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Naturally formed rims of calcium oxalates developed on calcareous stones have been recognized as effective pro-
tective coatings. Inspired in nature, it has been recently proposed the use of oxalate salts for the protection of
stone surfaces via dissolution of the calcitic substrate and the subsequent precipitation of oxalate phases. In con-
trast, the application of an oxalic acid solution on carbonate stones has been generally avoided due to assumed
hazards associated with enhanced substrate dissolution. Nonetheless, it has been reported that coherent oxalate
layers and preservation of textural features only occurs at low pH, which could be beneficial from a conservation
point of view. Here, the application of oxalic acid treatments on two calcitic and dolomitic Spanish marbles from
Macael area has been studied as a means to develop effective oxalate protective coatings. Morphological and
compositional analyses show that reactedmarble surfaces develop μm-thick calcium or calcium andmagnesium
oxalate rims on calcitic and dolomitic marble, respectively. The presence of such oxalate layers strongly reduces
chemical weathering due to acid dissolution and sulfation, without altering the color of the marble substrates.
This protection methodology overcomes the limitations of previous oxalate treatments and may represent a
highly efficient conservation methodology.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium oxalate films developed on stone substrates, have been
found on several ancientmonuments such as the Parthenon [1], the Col-
iseum [2], the Trajan's column [3] and even on the Moai Statues in
Easter Island [4]. Despite extensive research, a thorough understanding
of the causes leading to their formation has not been achieved. This has
resulted in a considerable controversy, with several hypothesis put for-
ward to explain their origins [5,6].

One school of thought considers that protective oxalate films or rims
found on stone are anthropogenic, and they result from several at-
tempts made in the past to protect and conserve stone cultural heritage
[7,8]. It is known that different plants, fruits and their juices, as wells as
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Fig. 1. Examples of marble cubes used as test samples. Left: dolomitic marble; right:
calcitic white marble.
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other common organic products (e.g., casein, milk or egg yolk) were
used by ancient cultures for surface finishing and/or protection of
stone used in statuary and buildings [9]. Davidovits et al. [10]. found
that the mix of blackberry bush, patience dock and sorrel has a consid-
erable concentration of oxalic salts that in the presence of citric acid
(also from plants such as Agave americana, among others) prompted
the formation of oxalic acid. Subsequently, the reaction of this acid
with the stone substrate would eventually result in the formation of
sparingly soluble (Ca and/or Mg) oxalate salts, particularly on relatively
acid soluble stones such asmarble or limestone. The extremely low sol-
ubility of such earth-alkaline oxalateswould protect the treated carbon-
ate stone surface from further chemicalweathering (i.e., dissolution and
sulfation) [11]. A second path for the formation of oxalates is non-an-
thropogenic [6,12]. In this latter case the formation of oxalate films is in-
duced by some microorganism. Once this path was considered, lichens
were the most likely candidates because their metabolic activity results
in the excretion of oxalic acid [6,13–15], leading to the formation of cal-
ciumoxalates on calcareous substrates [3,12]. Their ubiquitous presence
everywhere around the world would thus help to explain why oxalate
films are so common on the surface of rock outcrops [16]. The chemical
action of lichens on rock substrates in nature has been widely studied
and the role of oxalic acid as a lichen-related weathering agent is well
documented [12,13,17–19]. Nowadays, however, the increased pollu-
tion levels in urban centers, have decreased lichens activity [6]. Howev-
er, evidence of recent oxalate film formation on stone buildings located
in urban centers exists [20]. Some films are produced by blue-green
algae, green algae, various fungi and numerous bacteria that excrete
oxalic acid as a result of their metabolism [17]. It should be considered
that a combination of anthropogenic and natural paths is also possible.
Indeed, it has been found that some of the ancient rudimentary treat-
ments that mankind used for many different purposes (e.g. polishing)
not necessarily contained oxalic acid or derived salts, but nutrients
that enhanced the proliferation of fungi and bacteria capable of produc-
ing oxalic acid derivatives. Finally, is has been also suggested that oxa-
late films could form via deposition of pollution-derived oxalic acid,
although such hypothesis requires further study [21].

