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Abstract Phosphate treatments for conservation of
stone have provided so far encouraging results in
laboratory studies, as they exhibit good effectiveness,
compatibility and durability to accelerated weathering
tests. However, limited data are available about their
long-term performance in real environment. Here, a
systematic evaluation of phosphate consolidants after
prolonged exposure in the field is reported for the first
time. Naturally weathered marble specimens and a
XVII century marble sculpture located in the Park of
the Royal Palace in Versailles were treated by various
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formulations of the phosphate consolidant. Their
conservation state was assessed before treatment by
non-destructive methods (ultrasounds, color measure-
ment, water absorption) and, in the case of the
specimens, also by slightly destructive tests (SEM,
FT-IR, MIP, IC). The conservation state of the
specimens and the sculpture was further assessed right
after treatment and then periodically monitored during
exposure in the Versailles Park. Characterization after
field exposure demonstrated that some formulations of
the phosphate treatment are able to slow down marble
deterioration, although it was not completely inhib-
ited. Limited alterations in water absorption and
aesthetic appearance confirmed the general compati-
bility of the phosphate treatment.

Keywords Marble - Ammonium phosphate -
Calcium phosphates - Hydroxyapatite - Ammonium
oxalate - Durability

1 Introduction

Phosphate treatments for stone conservation are based
on the idea of reacting the stone (containing Ca*"
ions) with an ammonium phosphate solution (contain-
ing PO, ions), with the aim of forming new calcium
phosphates (CaP) inside pores and cracks and over the
stone surface, with consolidating and protective
function [1, 2]. Ideally, the reaction product is
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hydroxyapatite (HAP, Ca;o(POg¢)4(OH),), which is the
least soluble CaP at pH >4 [1, 3]. Since their
introduction in 2011 [1, 2, 4, 5], phosphate treatments
have received considerable attention, given their high
potential in terms of:

e FEffectiveness Phosphate treatments provide
increases in mechanical properties fully compara-
ble and often superior to commercial consolidants,
such as nanolimes [6-9], nanosilica [9], ethyl
silicate [10-14] and ammonium oxalate
[13, 15-17], with the advantage of being effective
after only 24-48 h, whereas curing for at least 1
month is necessary for nanolimes and ethyl silicate
[18, 19]. Notably, significant consolidation has
been proven not only on carbonate substrates, but
also on silicate ones (e.g. sandstones [14, 20] and
cement mortars [6]), thanks to the addition of Ca**
ions necessary to form the new CaP directly into
the phosphate solution [21]. Moreover, phosphate
treatments have also demonstrated a good protec-
tive efficacy, as they delay marble dissolution in
acidic solutions [22, 23].

e Compatibility Phosphate treatments generally
cause modest color changes [3] and alterations in
open porosity, pore size distribution and water
transport properties of the substrate [1, 3, 10].
Possible issues arising with treatments that make
the treated substrate temporarily hydrophobic (e.g.
ethyl silicate) are hence avoided [10, 11, 19, 20].

e Durability Results obtained so far suggest that
phosphate treatments are able to increase the stone
resistance to cycles of heating—cooling [13], bow-
ing [13], wetting—drying [1, 11], freezing—thawing
[11] and salt crystallization [8, 11, 24]. The
susceptibility of phosphate treated-stone to biode-
terioration, possibly favored by unreacted ammo-
nium phosphate remaining in the stone, has also
been specifically investigated [25] and several
routes to prevent biodeterioration have been high-
lighted [3].

With the aim of testing the phosphate treatments in
conditions as close as possible to those of real artworks
in the field, many laboratory studies have involved
artificially weathered samples [1, 10, 15, 26-28] and/
or accelerated ageing of the treated specimens
[8, 11, 13, 24, 25]. Although very important to
increase the reliability of laboratory studies [29], such
attempts can hardly be fully representative of the
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complex conditions experienced in the field, where
both the substrate conditions [30-32] and the envi-
ronmental conditions [33-35] play a very important
role. To account for the complexity of real situations, a
few studies have assessed the performance of the
phosphate treatments in the field [9, 25, 36, 37].
Various cases of successful application onto real
artworks in Italy, Cyprus, Turkey and the Vatican City
have been reported [25], but only in a few cases
detailed scientific data were made available
[9, 36, 37].

In the present paper, we report the results of the first
long-term study aimed at systematically evaluating the
performance of the phosphate treatment after pro-
longed exposure in the field. In particular, the objec-
tive of the present study was twofold, as illustrated in
Fig. 1. First, the field performance of 5 different
formulations of the phosphate treatment was evaluated
on naturally weathered marble specimens, in compar-
ison with 2 alternative treatments and an untreated
reference, for a total of 8 conditions. Untreated and
treated specimens were exposed in the Park of the
Royal Palace in Versailles for 3 years and periodically
monitored. Second, the field performance of one
formulation of the phosphate treatment was evaluated
on a XVII century marble sculpture, affected by grain
loss. The sculpture, permanently exposed outdoors in
the Versailles Park, was characterized before treat-
ment and then monitored after treatment, to evaluate
the treatment performance in the long term.

