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Abstract Salt crystallization can produce severe
damage in porous stones, with a dramatic impact on
cultural heritage conservation. Such damage is related
to the fact that repulsive forces arise between the salt
crystals and the pore wall, generating a disjoining
pressure that frequently exceeds the tensile strength of
stone. In this paper, new treatments are proposed,
aimed at preventing salt damage by depositing a thin
layer of polymeric coatings over the stone’s pore
surfaces. These coating are expected to change the
surface chemistry, eliminating the repulsion between
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the growing crystals and the pore wall and hence the
development of the disjoining pressure. Several
biopolymers were tested on these substrates: silica
glass, calcite, and calcite subjected to a pre-treatment
with diammonium hydrogen phosphate (DAP), aimed
at preventing calcite dissolution and acting as an
anchoring substrate for the polymer coating. Selected
polymer treatments were applied to porous Glo-
bigerina limestone samples, which were subjected to
crystallization tests with sodium sulfate, obtaining
promising results (i.e., significant reduction in stone
damage), especially when the polymers were applied
after the DAP treatment.
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1 Introduction

The stress induced by salt crystallization inside porous
materials of historical buildings, such as stone, brick
and mortar, is one of the most widespread cause of
damage in architectural heritage [ 1-5]. This stress may
frequently exceed the tensile strength of building
materials, which is usually quite low, and cause crack
formation and propagation, resulting in severe damage
that deteriorates both structural and decorative ele-

ments [6].
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Salts may come from capillary water absorption
from the soil (i.e., rising damp). In this case, the wall
surface is wet up to the height at which the rate of water
supply falls below the evaporation rate [1]. Above this
height the evaporation front moves deeper inside the
wall, where the saline solution can reach supersatura-
tion and salts will precipitate inside the pore network,
forming potentially disruptive subflorescence [6].
Even in the absence of continuous supply by rising
damp, building materials may contain salts (leached
from mortar joints or created by interaction with
pollutants), which may be subjected to crystallization
cycles, due to their deliquescence under fluctuating
relative humidity [2]. Salt crystallization can also be
caused by cooling, due to the strong temperature
dependence of the solubility of some salt phases [7].

The damage mechanism related to salts has been
widely investigated, and a review on crystallization in
porous materials is provided in [6, 8-10]. The
existence of crystallization pressure directly suggests
a strong repulsion between the growing crystal and the
opposing surface [6]. Indeed, most salt crystals seem
to repel most stone minerals [10]. This repulsion
between stone and salt crystal, which can be attributed
to Van der Waals forces in the particular case of ice, is
possibly related for other crystals to electrostatic and
solvation forces, acting across the liquid film present
between the salt and the pore wall. Indeed, the two
surfaces (salt and pore wall) will organize the orien-
tation of adjacent water molecules and ions to
minimize the energy of each surface; thus, repulsion
between the two differently organized layers will arise
as they approach one another. If the peak disjoining
pressure arising between the crystal and the pore wall
is smaller than the tensile strength of stone, the salt can
come into contact with the mineral without causing
damage. However, in the more typical case where the
peak disjoining pressure is higher than the tensile
strength, the stone will fail before the salt touches the
pore walls. The damage due to crystallization will
depend on the degree of supersaturation reached,
which is influenced by transport processes, the type of
salt, the salt distribution in the pore, and the pore size
distribution [8]. Salt damage may be also associated
with other kinds of weathering, such as the dissolution
of calcite in carbonate stone [9].

To mitigate the damage by salts, various strategies
have been proposed. Of course, the control of envi-
ronmental conditions (temperature and relative

humidity) and the elimination of the water source
(rising damp, rain absorption) will help towards this
aim. However, efficient environmental control is only
possible indoors, whereas a complete elimination of
rising damp is seldom possible [11] and the use of
hydrophobic agents to prevent the access of humidity
(e.g., rain) to porous stone may even exacerbate salt
damage if some moisture is present below the water-
repellent layer [1].

Many studies focused on the use of crystallization
inhibitors, promoters and modifiers that, once intro-
duced into the salt contaminated material, control the
crystallization of salts [12—-19], avoiding dissolution
and precipitation cycles [20] and/or fostering the
crystallization of salts on the stone surface as harmless
efflorescence, thereby precluding their deleterious in-
pore crystallization. The well-known scale inhibitors
(such as polyphosphate, phosphate, carboxylates,
polyacrylic acid derivates, benzotriazoles) used indus-
trially are typical examples of crystallization inhibi-
tors or habit modifiers [13].

A different strategy to mitigate the damage caused
by salt crystallization to stone of cultural heritage was
proposed in [1, 21, 22] and it is based on the
elimination of the disjoining pressure acting between
the growing crystal and the pore wall, through the
deposition of a polymeric coating on the pore surface
[1]. The idea is that no pressure will be exerted on the
stone if the growing salt crystals are able to touch the
treated pore wall instead of repelling it (the scenario of
salt crystal growth in the presence of a polymer
coating having a low contact angle with the salt is
illustrated in Figure S1-1 of Supplementary material).

Some polymers were tested for this purpose in
[21, 22], and their ability to prevent damage by salt
crystallization in Indiana limestone was investigated,
yielding some promising results. However, a system-
atic and detailed investigation has not been performed
yet. In particular, calcite dissolution, occurring in
small defects of the polymer coating or when the
coating is not continuous, might cause the progressive
detachment of the coating from the pore wall, with a
subsequent loss of the treatment effectiveness.

2 Rationale and aim of the research

In the present paper, new treatments are tested for
stone, aimed at minimizing the disjoining pressure
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acting between the salt crystal and the pore wall,
according to the strategy proposed in [1, 21]. The new
treatments are based on environmentally friendly
water-based polymer solutions, which are expected
to fulfil the following general requirements:

the polymer molecular structure contains func-
tional moieties acting as anchoring groups towards
the mineral surface, and the interaction is strong
enough to displace the water adsorbed on the stone
surface;

the polymer has film-forming capability, and it
generates a continuous coating that covers the pore
surface;

the salt crystal is chemically attracted by the
polymer through its functional moieties, and
interaction is stable over time;

the polymer exhibits highly flexible chains, that
allow fast interaction with any ionic crystal
approaching the wall by quick change of the
molecular conformation, to improve spontaneous
segregation of the anchoring functional groups at
the outermost surface of the pore. Moreover, high
molecular weight should be avoided to prevent
osmotic swelling that imposes stress on the stone,
which was blamed for the failure of the treatment
in a previous study [22];

the polymer must be not hydrophobic, thereby not
altering the water transport properties which may
lead merely to an apparent improvement of the
resistance to salt weathering, owing to a reduced
absorption of saline solution and thus to a lower
salt contamination of the treated stone.

For the purpose of this research, bio-based and

biodegradable polyelectrolytes were selected, along
with a non-bio-based polyelectrolyte that gave some
promising results in a previous study [21]. Biodegrad-
able polymers were selected because of their minimal
toxicity and compliancy with a new concept of
‘reversibility’ of the stone treatment discussed in a
recent paper [23]. In fact, the introduction of several
polymeric treatments inside heritage stone elements
over the last decades caused severe problems, due to
the presence of aged and no longer effective residues
in the stone, that are hard or impossible to remove and
also jeopardize the applicability of further new
treatments. For this reason, polymers that sponta-
neously degrade and disappear under environmental
conditions when their effectiveness has ended and can

be re-applied after a suitable lifespan have been
proposed.

For this research, sodium sulfate was selected and

used as the crystallizing salt. The reason for this choice
is that sodium sulfate is one of the most damaging salts
in architectural heritage [22, 24, 25] and the most used
in laboratory studies on salt weathering [5].

The first part of the study was devoted to the

selection of the best polymer candidates to develop
this innovative stone conservation treatment. Then,
the research was structured in two parts:

a.

screening tests, aimed at evaluating specific
features of the polymers and their compliance
with the requirements stated above. Aqueous
solutions of different polymers were prepared
and tested to assess:

the influence of the polymer on the crystallization
temperature of sodium sulfate in solution, where
supersaturation was achieved by cooling;

the adsorption capability, surface morphology,
resistance to water flow and influence on the
crystallization of sodium sulfate of the polymers,
when applied to different substrates.

The substrates selected were calcite and silica, as
they are the main constituents of lithotypes widely
used in historical architecture (e.g., limestone,
sandstone). Calcite can undergo dissolution, which
may initiate from defects in the polymer coating,
causing the subsequent detachment and loss of the
coating from the pore walls. This would destroy the
effect of the polymer, so a pre-treatment of calcite
with a solution of diammonium hydrogen phosphate
(DAP), which inhibits dissolution [26, 27], was
tested. This treatment was proposed for the conser-
vation of carbonate stones [28-31] and it is based on
the in-situ formation of hydroxyapatite (HAP) and
other calcium phosphates (CaP) on the carbonate
substrate [32]. Besides providing a consolidating
effect, the calcium phosphates formed in the stone
have been shown to protect calcite from dissolution
in both neutral and slightly acidic water [32], thus
they are expected to play a positive role here.
Moreover, the CaP phases formed over calcite are
expected to act as anchoring substrates for the

polymers.
PI;
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b. macroscale evaluation, aimed at investigating the
effect of the polymers on stone. Some polymers
selected in the screening tests were applied to
limestone samples, with and without a pre-treat-
ment with DAP solution. The stone samples were
subjected to salt crystallization tests to investigate
the effectiveness of the treatments.

