandite crystals in slaked lime [34]. In
Fig. 7. FESEM images of (a) pure Ca(OH)2 and dosimeters (b) prepared with Ca(OH)2 and rab
after 1000 h UV-aging/3 months at 50 ± 10% RH.
samples prepared with water, in contrast, faster carbonation
occurred according to XRD results and the formation of calcite
crystal bundles with the typical scalenohedral morphology (Fig. 7c)
was observed.

3.4.2. Outdoor exposure test
3.4.2.1. Cal-EF-based paints. FESEM images of dosimeters prepared
with extrafine calcite (Cal-EF) (Fig. 8) revealed the presence of large
amounts of rabbit glue binder, partially filling pores and connecting
crystal grains after 6 months of outdoor exposure at the Alhambra
(Fig. 8b). More prolonged outdoor exposure up to 24 months did
not induce chemical weathering of calcite. Crystal faces remained
intact and did not show any signs of dissolution if compared to the
unweathered pigment (Fig. 8a and c). However, fracturing of the
rhombohedral calcite crystals along {104} cleavage planes was
observed which likely was induced by severe diurnal T changes
(Fig. 8c). It is known that calcite is prone to physical weathering due
to thermal cycling, a deleterious phenomenon associated with the
anisotropic thermal expansion of calcite crystals [35]. Note that
paint samples were not ground prior to FESEM analysis. Thus,
fracturing was no artifact of sample preparation. It is not surprising
that the calcite-based pigment did not undergo any compositional
or important morphological changes upon mixing with rabbit glue
and during the long-term exposure of the paint dosimeters at the
Alhambra. The pigment only acted as filler in the tempera paint.
Considering the low solubility of calcite, binding between depro-
tonated carboxyl groups of amino acids and Ca2þ is very limited and
significant adsorption or incorporation of organics into the calcite
crystals cannot be expected either. Consequently, the binder can be
easily leached out upon rain- and sunlight exposure (see TG results
below).

3.4.2.2. BSGebased paints. FESEM images of both, standard and
coarse BSG pigments (Fig. 9a and d) revealed that they were
constituted of nano-sized primary particles which formed larger
aggregates of portlandite and calcite crystals. After 6-month
exposure at the Alhambra (Fig. 9b), particle morphology did not
change significantly, confirming XRD results which showed no
important increase in the calcite content due to carbonation of
portlandite. Large amounts of rabbit glue, binding pigment grains,
were detected in the same sample. These findings suggest that in
the presence of the organic binder and under the prevailing envi-
ronmental conditions of the sheltered location at the Alhambra,
important portlandite dissolution and calcite precipitation did not
occur during the first 6 months of exposure. After prolonged
exposure for up to 24 months at the Alhambra, solid and hollow
sphere-shaped morphologies, the latter partially collapsed, were
detected (Fig. 9c). These morphologies are typical of both, ACC and
vaterite [36,37]. Vaterite was actually identified with XRD in these
bit glue (arrow indicates hexagonal portlandite crystal) or (c) with Ca(OH)2 and water



Fig. 8. FESEM image of (a) original Cal-EF pigment; (b) dosimeter prepared with Cal-EF after 6 months exposure at the Alhambra (arrows indicate rabbit glue binder); (c) same
sample after 24-month exposure at the Alhambra (dashed lines show fractures along {104} planes in rhombohedral calcite crystals).

Fig. 9. FESEM images of (a) original BSG-ST pigment; (b) dosimeter prepared with BSG-ST after 6 months exposure at the Alhambra (arrows indicate rabbit glue binder); (c) the
same sample after 24-month exposure at the Alhambra showing spherical morphologies typical for amorphous calcium carbonate and vaterite; (d) original BSG-C pigment; and
dosimeter prepared with BSG-C after 6-month (e) and 12-month (f) exposure in the city center (arrows indicate rounded edges of organic-calcite composite material).
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samples. As mentioned above, ACC and vaterite are precursors of
calcite and known to be stabilized in the presence of organics. From
a mechanical point of view the formation of these spherical phases
is less desirable as compared to interlocked scalenohedral calcite
crystals [38], because they aremetastable and less dense and confer
lower cementing capacity at an early stage of carbonation. After 24
months of exposure at the Alhambra, aggregates of nano-sized
particles similar to those observed in slaked lime were still detec-
ted in BSG-ST-RG and BSG-C-RG, which is in agreement with XRD
results revealing the presence of 20 and 30 wt% of portlandite,
respectively.