2 Materials and methods
2.1 Field testing of the marble specimens
2.1.1 Specimens

A naturally weathered marble slab, which had been
stored in the “Atelier de restauration des sculptures de
Versailles” (Laboratory of Conservation of Versailles
Sculptures), was sawn into 10 x 10 x 3 cm’ pris-
matic specimens. The slab exhibited a pale yellowish
patina on one side and some biological growth on the
other side. To avoid possible interferences between the
treatments and bio-organisms, the consolidants were
applied onto the specimen face exhibiting the yellow-
ish patina and no obvious biological growth. For each
treatment condition, 2 replicates were used.
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Fig. 1 Scheme illustrating the rational of the study, with indication of the timing of the characterization tests performed on the marble
specimens and the marble sculpture, before and after treatment

2.1.2 Treatments

Diammonium hydrogen phosphate (DAP, (NHy4),.
HPO,), calcium chloride dihydrate (CaCl,-2H,0),
aluminum nitrate nonahydrate (Al(NO3)3;-9H,0),
ammonium oxalate ((NHy),C,0,), ethanol (EtOH)
and isopropanol (IPA), all purchased from Sigma-
Aldrich (assay > 99%), were used.

In total, 8 treatment conditions were considered, as
detailed in the following:

ey
(@)

3)

“

Untreated reference (“UT”).

Aqueous solution containing 1 M DAP (“I M”).
This formulation was the first one proposed in
2011 [1, 2] and was here tested mostly as a
reference.

Aqueous solution containing 1 M DAP + 1 mM
CaCl, (“CaCl,”). This formulation involves
addition of CaCl,, with the aim of favoring CaP
formation [21] and preventing even minimal
Ca’* release from the substrate [21]. In previous
studies, this formulation showed a good balance
of consolidating and protective abilities
[13, 16, 21, 22].

Hydroalcoholic solution containing 0.1 M
DAP + 0.1 mM CaCly + 10 vol% EtOH
(“EtOH”). This formulation involves addition
of ethanol, with the threefold aim of reducing
the DAP concentration (because ethanol allows
for CaP formation even at low DAP concentra-
tion), reducing the tendency of the new CaP
layer to crack during drying [16] and reducing
the porosity of the newly formed CaP [38].

(&)

(6)

)

®)

Hydroalcoholic solution containing 0.1 M
DAP + 0.1 mM CaCl, + 10 vol% IPA (la-
belled “IPA”). This formulation is similar to the
previous one, but involves addition of iso-
propanol instead of ethanol, as IPA is expected
to be even more effective than ethanol [16].
Aqueous solution containing 3 M DAP, followed
by application of a limewater poultice (“3 M”).
This formulation involves a very high DAP
concentration, with the aim of increasing the
amount of PO43_ ions available to form HAP.
The second step (i.e. application of a limewater
poultice after the DAP-treatment) is aimed at
favoring further CaP formation (by supplying
additional Ca®>" ions) and removing unreacted
DAP from the stone pores (by transport into the
poultice during drying) [39]. To this latter aim,
it is important to let the treated substrate dry
after DAP application and before limewater
poultice application [39]. Previous studies
showed that this formulation is able to consol-
idate even strongly decayed substrates
[13, 15, 27, 39], even though the protective
ability is limited [23].

Hydroalcoholic solution containing 0.1 M
DAP + 0.1 mM AIl(NO;3);9H,0 + 10 vol%
EtOH (“AlP”). This formulation is aimed at
forming aluminum phosphates (AIP, ideally
AlPQy,) instead of CaP, because, theoretically,
AIPO, has a better match with calcite in terms of
lattice parameters, compared to HAP [40].
Aqueous solution containing 5 wt% ammonium
oxalate (labelled “AmOx”’). This treatment was

-
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first proposed by Matteini in the ‘90 s, with the
aim of forming a passivating layer of calcium
oxalate monohydrate (whewellite) over the
surface of carbonate stones, so as to increase
their resistance to dissolution in acid rain [41].
The treatment has also provided encouraging
results as a stone consolidant, reportedly being
able to increase the cohesion of weathered
marble down to a depth of 5 cm from the treated
surface [41]. Considering that the AmOX treat-
ment is frequently used in the practice of stone
conservation [30-32], in the present study it was
considered as a benchmark.

2.1.3 Application method

All the treatments were applied by poulticing. Cellu-
lose pulp (BW40, short fibers) was mixed with the
various solutions in a 1:4 weight ratio. A 10 mm-thick
layer of poultice was applied onto the 10 x 10 cm?
specimen face exhibiting the yellowish patina. After
poultice application, the specimens were covered for
24 h with a plastic film to prevent evaporation, then the
poultice was removed, the specimens rinsed with
water and left to dry in room conditions.

In the case of the “3 M” treatment, after drying for
3 days the specimens were subjected to the application
of a limewater poultice (1:4 weight ratio of dry pulp to
limewater). The poultice, covered with a plastic film,
was left for 24 h, then the plastic film was removed and
the poultice was left to dry in contact with the samples
for about 3 days. The specimens were finally rinsed
with water and dried at room temperature.

2.1.4 Characterization

The specimens were characterized by (Fig. 1): (i) non-
destructive tests, periodically repeated throughout
field exposure; (ii) destructive tests, performed on
samples obtained by wet sawing a thin slice
(0.5 x 3 x 10 cm®) from the specimens right after
treatment and then again after field exposure for 32
months.

e Ultrasonic pulse velocity (UPV). The consolidat-
ing effectiveness was evaluated by measuring the
UPV, which in marble is strongly correlated with
open porosity, compressive and tensile strength
[42]. The measurement was performed in direct

-

transmission mode across the 3 cm thickness, using
a portable instrument (AU2000 Ginger CEBTP
with 60 kHz transducers) and a rubber sheet
between the transducers and the specimens.
Water absorption (WA). The change in water
absorption was determined using the sponge
method, which allows to measure the amount of
water absorbed by a substrate by weighing the wet
sponge before and after contact with the substrate
for a given time [43].