3 Polymers selected

In compliance to the requirements highlighted in
Sect. 2, we selected the following polymers (whose
structures are reported in Figure S1-2, Supplementary
material):

e poly(acrylic acid), in the form of sodium salt
(Fluka, Mw = 2100), labelled as “PAA”;

e alginic acid, in the form of sodium salt (from
brown algae, low density, low viscosity, Sigma
Aldrich), labelled as “ALA”;

e tannic acid (Sigma Aldrich), labelled as “TA”;

e chitosan (from shrimp shells, low viscosity, Sigma
Aldrich), labelled as “CHIT”.

PAA is an anionic polyelectrolyte characterized by
a main chain with negatively charged carboxylic
groups (at neutral and alkaline pH). It is water soluble,
non-toxic and used as a scale inhibitor for calcium
carbonate, calcium phosphate and calcium sulfate in
alkaline environments. In fact, PAA is known to have
a strong affinity with calcium carbonate owing to the
presence of the carboxyl groups [21]. When used at
high molecular weight for stone treatment, PAA
exhibited a dramatic osmotic swelling leading to
damage similar to that from salt crystallization [22],
but at low molecular weight it gave good results in a
series of Indiana limestone samples [21], hence it was
considered promising for further testing.

ALA sodium salt is a linear copolymer of
polyuronic acid composed of mannuronic and glu-
curonic acid residues characterized by a hydrophilic
and colloidal behavior. The exact composition of this
anionic polyelectrolyte depends on the source of the
polysaccharide. Due to its biocompatibility,
biodegradability and non-toxicity, it is employed in
biomedical applications that benefit from the reactiv-
ity of its carboxylate side groups and its spontaneous
gelation capacity when exposed to calcium ions

}

(forming the so-called “egg box” structure) and to
other divalent cations [33, 34].

TA is a natural polyphenol, which is a gallic ester of
D-glucose in which gallic acid dimers totally esterified
the hydroxyl groups of the carbohydrate. Its main
applications are as antioxidant, hemostatic and
antibacterial agent [35]. Tannic acid was selected for
its interaction with gypsum [21], SO42_ ions [36] and
aragonite [37] due to the large numbers of carboxylic
functional groups and to its ability to form a large
amount of H-bonds.

CHIT is a biocompatible and antibacterial cationic
polyelectrolyte, partially deacetylated form of chitin, a
substance naturally found in the shells of crustaceans
(e.g., shrimps) and exoskeletons of insects [38]. If
combined with calcium carbonate, as in the shells of
crustaceans and molluscs, chitin produces a much
stronger composite, which shows better characteristics
in terms of hardness and stiffness than pure chitin, and
also higher toughness and ductility than pure calcium
carbonate. Chitosan is a linear copolymer consisting of
glycosidic linked D-glucosamine and N-acetyl-D-
glucosamine units. When the ratio between D-glu-
cosamine and N-acetyl-D-glucosamine units (degree
of deacetylation) [39] is close to 0.5, chitosan is
soluble in aqueous acidic media. Chitosan is able to
form oriented substrates for calcium carbonate growth
[40] and moreover amine groups may act as a
suitable anchoring site for silicate stone [21, 41].

4 Materials and methods
4.1 Screening tests

4.1.1 Effect of the polymers on the crystallization
of sodium sulfate in solution

To evaluate the influence of the polymer and of its
concentration on the crystallization of sodium sulfate,
aqueous solutions of the salt alone and of the salt plus
polymer (dosed in different concentrations) were
prepared:

e 1 molal solution of anhydrous sodium sulfate
(NaySO4, Panreac, reagent grade) (“SALT-
solution”);
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e 0.1, I and 2 wt% poly (acrylic acid) in SALT-
solution (“SALT-PAA-0.1", “SALT-PAA-1” and
“SALT-PAA-2”, respectively);

e 0.1 and 0.5 wt% alginic acid in SALT-solution
(“SALT-ALA-0.1” and  “SALT-ALA-0.57,
respectively). Lower concentrations with respect
to the previous solutions were chosen, due to the
lower solubility of this polymer;

e 0.1 wt% tannic acid in SALT-solution (“SALT-
TA-0.17). Higher concentrations were discarded,
as the polymer precipitated at pH close to
neutrality;

e 0.1 wt% chitosan in acidified water (10 mM
solution of glacial acetic acid), to which sodium
sulfate was directly added (“SALT-CHIT-0.1").
This procedure was chosen because chitosan,
differently from the other polymers, did not
dissolve in the sodium sulfate solution.

Sodium sulfate precipitation was induced by cooling
the saline solutions, owing to the strong dependence of
sodium sulfate solubility on temperature. The aim was
to investigate whether polymers display an interaction
with the salt, thereby having a promoting or inhibiting
effect on the nucleation of sodium sulfate. Hence, the
solutions were cooled from 20 °C down to 2 °C at a
constant rate (~ 0.5 °C/min), in a reactor equipped
with probes for the measurement of temperature,
conductivity and pH of the solution (Metrohm, Gallen,
Switzerland). The precipitation of the salt is easily
detectable from a drop of conductivity and a sudden
increase of the temperature, the phenomenon being
exothermic, so the crystallization temperature was
determined (7¢,ys). The pH probe was connected to an
automatic titration system (Titrando 905, Metrohm,
Gallen, Switzerland), keeping the pH of the solution in
the range of 6-7 by addition of a NaOH solution. The
purpose was to investigate the crystallization temper-
ature in pH conditions similar to reference saline
solution and supposedly found in conservation, where
acidic conditions must be avoided.

Seven replicate solutions were analysed for the
reference SALT solution and three for all the other
solutions, while just one replicate per run was used to
identify the salt phase precipitated by X-ray diffrac-
tion (XRD) analysis (X’Pert PRO diffractometer,
PANalytical, Cu Ka-radiation, current = 40 mA, ten-
sion = 45 kV) performed immediately after the pre-
cipitation of the salt.

4.1.2 Adsorption capacity of the polymers on different
substrates (powders)

The polymers were applied to different minerals to
evaluate their adsorption capacity. As the layer of
adsorbed polymer is expected to be thin and hence
possibly difficult to quantify, the polymers were
applied to powdered minerals, to exploit their large
specific surface area to more easily quantify the
amount of polymer.

The following powders were used as substrates for
the polymer application:

e silica glass powder, obtained by manual grinding
of microscope slides in a mortar (“glass”);

e calcite powder (Panreac, reagent
(“calcite”);

e calcite powder (same as above) treated with a
solution of DAP (“calcite-DAP”).

grade)

On the basis of previous studies [32], a DAP solution
composed of 0.1 M DAP + 1 mM CaCl, + 10 vol%
ethanol in deionised water was used for the treatment.
This low concentration of DAP associated with the
presence of Ca’" ions and ethanol is expected to
contribute to the densification of the coating: indeed,
this same formulation produced a basically complete
coverage of a marble surface with a dense layer of
octacalcium phosphate (OCP), and no traces of
residual chloride after the treatment [32]. Calcite
powder was left in the DAP solution for 24 h in a
closed container, under constant magnetic stirring
(powder:solution weight ratio equal to 1:50). Then, the
powder was washed in deionized water, filtered and
allowed to dry at room 7.

The particle size and surface area of the powders
used in the tests was determined by laser diffraction,
LD (Malvern Mastersizer 2000 and Hydro 2000 MU
unit as wet dispersing unit; preliminary dispersion of
the powder in deionised water with few drops of
surfactant Igepal® CA-630 by Sigma-Aldrich for 30 s
with ultrasounds) and by nitrogen absorption at 77 K
(BET method) (MicrometricTriStar).

The nature of the phases formed on calcite powder
treated with the DAP solution was evaluated. This
identification was very challenging, due to the small
thickness of the newly formed layer (expectedly, some
microns [32]) and hence the low amount of the phases
investigated compared to calcite; moreover, some
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calcium phosphate phases exhibit very similar struc-
tures, which makes their identification difficult and
requires a multi-analytical approach [42]. The meth-
ods used to identify the phases formed and their ability
to prevent calcite dissolution are described in the
Supplementary material (S2).

The application of the polymers to the powders was
carried out in two steps:

e polymers were dissolved in ultrapure deionized
water (MilliQ), except for chitosan, which was
dissolved in 10 mM glacial acetic acid aqueous
solution. Acidic solutions were adjusted to pH 67
by adding a NaOH solution;

e 1 g of powder was added to 100 mL of polymer
solution and kept under constant stirring for 1 h.