Regardless the origin of ancient oxalate films, oxalate treatments are
currently applied for stone protection, especially onmarble [22–24] and
limestone [24–26].Most of them are based on the use of ammoniumox-
alate or diethyl oxalate, among other oxalate salts [22,24,26–29]. This
means that these treatments are carried out at a relatively high pH,
and result in the dissolution of calcite and the subsequent precipitation
of calcium oxalate in an uncoupled process that result in a non-pseudo-
morphic replacement with a weak epitaxial relationship between the
precipitated calciumoxalate and the calcitic substrate [30]. These condi-
tions also lead to bigger and non-oriented crystals that increase the sur-
face porosity [29,30]. Therefore, the developed layer has a weak
cohesion being easily detachable and, as a consequence, the long term
protection in not warranted. Ruiz-Agudo et al. [30]. found that the re-
placement of calcite single crystals by calcium oxalate monohydrate,
themineral known aswhewellite, is a coupled dissolution–precipitation
process where a pseudomorph can be obtained just under conditions of
low pH, when calcite dissolution is controlled by mass transfer. Addi-
tionally, King et al. [23] found for Carrara marble that the higher the
oxalic acid concentration and the temperature, the thicker the devel-
oped rim was. The authors observed two individual oxalate layers
when using concentrations above 10 mM oxalic acid where the inner
layer was often composed by smaller crystals (specially at lower tem-
peratures) showing a more compact and durable replacement layer
formarble protection. Accordingly, the use of low pH solutionswas pro-
posed due to the optimal epitaxial relationships between the calcium
oxalate and the calcitic substrate resulting from a coupled dissolution-
precipitation process [30]. Atfirst, itmight seem inappropriate to gener-
ate a continuous surface layer because of the negative effects often asso-
ciated with the formation of impervious hard-crusts on treated stone
surfaces that, for instance, result in a reduction of the water vapor
permeability, among other detrimental effects. However, a protective
conversion layer of up to a few tenths of μm, homogeneously covering
the stone substrate and preserving its overall fluid transport properties,
without negatively affecting the stone pore system, might in principle
be an effective conservation treatment [24]. Nonetheless, testing of
the efficacy of such a low pH oxalate conversion process for the protec-
tion of marble was not performed.

Consequently, we have investigated the use of an oxalic acid solution
(low pH) for the protection of two different kinds of marble substrates.
After the treatment, which was applied at room and at medium-high
temperatures, we studied both the morphology and composition of
the developed rims. Also, the resistance against weathering agents, pos-
sible treatment-induced surface color changes, and hydric properties
were determined in order to quantify the efficacy and durability of the
treatment.

2. Methodology

2.1. Materials

Non-polished test cubes (2 × 2 × 2 cm in size) of white calcitic and
yellow dolomitic marble (Fig. 1) were prepared from rawquarry blocks.
The two marble stones were from Macael (Almería, Spain), a quarry
area that supplied most of the marble stone present in southern Spain
architectural and sculptural heritage (e.g. the Alhambra).

2.2. Treatment procedure

Before treatment, every cube was washed with ultrapure type I+
water (resistivity N 18.2MΩ·cm) and oven-dried at 60 °C until constant
weight. For the protective treatment, every cube was immersed
for 7 days in a 250 mL plastic container filled with 100 mL of 100 mM
oxalic acid solution (pH ~ 1.7), prepared by using oxalic acid 2-hydrate
(N99.5%, Panreac). The closed containers were stored either at room T
(20 °C) or at 60 °C in order to investigate the influence of T on calcium
oxalate rim development. After seven days, cubeswere collected, rinsed
in water, dried and weighted again to determine mass changes.

2.3. Analytical protocol

2.3.1. Optical microscopy
A polarized light microscope Jenapol U (Zeiss) working in transmis-

sion mode was used to analyze the textural features of thin-sections
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prepared from the different marbles and treatment temperatures. Thin
sections were cut normal to the treated surfaces.

2.3.2. Electron microscopy
An Auriga (Carl Zeiss SMT) Field Emission Scanning Electron Micro-

scope (FESEM)was used formorphology and texture examinations and
microanalysis with energy dispersive X-ray spectroscopy (EDS). To ex-
amine the surface morphology of the samples, solids were carbon coat-
ed and secondary electron (SE) images were acquired by FESEM using
the SE-inLens detector. For textural investigations, treated cubes were
embedded into epoxy resin and thin sections cut normal to the sample
faces were prepared. Thin sections were then carbon coated and exam-
ined by FESEM in backscattered electron mode (BSE) and element dis-
tribution maps were obtained using EDS. Observations were carried
out at an accelerating voltage of 3 kV (SE) and 20 kV (BSE). Contrast
in BSE mode is given by the average molecular weight of the different
phases present which together with the differences in texture and EDS
maps, allows discriminating between the original carbonate substrate
and the developed oxalate rim.

2.3.3. Micro-RAMAN spectroscopy
Raman analyses were performed by using a Horiba Scientific

LabRam HR8000 confocal Raman spectrometer. Measurements were
carried out using a 100× objective with 0.9 numerical aperture, which
result in a theoretical lateral resolution of 720 nm. Sampleswere excited
with a solid state Nd:YAG laser (λ = 532.09 nm) with ~50 mW power
at the sample surface. The scattered Raman light was collected in 180°
backscattering geometry by an electron-multiplier charge-coupled de-
vice (CCD) detector after having pass through a 20 μm receiving slit
and being dispersed by a grating of 1800 grooves/mm. Raman spectra
were recorded in the 400–1200 cm−1 range. To increase the signal to
noise ratio, the acquisition time was fixed at 30s with 3 accumulations.

2.3.4. X-ray diffraction analysis
To identify the mineralogy of the surface, an external 3 mm thick

layer collected from each treated marble cube was placed in a
Pananalytical X'Pert PRO diffractometer and its diffraction pattern was
collected. No grinding/powdering was performed in order to preserve
the original orientation and textural features of the converted layer
and the substrate. The following working conditions were used: radia-
tion CuKα (λ = 1.5405 Å), voltage 45 kV, current 40 mA, scanning
angle (2θ) 3–60° and goniometer speed 0.1 °2θ s−1.