Color change (AE*). The color change AE* was
determined by measuring the CIELab color param-
eters (L* = black—white, a* = green-red, b* =
blue—yellow) before and after treatment, using a
portable instrument (Chroma Meter CR-410), and
then calculating the color change as AE* =
(AL*? + Aa** + Ab*H)'2,

Fourier transform infrared spectroscopy (FT-IR).
FT-IR analysis was carried using a Spectrum Two
Perkin Elmer Spectrometer (ATR mode, 16 scans,
range 4000-400 cm ™, step size 1 cm ™, resolution
1 cm™") on powder samples obtained by scratching
with a spatula from the treated surface of the slices
cut from each specimen.

Scanning electron microscopy (SEM). The mor-
phology of untreated and treated samples, obtained
by chisel from the slices, was observed using a
FEG-SEM Tescan Mira3. Before observation, the
samples were made conductive by sputtering with
aluminium.

Mercury intrusion porosimetry (MIP). The pore
size distribution was determined by MIP, using
a Pascal 140 and 240 instrument, on samples
(~1 cm3) obtained by chisel from the slices. MIP
samples always included the originally treated
surface, as the most pronounced alterations in pore
size distribution were expected to occur near the
surface.

lon chromatography (IC). IC was used to deter-
mine the presence of hygroscopic salts and free
chlorides (possibly deriving from the use of
CaCl,). Soluble fractions were extracted from
powdered samples by boiling in distilled water,
then the obtained solutions were analysed with a
Dionex ICS 1000 instrument.
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2.1.5 Field exposure

After treatment, the specimens were exposed in the
Versailles Park (Fig. 2) at 2 m height, over plastic
holders with 45° inclination with respect to the
horizontal to allow for rain runoff, with the treated
face exposed towards south/south—east.

After 16 and 32 months since the treatment (Fig. 1),
the non-destructive tests were repeated, while destruc-
tive tests were repeated only after 32 months. It is
worthy to note that, whereas measurements before and
right after consolidation were taken after simply
allowing the specimens to equilibrate in room condi-
tions, measurements after 16 and 32 months were
taken after pre-conditioning the specimens in a
ventilated oven at 65 °C for 48 h, to remove moisture
from the pores. After pre-conditioning, the specimens
were let equilibrate in constant conditions (7 = 21 °C,
RH = 50%) for 1 week before testing.

The environmental aggressiveness during the 32
months of field exposure (started in May 2017) was
evaluated by analyzing environmental data made
freely available by Météo-France. In particular, to
estimate the number of freezing—thawing cycles, the
daily values of air temperature, relative humidity and
rainfall, measured by the closest survey station
(located in Orly, about 25 km from the Royal Palace),
were analyzed. According to a previously proposed
methodology [34], freezing was assumed to occur on
those days when air temperature dropped below 0 °C
and water was present in the stone, because on the
same day either rainfall occurred or relative humidity
was higher than 80%, so that condensation on the stone
surface likely took place. Of course, such assumptions
only allow for a rough estimation of the actual freezing
of water inside the marble pores and fissures (because

environmental data measured close to stone surface
would be needed and because the actual freezing
temperature inside the stone depends on the pore size
[34]), but still useful indications on the likelihood of
frost-related risk can be derived.

2.2 Field testing of the marble sculpture
2.2.1 Sculpture

The selected sculpture was a free standing Carrara
marble bust from the late XVII century, called
“L’Afrique” (The Africa), as suggested by the
elephant-shaped hat on the woman’s head (Fig. 3).
The sculpture is located in the park of the Grand
Trianon, in particular in the Amphitheater. The bust is
placed in a recess within a hedge, hence partially
sheltered from direct exposure to sun, rain and wind.

In May 2017, the bust exhibited granular disaggre-
gation, especially in small carved parts, such as the
nose, the breast and the elephant nose (Fig. 3). Before
treatment, particulate matter accumulated onto the
sculpture was dusted off and the marble surface was
gently rinsed with water. The sculpture was left to dry
for a few hours before the treatment application.

2.2.2 Treatment

The bust was treated with the “CaCl,” formulation,
considering that previous studies showed its ability to
provide a good balance of consolidating and protective
ability [13, 16, 21, 22], together with an increase in
marble resistance to thermal weathering [13].

To prepare the phosphate solution, the same
chemicals described in Sect. 2.1.3 were used.

Fig. 2 Specimen exposure in the Park of the Versailles Palace: a height from the ground; b 45° inclination with respect to the

horizontal; ¢ distancing among the specimens

-
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Fig.3 Sculpture of L’Afrique: a location in the park of the Grand Trianon; b general view of the bust; details of grain loss affecting the

face ¢, the nose d and the right breast e of the bust
2.2.3 Application method

As illustrated in Fig. 4, the treatment was applied by
poulticing, preceded by spraying of the solution onto
the bust, to favor penetration. The poultice was
prepared by mixing 8 L of solutions with dry cellulose
pulp, until a poultice with suitable workability was
obtained. The poultice was applied onto the bust
creating a layer of ~ 10 mm thickness. All the bust
was covered with the poultice, with the exception of
the toroidal pedestal (Fig. 4b). The bust was then
wrapped in a plastic film to prevent evaporation
(Fig. 4c) and left to react for 24 h. Then, the poultice
was removed and the sculpture was rinsed with
deionized water to remove poultice residues. In the

-

pedestal, where some solution dripping had occurred,
the stone surface was gently brushed with water. After
drying, both the bust and the pedestal looked free from
deposits (Fig. 4d).