The concentrations of the polymers were low in order
to deposit thin polymer coatings on the powders
surface, in view of the application to stone. In fact, the
polymers are intended to form a thin layer on the stone
pore walls to avoid pore blocking and drastic changes
of stone microstructure. The following polymer con-
centrations were used:

e (.2 and 0.5 wt% for PAA;

o (0.2 wt% for ALA,;

e (.01 wt% for TA, after a series of preliminary tests
which indicated that higher concentrations produce
a strong color alteration of the powder, unaccept-
able in the conservation field;

e 0.05 wt% for CHIT, bringing the solution to a pH
equal to 7 by addition of NaOH. Higher concen-
trations were discarded, as they led to the precip-
itation of chitosan at pH > 7.

From each dispersion of powder in the polymeric
solutions:

e 50 mL were filtered under vacuum and dried at
room temperature to obtain the dry powder to
analyze. The treated powders were labelled
according to the following scheme: substrate-
polymer-polymer wt% concentration  (e.g.,
GLASS-ALA-0.2);

e 15 mL were placed in a reactor and subjected to
ultrapure water flow (1 mL/min) under constant
magnetic stirring for 10, 30 and 60 min. After-
wards, the dispersions were filtered by gravity
(0.22 pm filter) and the solids were dried at room

T prior to further analysis. The aim was to evaluate
whether the adsorbed polymer layer remains on the
surface or is completely solubilized. In the latter
case, the treatment should obviously be considered
useless. This aspect is very important to evaluate,
as the polymers used are water soluble, but it is
expected that upon adsorption their concentration
in solution is strongly reduced. The treated pow-
ders subjected to the water flow were labelled
according to the following scheme: substrate-
polymer-polymer wt% concentration-duration of
water flow in minutes (e.g., GLASS-ALA-0.2-
t60).

The presence of the adsorbed polymer on the
surface of the treated powders was investigated by
attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR; Jasco Model 6200, with
MIRacle TM diamond crystal). Thermo-gravimetric
analysis, TGA (Mettler-Toledo TGA/DSCI, analysis
in air, heating rate 20 °C/min), was also performed on
the powders to quantify the amount of polymer
adsorbed. Polymer powder (from the same batches
used to prepare the solutions for the treatments) and
the untreated powders were analyzed as well, for
comparison’s sake. After subjecting the treated pow-
ders to the water flow for different times, the same
analyses were carried out on the powders, to evaluate
the possible removal of the polymer by water washout.

4.1.3 Morphology of the polymer coatings
on carbonate substrates

The ability of the polymers to form a continuous
coating over the investigated minerals is very impor-
tant, as it influences its ability to suppress the
disjoining pressure between salt crystals and pore
wall. Thus, the degree of coverage of the substrates by
the polymeric coatings was investigated by applying
the polymers over flat surfaces of the minerals and
performing an analysis by atomic force microscopy
(AFM). At this stage of research, the test was focused
on the carbonate substrates, in view of the tests on
limestone, so samples of calcite and calcite treated
with the DAP solution were used. Thus, the following
substrates were used:
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e calcite fragments obtained by cutting an Iceland
spar crystal along the cleavage plane {1014},
having size of about 4 x 4 mm>;

e the same calcite fragments, treated with the DAP
solution.

The polymeric solutions used in the tests were those
described in Sect. 4.1.2.

The fragments of each substrate were immersed for
1 hin a volume of polymer solution, (according to the
proportion sample weight (mg):polymer solution
volume (mL) equal to 10:1). Then, the fragment was
extracted with tweezers, rinsed by three quick immer-
sions in deionised water, and placed for 1 min on a
filter paper (treated face up) to remove the solution.

To evaluate the possible impact of the rinsing
procedure on the coating, an additional sample
(calcite-PAA-0.2) was not rinsed and was tested as it
was. The same sample was then put into pure water for
1 min and analysed again.

Atomic force microscopy analysis (AFM) was
carried out in a microscope NX20 by Park Systems
working in tapping mode on areas of 20 pm x 20 pm,
complemented by zooming of smaller areas. Both
phase and topography images were obtained per each
scan. For image processing and calculations, the
software XEI, Park Systems, was used.

4.1.4 Influence of the polymer coatings
on the crystallization of sodium sulfate

Thick coatings of the different polymers were
deposited on a flat surface to investigate some
properties of the polymers alone (independently from
the substrate). The polymeric solutions described in
Sect. 4.1.2 were used. Big drops (50 pL) of each
polymeric solution were deposited on glass slides and
completely dried in sheltered conditions (in a con-
tainer with a cover), without rinsing. These samples
are labelled with the name of the polymer alone: PAA,
ALA, TA and CHIT. The static contact angles of a
drop of ultrapure water and a drop of sodium sulfate
saturated solution over the coatings were measured,
using the sessile drop method, by means of an OCA
system (Dataphysic Contact angle system, software
SCA20, Filderstadt, Germany). A drop volume equal
to 4 pL. was used for both liquids. Each contact angle
value was calculated as the average of 6 measurements

carried out in different locations, 10 s after the drop
deposition.

Similarly, the entire surface of the circular glass
slide (3.2 cm diameter) was covered by a large amount
of each polymeric solution (1 mL) allowing it to dry
completely in covered conditions, with no rinse. A
drop of saturated sodium sulfate solution was released
onto the dried coating, and its evaporation was
followed by analyzing the morphology, spreading
and nature of the solid phases progressively forming.
The nature of the phases was monitored by in-situ
XRD (explored area 20 = 5-50°, ~ 6 min per scan),
measuring temperature and relative humidity inside
the chamber at the beginning and end of each
crystallization test by a portable thermo-hygrometer.
The morphology and spreading of the salt crystals
formed during the evaporation of the saturated saline
solution was observed in sifu using a polarized light
optical microscope, OM (Leitz, Laborlux 12 Pol), on
two replicate samples. The temperature and the
relative humidity near the sample were measured
during each test by a portable thermo-hygrometer.

Subsequently, thin polymer coatings were applied
over the three selected substrates (glass, calcite and
calcite-DAP) to investigate the joint behavior of the
substrate and the coating. The polymeric solutions
described in Sect. 4.1.2 were applied onto:

e the same glass slide described above;

e 4 x 4 mm? calcite fragments (the same described
in Par. 4.1.3);

e 4 x 4 mm? calcite fragments treated by DAP (the
same described in Par. 4.1.3).

At the end of the polymeric solution application, the
samples were rinsed to remove any polymer excess,
put for 1 min on a filter paper (treated face up) to
remove the solution and finally allowed to dry at room
temperature in covered conditions. After that, a drop
of supersaturated sodium sulfate solution was released
onto the treated and untreated slides and fragments,
and the morphology of the salt crystals formed during
the evaporation of the supersaturated saline solution
was observed by OM, as described above.

PIEM
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4.2 Tests on stone samples
4.2.1 Materials and treatments

The stone selected for salt crystallization tests was
Globigerina Limestone, freshly quarried from the
Qrendi area, Malta (Franka type, supplied by Xelini
Skip Hire and High-up Service). This organogenic
limestone is mainly composed of calcite, with traces of
quartz and other impurities [28]. Cubes (side 5 cm)
and prisms (3 x 3 x 25 cm3) were cut, washed with
deionized water and dried at 40 °C for 5 days. Half of
the samples were subjected to the same DAP treatment
described above, by partial immersion in the DAP
solution for 24 h, followed by drying at room
conditions.

Stone samples with and without DAP treatment
were treated with the polymeric solutions described
above. For PAA, a concentration 0.5 wt% was
selected, to improve the coverage of the coating with
respect to that found for 0.2 wt% in AFM analysis (see
Sect. 5.1.3). For ALA a concentration 0.2 wt% was
selected, as the polymer exhibited some difficulty in
dissolving in the concentration 0.5 wt%. TA and
CHIT were used in a very low concentration
(0.01 wt% for TA and 0.05 wt% for CHIT), in the
first case to avoid the color change noticed in calcite
and in the second case due to the low solubility of the
polymer. In the case of PAA 0.5 wt%, the pH of the
solution was 8.5, while the pH of the other solutions
was adjusted by addition of NaOH to 7.1, 6.5 and 6.6
for ALA 0.2 wt%, TA 0.01 wt% and CHIT 0.05 wt%,
respectively. The treatment was applied by the same
procedure used for the DAP solution (viz., by partial
immersion for 24 h, and drying for 1 week at labora-
tory conditions). Untreated samples of Globigerina
limestone are labelled “GL-UT”, while samples
treated with the DAP solution are labelled “GL-
DAP”; for samples treated with polymers “GL” or
“GL-DAP” is followed by “-polymer”.

Anhydrous sodium sulfate was dissolved in ultra-
pure water, to prepare a saturated solution to be used in
the tests.

4.2.2 Methods
The stone used in these tests was characterized by

XRD, gas volumetric determination of CaCO3z amount
by HCIl attack (Dietrich-Friihling method), and

mercury intrusion porosimetry (MIP) on two replicate
samples (Fisons Macropore Unit 120 and Porosimeter
2000 Carlo Erba).