2.3.5. Mercury intrusion porosimetry (MIP)
The modifications in the distribution of the pore access size as well

the pore/fissure volume of marbles was determined using a
Micromeritics Autopore III 9410 porosimeterwith amaximum injection
pressure of 414MPa. Two replicates per treatment temperature (aswell
as untreated samples) of each type of marble were done. Samples with
mass ca. 3 g were used. They correspond to thin slices (~2 mm in thick-
ness) cut from the external surfaces of the sample cubes.

2.3.6. Hydric tests
The kinetics of water absorption was determined according to Euro-

peanNorm (EN) 13755:2010 [31]. Six cubes per treatment temperature
(as well as six untreated samples) of each type of marble (as suggested
by the EN) were dried at 70 °C for 24 h, weighed and immersed in type
I+ water. At predetermined time increments, cubes were taken out of
thewater, quickly cleanedwith awet cloth for removal of excess surface
water, weighed and immersed in water again. This procedure was re-
peated until a constant weight was reached (i.e., saturation at atmo-
spheric pressure). Water content as percentage was calculated
according to Eq. (1),

W %ð Þ ¼ mt−m0

m0
� 100 ð1Þ
where W(%) is the water content, mt the sample weight for every
weighing time and m0 the initial weight of the sample.

Once a constantweightwas reached, the forcedwater absorption ca-
pacity was determined by establishing a 10−3 Torr vacuum for 12 h in
the recipient that contained the samples immersed in water. After
that, samples were collected, quickly cleaned with a wet cloth, and
weighted again.

Finally, in order to determine desorption (i.e., drying) kinetics of
water-saturated samples, they were left to dry at laboratory conditions
(25 °C and 30% relative humidity, RH),weighing themat predetermined
time intervals until a constant weight was reached.

2.3.7. Water vapor permeability
The permeability to water vapor (WVP) was determined according

to European Norm (EN) 15803:2010 [32] using thewet cuvettemethod
and test samples 45 × 45 × 10 mm in size. The test device proposed by
the EN (Fig. S1) was used. First, test samples were placed in a climatic
chamber model KMF 5.2 (BINDER GmbH, Germany) at 23 °C and 50%
RH up to constant weight. Afterwards, a saturated KNO3 solution was
placed inside the cuvette to maintain a constant 93% RH as EN suggests
forwet cuvettes and five samples per treatment temperature (as well as
five untreated samples) of each type of marble were placed again in the
climatic chamber at 23 °C and 50% RH.

2.3.8. Acid-resistance batch experiments
Tests were performed by using a Titrando 905 system (Metrohm)

controlled by a computer with the software Tiamo v2.5 for continuous
pH recording. The system was coupled to a pH-meter (Electrode Plus
mod. 6.0262.100, Metrohm), a thermostatic bath (TC-602, Brookfield)
and a stirrer module (801 Stirrer, Metrohm) (Fig. S2). In order to obtain
quantitative information on the acid resistance capacity of marble sam-
ples before and after treatment, the probes were fully immersed in
150 mL hydrochloric acid solution with an initial pH of 4, at 25 °C and
under stirring conditions. Then, the pH was measured over time in
order to determine the neutralization rate of the solution as a result of
the blocks (carbonate minerals) dissolution. Three replicates per treat-
ment temperature (as well as for untreated samples) of each type of
marble were done.

2.3.9. Color changes
Color changeswere determined according to CIEDE2000 [33] using a

spectrophotometer Minolta CM-700 d, with the standard illuminant
D65 and observer at 10°. Color coordinates L* (luminosity or lightness
which varies from black with a value of 0 to white with a value of
100), a∗ (which varies from positives values for red to negatives values
for green) and b∗ (which varies from positives values for yellow to neg-
atives values for blue) were measured. For each temperature, all sam-
ples were measured before and after treatment and at least 18
measurements were performed on each block: 3 on each face of the
20 mm-side cubes and 9 on the two 45 × 45 mm faces of the WVP
test samples. The color change ΔE00 was calculated using the equations
proposed by Sharma et al. [33]. and the chroma component (C*) accord-
ing to Eq. (2).

C� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�2 þ b�2

q
ð2Þ

2.3.10. Determination of resistance to ageing by SO2 attack in the presence
of humidity

To study the durability of the treatment and its protective effect
against sulfation, the EN 13919:2003 [34] was followed to age non-
treated and treated samples. Samples were immersed in water for
24 h and collected afterwards. Subsequently, they were placed in a
closed acid-resistant container having a H2SO3 solution on its bottom
with ~1.35%w SO2 in order to generate a SO2 saturated atmosphere



Fig. 2. Plane light optical microscopy images of thin-sections from treated cubes. Calcitic
marble treated at 20 °C (a) and 60 °C (b) and dolomitic marble treated at 20 °C (c) and
60 °C (d). Legend: Cal: Calcite, Dol: Dolomite, Ca-Ox: Calcium oxalate.
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inside the container. Sampleswere placed 110mmhigher than the level
of the acidic solution and maintained inside the container for 21 days.
Afterwards, sampleswereweighted to determine potentialmass chang-
es and, subsequently, changes in color and surface texture were ana-
lyzed by spectrophotometry and scanning electron microscopy,
respectively. Five replicates per treatment temperature (as well as for
untreated samples) of each type of marble were done.