BSG samples exposed in the city center of Granada showed
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drastic morphological changes as a result of a complete carbonation
of portlandite (Fig. 9e and f). Scalenohedral calcite crystals,
commonly known as dogtooth spar, were observed after 6 months
of exposure. Scalenohedral crystals typically form during carbon-
ation of Ca(OH)2 under excess Ca2þ ions (i.e., Ca2þ/CO3

2�[1) and
high pH [38]. However, the presence of the organic binder modified
the typical straight edges of rhombohedral or scalenohedral calcite
faces to rounded less well defined edges. It has been reported that
different organics can be adsorbed at specific, non-structurally
equivalent steps of calcite crystals, leading to step pinning which
results in the rounding of the grow steps [39]. This is manifested
macroscopically by the change in crystal morphology (i.e., edge
rounding and development of forbidden faces [40] observed here).
Cho et al. [41] showed that these organics are even incorporated
within the calcite structure. The observed morphologies are
consistent with the formation of new organic-inorganic composite
materials, mimicking biominerals, which generally have improved
physical-mechanical properties, being both harder and more frac-
ture resistant compared with their inorganic counterparts [42].
Recent experimental results also show that CaCO3 biominerals are
more resistant to chemical weathering (i.e., dissolution) than pure
calcite [43]. Overall, the formation of such hybrid organic-inorganic
CaCO3 structures helps explain why BSG based paints show a high
durability even under the harsh exposure conditions faced in the
city center of Granada.
3.5. TG analysis

TG results (Table 4) revealed a higher binder content in unal-
tered dosimeters prepared with BSG pigments as compared to
extra-fine calcite. It is commonly accepted that finer grained pig-
ments have higher binder demand than coarse grained ones and,
according to particle size analyses, the BSG pigments had a much
larger average particle size than the extra-fine calcite. However,
FESEM images (see above) revealed that the large grains in BSG
pigments consisted of aggregates of nano-sized Ca(OH)2/CaCO3
primary particles, which partially disaggregated when mixed with
rabbit glue, leading to the increase in binder demand observed
here.

Analytical results of outdoor exposed paint dosimeters showed
that binder loss was negligible in samples exposed at the Alhambra
(Table 4). The apparently slightly higher binder content in the
coarse BSG-C-RG-A sample exposed for 6 months at the Alhambra
as compared to the blank dosimeter is possibly caused by the
Table 4
Rabbit glue binder content in tempera paint dosimeters.

Binder content (wt%) Binder loss (%) Paint loss (%)a

Blank dosimeters

Cal-EF-RGb 8.4
BSG-ST-RG 16.0
BSG-C-RG 14.3

Outdoor exposure at the Alhambra 6 months

Cal-EF-RG-A6 8.4 0 0
BSG-ST-RG-A6 14.5 �9 0
BSG-C-RG-A6 16.2 þ13.3 0

Outdoor exposure in the city center 6 months

Cal-EF-RG-CC6 2.9 �66 >99
BSG-ST-RG-CC6 8.3 �48 8
BSG-C-RG-CC6 7.3 �50 <1

a After outdoor exposure for 30 months, calculated using image analysis of
photographic images (Fig. 10).