During the application of the polymer treatments,
the following parameters were measured: mass of the
samples before the treatment (my), after the water-
based treatment application, so in wet condition (m1;)
and after the final drying (m,); ultrasonic pulse
velocity, UPV (Controls Cernusco, 55 kHz), across
the samples before and after the treatment. These
parameters indicate the vol% of solution absorbed
(through the difference m; _ mq and the solution and
stone densities), the mass change due to the adsorbed
polymer (Am = m, —my), the dynamic elastic modu-
lus (Eq = p-UPV?, where p is the bulk density of
stone).

The first crystallization test was carried out on the
cubic samples (three replicates for each condition), by
subjecting them to sodium sulfate crystallization
cycles. Each cycle (24 h) is composed of 4 h immer-
sion in saturated sodium sulfate solution (14 wt%),
8h at T=20°C and RH =85% (in ventilated
climatic chamber), 10 h at 7 = 20 °C and RH = 30%
with convection (in a ventilated climatic chamber) and
2 h at room temperature.

During the immersion phase, the three replicate
samples were kept in a container with 1 L of saline
solution, whose level was kept constant by adding
deionized water during the entire test. Then, the three
samples were put into a single vessel and moved to the
climatic chamber. Afterwards, the samples were
gently brushed to remove stone debris and efflores-
cence, which were collected in the vessel and put in the
corresponding container with the saline solution used
for the soaking phase. In this way, the amount of salt
during the test was kept constant. At the end of the first
cycle, when no stone detachment was present yet, the
efflorescence formed over the samples surface was
gently brushed, collected and weighed (wgy); the
amount of efflorescence per unit area of the samples
was then calculated (E/A). Sixteen cycles were carried
out, weighing the samples after each cycle. At the end
of the test, the samples were oven dried for 1 week at
40 °C and the final mass of the samples with respect to
the initial one (AWgry fina)) Was determined.

Differently from the standard procedure in EN
12370 [43], this procedure does not involve any oven
drying in the crystallization cycles, which often leads
to fast and unrealistic damage patterns, such as
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damage in the bulk of the specimens [5]. Nevertheless,
the test is very severe, as it promotes the crystallization
of sodium sulfate in the hydrated form (mirabilite, but
possibly also sodium sulfate heptahydrate), causing
damage mechanisms similar to those affecting real
stone elements. Moreover, a saturated sodium sulfate
solution was used, instead of the 10 wt% solution
adopted in the EN 12370 test. This is expected to
increase the amount of damage at each cycle.

The second crystallization test was based on the
continuous capillary absorption of a sodium sulfate
solution by the sample, with concomitant evaporation
(“wick effect”) [44], reproducing the typical supply of
salt during rising damp. The test consists in partially
immersing a vertical prismatic sample
(3 x 3 x 25cm®) in 200 mL of saturated sodium
sulfate solution (Figure S1-3, Supplementary material).
The solution is prevented from evaporating by a layer of
paraffin. One sample for each condition was tested.

During the test, temperature was in the range
23-25 °C and RH was in the range 36-52%, due to
daily thermal excursion. The position of the samples
was rotated on a daily basis, to average the possibly
different evaporation rates in different locations of the
laboratory. All the experimental setup was weighed
every day to measure the loss by evaporation. The test
ended when no more saline solution was available in
the container (starting from day 13). Then, the samples
were brushed to remove debris and efflorescence, oven
dried at 40 °C for 1 week and brushed again. The
stone debris were collected and their mass was
measured (my.s) after removing the salts. Salts and
stone debris were immersed in 1 L of deionized water
to dissolve the salt and separated by filtration and

drying.

5 Results and discussion
5.1 Screening tests

5.1.1 Effect of the polymers on the crystallization
of sodium sulfate in solution

In agreement with the phase diagram of sodium
sulfate, XRD analysis of the precipitated sodium
sulfate confirmed that both in the absence and
presence of the polymers, sodium sulfate precipitated
in the form of mirabilite.

Values of T,y of the solutions with the salt alone
and with the salt and polymer are reported in Table 1,
for the different concentrations selected. The degree of
supersaturation (¢) and its variation (Ac%) with
respect to the supersaturation of the reference saline
solution calculated for the different solutions on the
basis of the phase diagram are reported in the table as
well. Supersaturation degrees were obtained consid-
ering the concentration of saturation of mirabilite in
correspondence of the mean crystallization tempera-
ture obtained for each salt-polymer system analysed.

In the solution with salt alone (SALT-solution)
sulfate crystallization occurred at 13.1 °C, but a signif-
icant standard deviation was found (1.3°). PAA seems to
give a slight promoting effect on salt nucleation (7¢ryy
between 13.2 and 14.4 °C for the different concentra-
tions), although an increase of about + 1 °C is compa-
rable to the standard deviation found for the SALT-
solution. The most significant effect was obtained for
the intermediate concentration of 1 wt%, thus a direct
correlation of the effect with the polymer concentration
was not found. In the SALT-ALA solutions a systematic
decrease of Ty was found, which suggests that ALA
has some inhibiting effect on salt nucleation (see also
supersaturation values in Table 1). The SALT-TA-0.1
solution did not exhibit any alteration of the crystalliza-
tion temperature compared to SALT-solution. In the
case of CHIT-SALT-0.1, part of the polymer precipi-
tated in the solution strongly increasing its viscosity, but
no salt precipitation occurred during cooling, hence the
polymer may have a strong inhibiting effect on salt
nucleation.

Inhibition of crystallization relies on a mechanism
related to the presence of polymer chains adsorbed at
the crystal growth sites. Crystal nuclei are probably
enwrapped by the polymer chains, avoiding their
growth. This mechanism has not been totally clarified
yet [45]. Chitosan is a cationic polyelectrolyte, so it
can be expected to selectively interact with the
SO, = ions, unlike the other polymers, which are
anionic polyelectrolytes that interact with the Na™
ions. The binding of the SO, = groups might possibly
prevent the precipitation of salt crystals due to a steric
hindrance effect, obviously more relevant for sulfate
ions with respect to the smaller Nat ions. The
inhibiting effect of chitosan in solution may be
ascribed to the fact that its polyelectrolytic nature
renders available a high number of positively charged
sites that sequester sulfate ions, thus obstructing salt
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Table 1 Crystallization temperature (7cys), pH at salt precipitation and calculated supersaturation values (o) and its variation
(Ao%) with respect to the supersaturation of the reference saline solution of the different solutions

Solution Polymer concentration (w%) Teryst (°C) pH at salt precipitation [ Ao (%)
SALT-solution No polymer 131+ 1.3 6-6.1 1.23 -

0.1 132+ 13 6.6 1.22 -1
SALT-PAA- 1 144 + 1.1 6.6-6.7 1.12 -9

2 14.0 + 0.9 6.6-6.7 1.16 -6
SALT-ALA- 0.1 11.7 £ 1.7 6.4-6.6 1.37 + 11

0.5 7.6 +£45 6.5-7.3 1.92 + 56
SALT-TA- 0.1 13.2 £ 0.7 6.6-6.7 1.22 — 1
SALT-CHIT- 0.1 No precipitation 6.5-7.2 >2.78 > 126

For SALT-CHIT no salt precipitation took place during the time span of the experiment (36 min)

crystallization, which is confirmed by the fact that no
crystallization occurred in the test. However, studies
conducted on phosphonate [16] revealed that a poly-
mer that inhibits salt crystallization while in solution
may promote salt crystallization when it is adsorbed
on a surface, owing to polymer chain orientation. All
in all, these results show that the selected additives
have a direct interaction with salt nuclei/crystals due
to the presence of different functional groups in their
polymer chains. It is thus expected that those that more
strongly interact with pre-nucleation species (i.e.,
nucleation inhibition) would also display a more
pronounced effect on their interaction with the salts
once they are adsorbed on a substrate (i.e., crystal-
lization promotion) [16].

5.1.2 Adsorption capacity of the polymers on different
substrates (powders)

The particle size distribution of the powders is
reported in Table 2. Glass powder, being obtained
by manual grinding, is the most heterogeneous powder
(i.e., having the broadest range of particle sizes).

Table 2 Results of DLS and BET analyses on powders

Calcite powder exhibits a much smaller mean particle
size than glass. Calcite-DAP powder exhibits a
slightly larger mean particle size than calcite (31 um
instead of 18 um). However, the specific surface area
(SSA) of calcite-DAP powder found by BET analysis
is two and three orders of magnitude larger than calcite
and glass, respectively.

The nature of the phases formed after the treatment
of calcite powder with the DAP solution is discussed
in the Supplementary material S2. It was possible to
identify the presence of hydroxyapatite (HAP) and
octacalcium phosphate (OCP). As both these phases
exhibit lower dissolution rate and lower solubility than
calcite [32] and they limit calcite dissolution (Supple-
mentary material S2), the treatment was considered
successful. The roughness of the highly porous and
nanostructured CaP layer formed over calcite particles
(Fig. 1) explains the high specific surface area of the
calcite-DAP powder found by BET [26].