2.2.4 Characterization

To evaluate the effectiveness and the compatibility of
the treatment, UPV was measured in the points
illustrated in Fig. 5a, while WA and L*a*b* color
parameters were determined in the positions illus-
trated in Fig. 5b, in all cases repeating the tests before
and after treatment. The same instruments and tech-
niques described in Sect. 2.1.4 were used. All the
measurements performed in the field (before and after
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Fig. 4 Phases of bust consolidation: a before treatment; b after poultice application; ¢ after wrapping with a plastic film; d after

treatment

Fig. 5 Schemes and photos illustrating the field measurements on the bust: a ultrasonic tests; b water absorption and color change
(point 1 was left untreated, UT, and used as reference). Dotted arrows indicate measurement points in the rear part of the bust

treatment) were taken after at least 3 days without rain,
to prevent as much as possible moisture in the marble
pores from altering the measurements.

2.2.5 Field exposure

After preliminary characterization, non-destructive
tests were repeated 2 months and 25 months after
treatment (Fig. 1), based on the availability of the
necessary instruments. Because of a malfunction of
the UPV instrument, only points B-B, E-E, F-F and
G-G could be tested after 2 months.

During field exposure, the sculpture was covered in
the winter time to prevent deterioration, according to a
long-standing practice in the Versailles Park [44]. The
sculpture was covered with a woven cotton-polyester
cover from November to March of each year.
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3 Results and discussion
3.1 Field testing of the marble specimens
3.1.1 Effects of the treatments

The increase in UPV after treatment (before exposure
in the Park) can be seen in Fig. 6 (solid bars). The
untreated specimens exhibited the lowest UPV (4.0
km/s), which corresponds to a condition of “increas-
ing porosity” according to the classification proposed
by Kohler [45]. All the treated specimens exhibited
higher UPV, increasing in the order: “UT” < “EtOH”
< “IPA” =~ “AmOx” < “AIP” < “1 M” <“CaCl,” <
“3 M”. Starting from the least effective treatments,
“EtOH” and “IPA” caused modest increases in UPV
(+ 5% and + 7%, respectively), actually lower than in
previous studies [13, 16]. This is likely due to the very
limited formation of new CaP phases, as revealed by
SEM (only isolated clusters of new CaP were visible,
Fig. 7) and FT-IR (no clear bands ascribable to new CaP
were detected, Fig. 8). Such limited formation of new
CaP may be a consequence of the different conditions
of this study compared to previous studies, in terms of
application technique (poulticing, instead of immersion
[16] or brushing [13]) and/or initial marble condition
(naturally weathered specimens, instead of artificially
weathered but uncontaminated specimens [13, 16]).
The influence of these parameters may be strong when
low DAP and CaCl, concentrations are used, whereas
their influence seems lower in the case of more
concentrated DAP formulations.

“AmOx” caused an UPV increase (4+ 8%) compa-
rable to “IPA” (4+ 7%), thanks to the formation of
whewellite, as revealed by SEM (Fig. 7) and con-
firmed by FT-IR (bands at 1618, 1323, 781, 517 cm ™!
[46], Fig. 8). The limited consolidation caused by
“AmOx” treatment is consistent with some previous
results [13, 15], although a higher effectiveness has
also been reported [16, 41].

“AlP” was a little more effective than “AmOx”,
reaching AUPV = + 11%. However, no clear evi-
dence of aluminum phosphate formation was obtained
by either SEM (Fig. 7) or FT-IR (Fig. 8), differently
from a previous study [39]. Again, this may be a
consequence of the different application technique
and/or the different condition of the marble substrate
in the present case, compared to the previous study
[39].

UPV improvements by + 14 and + 19% were
achieved after consolidation by “1 M” and “CaCl,”,
respectively, in agreement with previous studies
highlighting the effectiveness of both formulations
[1, 16, 35, 47]. The benefit of adding CaCl, as a
calcium source, originally pointed out in [21], is here
confirmed, both in terms of mechanical effectiveness
(Fig. 6) and continuity of the new CaP phases (Fig. 7).
In fact, while the new CaP layer formed over the
marble surface exhibits some gap in the case of the “1
M” treatment, no evident uncovered zones were
present in the “CaCl,” sample. FT-IR results
(Fig. 8) suggest formation of HAP (having bands at
1031-1032, 602-604 and 561-563 cm™' [48, 49]),
consistently with previous findings [21]. In the case of
the “CaCl,” treatment, a shift in the FT-IR band from

m After treatment

o

@ After 16 months

o After 32 months |

Y

w

UPV (Km/s)

Fig. 6 UPV values of untreated and treated specimens after
consolidation (solid bars) and after field exposure for 16 months
(densely hatched bars) and 32 months (sparsely hatched bars).
Dotted and dashed lines indicate the values of the untreated
references after treatment and after 32 months, respectively.