3. Results and discussion.

After seven days of immersion in the treatment solution, test cubes
were collected, washed and dried until constant weight. Then, further
tests and analyses were performed on randomly selected sample
cubes as described in methodology. Samples are named according to
Table 1.

3.1. Textural analysis

Optical microscopy observations showed continuous rims along the
external surface of allmarble cubes (Fig. 2). The average thickness of the
rims ranged from 10 μm up to 30 μm for marble samples treated at 20
and 60 °C, respectively.

In order to characterize the rims at a higher magnification, thin-sec-
tions were carbon coated and observed in BSE mode using a FESEM
(Fig. 3). FESEM analysis showed a pseudomorphic rim along the surface
that even penetrated a fewmicrometers within the intergranular space
of carbonate mineral grains making up the marble. FESEM images con-
firmed that both calcitic and dolomiticmarble cubes treated at 20 °C de-
veloped a thinner rim (~10 μmthick) thanmarble cubes treated at 60 °C
(~30 μm thick). In agreement with the observation reported by King et
al. [23], a greater porosity is appreciable on samples treated at 60 °C due
to a misorientation of the precipitated whewellite crystals on the exter-
nal part of the reaction rim. On the other hand, BSE images show that
the outer part of the rims reproduces the initial topography of the mar-
ble substrates, and displayed a perfect, coherent contact with the mar-
ble substrate. The oxalate rims showed a lower amount of cracks and/
or porosity than those reported by Doherty et al. [11] or Mudronja et
al. [26] formed on calcitic marble following treatment with ammonium
oxalate.

In some areas of D60 samples, an additional external rim with a dif-
ferent composition appeared (Fig. 4). EDS results (Fig. 4) showed that
the external rim was composed by a magnesium-bearing phase, while
the inner rim was made up of a calcium-bearing phase, with different
contrast in BSE mode than the underlying dolomite and calcite crystals.

In the case of the calcitic marble, just whewellite (CaC2O4·H2O) (see
Raman and XRD results, below) could precipitate due to the absence of
Mg2+,whereas for the dolomiticmarble the precipitation of whewellite
and magnesium oxalate phases, such as glushinskite (MgC2O4·2H2O),
was thermodynamically possible under the experimental conditions
for D60 samples. The distribution of precipitates shown in Fig. 4 sug-
gests that during the interaction of the marbles with oxalic acid solu-
tions, whewellite precipitated earlier than glushinskite due to its
lower solubility (log Ksp−8.69 [35] vs log Ksp−5.18 [36], respective-
ly). The perfect pseudomorphism observed in these partially replaced
samples, resulting in the preservation of the textural features of the cal-
citic and dolomitic substrates, suggests that the replacement took place
Table 1
Samples identification.

C Untreated Calcitic marble
C20 Calcitic marble treated at 20 °C
C60 Calcitic marble treated at 60 °C
D Untreated dolomitic marble
D20 Dolomitic marble treated at 20 °C
D60 Dolomitic marble treated at 60 °C
…A Aged samples
via an interface-coupled dissolution-precipitation mechanism [37] as
previously indicated by Ruiz-Agudo et al. [30]. According to this mech-
anism, the dissolution of carbonate minerals present in marble gener-
ates an effective supersaturation with respect to earth-alkaline oxalate
phases at the mineral-solution interface until whewellite precipitates
limiting the subsequent transport of ions through this product layer.
In the case of the dolomitic marble, during this initial stage, the Ca con-
centration decreases at the mineral-solution interface, while the Mg
Fig. 3. BSE photomicrographs of thin-sections corresponding to a) C20, b) C60, c) D20, d)
D60. The darker the color, the lower the averagemolecular weight of the differentmineral
phases. Legend: Cal: Calcite, Dol: Dolomite, Ca-Ox: Calcium oxalate.