ATR-FTIR analysis was used to assess the presence
of polymers over the surface of the three kinds of
powders. Notwithstanding the relatively high surface
area of some of the powders, the amount of the

Powder DLS analysis BET analysis
Particle range (pm) dVv(10) (um) dV(50) (um) dV(90) (pm) SSA (mz/g)
Glass 1.3-563.7 57.3 126.3 247.9 0.037 £ 0.005
Calcite 4.0-282.5 9.2 17.9 33.9 0.258 + 0.018
Calcite-DAP 8.0-100.2 17.6 31.0 53.6 25.761 £ 0.887

dV(n) indicates the particle diameter corresponding to n% of the cumulative volume. SSA is the specific surface area of the powder
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Fig. 1 SEM image of calcite particles with a rough CaP phases
layer (see Supplementary material S2)

different polymers was close to the detectability limit
for this technique. However, it was possible to detect
some bands ascribable to their presence (such as C-H
stretch at &~ 2900 cm™' and bands related to the
amine group in the case of CHIT, as N-H bending at
~ 1650 cm ™' and N-H stretching at
~ 3000-3500 cm™ "), indicating that all the polymers
were present in the powders even after the longest
exposure to water flow (60 min).

TGA was used to quantify the amount of adsorbed
polymer, by comparing the weight losses of the
polymers alone, untreated powders and powders with
the polymers. In the calculation, we took into account
the fact that PAA and ALA were analyzed as supplied
(i.e., in the form of sodium salt), but they were applied
to the inorganic powders in the form of aqueous
solutions, hence only a fraction of the initial polymer
mass is expected to be adsorbed on the powder; this
was considered when comparing the weight loss of the
polymers alone and that of the treated powders. The
amount of each polymer in the powders before and
after exposure to water flow, calculated on the basis of
the TGA results, is reported in Fig. 2, while more
details about the results of TGA are reported in the
Supplementary material S3.

In the case of glass powder, an amount of chitosan
equal to 5.5 wt% was present after the treatment,
while the other polymers were present in an amount of
about 1-2 wt%. This higher amount of chitosan seems

related to the well known film-forming capability of
this polymer, which forms compact coatings [46] and
exhibits the tendency to arrange itself in layers [47].
After only 10 min of exposure to the water flow, a
significant amount of polymer was washed out, for all
the polymers investigated, while for longer exposures
no further washout seems to occur. This confirms that
the excess polymer is solubilized, but a thin adsorbed
layer remains on the glass. After 60 min exposure to
water flow, the amount was basically the same for all
the polymers and only slightly higher for CHIT. Based
on these amounts and assuming a uniform distribution
of the polymers on the surface of the powder, the
thickness of the polymer layer can be roughly
calculated, considering the densities of the polymers
and silica glass and the specific surface area of the
powder found by BET analysis (SSA =~ 0.037 m2/g).
Although this estimation is quite simplified, it pro-
vides a rough estimate of the polymer thickness that is
quite similar for ALA, TA and PAA (thickness =~ 50,
60 and 80 nm, respectively), and almost 5-10 times
larger (= 500 nm) for CHIT.

On calcite powder, TA, PAA and ALA produced a
thinner layer (=~ 25 nm for TA and PAA and
~ 10 nm for ALA), while CHIT was adsorbed as a
thicker layer (&~ 840 nm); however, no polymer was
significantly affected by the water flow (in contrast to
the case of the glass substrate), even for the longest
exposure time. The slight increase of the amount of
adsorbed chitosan for the longest washing time in
Fig. 2a, b is just an indicator of the sensitivity of the
TGA determination. The results in Fig. 2 indicate that
the polymers exhibit different adsorption mechanisms
and stability on the different substrates, possibly due to
the structural/compositional features of each individ-
ual polymer and the different occurrence of physi- or
chemi-sorption, or a combination of both. Moreover, it
was recently demonstrated [47] that the properties of
the chitosan adsorption layers formed on silica from
aqueous solutions depend on several factors and
primarily on the pH: while mild acidic conditions
lead to rigid and thin monolayers, in neutral solutions
layers become significantly thicker and are character-
ized by a highly hydrated state (up to 95% water).
Therefore, minor pH variations during the test (e.g., a
slight pH increase due to partial dissolution of calcite;
see AFM results below), may have influenced the
results. The adsorption mechanisms of the polymers
control the thickness and coverage of the polymer
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Fig. 2 Amount of polymer
(wt%) deposited on the
powders before the exposure
to water flux (time 0) and
retained after increasing
times of exposure to water
(10, 30 and 60 min): a glass
powder; b calcite powder;

c calcite-DAP powder

coatings, but such mechanisms were not specifically
addressed in this study, so further investigations will
be necessary to elucidate them.
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In the case of calcite-DAP powder, the adsorption
of the polymers seemed to be promoted as compared
with bare calcite, probably due to the roughness of the
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CaP layer and the resulting higher SSA. As for calcite,
polymer adsorption did not seem to be affected by the
water flow. In this case, the estimation of the polymer
thickness was not performed, as the specific surface
area of calcite-DAP powder (SSA ~ 25.76 m?/g) is
ascribed to the extreme roughness of the calcium
phosphate phases formed, while the mean size of the
particles changed to a minor extent. So, as the polymer
most likely does not cover the entire calcium phos-
phate surface area, the calculation of the thickness was
discarded as possibly misleading.

The adsorption test was aimed at evaluating
whether the chemical nature of the mineral (silica,
calcite or calcite-DAP) influences the polymers’
adsorption and their possible washout, so it cannot
be used to directly predict the thickness of the polymer

(@ "

Fig. 3 AFM images of: a calcite surface, with no polymer
treatment (topography image); b calcite-DAP surface, with no
polymer treatment (phase images in enhanced colors overlapped
to the 3D representation of topography); ¢ calcite-PAA-0.2

(b)

layer adsorbed in real stone, because this will be
affected by several parameters depending on the
nature of the stone, such as the pore size distribution,
the interconnectivity and roughness of pores, the
presence of secondary minerals, etc.

5.1.3 Morphology of the polymer coatings
on carbonate substrates

Some representative AFM images of the calcite and
calcite-DAP surfaces, both untreated and treated with
the polymers, are shown in Figs. 3 and 4, while
additional images are reported in the Supplementary
material S4. Carbonate substrates were analysed in
view of the tests on limestone, and no attempt to
perform a detailed AFM study of the glass-polymers

surface (phase images in enhanced colors); d calcite-ALA-0.2
surface (phase images in enhanced color). Note the higher
roughness and etch pit density in d as compared with ¢

H;E'II
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systems was done due to the difficulty of obtaining
nanometer-scale smooth (z-axis) surfaces. Note that
such nanometer-scale flat surfaces were readily
obtained following cleavage of calcite crystals along
the (10.4) planes.

The formation of new phosphate phases, spread
across the calcite surface and characterized by high
roughness, was observed in the calcite-DAP fragments
(Fig. 3b, compared to Fig. 3a). For the surfaces treated
with the polymers, the interpretation of the images was
quite difficult, especially for the calcite-DAP sub-
strate. In fact, for this substrate, there were challenges
related to both the phase analysis, due to the presence
of a three-phase system (calcite, calcium phosphate
phases, polymer), and the morphology analysis, due to
the highly texturized surface of the calcium phosphate
phases (huge variations along z-coordinate). However,
the main results of AFM observation and analysis can
be summarized as follows:

e When applied over calcite, both PAA 0.2 wt% and
ALA 0.2 wt% (Fig. 3c, d) accumulated preferen-
tially along the two obtuse sides of the rhombohe-
dral etch pits of calcite, consistent with what
observed in a study on the effect of alginic acid on
calcium carbonate dissolution [48]. Moreover, a
higher number of etch pits was observed on the
treated calcite surface as compared with the
untreated one. The same study [48] suggested that
alginic acid increases the dissolution rate of calcite
in correspondence to the obtuse angles of the etch
pits, hence PAA and ALA could have promoted
calcite dissolution during the rinsing of the samples
in water, although to a different extent (the etch
pits observed on calcite-ALA-0.2 were ten times
smaller than those observed on calcite-PAA-0.2).
To confirm this, an additional calcite fragment was
treated with PAA 0.2 wt% and not rinsed in water:
AFM analysis revealed that only a few etch pits
were present over the surface (Figure S4-3, Sup-
plementary material). The AFM observation was
repeated after leaving the same fragment for 1 min
in water, and new etch pits were found that were
comparable to the ones initially observed in
calcite-PAA-0.2 (rinsed); a strong reduction of
the polymer coating was also observed (Figure S4-
3, Supplementary material). The fact that the
contact with water can dissolve both calcite and
the accumulated polymer layer could result in an

incomplete coating coverage, which is a possible
drawback of these two treatments. This also
confirms the necessity of introducing a coupling/
protecting layer, such as the one formed by DAP
application. In fact, in calcite-DAP-PAA-0.2 and
calcite-DAP-ALA-0.2 fragments, etch pits were
almost absent, confirming the positive action of
CaP phases in reducing calcite dissolution. More-
over, in the same samples, the polymers preferen-
tially accumulated around the agglomerates of
phosphate phases having high elevation (Fig. 4a,
b) and produced a smoother final surface as
compared with calcite-DAP (Fig. 3b), also indi-
cating a better coverage of the coatings.

e TA treatment in concentration 0.01 wt% produced
a quite uniform distribution of the polymer over
calcite, but also some zones of accumulation
having a crust-like appearance (Figure S4-4,
Supplementary material). When applied to cal-
cite-DAP (Fig. 4c), TA formed a coating that made
the surface smoother than untreated calcite-DAP,
suggesting a better retention of the polymer over
the rough CaP layer.

e A thick chitosan layer was observed both in
calcite-CHIT-0.05 and calcite-DAP-CHIT-0.05
samples (Fig. 4d), exhibiting a basically complete
coverage of the surface, consistently with the
results found in Sect. 5.1.2. The coating exhibited
a granular appearance (Figure S4-5, Supplemen-
tary material). Chitosan caused a strong levelling
of the surface with respect to untreated calcite-
DAP, although the final surface was still highly
rough and structured (Fig. 4d).