b See Table 1 for sample nomenclature.
presence of ACC. Note that ACC which systematically forms during
the carbonation of portlandite [19] cannot be detected with XRD. It
dehydrates between 100 and 350 �C [19] and, thus, contributes to
weight loss in the temperature range where decomposition of
organic binder occurs. In samples exposed in the city center which
suffered the direct impact of rain and sunlight, important binder
loss between 50 and 65% was detected. Binder loss was 15 wt%
higher in the dosimeter prepared with extrafine calcite than in the
ones prepared with BSG pigments. As mentioned earlier, extrafine
calcite only acts as filler and the water-soluble rabbit glue binder
can be easily leached out. Lower binder loss in BSG-based paints
can be explained by the formation of composite materials similar to
biominerals (see FESEM results above). Biominerals commonly
contain only a fewwt percent of the organic component [42], which
is sufficient to drastically increase their hardness and strength, as
well as their resistance to chemical weathering [43]. Thus, it is
concluded that only a small part of the organic binder is actually
incorporated into the calcite crystal structure, whereas the rest of
the remaining rabbit glue is protected from leaching by the newly
formed interlocked structure of calcite crystals. These results sug-
gest that the weathering resistance of fully carbonated tempera
paints prepared with BSG pigments is much higher than that of
paints prepared with Cal-EF pigments. Photographic evidence
(Fig. 10) and quantitative image analysis (Table 4) of paint dosim-
eters exposed for 30 months at the city center confirms this hy-
pothesis. Only trace amounts of Cal-EF-RG paint remained on the
glass slide, whereas paint films prepared with BSG-based paints
had suffered only minor material loss.

3.6. FTIR-ATR spectroscopy of pure rabbit glue and calcium-based
paints

3.6.1. Rabbit glue binder
Spectroscopic results revealed a blue shift of the amide I band

from 1627 to 1637 cm�1 of pure rabbit glue after UV-aging (Fig. 11).
This shift does not indicate significant conformational changes and
the band was assigned to a b-sheet structure [44]. The amide II
band suffered a shift from 1539 to 1525 cm�1 in pure rabbit glue. A
similar shift has been reported upon thermal denaturation of
parchment [45] and is possibly induced by cross-linking [46]. The
formation of covalently cross-linked polymers during photo-
oxidation is the likely cause for yellowing of organic polymers
[47] whichwas actually observed in the case of pure rabbit glue (see
color measurements below).

Upon mixing of the rabbit glue with calcium-based pigments
and prior to aging, the amide I band of the proteinaceous binder
shifted from 1627 to 1647 cm�1 regardless of the pigments' mineral
composition, particle size and pH. This shift indicates an important
change in the conformational structure, now being assigned to
random coil [44]. According to Von Endt et al. [7], the presence of a
Fig. 10. Photographic image of dosimeters exposed in the city center for 30 months
showing an almost complete loss in the case of Cal-EF-based paint.



Fig. 11. FTIR position of the Amide I and II band in rabbit glue before and after UV-
aging and in dosimeters prepared with BSG-ST-RG after UV-aging and outdoor expo-
sure at the Alhambra for 24 months. RG ¼ rabbit glue.
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filler (e.g. calcium carbonate) in animal glue will impede the
realignment of the collagen chains into their original 3-coil struc-
ture and chains remain in a “spread-out configuration” (i.e.,
random coil).

UV-aging and 24-month outdoor exposure did not cause any
further shift in the amide I band and a possible shift of the amide II
band cannot be determined in calcium-based tempera paints
because the band is masked by the intense ѵ3-asymmetric (CO3

2�)
stretching (Fig. 11). Thus, it was not possible to correlate the
observed photo-induced color change of Ca-based paints during
UV-aging and outdoor exposure (see below) with conformational
changes in the organic binder.

3.6.2. Pigments
FTIR data confirmed XRD results regarding the mineralogical

composition of calcium-based tempera paints (Fig. 12). Note that
the spectrum of altered rabbit glue is included in Fig. 12 in order to
indicate the amide I and II band positions. The spectrum of pure
Ca(OH)2 mixed with water showed a drastic intensity decrease of
the ѵ(OH) band (OeH stretching) and an intensity increase of the
ѵ4-symmetric (CO3

2�) band as compared to the same sample mixed
with rabbit glue, indicating an important degree of carbonation in
the former. In the spectrum of Ca(OH)2 mixed with rabbit glue, in
contrast, the ѵ4-symmetric (CO3

2�) band was barely visible. The
strong ѵ(OH) band points to the presence of large amounts of
uncarbonated portlandite and, thus, to a low degree of carbonation
(Fig. 12). In the Ca(OH)2-RG sample, the shoulder of the ѵ3-asym-
metric (CO3

2�) band and its broadness suggest the presence of ACC,
a precursor for crystalline calcium carbonate phases [48]. This
finding confirms the retardation action of rabbit glue on the
carbonation of portlandite and the stabilization of metastable
phases such as ACC. Under normal conditions the highly soluble
and unstable ACC readily transforms to vaterite or calcite. However,
the stabilization of ACC has been observed in a wide range of bio-
minerals in the presence of organics [36,49].