Fig. 4. BSE image and corresponding EDS map of a representative rim observed in a thin-section of D60 samples.
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concentration increases as a result of dolomite dissolution until a point
where aMg oxalate phase can precipitate, as suggested by Kolo & Claeys
[38]. However, the restricted spatial distribution of the Mg oxalate
phase suggests that the highMg concentrations necessary for its precip-
itation are only reached locally. In an attempt to confirm this possibility,
the saturation index SI (SI = log(IAP/Ksp), where IAP is the ion activity
product and Ksp the solubility product of a relevant phase of the solu-
tionwith respect to the different relevant phases) and the solution spe-
ciation weremodelled using the computer code Phreeqc ver. 3.1.7.9213
[39]. Marble-solution interaction is modelled assuming a continuous
dissolution of dolomite coupled to oxalate mineral phases precipitation
until equilibrium with respect to whewellite was reached. Simulations
were done both at 25 °C and 60 °C, but negligible thermodynamic differ-
ences were found between both cases. Therefore, only the results from
simulations done at 25 °C are presented in Fig. 5. In the case of the sam-
ples treated at 25 °C the calciumoxalate rim had an average thickness of
Fig. 5. Amount of precipitated whewellite and SI for glushinskite on dolomitic marble
under the treatment conditions (25 °C, 100 mM Oxalic acid). Precipitated amount of
whewellite corresponding to a) 10 μm thick rim and b) 30 μm thick rim. See text for
details.
~10 μm (Fig. 3c) that corresponds to ~0.05 g of whewellite precipitated
(Fig. 5, line a) over the whole marble block surface while in the case of
the samples treated at 60 °C, the rim is ~30 μm thick (Fig. 3d), which
corresponds to ~0.16 g of precipitated whewellite (Fig. 5, line b). As ob-
served in Fig. 5, if we consider the above-mentioned amounts of precip-
itatedwhewellite, the SI for glushinskitewould be higher than0 (so that
precipitation may occur) only in the case of samples treated at 60 °C.
However, the low supersaturation values with respect to glushinskite
found in Phreeqc simulations suggest very limited precipitation, consis-
tent with the amount (b1%) of Mg oxalate phase observed in thin-sec-
tions of D60 samples. Such a low amount precluded the unambiguous
identification of glushinskite (see Raman and XRD results, below).

3.2. Mineralogical analysis

Micro-Raman analyses were performed directly on the marble sur-
faces (Fig. 6) Whewellite was identified on the surface of all treated
Fig. 6. Raman spectra of treated marble cubes. Reference spectra are from the RUFF
database: calcite (R040070), dolomite (R040030), whewellite (R050526),weddellite
(R050242) and glushinskite (R060318). RRUFF-ID in parenthesis.
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marble samples by its characteristic bands at 939 (stretching υs(C\\O)),
895 and 864 cm−1 (bending+δ(O\\C_ O)). Additionally, it was found
that in samples C60 and D60 the bands at ca. 710 and 725 cm−1 (dis-
tinctive of υ4(CO3

=) stretching for calcite and dolomite, respectively)
were very weak or nearly undetectable due to the thicker oxalate rim
compared to that of samples treated at a lower T. Weddellite
(CaC2O4·2H2O) has been reported to be frequently present along with
whewellite on carbonate stones [1,2,4,40]. However, both weddellite
and glushinskite have almost the same Raman spectra with most of
their bands overlapping or being too close to those of whewellite [41].
Therefore, an unambiguous identification of weddellite and/or
glushinskite was not possible using this technique.

Fig. 6 also shows that in the case of treated dolomitic marble the
main peak of whewellite at 895 cm−1 appeared shifted to higher
wavenumbers. Such a shifting could be caused by the presence (in
minor amounts) of glushinskite.

In order to identify which crystalline phases were present in the re-
action rims, XRD analyses were performed (Fig. 7). For the probes treat-
ed at 60 °C, the corresponding Bragg peaks for calcite and dolomite in
M60 and D60 samples respectively, were almost undetectable.
Whewellite was the only identified oxalate mineral on the marble sur-
faces and the lack of peaks at 14.33 and 32.22 °2θ (which correspond
to the most intense weddellite Bragg peaks) rules out the presence of
weddellite. The absence of weddellite under the treatment conditions
used here is not unexpected. In fact, Thongboonkerd et al. [42] found
that only whewellite precipitated at pH b 5 under similar conditions
than those used in this work. On the other hand, the non-clear presence
of peaks at 18.11 (100%) and 28.14 (80%) °2θ, corresponding to themain
Bragg peaks of glushinskite precludes an unambiguous identification of
this crystalline phase on the treated dolomitic marble blocks. This is
likely due to the relatively low amount of this phase in the reaction
rim. However, we cannot rule out the possibility that the magnesium
oxalate phase formed was amorphous to X-rays.

3.3. Treatment evaluation

At first, it might seem inappropriate to use an acid treatment for the
conservation of (acid soluble) carbonate stones. However, the fact that
the treatment application results in a fast neutralization of the acid
and the rapid formation of an insoluble oxalate rim that limits the disso-
lution of the substrate to a few μm-thick surface layer, prevents addi-
tional acid-promoted dissolution (i.e., self-limiting effect). Note that
all the existing conservation treatments based on the formation of an
Fig. 7. X-Ray diffraction patterns of the surface of treated marble cubes. Legend: W,
whewellite; D, dolomite; C, calcite.
insoluble conversion layer, such as treatments using ammonium oxa-
late, di-ethyl oxalate, ammonium phosphate, and di-ammonium phos-
phate salts [22,26,27,29,43,44], involve the partial dissolution of the
carbonate substrate. This results in the release of Ca ions that in turn
precipitate as insoluble Ca oxalates or phosphates. In these cases, a
thin surface layer of marble is also dissolved and transformed into the
protective rim. However, because of the relatively high pH, these treat-
ments occur via a non-coupled dissolution-precipitation processes (as
explained in the introduction).