5.1.4 Influence of the polymer coatings
on the crystallization of sodium sulfate

The contact angles between water and polymer and
between sodium sulfate solution and polymer are
reported in Table 3. Contact angle is an important
parameter to assess whether the polymers could alter
the water transport properties of stone. Contact angles
remained basically the same passing from water to
sodium sulfate solution for ALA and slightly increased
for PAA, TA and CHIT (+ 5° + 7° and + 10°),
respectively. PAA and TA exhibited a highly hydro-
philic behavior. ALA and CHIT exhibited higher
contact angles than the other polymers, but still in the
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(d)

Fig. 4 3D AFM phase images (enhanced colors) of: a calcite-DAP-PAA-0.2; b calcite-DAP-ALA-0.2; ¢ calcite-DAP-TA-0.01;

d calcite-DAP-CHIT-0.05 . Note changes in vertical scale

Table 3 Contact angle between pure water and polymer coatings and between sodium sulfate solution and polymer coatings

Polymer Contact angle, water (°) Contact angle, sodium sulfate solution (°)
PAA 13+1 18+ 1
ALA 60 + 7 60 + 8
TA 13+£3 20 £ 2
CHIT 65 +4 75+ 4

hydrophilic range (< 90°). The results confirm that the
polymers give no hydrophobic behavior, so are not
expected to dramatically alter the moisture transport
properties of stone.

The in-situ XRD results and OM images obtained
during the evaporation of a drop of sodium sulfate

solution over the polymers (thick polymer coatings on
glass slide) are reported in Fig. 5, respectively, while
the phases found at each step, regardless of their
amounts, are shown in Fig. 6. This crystallization test
was repeated at the end of the tests, using new samples
of (thin) polymer coatings over glass slides; results are

-
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Fig. 5 Optical microscope images of the evaporation of a drop of sodium sulfate solution deposited over a thick layer of polymer
(T =27 °C, RH = 32%): a PAA; b ALA; ¢, d CHIT (the dashed line indicates the border of the polymer coating)

scan

—
12345 6 7 8 910 1112 13 1415 16 17 18 19 20

glass UT1

T=22.0°C,RH=41.5%

Lieup [l MIRABILITE

THENARDITE (V)
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T=22.5°C,RH=41.0%
T=23.5°C,RH=40.0%

THENARDITE (1)

Fig. 6 Sodium sulfate phases detected at each XRD scan (scan duration 6 min) for untreated glass (“UT1”) and for thick layers of
polymer applied on flat glass substrates (PAA, ALA and CHIT). Environmental conditions during the test are also reported

reported in Figs. 5 and 6. At that time, TA had already
been discarded due to the color change found in the
selected stone (Sect. 5.2), hence the crystallization test
was not carried out on TA and no results are available
for TA in Figs. 5 and 6.

Some representative OM images collected during
the observation of the evaporation of the salt solution
deposited on the three substrates (glass slides, calcite
and calcite-DAP fragments) are reported in Fig. 7. If
the coating attracts the salt crystals, we expected that
they would spread over the coating, whereas crystals
were expected to grow at the air/solution boundary of

-

the droplet for the untreated substrates, because at the
edges of the droplet a maximum evaporation rate
occurs leading to a high supersaturation which in turn
fosters crystallization [21]. However, the morphology
and spreading of sodium sulfate crystals formed
during the evaporation of the solution was extremely
difficult to interpret. Firstly, the environmental condi-
tions (T and RH) strongly influence the rapidity and
the type of salt phase nucleating. Moreover, hetero-
geneities in the polymer coating, defects in the surface
and surface roughness may also affect the location and
the morphology of the precipitating salt, as
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schematically represented in Figure S1-4, Supplemen-
tary material. In fact, surface roughness plays a
fundamental role regardless the chemistry of the
surface. Moreover, the polymers involved are charac-
terized by different contact angles with respect to the
liquid phase, so the drop shape and the contact area
were different among the samples during the test.

GLASS-UT
(a) il

()

| 2
GLASS-PAA-0.2

1 mm

Fig. 7 Optical microscope observations of the evaporation of a
drop of sodium sulfate solution deposited over: a, b untreated
glass; ¢ untreated calcite; d untreated calcite-DAP; e glass-
PAA-0.2; f glass-ALA-0.2; g glass-TA-0.01; h glass-CHIT-

Nevertheless, some useful information was obtained
also from the observed time evolution of crystalliza-
tion, as salt precipitation was actually affected by the
presence of the polymer, even if not uniformly
distributed over the surface. Notably, the polymer
coatings obtained by immersion treatment (or dip

0.05. Analysis performed at: 7 = 23.5 °C, RH = 40% for a, c—
eand h; T=28.5°C,RH =29% for b, f and g (a, ¢, d, f and
g crossed polar images and b, e and h are plain light images)
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coating) are expected to be much thinner than the thick
polymer layers here obtained.

Based on the results, the following remarks can be

made:

In the untreated substrates (Fig. 7a—d), salt precip-
itation occurred mostly at the drop border, as
expected. The presence of the rough CaP phases
over the calcite surface (calcite-DAP sample)
seems to promote the formation of needle-shaped
crystals (Fig. 7d). In fact, sodium sulfate formed a
ring of whiskers that grew from the drop border,
first along the drop-air interface and then bowing
towards the centre of the drop. In the centre of the
drop some dendritic crystals finally formed owing
to the high supersaturation values reached in the
liquid film held within the surface roughness of
CaP.

PAA and, to a minor extent, ALA promoted
sodium sulfate nucleation with respect to the
untreated substrates (glass in this case), as shown
in Fig. 6. These two polymers promoted the
nucleation of sodium sulfate also when applied
over calcite and calcite-DAP substrates, as noticed
during the OM observations. In the case of PAA,
this result matches the behavior of the polymer in
solution (Table 1), while the behavior observed for
ALA in solution was the opposite (inhibiting rather
than promoting salt nucleation). In the case of PAA
and ALA, sodium sulfate crystals covered almost
the entire drop contact area, spreading across the
polymer coating, thus suggesting a good affinity
between the salt crystals and the polymers (Fig. 5a,
b). However, crystals also formed in the central
area during the last stage of the drop evaporation,
thus precipitation might have been influenced also
by defects or roughness of the polymer coatings, as
illustrated in Figure S1-4, Supplementary material.
In the case of thin layers of PAA and ALA applied
over different mineral substrates (Fig. 7e, f), the
spreading of the salt crystals over the coatings was
observed as well, although this effect was less
defined than in the polymers alone (i.e., thick
coatings) (Fig. 5a, b) and the crystals not only
nucleated in contact with the coating, but also
nucleated along the drop border and grew towards
its centre, possibly also influenced by the presence
of discontinuities in the polymer coating.

PIEM

CHIT clearly inhibited nucleation of sodium
sulfate, as shown by in situ XRD results (Fig. 6).
This was observed on every substrate and the salt
crystals that can be observed over the polymer
coating in Figs. 5c, d and 7h did not nucleate and
grow in contact with chitosan, although the 2D
images may lead to misinterpretations. Actually,
the crystals formed within the liquid, floated until
the solution totally evaporated and finally were
deposited on the surface. In the case shown in
Fig. 5d, the sodium sulfate droplet partially fell
outside the coated area (i.e., over the untreated
glass) and the salt started to nucleate there,
confirming the inhibitive action of chitosan
towards salt nucleation.

The OM observation of the TA coating applied
over glass (Fig. 7g) suggested that some spreading
of the salt crystal over the surface took place, but
no conclusive indication about the promoting or
inhibiting effect towards salt nucleation were
found when this polymer was applied over calcite
and calcite-DAP surfaces.