3.7. Color parameters of pure rabbit glue, calcium-based pigments
and paints

3.7.1. UV-aging test
UV-aging for 1000 h caused only minor color changes in paint

dosimeters, the DE values not exceeding 3 units. However, the pure
rabbit glue sample underwent drastic yellowing (i.e., b* increased
by ~14 units) as well as a reduction in lightness and an increase in
saturation (Table 5), which is likely caused by protein denaturation
detected with FTIR analysis [47]. Remarkably, only a minor yel-
lowing of the calcium-based tempera paint was observed in a few
samples (i.e., yellowing was slightly more pronounced in Cal-EF-RG
and BSG-ST-RG) and did not reveal any relationship with the pig-
ments' mineralogical composition or particle size.

Experimental results obtained during UV-aging clarified the
possible effect of mineralogical and morphological changes on the
paints' optical properties. It is generally accepted that the light-
scattering of pigments depends on mineralogy (i.e., refractive in-
dex, particle size, size distribution, and shape [50]). All these pa-
rameters are modified during the carbonation process undergone
by portlandite. In the case of Ca(OH)2eH2O the dosimeter did not
contain any organic binder which could have degraded and
contributed to the change of the samples' optical properties. The
fact that no change in the color parameters was detected in the
Ca(OH)2eH2O sample where, according to XRD, 80% of the por-
tlandite carbonated after the 1000 h UV-aging, suggests that
morphological changes did not account for any important changes
in the optical properties.

3.7.2. Outdoor-exposure test
Color measurements prior to outdoor exposure showed that the

pigments lightness was reduced when mixed with the organic
binder. Additionally, an important increase in b* and saturationwas
observed, the former being caused by the slightly yellow color of
the pure rabbit glue (Table 6). Experimental data revealed that the
optical properties of outdoor-exposed calcium-based tempera
paints were altered by various factors, namely binder alteration,
binder loss and surface soiling. Furthermore, yellowing due to
binder degradationwas directly proportional to the binder content.

In Cal-EF-based tempera paints only minor yellowing due to
binder alteration, indicated by a small increase in b*, was observed
in samples exposed at the Alhambra where binder loss was very
limited. These samples also suffered a reduction in lightness which
can be related to soiling. Soiling was less severe in Cal-EF-based
paints than in paints prepared with BSG-pigments due to the
smoother surface in the case of the former. The effect of yellowing
and soiling increased over time. However, color change never
exceeded 3 units. In the city center where significant binder loss
occurred, samples were actually slightly less yellowish than the
corresponding blanks (i.e., Db had negative values). The paint's
lightness was not affected, possibly because deposited particulate
matter did not adhere well to the smooth surface and was washed
off by the direct action of rain.

BSG-based paints suffered a color change of ~4e7 units after 24
months of exposure, which was clearly perceptible to the human
eye. The cause of the color change varied depending on the expo-
sure conditions. In the case of dosimeters exposed at the Alhambra,



Fig. 12. FTIR spectra of rabbit glue and paint dosimeters after UV-aging for 300 h (equivalent to 1 month of carbonation). ACC ¼ amorphous calcium carbonate, RG ¼ rabbit glue.

Table 5
Lightness (L*), a* and b* parameters, h* (hue angle), and chroma (C*, relative saturation) for blank paint dosimeters, and dosimeters exposed to UV-aging for 1000 h.