-

o

. ' 7
[ap | [[Amox ]

Bars on the right indicate the categories (I-IV) of marble
deterioration according to the classification proposed by Kohler
[45]. Values are averages for 2 replicates (bars indicate the
difference between the average and the maximum/minimum
values)
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«Fig.7 SEM images of untreated and treated specimens, before
field exposure

1027 to 1037 cm™ " occurred, which may be a signal
that, alongside HAP, also octacalcium phosphate
(OCP, having bands at 1023-1026, 1036-1038,
602-603 and 560 cm ™! [48, 49]) may have formed.
Formation of both HAP and OCP is likely, considering
that the addition of a calcium source permits less
stable OCP to form [21]. In spite of being more soluble
than HAP, OCP is however sensibly less soluble than
calcite [21], hence its formation is expected to cause
long-lasting consolidating and protective actions. It is
noteworthy that the addition of CaCl, as a calcium
source did not lead to significant free chlorides in any
specimen, because basically the same amount of C1™
ions was found in untreated and treated specimens
(Table S1).

The highest UPV increase was registered for the
“3 M” formulation (AUPV = 4 19%), consistently
with previous results [13, 15, 27, 39]. This high
strengthening ability is due to the abundant formation
of new CaP phases, as indicated by SEM (Fig. 7) and
FT-IR (Fig. 8). These new phases effectively bond
calcite grains, even though pores and cracks have been
reported in the new CaP phases [3].

As a consequence of CaP formation, variations in
pore size distribution (Fig. 9) and water absorption
(Fig. 10) were registered. All the treatments caused
some alteration in the pore system, especially a
reduction in the amount of bigger pores, but in no
case was marble porosity completely occluded
(Fig. 9). The lack of significant pore occlusion is
important as it ensures the possibility for calcite grains
to deform upon temperature variations, without stress
arising at the grain boundaries [13]. Consistently,
some reduction in water absorption was registered,
however without any dramatic decrease (Fig. 10). The
alterations in WA were mostly consistent with the
increases in UPV. “IPA” and “AlP” led to modest
consolidation, as a consequence of limited formation
of new phases, and also limited WA reductions by
10-12% (Fig. 10). “EtOH” is apparently an exception,
because an average WA reduction by 42% was
registered. However, a strong difference exists
between the two replicates (reductions by 10% and
by 74% for the two specimens). Most likely the latter

-

measurement was biased, so the former result (in line
with the “IPA” and “AlP” specimens) is likely more
reliable. The “1 M”, “CaCl,” and “3 M” treatments,
which caused the highest UPV increases (Fig. 6) and
the most abundant CaP formation (Figs. 7 and 8), also
exhibited the highest WA reductions by 36-43%
(Fig. 10). A similar WA reduction (— 43%) was
shown also by “AmOx”, which however exhibited
lower consolidating effectiveness (Fig. 6). The WA
variations assessed in the present study are in good
agreement with the values reported for the same
formulations in previous studies [1, 39].

However, when evaluating these WA alterations, it
should be considered that a not negligible increase in
WA (+ 25%, Fig. 10) was found also for the untreated
reference (re-tested only to check the measurement
repeatability). This increase was attributed to the
different amounts of moisture present in the specimen
when the WA measurements were taken, before and
after consolidation. The possible influence of hygro-
scopic salts was excluded, because ion chromatogra-
phy did not reveal any significant amount of ions
ascribable to soluble salts. To prevent uncontrolled
amounts of moisture in the pores from altering the
measurements, when WA was assessed during field
exposure the specimens were pre-conditioned as
described in Sect. 2.1.5.

After treatment, the specimens also exhibited some
alterations in the color parameters (Table S2), result-
ing in the overall color change reported in Fig. 11.
Also the untreated reference exhibited AE* = 1.9,
mostly due to an increase in lightness AL* = 1.8
(Table S2). Although below the human eye detection
limit (AE* = 2.3 [50]), this color change was still
unexpected and likely due to a different moisture
content when the measurements were taken. Except
for “AmOx”, all the treatments caused modest color
changes (AE* =2.0-3.5), in all cases below the
threshold commonly accepted for conservation treat-
ments (AE* =5 [51]). In particular, the phosphate
treatments involving low DAP concentrations
(“EtOH”, “IPA” and also “AIP”) caused some
increase in lightness (AL* ranging from 1.9 to 2.8,
Table S2) and minor decreases in the a* and b*
parameters (ranging from — 0.3 to — 0.6, Table S2).
On the contrary, the formulations involving higher
DAP concentrations (“1 M”, “CaCl,” and “3 M”)
caused some decreases in lightness (AL* ranging
from — 1.8to — 3.3, Table S2) and some increases in
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Fig. 8 FT-IR spectra of
untreated and treated
specimens, before and after
field exposure. Bands owing
to the marble substrate are
marked by a star while the
position of bands owing to
newly formed phases is
specified. Bands in the

“1 M” sample can be
ascribed to hydroxyapatite
(HAP, having bands at
1031-1032, 602-604 and
561-563 cm ™' [48, 49]).
Bands in the “CaCl,”
sample can be ascribed to
octacalcium phosphate
(OCP, having bands at
1023-1026, 1036-1038,
602-603 and 560 cm ™"

[48, 49]). Bands in the “3
M” sample are likely to be
ascribed to OCP. Bands in
the “AmOx” sample can be
ascribed to whewellite
(having bands at 1618, 1323,
781, 517 cm™" [46])
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«Fig. 9 Pore size distribution of untreated and treated speci-
mens, before (solid lines) and after (dotted lines) field exposure
for 32 months

the a* and b* parameters (ranging from 0.5 to 1.2,
Table S2). Different from the phosphate treatments,
“AmOx” was responsible for AE* = 10.5, largely due
to a decrease in lightness (AL* = — 5.5, Table S2) and
shift towards yellow (Ab* = 8.8, Table S2). This was
unexpected considering that the “AmOXx” treatment is
known to generally cause modest color alterations,
with only some increase in color saturation [41]. A
possible reason for the color change registered in this
case may be in the initial condition of the marble
surface, presenting a pale yellow patina (Fig. 2).