After 7 days of treatment, no changes in sample size were detected
using a micrometer caliper. Taking into account the block dimensions
and molar volumes of whewellite, dolomite and calcite (65.87, 64.29
and 31.20 cm3/mol, respectively), for the formation of a 30 μm thick
whewellite rim, a 14.20 μm and a 29.2 μm thick layer of calcitic and
dolomitic marble should have been dissolved, respectively. Note that
because the pseudomorphic oxalate rim acts as a diffusion barrier, addi-
tional dissolution is kinetically limited. In fact, the formation of the oxa-
late rim is self-limited and never exceed a few tens of micrometers.
Overall, these results show that the thickness of the dissolved marble
surface and the newly formed oxalate rims is very similar. Furthermore,
because the oxalate rim is pseudomorphic, it preserves the overall
textural features of the pristine marble surface as shown in Fig. 3.

On the other hand, treated samples displayed thicker oxalate rims
with increasing treatment temperature. This could be related to the
higher amounts of Ca ions available for calcium oxalate rim growth be-
cause of T-enhanced marble substrate dissolution. The possibility that
the high T treatment induced crack development in the marble sub-
strate, thereby facilitating marble dissolution at increasing depths, can-
not be ruled out (see MIP results, below).

Water absorption tests showed that the amount of water absorbed
by the test cubes was very limited, due to the reduced porosity
(b1.8%) [45] and small pore size of theMacael marble stones [46]. How-
ever, a slight increase in water absorptionwas observed after treatment
(Fig. 8) as a consequence of porosity generation during treatment (see
MIP results, below). In all cases, fast water absorption occurred during
the first 4 min of the test, the untreated samples attaining absorption
values similar to those reported previously [45,47]. Once a constant
maximum free absorption value was reached, the forced water absorp-
tion capacity was determined (vacuum conditions). We observed that
untreated calcitic and dolomitic marbles samples increase their weight
by 0.13% and 0.23%, respectively, duringwater absorption test, in agree-
ment with previous reports [47]. Finally, Fig. 8 shows that the desorp-
tion (i.e., drying) behavior was almost the same for treated and
untreated samples in the case of the calciticmarble. In contrast, the dry-
ing rate decreased in the case of the treated dolomiticmarble. Neverthe-
less, in all cases the amount of water retained can be considered as
negligible. Thus, in this respect, the impact of the treatment would be
minimal.

To evaluate possible treatment-related variations in porosity and
pore size distribution, MIP analyses were performed. MIP analyses
show that therewas an increase in the total amount of pores after treat-
ment (Fig. 9). It is likely that most of the porosity increase corresponds
to the oxalate rims (analyzed samples corresponded to a 2 mm-thick
slice of the marble surface), which were observed to be porous (OM
and SEM results). However, a treatment-related (limited) porosity in
the bulk marble cannot be ruled out. It is known that even moderate T
values cause the opening of micro-cracks between calcite/dolomite
grains in marble, increasing the porosity of the stone and, in most
cases, increasing the number of large pores, thereby facilitating the pen-
etration of water and solutions into intergranular spaces [22,47,48]. In
the case of the calcitic marble, for both treatment temperatures, the cu-
mulative pore volume increased from 2.1 mm3/g (porosity, P = 0.57 ±
0.15%) up to 2.8mm3/g (P=0.76±0.30%) and for the dolomiticmarble
from 2.2 mm3/g (P = 0.64 ± 0.14%) up to 3.8 mm3/g (P = 1.11 ±
0.40%). These results are consistent with optical microscopy observa-
tions (Fig. 2) showing that the treated marble samples displayed more



Fig. 8.Water absorption and drying of treatedmarble blocks. Variation of the amount of absorbedwater (expressed asweight percentage) vs. time. a) Calciticmarble; b)Dolomiticmarble.
Errors bars have been omitted for the sake of clarity. The max SD (σ1) was 0.2 from 6 replicates.
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abundant intra- and intergranular cracks than untreated marble sam-
ples. A substantial increase in the amount of pores with size between
5 and 30 μm, corresponding to cracks between grain boundaries [47],
occurred after treatment application, especially in the case of the dolo-
miticmarble (Fig. 9). Such effectsmay thus help to explain the observed
increase in rim thickness found in samples treated at high T. They also
help to explain why marble samples treated at 60 °C show higher
water absorption values than untreated samples or samples treated at
lower T. However, the absolutes values of porosity are quite low,
which is consistent with theminor variations observed in the water ab-
sorption tests.