5.1.5 Summary of the results of screening tests

The results found in the screening tests allow us to
make the following remarks:

the pre-treatment with an aqueous DAP solution
produced the formation of a layer of calcium
phosphate phases over calcite. This layer, having
the thickness of some microns, is formed mainly by
OCP and HAP, both having lower solubility and
dissolution rate as compared to calcite; consis-
tently, the treatment reduced calcite powder
dissolution in water. The DAP treatment induced
significant superficial roughness, which seems also
to affect the crystallization of sodium sulfate,
although this aspect was not specifically addressed
in this research. Further investigations will be
carried out to isolate the effect of the surface
roughness of the CaP phases from the surface
chemistry induced by the DAP treatment on
sodium sulfate crystallization, analysing the crys-
tallization of sodium sulfate over smooth HAP
crystals;

the polymers are adsorbed in a higher thickness on
glass than on calcite, which suggests that the
absorption mechanisms of the polymers are
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different on different minerals, and possibly also
that a single adsorption mechanism is influenced to
a different extent by the characteristics of the
substrates (e.g., roughness), although this aspect
was not specifically investigated here. However,
while in the case of glass, the excess polymer was
easily washed out by water, in the case of calcite
the thickness of the polymer layer was basically
not affected by the exposure to water. Notably, in
both the substrates, a thin and stable adsorbed
polymer layer was present even after prolonged
exposure to water flow. The thickness of the
adsorbed chitosan layer was much higher than that
of the other polymers (thickness about 10 times as
much). This is likely due to its film-forming
capability and tendency to adsorb on substrates
as a multilayer coating due to its conformational /
structural features and the establishment of
H-bonds among the abundant functional groups.
However, the mechanisms of chitosan adsorption
from an aqueous solution was found to be quite
complex, and strongly affected by the pH of the
solution. In particular, at neutral pH the layer of
chitosan adsorbed on a silica substrate was found to
exhibit high thickness and a highly hydrated state
[47], consistent with the results found here. The
treatment with DAP increases the amount of all
polymers adsorbed on calcite, probably due to the
roughness of CaP phases, enhancing the
adsorption;

e unexpectedly, AFM analysis showed that PAA
(and to a minor extent ALA) treatment promotes
the formation of etch pits on the calcite substrate,
resulting in an incomplete coverage of the coating.
This effect is not visible when the polymers are
applied on calcite pre-treated with DAP, confirm-
ing the ability of the CaP layer in reducing calcite
dissolution;

e the polymer coatings are all hydrophilic, so they
are not expected to significant alter the water
transport properties of stone, but PAA and ALA are
highly hydrophilic (contact angle of 18-20°),
while TA and CHIT exhibit higher contact angles
(60-75°).

e during evaporation of a drop of sodium sulfate
solution, PAA, ALA and, to a minor extent, TA
coatings seem to promote the spreading of the salt
crystals, suggesting that their affinity with salts
may actually contribute to reducing the disjoining

pressure between salt and pore wall (see the results
of the stone salt crystallization tests, below).
However, the effect of the polymers in terms of
sodium sulfate crystal morphology was not clearly
revealed, due to the strong influence of hetero-
geneities, surface roughness and environmental
conditions on sodium sulfate crystallization in this
kind of test. Distinguishing the role played by these
factors from the polymer behavior is very
challenging.

e While no clear influence of TA in promoting or
inhibiting sodium sulfate crystallization was
found, PAA and, to a minor extent, ALA promoted
sodium sulfate nucleation when adsorbed over a
mineral surface. Promotion of sodium sulfate
nucleation leads to crystallization at lower super-
saturation levels and further suggests a high
physical-chemical affinity of these polymers with
the salt. CHIT exhibits a strong inhibiting action
towards sodium sulfate nucleation hence the salt
crystallizes in the bulk solution or on substrate
areas not covered by the polymer, rather than in
contact with the polymer.

In light of the results of the screening tests, PAA, ALA
and, possibly, TA are promising candidates to reduce
the disjoining pressure between the growing salt and
the pore wall, differently from CHIT. Nevertheless,
the inhibiting action of CHIT towards sodium sulfate
nucleation and its strong interaction with the mineral
substrates are very interesting features. In particular,
chitosan has never been tested as a protective treat-
ment against salt weathering in stone and its inhibiting
effect on sodium sulfate nucleation could be exploited
to promote the formation of efflorescence rather than
harmful subflorescence. For this reason, CHIT was
also investigated in the following tests on stone
samples.

5.2 Tests on stone samples

Based on XRD and determination of carbonate
amount, Globigerina limestone is composed of CaCOj;
(98%), with traces of quartz. Based on MIP, the total
open porosity of the stone is 31.47 + 1.06%, the mean
pore radius 3.3 &= 0.13 pum and the specific surface
area 1.40 4+ 0.32 m%/g. All of these values are
consistent with what was reported for this type of

stone [28, 29].
m;
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The characteristics of the stone before and after the
treatments are reported in Table 4. Variations of the
sample mass were almost negligible for all the
treatments, due to the low concentration of the
solutions applied, producing thin coatings on the pore
walls. However, slightly negative variations were
found for GL-PAA (without DAP pre-treatment) and,
mostly, for GL-TA (with and without DAP pre-
treatment), which might be due to some aggressive
action of these solutions, confirmed also by the drop in
E,. In fact, these treatments caused a strong color
alteration of the samples and the polymeric solutions,
as shown in Figure S1-5 of Supplementary material. A
possible contribution of PAA to calcite dissolution of
substrates and some reaction between TA and calcite
(color change) were highlighted also in the screening
tests. For this reason, TA was discarded in the
following test. However, as the color alteration caused
by PAA was totally inhibited by the DAP pre-
treatment, this polymer was investigated also in the
subsequent tests. The treatment with DAP, ALA and
CHIT caused a slight increase in Eg4, although
comparable with the standard deviation for this
parameter; only for CHIT applied post DAP this
increase was more prominent.

The amount of solution absorbed after 24 h
immersion ranged between 22.5 and 24 vol% for all
the treatments. Considering that the open porosity was
31.5%, these values correspond to saturation degrees
equal to 71% and 76%, respectively, which means that
the samples adsorbed the solutions to a great extent
and basically all the pore volume of the samples was

reached by the solutions, but the samples were not
fully saturated, possibly because air bubbles were not
completely removed and/or the finest pores were not
completely filled in the 24 h soaking.

The amount of saline solution absorbed by the cubic
samples after the first immersion in the saline solution
was basically the same for all the treated samples and
very similar to that of the untreated ones: 21 + 0.4
vol% for GL-UT; 20.8 &+ 0.1 vol% for GL-DAP;
20.4 +£ 0.1 vol% for GL-PAA and 22 + 0.8 vol% for
GL-DAP-PAA; 20.6 &+ 0.0 vol% for GL-ALA and
20.9 + 0.2 vol% for GL-DAP-ALA; 20.7 £ 1.3 vol%
for GL-CHIT and 21.3 £ 0.2 vol% for GL-DAP-
CHIT. This confirms that the polymer treatments do
not significantly alter the absorption and transport
properties of stone.

The weight change of the samples after each drying
cycle (and brushing), Awgy . is reported in Fig. 8,
while the final dry weight (after oven drying, Awgry final)
with respect to the initial one is reported in Fig. 9a.
The amount of efflorescence per unit area (E/A)
formed at the end of the first cycle is reported in
Fig. 9b. Measuring the amount of efflorescence is very
important, as the place where salt accumulates (on the
surface or just below it) strongly affects the damage in
this kind of test. In fact, the damage observed in the
wetting-drying cycles of the conventional sodium
sulfate accelerated weathering test is considered to be
caused mainly by the crystallization pressure exerted
by mirabilite crystallizing at high supersaturation
during the wetting phase of the cycle [2, 49]. However,
the slight dry exfoliation observed in the climatic

Table 4 Characteristics of stone samples before and after the treatment: mass variation after the treatment, in dry condition (Am);
amount of solution absorbed in the treatment; Ey (standard deviations in brackets)

Treatment Substrate Am (g) Absorbed solution (vol%) E,4 (GPa) AE, (GPa)
Before After

DAP GL-UT 0.17 + 0.23 22.540.3 12.3 (£ 0.6) 12.4 (£ 0.5) + 0.1

PAA GL-UT —0.11 £ 0.03 24.04+0.2 12.7 (£ 0.4) 124 (£ 0.4) —-03
GL-DAP 0.04 £ 0.01 235+ 0.5 12.4 (£ 0.5) 12.3 (£ 0.4) - 0.1

ALA GL-UT — 0.01 £ 0.01 239 + 0.2 12.1 (£ 0.6) 12.3 (£ 0.8) + 0.2
GL-DAP 0.0040.00 232 +0.2 12.7 (£ 0.5) 12.8 (£ 0.6) + 0.1

TA GL-UT —0.22 £ 0.08 234 +0.2 12.3 (£ 0.2) 11.2 (£ 0.2) - 1.1
GL-DAP — 0.03 £ 0.02 235+ 0.2 11.9 (£ 0.3) 11.2 (£ 0.6) - 0.7

CHIT GL-UT 0.06 + 0.03 24.0 £ 0.3 11.8 (= 0.4) 12.0 (£ 0.3) + 0.2
GL-DAP 0.01 £ 0.02 24.0 £ 0.1 11.8 (£ 0.2) 12.5 (£ 0.6) + 0.7

PIEM
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Fig. 9 a Final change in dry weight of the samples after oven
drying at 40 °C for 1 week and brushing (Awgy gina), With
respect to initial one; b efflorescence per unit area formed on the

surface at the end of cycle 1 (E/A). This latter value is slightly
overestimated for samples GL-PAA, due to the presence of

some stone debris
L
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chamber (dry cycle) is also related to the shrinking
effect due to dehydration of mirabilite into thenardite,
which results in a molar volume reduction of — 314%
[29] and may produce some damage if it occurs near
unconfined superficial layers of stone. Note however,
that dehydration of mirabilite involves the formation
of a highly porous thenardite pseudomorph and a small
degree of bulk shrinkage [9, 50], which limits the
above-mentioned dry exfoliation. The measurement of
E/A was obviously possible only at the end of the first
cycles, as after that stone debris detached from the
samples.