3.1.2 Effects of field exposure

After 16 months, all the specimens exhibited a
reduction in UPV by 5-10% (Fig. 6, densely hatched
bars). These UPV reductions can be ascribed to natural
weathering processes occurring in the field, in partic-
ular: (i) freezing—thawing cycles, leading to microc-
rack formation (the analysis of environmental data
pointed out that, during the exposure period, on at least
63 days conditions for freezing—thawing cycles
occurred, but the total number of cycles was likely
higher as freezing—thawing might have taken place
more than once in a day); (ii) heating—cooling cycles
during summertime, leading to microcrack formation,
especially if moisture is present in the pores [52]; (iii)
rainfall, leading to dissolution of uncoated areas and

] o Before treatment  m After treatment

0.4

o After 16 months @ After 32 months

0.3
03 R/
02
0.2
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0.1

Water absorption (g/m?s)

0.0 s
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ut EtOH IPA m
Fig. 10 Water absorption of untreated and treated specimens,
before consolidation (solid gray bars), after consolidation (solid
colored bars) and after field exposure for 16 months (densely

hatched bars) and 32 months (sparsely hatched bars). Values are

averages for 2 replicates (bars indicate the difference between
the average and the maximum/minimum values). (Color
figure online)

u After treatment

= After 16 months

= After 32 months

Color change AE*

Fig. 11 Color change of untreated and treated specimens after
consolidation (solid bars) and after field exposure for 16 months
(densely hatched bars) and 32 months (sparsely hatched bars).
The dashed line (AE* =2.3) indicates the threshold of

detectability by the human eye [50], while the dotted line
(AE* = 5) indicates the common acceptability threshold [51].
Values are averages for 2 replicates (bars indicate the difference
between the average and the maximum/minimum values)
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damage caused by rain drops hitting the specimen
surface. In addition to natural weathering, in this
specific case the possible influence of specimen pre-
conditioning cannot be completely excluded.
Although designed not to damage the specimens,
moisture removal by pre-conditioning at 65 °C for 48 h
(Sect. 2.1.5) might have caused localized thermal
stress, resulting in crack formation and UPV reduction
[52]. Although not specifically verified experimen-
tally, crack formation after heating at 65 °C is
possible, considering that separation of calcite grains
after heating at a temperature as low as 45 °C has been
observed in the literature [53].

However, a further UPV decrease was experienced
passing from 16 to 32 months (Fig. 6, sparsely hatched
bars). Pre-conditioning was performed in the same
way in these two occasions and re-heating at the same
temperature is not expected to cause additional
thermal damage [54]. In fact, when marble is heated
to a certain temperature, calcite crystals undergo
anisotropic thermal deformation and stress arises at
grain boundaries, resulting in the formation of new
intergranular fissures. When marble is cooled down
and then re-heated at the same temperature, the voids
formed after the first heating are able to accommodate
calcite crystals deformation without significant new
stress and without formation of additional new cracks
[54], thus exerting a sort of “buffering effect” [55].
Therefore, in the present case the further UPV
decrease passing from 16 to 32 months can be mainly
ascribed to natural weathering, because pre-condi-
tioning at the same temperature should not cause
formation of additional cracks.

According to UPV measurements, SEM observa-
tions performed after 32 months (Fig. 12) revealed
etching of the marble surface not only in the untreated
reference, but also in the “EtOH”, “IPA”, “1 M”,
“AlP” and “AmOx” specimens, which indicates
significant damage and removal of the new consoli-
dating phases in these specimens. The detachment of
the consolidating phases was likely triggered by some
discontinuity in the new coatings covering the calcite
grains, as a consequence of some defect originally
present in the coating and/or the action of environ-
mental weathering processes. Once the detachment of
the coatings had started from these weak areas, the
combined action of rainwater and thermal stress likely
led to the removal of the consolidating phases.
Consistently, FT-IR analysis of the “EtOH”, “IPA”

-

and “AlP” samples revealed no bands ascribable to
CaP phases, while the band intensity was strongly
diminished in the “1 M” and “AmOx” samples
(Fig. 8).

After 32 months, the only treatments for which the
new CaP phases were still clearly distinguishable by
SEM (Fig. 12) and FT-IR (Fig. 8) were “CaCl,” and,
even more, “3 M”. Although cracks and uncoated
areas appeared and FT-IR bands decreased in inten-
sity, clear signs of the consolidating phases were
detected. Consistently, after 32 months the “3 M”,
“CaCl,” and “1 M” specimens still exhibited a
residual UPV (4.0-4.1 km/s) similar to the “UT”
reference before field exposure (4.0 km/s) and sensibly
higher than the “UT” reference after 32 months (3.4
km/s) (Fig. 6). Therefore, application of these formu-
lations was not sufficient to completely prevent marble
damage, but still was able to mitigate damage, leading
to a significant residual benefit after 32 months.