L* a* b* h* C* DL Da Db DC DE

Rabbit Glue 78.75 �0.09 11.86 90.45 11.86

±0.28 ±0.05 ±0.27 ±0.22 ±0.27

Rabbit Glue-UV 72.42 1.21 25.70 87.30 25.73 �6.33 1.31 13.84 13.87 15.28

±0.21 ±0.24 ±0.23 ±0.52 ±0.23 ±0.21 ±0.24 ±0.23 ±0.23 ±0.21

Cal-EF -RG 92.02 �0.33 3.11 96.02 3.13

±0.07 ±0.02 ±0.05 ±0.26 ±0.05

Cal-EF-RG-UV 93.00 �1.42 5.78 103.75 5.96 0.98 �1.09 2.67 2.83 3.10

±0.52 ±0.26 ±0.25 ±2.01 ±0.29 ±0.52 ±0.26 ±0.25 ±0.29 ±0.16

BSG-ST-RG 95.62 �0.47 1.20 112.10 1.29

±0.46 ±0.03 ±0.28 ±3.88 ±0.27

BSG-ST-RG-UV 97.47 �0.28 2.26 96.95 2.28 1.85 0.20 1.06 0.99 2.15

±0.11 ±0.02 ±0.11 ±0.31 ±0.12 ±0.11 ±0.02 ±0.11 ±0.12 ±0.07

BSG-C-RG 97.75 �0.16 2.55 93.70 2.56

±0.08 ±0.02 ±0.05 ±0.40 ±0.05

BSG-C -RG-UV 97.35 �0.32 2.92 96.19 2.94 �0.40 �0.15 0.37 0.38 0.57

±0.12 ±0.03 ±0.15 ±0.49 ±0.15 ±0.12 ±0.03 ±0.15 ±0.15 ±0.18

CaCO3-RG 94.22 �0.10 3.69 91.51 3.69

±0.27 ±0.04 ±0.25 ±0.62 ±0.25

CaCO3-RG-UV 94.97 �0.21 3.40 93.62 3.41 0.74 �0.11 �0.29 �0.28 0.99

±0.37 ±0.07 ±0.49 ±1.48 ±0.49 ±0.37 ±0.07 ±0.49 ±0.49 ±0.16

Ca(OH)2-RG 96.76 0.26 3.44 85.74 3.45

±0.06 ±0.01 ±0.09 ±0.19 ±0.09

Ca(OH)2-RG-UV 96.43 0.05 3.90 89.31 3.90 �0.33 �0.21 0.46 0.46 0.61

±0.05 ±0.01 ±0.05 ±0.11 ±0.05 ±0.05 ±0.01 ±0.05 ±0.05 ±0.05

Ca(OH)2-H2O 97.02 0.21 2.40 84.89 2.41

±0.04 ±0.02 ±0.01 ±0.35 ±0.01

Ca(OH)2-H2O-UV 96.76 0.18 2.50 85.81 2.50 �0.26 �0.03 0.09 0.09 0.28
±0.10 ±0.02 ±0.04 ±0.48 ±0.04 ±0.10 ±0.02 ±0.04 ±0.04 ±0.10
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Table 6
Lightness (L*), a* and b* parameters, chroma (C*, relative saturation), and h* (hue angle) for pigments, blank paint dosimeters, and outdoor-exposed dosimeters at the
Alhambra (A) and the city center of Granada (CC) for 6, 12, 24 months.