Water vapor permeability (WVP) tests (performed according to the
EN 15803:2009) (Fig. 10) showed that in the case of the calcitic marble,
the oxalate rimhinderedwater vapor permeability. Note that the higher
the weight lost during the WVP tests, the greater the water vapor per-
meability of the sample. However, such a reduction wasminimal. Inter-
estingly, in the case of D20 samples, the permeability was also lower
than that of the control (D) but it significantly increased in D60 samples.
The latter effect seems to be related to porosity (cracks) generation in-
side the bulk marble. The developed oxalate rim acts as a permeability
barrier hindering water vapor diffusion across the ~1 cm thick test
probe as observed for the samples treated at 20 °C. However, consider-
ing thermal weathering of marbles [47,49] and the observed porosity
generation (MIP results), it could be hypothesized that in the case of
the dolomitic marble subjected to the higher T treatment, the hindering
in water vapor permeability associated with the developed rim is over-
come by a higher amount of intra- and intergranular cracks. Such cracks
may facilitatewater vapor diffusion through the bulkmarble and, there-
fore, increase the overall water vapor permeability of D60 samples.
In any case, the observed reduction or increase in water vapor
Fig. 9.Mercury intrusion porosimetry (MIP) analysis of treated samples and untreated samples
shaded area show 2σN.
permeability is minimal, as it is also minimal the water vapor perme-
ability of these stones (due to their very low porosity).

The acid resistance tests showed that the developed oxalate rim
protected marble stones in a very effective way against acid dissolution
(initial pH of 4) due to the lower Ksp of whewellite (andMg-oxalate, in
the case of the dolomitic marble) compared to calcite and dolomite. It
was found that the thicker the reaction rim formed on marble surface,
the greater was the hindering of the Ca (and Mg) carbonate substrate
dissolution. Increased thickness of the reaction rim would reduce the
capacity of the dissolution products to diffuse through the rim. Here, it
is clear that the protective rim acted as a diffusional barrier, reducing
the dissolution rate of both the calcitic and dolomitic substrates, as in-
ferred from the reduced rate of pH increase (Fig. 11a and b). SEM images
were acquired both before and after 24 h acid attack of treated samples
(Fig. 11c–f). In both the treated calcitic and dolimiticmarble samples, no
textural changes, such as crack development or calcium oxalate crystals
dissolution, were observed after the acid attack. These observations are
consistent with those of Doherty et al. [11] showing no changes in the
oxalate conversion layer formed on calcitic marble surfaces treated
with an ammonium-oxalate solution, following acid attack. Moreover,
our SEM images show an epitaxial relationship between whewellite
crystals and calcite crystals in the calcitic marble, as demonstrated by
the clear preferred orientation of oxalate crystals (Fig. 11c and Figs. S3
and S4) [30]. Such a preferred crystallographic orientation was not ob-
served in the case of the dolomitic marble, where randomly oriented
whewellite crystals were systematically observed (Fig. 11d and f, and
Fig. S5). These results can be related to the higher structural matching
that exists betweenwhewellite and calcite (favoring an epitaxial nucle-
ation and growth of whewellite crystals) [30], as comparedwith that of
whewellite and dolomite. This explains why in the case of the treated
for the (a) calcitic and (b) dolomiticmarbles. Lines show average from 2 replicates and the



Fig. 10. Time-dependent weight loss during water vapor permeability tests. a) Calcitic marble; b) Dolomitic marble. Errors bar show 2σN from 5 replicates.
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dolomitic marble samples, smaller crystal sizes and a less compact and
more porous structure, were observed (Fig. 11d and f, and Fig. S5), as
compared with the treated calcitic marble (Fig. 11c and e, and Figs. S3
and S4). The formation of such a less compact andmore porous oxalate
film explains why after 24 h acid attack the dolomitic marble samples
treated at 20 °C (D20), which developed a whewellite film ~10 μm in
thickness, reached a final pH value of ~7.5. In the case of the dolomitic
marble samples treated at 60 °C, it should be considered that despite
the smaller oxalate crystal sizes, and the less compact andmore porous
structure observed by means of SEM (Fig. 11f), the thicker oxalate film
(~30 μm in thickness) offered amore effective diffusional barrier, there-
by resulting in a higher protection against acid attack as demonstrated
by the limited pH increase during acid testing.

These results may seem counterintuitive when one considers that
marble samples with thicker oxalate rims (high T treatment) display a
slightly higher porosity and water absorption. The latter should mean
that the rim is more permeable. However, as indicated above, the in-
crease in porosity and water absorption capacity is minimal and, appar-
ently, not enough to enable/favor the access of the acid solution to the
marble substrate.
Fig. 11. Acid resistance tests. Time-evolution of solution pH for the treated and untreated calci
initial pH of 4. SEM images of calcitic (c) and dolomitic (d) marble probes treated at 20 °C b
marble probes treated at 60 °C before and after 24 h of acid attack.
The results of the SO2 ageing test showed that the treatment was
successful at protecting marble again chemical weathering. The typical
effect of SO2 on calcitic substrates is the replacement of calcium carbon-
ate by gypsum (CaSO4·2H2O), generating massive efflorescence that
typically cover the surface, thereby having a significant aesthetic im-
pact. Similarly, in the case of a dolomitic substrate, SO2 attack typically
results in the formation of gypsum and epsomite (MgSO4·7H2O) efflo-
rescence [50]. Therefore, a protective treatment against this deleterious
phenomenon is essential for cultural heritage preservation. It was found
that the generated oxalate rims protectedmarble stones against SO2 in a
very effective way. Such a protective effect was higher the thicker the
rim was. Fig. 12 shows FESEM photomicrographs of marble surfaces
after 21 days SO2 exposure. It can be seen that when the oxalate rim
was thicker (i.e. C60 and D60 samples), the amount and surface cover-
age of newly formed gypsum crystals decreased.