A similar trend was found by MIP (Fig. 9) and WA
(Fig. 10). After 16 and 32 months, all the specimens
underwent a progressive increase in WA, which is a
sign of progressive formation of new cracks, also
responsible for the progressive decrease in UPV. For
“UT”, the WA increase was higher between 16 and 32
months, compared to the first 16 months, which
suggests that the weathering effect of field exposure
was predominant over damage possibly occurred
during pre-conditioning. In “UT”, a substantial alter-
ation in pore size distribution and open porosity
(increased from 0.59 to 0.93%) was assessed by MIP.
Notably, after 32 months the “CaCl,”, “1 M” and “3
M” specimens exhibited lower WA than the “UT”
reference, in accordance with the UPV results. This
mitigating effect is sensibly more effective than in the
case of alternative treatments, including “AmOx”.

Unlike UPV and WA, the color measurements
during field exposure did not show a clear progressive
trend (Fig. 11). After 16 months, all the specimens
exhibited a strong increase in L* (whitening), while
after 32 months L* strongly decreased (darkening),
thus inverting the previous trend. Such unintuitive
behavior is likely due to specimen pre-conditioning
before the measurement, rather than to field exposure.
In fact, the first pre-conditioning in oven likely caused
some microcrack formation, with a consequent change
in the scattering of light and apparent whitening.
When the measurement was repeated after 32 months,
pre-conditioning at the same temperature did not cause
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«Fig. 12 SEM images of untreated and treated specimens, after
field exposure

further crack formation, while field exposure caused
some dirt accumulation and darkening.

It is important to note that in none of the specimens
was biological growth detected on the exposed face
(which was the treated face in the case of the
consolidated specimens) by either visual examination
or FT-IR, while some biological growth was observed
on the opposite face (in contact with the specimen
holder). Therefore, it can be concluded that none of the
treatments was responsible for promoting biological
growth.

3.2 Field testing of the marble sculpture
3.2.1 Effects of treatment

Before treatment, UPV ranged between 2.7 and 4 km/s
(Fig. 13, solid gray bars), thus between the conditions
of “increasing porosity” and “crumbling surface”
proposed by Kohler [45]. Such low UPV values are not
surprising, considering that the sculpture has been
exposed outdoors for more than three centuries. The
lowest values were measured in the left arm (point C—
C) and in the elephant nose (point G—G), hence in thin
elements that are usually more prone to thermal

deterioration as they follow environmental tempera-
ture fluctuations more closely [26].

Two months after application of the “CaCl,”
treatment, the UPV increases (Fig. 13, solid green
bars) were sensibly lower than those measured in the
prismatic specimens after the same treatment. In fact,
UPV improvements by + 19% were registered in the
specimens (Fig. 6), whereas a maximum UPV increase
of + 6% was found in the bust, specifically in the
elephant nose (point G-G, Fig. 13). This difference is
thought to be due to the treatment penetration depth,
which based on previous studies can be estimated as
10-20 mm [15, 16]. In the specimens (30 mm thick),
consolidation of the first 10-20 mm from the treated
surface led to a high UPV increase, as the consolidated
layer was about 1/3-2/3 of the path travelled by the
ultrasonic pulse. In the sculpture, where the path of the
ultrasonic pulse was generally much higher than 30
mm, an analogous 10-20 mm thick consolidated layer
had a much lower influence on the measured UPV. A
similar effect occurs when UPV is used to evaluate the
weathering condition of marble elements in the field,
as the shorter the travelling path of the ultrasonic
pulse, the higher the reduction in UPV caused by
surface damage [56]. In some of the measuring points
(B-B and F-F), slight UPV decreases by 1-4% were
found, which seems likely due to the measurement
reproducibility in the field, rather than to actual
deterioration occurred after just 2 months of field
exposure.
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Fig. 13 UPV values measured on the bust in the positions
indicated on the right, before (solid gray bars), 2 months after
treatment (solid green bars) and 25 months after treatment
(hatched bars). Bars on the right indicate the categories (I-IV) of

-

marble deterioration according to the classification proposed by
Kohler [45]. Values are averages for 2 measurements (bars
indicate the difference between the average and the maximum/
minimum values). (Color figure online)
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After treatment, water absorption reductions rang-
ing from — 13 to — 27% were registered in all the
measuring points (Fig. 14), in line with the WA
reduction found in the specimens after the same
treatment (— 37%, Fig. 10). This confirms the com-
patibility of the “CaCl,” treatment, which causes
some reduction in WA without compete pore occlu-
sion. Point 1 in the pedestal (Fig. 14), which was left
untreated and used as reference, actually exhibited a
slight increase in WA, likely because cleaning of this
area right before the WA and color measurements
exposed the stone surface.

In fact, two months after treatment the untreated
reference area (point 1) exhibited the highest color
change (AE* = 10.7, Fig. 15), mostly because of a
strong increase in L* (whitening, Table S3). This color
change can be ascribed to a cleaning campaign carried
out between the two colorimetric measurements. The
cleaning campaign, consisting in washing with water
and brushing, likely removed surface dust and
deposits, thus resulting in a whiter color and higher
water absorption when the measurements were
repeated. The treated points exhibited different color
alterations, ranging from invisible to higher than the
common acceptability limit (Fig. 15). Similar to the
untreated reference, all the measuring points experi-
enced an increase in L* (Table S3), together with a
general decrease in a* and b* (shift towards green and
blue, respectively, Table S3). Unexpectedly, points
that had similar initial conditions (e.g., points 2 and 3
or points 5 and 6) gave different color alterations. This

is thought to be mainly due to the different specific
conditions of the various points (e.g., inclination with
respect to the horizontal, exposure towards the open
air or towards the hedge, initial roughness of the
marble surface), leading to differences in dust accu-
mulation and/or possible biological growth. In sum-
mary, after the “CaCl,” treatment variable color
changes, ranging from invisible to clearly visible
(whitening), were registered depending on the ana-
lyzed area. Because 2 months had passed between the
consolidant application and the colorimetric measure-
ment after treatment and because the sculpture had
been cleaned during this time, in the case of the
sculpture it is hard to isolate the effect of the
consolidating treatment from the effect of field
exposure.