L* a* b* h* C* DL Da Db DC DE

Cal-EF 95.35 0.08 1.35 86.64 1.35

±0.11 ±0.00 ±0.02 ±0.13 ±0.02

Cal-EF-RG 90.20 �0.39 3.34 96.72 3.36

±0.41 ±0.02 ±0.12 ±0.61 ±0.11

Cal-EF-RG-A6 90.22 �0.23 3.61 93.66 3.62 0.02 0.16 0.28 0.26 0.33

±0.08 ±0.04 ±0.12 ±0.65 ±0.12 ±0.08 ±0.04 ±0.12 ±0.12 ±0.12

Cal-EF-RG-A12 89.68 �0.34 4.15 94.69 4.16 �0.52 0.05 0.81 0.80 0.98

±0.15 ±0.04 ±0.18 ±0.72 ±0.18 ±0.15 ±0.04 ±0.18 ±0.18 ±0.15

Cal-EF-RG-A24 88.70 �0.23 5.00 92.64 5.00 �1.50 0.17 1.66 1.64 2.26

±0.44 ±0.06 ±0.37 ±0.90 ±0.37 ±0.44 ±0.06 ±0.37 ±0.37 ±0.52

Cal-EF-RG-CC12 89.58 0.13 2.84 87.47 2.84 �0.62 0.52 �0.50 �0.52 0.98

±0.22 ±0.05 ±0.25 ±0.81 ±0.25 ±0.22 ±0.05 ±0.25 ±0.25 ±0.21

Cal-EF-RG-CC24 90.76 0.15 2.19 86.09 2.20 0.55 0.54 �1.14 �1.16 1.49

±0.61 ±0.03 ±0.17 ±0.58 ±0.17 ±0.61 ±0.03 ±0.17 ±0.17 ±0.26

BSG-ST 99.07 0.05 0.80 86.60 0.80

±0.01 ±0.00 ±0.01 ±0.17 ±0.01

BSG-ST-RG 96.05 �0.64 4.57 97.97 4.61

±0.08 ±0.02 ±0.11 ±0.39 ±0.11

BSG-ST-RG-A6 96.15 �0.19 4.03 92.70 4.04 0.10 0.45 �0.54 �0.58 0.73

±0.12 ±0.03 ±0.14 ±0.53 ±0.14 ±0.12 ±0.03 ±0.14 ±0.14 ±0.10

BSG-ST-RG-A12 95.12 �0.50 5.83 94.88 5.85 �0.92 0.14 1.26 1.23 1.57

±0.16 ±0.05 ±0.11 ±0.60 ±0.11 ±0.16 ±0.05 ±0.11 ±0.11 ±0.12

BSG-ST-RG-A24 93.27 �0.23 7.32 91.87 7.32 �2.78 0.41 2.74 2.70 3.93

±0.46 ±0.10 ±0.37 ±0.89 ±0.37 ±0.46 ±0.10 ±0.37 ±0.37 ±0.59

BSG-ST-RG-CC6 93.63 �0.23 4.02 93.33 4.02 �2.41 0.41 �0.56 �0.59 2.52

±0.16 ±0.03 ±0.15 ±0.52 ±0.15 ±0.16 ±0.03 ±0.15 ±0.15 ±0.15

BSG-ST-RG-CC12 92.51 �0.26 5.39 92.77 5.39 �3.54 0.38 0.82 0.78 3.65

±0.19 ±0.06 ±0.09 ±0.60 ±0.09 ±0.19 ±0.06 ±0.09 ±0.09 ±0.19

BSG-ST-RG-CC24 89.31 0.50 5.36 84.71 5.38 �6.73 1.14 0.79 0.77 6.88

±0.65 ±0.16 ±0.21 ±1.51 ±0.22 ±0.65 ±0.16 ±0.21 ±0.22 ±0.68

BSG-C 98.20 �0.06 1.38 92.48 1.38

±0.04 ±0.00 ±0.01 ±0.12 ±0.01

BSG-C-RG 92.19 �0.54 6.00 95.21 6.03

±1.00 ±0.06 ±0.48 ±0.93 ±0.47

BSG-C-RG-A6 93.66 �0.45 4.66 95.61 4.69 1.47 0.09 �1.34 �1.34 2.02

±0.27 ±0.05 ±0.30 ±0.94 ±0.30 ±0.27 ±0.05 ±0.30 ±0.30 ±0.26

BSG-C-RG-A12 93.10 �0.38 8.15 92.68 8.16 0.90 0.16 2.15 2.14 2.35

±0.28 ±0.05 ±0.19 ±0.40 ±0.19 ±0.28 ±0.05 ±0.19 ±0.19 ±0.17

BSG-C-RG-A24 88.99 0.25 10.67 88.67 10.68 �3.20 0.79 4.67 4.65 5.80

±0.88 ±0.13 ±0.61 ±0.73 ±0.61 ±0.88 ±0.13 ±0.61 ±0.61 ±0.34

BSG-C-RG-CC6 92.86 �0.19 4.77 92.32 4.77 0.67 0.35 �1.23 �1.25 1.48

±0.31 ±0.08 ±0.29 ±1.09 ±0.28 ±0.31 ±0.08 ±0.29 ±0.28 ±0.29

BSG-C-RG-CC12 89.08 0.12 5.85 88.82 5.86 �3.12 0.66 �0.15 �0.17 3.19

±0.70 ±0.08 ±0.17 ±0.74 ±0.18 ±0.70 ±0.08 ±0.17 ±0.18 ±0.69

BSG-C-RG-CC24 88.15 0.55 5.91 84.66 5.94 �4.20 1.11 �0.08 �0.08 4.35
±0.79 ±0.09 ±0.16 ±0.77 ±0.17 ±0.84 ±0.10 ±0.18 ±0.19 ±0.83
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Fig. 13. Microscopic images of (a) BSG-C-based paint; (b) BSG-ST-based paint; and (c) Cal-EF-based paints after 24-month exposure in the city center, showing different degrees of
surface soiling.
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lightness was affected by particulate matter deposition. Addition-
ally, binder alteration caused a significant increase in b* towards
yellow. Yellowing was not observed in samples exposed at the city
center, where important binder loss occurred after 6-month of
exposure as a result of the direct action of rain and sunlight. Here
particulate matter deposition was more severe than at the
Alhambra and the primary cause of color change indicated by a
progressive decrease in L*. Probably, the rougher surface of BSG-
based paints as compared with that of Cal-EF-based paint
enabled a better adherence of particle matter and protected the