An evaluation of possible color changes associated with the applica-
tion of a conservation treatment is critical to decide whether such a
treatment can be used in practical applicationswithout affecting the ap-
pearance of the stone surface. Fig. 13a shows that average values ofΔE00
(color change) for most of treated and untreated marble samples were
tic (a) and dolomitic (b) marble probes starting with a 150 mL hydrochloric acid with an
efore and After 24 h of Acid Attack (AAA). SEM images of calcitic (e) and dolomitic (f)



Fig. 12. FESEM photomicrographs of SO2 aged treated and untreated marble samples. Legend: Gyp: Gypsum, Ca-Ox: Calcium oxalate.

Fig. 13. a) Color changes according toΔE00 (CIEDE2000) and variations in b) chroma (ΔC*)
and c) luminosity (ΔL*). Error bars show 2σN (N ≥ 18).
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just at or below the perceptibility limit for the human eye (ΔE00 = 3)
[51].

Only the samples treated at 60 °C had a ΔE00 value slightly higher
than 3, but still below 5, the threshold value considered as acceptable
for an adequate consolidation or protective treatment [51–53]. Howev-
er, the validity of ΔE00 is currently questioned [33,51,52], because the
human eye is more sensitive to certain colors than others, which
means that certainΔE00 could be insignificant for the eye despite having
a high value. Hence, differences in the chroma (ΔC*) and lightness (ΔL*)
components (Fig. 13b and c) were also analyzed. Despite the massive
gypsum growth observed in FESEM images (Fig. 12) of untreated aged
samples, color measurements shown a low ΔE00 value due to the simi-
larities in color and brightness between the newly formed gypsum crust
and the initialmarble surface. However, awhitening effectwas detected
for both untreated and treated samples after the SO2 test. In other
words, the color intensity, C* tended to decrease (ΔC* b 0), while L* in-
creased (ΔL* N 0). In the case of the calciticmarble, themain color differ-
enceswere due to changes in lightnesswhile in the case of the dolomitic
marble were also due to changes in chroma (Fig. 13b). In the case of the
dolomitic marble the higher color differences were found in samples
treated at 60 °C. Only in the case of the untreated dolomiticmarble sam-
ples thatwere aged (DA) a value above the acceptable limits in the chro-
ma componentwas found. All samples treated at 20 °C presented lower
color differences than both samples treated at 60 °C and untreated ones.

4. Conclusions

The application of oxalic acid solutions on the two selected types of
marble resulted in the development of a very coherent rim (conversion
layer)made ofwhewellite (andMg-oxalate, in the case of the tested do-
lomitic marble). The textural and microstructural features of these con-
version layers are consistent with their formation via an interface
coupled dissolution-precipitation process in which the oxalate superfi-
cial layer reproduced the initial topography of the substrate, thereby
resulting in a pseudomorphic replacement.

The tests carried out to assess the efficacy of the treatment show
that, in general,

(i) The higher the treatment T the greater the developed rim thick-
ness. However, moderately high treatment T (i.e., 60 °C) could
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be counterproductive due to thermal weathering and possible
associated crack development.

(ii) The oxalate rim protects against chemical weathering (dissolu-
tion) providing the treated marble stones with a higher acid re-
sistance.

(iii) Thewater-marble interactionsweremodified in terms of a slight
increase in water absorption (mainly due to the porosity gener-
ated by the rim development) and a decrease (~20%) in water
vapor permeability except for the dolomitic marble samples
treated at 60 °C in which the water vapor permeability increases
(~40%), likely due to thermal-induced crack development. How-
ever, all values were extremely low.

(iv) Color changes were almost negligible in all the samples except
for the untreated samples that were aged (SO2 attack) in which
a large amount of gypsum efflorescence developed, thereby
showing a whitening effect.

In summary, our results show that this treatment is viable andhighly
effective for the protection of this type of stone materials, especially in
elements such as statues and other marble elements not subjected to
continuous friction forces (as it could be the case of floors) but exposed
to environments where chemical weathering (e.g. dissolution or salt
crystallization due to acid rain and/or environmental pollution related
to gases such as SO2 or NOx) may occur. On the other hand, the higher
the treatment T, the greater its efficiency in terms of resistance against
chemical attack because of a greater rim thickness. However, high treat-
ment T could induce thermal weathering. Therefore, it is recommended
that treatment application is carried out with a soft local heating of the
area or heating the oxalic acid solution prior to application but avoiding
the heating of the whole piece to be treated. The application method of
such a treatment could be a short-time immersion in an acid solution if
possible (e.g. small sculptures), application of oxalic acid-loaded poul-
tices or brushing/spraying of the solution on larger parts such as sur-
faces of building elements.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matdes.2016.11.037.
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