3.2.2 Effects of field exposure

After 25 months, the UPV values reported in Fig. 13
(sparsely hatched bars) were registered. All the points
that could not be measured right after treatment but
were measured after 25 months exhibited slightly
higher UPV than before treatment, with increases
between + 3 and + 9% (the maximum being regis-
tered in the most decayed part, point C-C). In the
points already characterized after treatment, some
UPV increases (points B-B and F-F) and some UPV
decreases (points E-E and G-G) were registered.
Considering all the tested points, it can be concluded
that after 25 months the phosphate treatment generally
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Fig. 14 Water absorption measured on the bust in the positions indicated on the right, before (solid gray bars), 2 months after treatment
(solid colored bars) and 25 months after treatment (hatched bars). The position 1 was left untreated and used as reference. (Color

figure online)
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Fig. 15 Color change measured on the bust in the positions
indicated on the right, 2 months (solid bars) and 25 months after
treatment (hatched bars). The dashed line (AE* = 2.3) indicates
the threshold of detectability by the human eye [50], while the

caused some slight improvement in cohesion,
although the effect is not very evident. The treatment
effects were most pronounced in the most decayed
parts of the sculpture, which corresponded to the
thinnest parts where the treatment penetration depth
influences the UPV measurement the most. The lack of
a clear trend in UPV variation over time suggests the
difficulty of repeating the measurement exactly in the
same point and in exactly the same conditions over
time.

All the measuring points exhibited a general slight
reduction in WA (Fig. 14) and a decrease in the L*
parameter (Table S3). This darkening may be ascribed
to deposition of particulate matter on the sculpture
surface, with a reduction in water penetration into the
pores. Notably, 25 months after treatment the com-
bined action of dust accumulation, cleaning by rainfall
and periodical cleaning by the restorers of the Royal
Palace led to the final color of the sculpture being very
close to the initial one before treatment. In all the
points, the final change was below the common
acceptability threshold and in some cases even below
the human eye detectability threshold (Fig. 15).

4 Conclusions
The results of the present study, aimed at evaluating
for the first time the long-term performance of several

formulations of the phosphate treatment applied onto
marble specimens and a marble sculpture exposed in

-

dotted line (AE* =5) indicates the common acceptability
threshold [51]. The position 1 was left untreated and used as
reference

the Versailles Park, allow to derive the following
conclusions:

e Right after treatment, the consolidating effect
measured on the specimens was higher for more
concentrated phosphate solutions, as a conse-
quence of more abundant formation of new
calcium phosphate phases. These new phases
caused some limited alterations in pore size
distribution, water absorption and aesthetic
appearance. In fact, the most concentrated phos-
phate solutions caused some decrease in lightness
(darkening) and a slight shift towards red and
yellow, but the resulting color changes were
always below the common acceptability threshold.

e During exposure in the Versailles Park, all the
specimens exhibited a progressive decrease in
cohesion and increase in water absorption as a
consequence of natural weathering, with also a
possible contribution from pre-conditioning in
oven before the measurements. After 32 months,
the new consolidating phases formed after the
phosphate treatments with low concentrations, as
well as after the ammonium oxalate treatment, had
been mostly detached and removed, likely because
of some discontinuity originally present in the
consolidating phases and/or caused by natural
weathering. Differently, in the case of the “CaCl,”
and “3 M” treatments the new consolidating
phases were still present after 32 months, as
assessed by FT-IR and SEM. Consistent with the
permanence of the phosphate phases, a mechanical
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benefit was still present in the “CaCl,” and “3 M”
specimens after 32 months (higher UPV than the
untreated reference). These results indicate that,
even though marble weathering was not com-
pletely inhibited, still the phosphate treatments
were able to mitigate marble deterioration. Con-
sidering that, after 32 months, some cracks in the
phosphate layers and some uncoated areas started
to appear also in the “CaCl,” and “3 M” samples,
future tests will be performed to assess the
durability of the treatments for longer exposure
periods.

e  When applied onto a marble sculpture, the consol-
idating effectiveness of the “CaCl,” formulation
assessed by ultrasounds was lower than in the
specimens, as a consequence of the treatment
penetration depth. The highest improvements in
the sculpture were registered in small carved parts
(such as the elephant nose) that were more
damaged and where the thickness of the consoli-
dated layer is closer to the thickness of the whole
part. The formation of new consolidating phases
led to some reduction in water absorption and some
color change (which, when visible, consisted in
some whitening).

e After field exposure for 25 months, some modest
consolidating action was still present in the sculp-
ture, although not very pronounced. Water absorp-
tion and color changes were likely influenced by
deposition of particulate matter on the marble
surface and cleaning before the measurements.
Compared to the initial condition, after 25 months
all the tested points exhibited minor color changes,
in many cases invisible to the human eye and
always within the acceptability limit.

All things considered, the present study confirmed
the potential of the phosphate treatments, which
mitigated marble deterioration during outdoor expo-
sure for 3 years, even though weathering was not
completely inhibited. To assess the durability of the
phosphate treatments for longer exposure times, the
marble specimens and the sculpture will be further
monitored in the years to come
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