deposited particles from being washed off by rain. Microscopic
images corroborate this assumption, showing abundant amounts of
dark particulate matter on the surface of BSG-based paints (Fig. 13a
and b), whereas paints prepared with Cal-EF (Fig. 13c) hardly suf-
fered any soiling.
4. Concluding remarks

Experimental results showed important mineralogical differ-
ences in calcium-based pigments which have significant implica-
tions on optical, physical-chemical and mechanical properties as
well as on the weathering resistance of the paint films, which may
help understand the decay of historical mural paintings and will
condition their use in tempera paints for conservation treatments.
Generally, the environmental conditions during carbonation
greatly influenced the mineralogical evolution of calcium-based
pigments as shown by XRD results. From a physical-mechanical
point of view fast carbonation and the creation of an interlocked
calcite structure as observed in BSG samples (i.e., containing a
mixture of portlandite and calcite) exposed in the city center would
be preferable. Experimental results have confirmed that carbon-
ation rates were slightly higher in the case of the finer BSG-ST
pigment as compared to the coarser BSG-C pigment. The use of
finer grained BSG pigments would, thus, be beneficial for obtaining
a strong andweather resistant paint film in a shorter period of time.

In dry climates and without the direct action of rain or sunlight,
important organic binder degradation is not expected and Cal-EF-
based tempera paints (i.e., only containing calcite) can provide
adequate weathering resistance. The use of CaCO3-based pigments
is especially indicated if mixed with alkaline-sensitive pigments.

In humid climates and/or exposed to the direct action of rain
and/or sunlight, in contrast, BSG-based tempera would be prefer-
able as conservation material, which upon carbonationwill provide
a weather-resistant paint film even after significant organic binder
loss has occurred. The incorporation of organics into the newly-
formed calcite structure will also improve the paint's chemical
and mechanical resistance. Furthermore, the inherent high pH of
paints prepared with BSG will confer antibacterial properties to the
paint, reducing the risk of organic binder degradation by
microorganisms.

In dry climates and under sheltered conditions (i.e., such as the
case of samples exposed at the Alhambra), the use of BSG is not
required and might even be of disadvantage because metastable
calcite precursors or polymorphs can persist. These phases might
cause delayed microscopic morphological and volume changes due
to phase change even after a prolonged period of time, and do not
contribute to an increase in mechanical or weathering resistance of
the paint film. Overall, the proteinaceous binder content should be
kept to a minimum in order to avoid color changes associated with
photo-induced binder degradation.

Experimental results showed that the mineralogical composi-
tion of modern, commercially available BSG pigments differed
substantially from the reported composition of the historic
pigment. Future studies should, thus, address the influence of
different CaCO3/Ca(OH)2 ratios on the morphological evolution as
well as on the mechanical and weathering resistance of paint films.
Possibly, mixtures of modern BSG pigments and calcite could be
used to limit morphological changes but at the same time produce
durable, weather-resistant paint films.
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