The final weight loss of the samples, measured after
oven drying and brushing (Awg,y fina in Fig. 9a), was
systematically higher than the weight loss measured at
the end of the 16th cycle (Awg,y , in Fig. 8), which
means that the drying in the climatic chamber in each
cycle did not completely remove the moisture from the
samples. Thus, the weight variations reported in Fig. 8
also include the residual moisture present in the
samples; when Awg,, , starts to decrease, it means that
the stone experiences a loss of material due to salt
crystallization damage, this loss overcoming the salt
(and moisture) accumulated during the impregnation
phase.

The mean value of Awgy fina (Wt%) was
— 15.2 £ 3.5% for the untreated samples (GL-UT),
while the DAP treatment reduced this value to
— 124 £ 1.4% (GL-DAP samples), suggesting that
the CaP phases alone increased the salt resistance of
stone. The fact that DAP alone had a positive effect on
the salt resistance of the stone (Figs. 8b and 9a) may
be ascribed to several aspects, possibly acting
together: an increase in the tensile strength of the
stone [51], beneficial also for the resistance to salt
[29]; the fact that a rough pore surface facilitates
capillary flow toward the exterior surface [52],
promoting the formation of efflorescence rather than
harmful subflorescence, which is corroborated by the
higher amount of efflorescence formed in DAP with
respect to UT (and generally when DAP + polymers
are used compared with the polymers only) (Fig. 9b);
the preventive action towards calcite dissolution [32]
which reduces the stone loss during the impregnation
phase and the damaging side effects related to the joint
action of chemical stone dissolution and salt weath-
ering [9].

All the polymer treatments alone caused a worse
performance when compared to the untreated samples.

In particular, the highest final weight loss was
observed for GL-PAA (- 23.3 + 1.7%), followed by
GL-ALA (- 17.6 £ 1.2%) and  GL-CHIT
(= 16.7 £ 1.7%). Conversely, the presence of the
pre-treatment with DAP improved the behavior of the
polymer treatments. In the case of GL-DAP-PAA, the
final dry weight loss was still slightly higher than for
the untreated stone (— 18.3 &+ 2.6%), while the sam-
ples GL-DAP-ALA and especially GL-DAP-CHIT
experienced lower weight losses compared with the
untreated samples (= 13.6 £ 0.7% and
— 12.3 £ 0.6%, respectively).

In terms of the cycle at which the damage starts, all
the samples experienced some stone loss from the very
first cycles: dry scaling was observed at cycle 1 for
samples GL-PAA, at cycle 2 for samples GL-UT and
GL-DAP, at cycle 3 for samples GL-DAP-PAA, GL-
ALA and GL-CHIT, while at cycle 4 for samples GL-
DAP-ALA and GL-DAP-CHIT. It must be considered
that this salt crystallization test is very aggressive,
hence even a slight retarding effect may correspond to
significant delay of the damage in the field. The
harshness of the tests makes it difficult to assess
whether the polymer treatments caused some signif-
icant delay in the damage onset; nevertheless, Fig. 8
clearly shows that Awg,y , for samples GL-DAP-ALA
and GL-DAP-CHIT was almost constant until the 6th
and 8th crystallization cycle, respectively, while it
started to decrease from the 4th cycle for GL-UT
samples, suggesting that these two treatments notice-
ably delayed the onset of damage.

The worsening behavior observed for GL-PAA
with respect to GL-UT (Figs. 8a, 9a) can be partially
related to the promoting effect on calcite dissolution
observed above and also to some reaction with the
stone (revealed by the color change in Figure S1-5,
Supplementary material). When applied after DAP,
the behavior of GL-DAP-PAA improved and the
weight loss was the same as for the untreated stone for
the first seven cycles, but afterwards a worsening was
still observed. Under the test conditions, the tendency
observed for PAA to promote nucleation of sodium
sulfate and to accumulate the salt under the surface,
which is corroborated by the low amount of efflores-
cence observed, is counterproductive if the polymer
coating is not continuous. In fact, while the promoting
action of PAA towards sodium sulfate nucleation may
reduce the supersaturation at which the salt crystal-
lizes and its higher affinity may allow the salt to touch
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the pore walls covered by the polymer, it may be
ineffective during impregnation, if the condition of
high supersaturation for the hydrate phase is con-
trolled by dissolution of thenardite. Indeed, if disso-
lution of thenardite accumulated in the previous cycle
is fast [2], the crystallization of mirabilite will occur at
a supersaturation related to thenardite saturation,
which is inevitably high for the hydrated phase(s),
due to the lower solubility of mirabilite and heptahy-
drate with respect to thenardite. In this case, if the
polymer coating is not continuous, high pressure will
be exerted between the hydrate salt and the uncovered
area of the pore wall. Moreover, ALA alone, which
seems to moderately enhance calcite dissolution,
caused a worsening in terms of stone weight loss with
respect to the untreated samples, but to a much lower
extent than PAA, and in this case DAP-ALA samples
behaved slightly better than UT (also causing a
significant delay in the damage start). A possible
explanation of the lower damage observed for GL-
ALA compared with GL-PAA may be related to its
less evident enhancement of sodium sulfate nucleation
that slightly reduces the concentration of salt under the
surface (producing a higher amount of efflorescence,
Fig. 9b) and/or to a better coverage of the pore walls
obtained with ALA and/or to a different accumulation
of salt with respect to GL-PAA, owing to the lower
contact angle of ALA compared with PAA. In fact, the
different wettability of the polymers may influence the
place where crystallization occurs during drying (i.e.,
just below or over the surface for low contact angle,
and more in depth for contact angles approaching 90°
[21]). This is due to the fact that during evaporation
large pores empty out, but in highly hydrophilic
materials the solution is retained in small pores and a
water film also wets the pore walls of larger ones. This
provides a continuous network that allows the solution
to flow towards the external surface (in the funicular
stage of drying) [53]; this does not occur when the
contact angle approaches 90°, causing an accumula-
tion of salts in the interior of the sample.

In the case of CHIT, the effect of the polymer
treatment alone is worse than the untreated stone
(Fig. 9a), so the delaying action of chitosan on
nucleation of sodium sulfate seems not sufficient to
promote efflorescence. The delaying action of CHIT
on sodium sulfate nucleation and its low affinity with
the salt could even increase the damage if crystalliza-
tion occurs inside the stone, as sodium sulfate will

crystallize at higher supersaturation, thus exerting
higher pressures on the pore wall [54]. However, the
same CHIT treatment associated with DAP caused a
clear improvement (Figs. 8b, 9a), probably because
both CHIT and DAP promoted the formation of
efflorescence instead of subflorescence, so in GL-
DAP-CHIT the two treatments successfully added
their beneficial effects in a synergistic manner, thereby
increasing the salt resistance of the treated stone.

The fact that the salt resistance is systematically
improved when the polymers are applied after DAP
(with respect to the polymers alone) seems also due to
a more complete polymer coverage achieved in the
presence of the CaP phases, as AFM analysis showed.

Concerning the salt crystallization test under con-
tinuous capillary absorption, the measurement of the
water loss by evaporation (reported in Figure S1-6,
Supplementary material) showed that no treatment
altered significantly the rate of evaporation, as
expected due to the absence of pore blocking effect
and hydrophobicity. The relative humidity fluctua-
tions during the test (in the range 36-52%) make it
difficult to say which solid phases formed, as
mirabilite crystallizes between 40% and 50%, while
below 40% thenardite may directly precipitate from
the solution [25]. The stone loss at the end of the test is
reported in Fig. 10, while the aspect of the samples
after the 13th day and after the final brushing is
reported in Fig. 11, with some details in Fig. 12.
Differently from the test involving crystallization
cycles in cubes, the effect of the treatments in terms of
stone deterioration is very clear. The untreated sample
exhibited an evident mass loss and erosion due to salt
damage in the upper part, where supersaturation
conditions were reached inside the sample and salt
precipitation occurred (Fig. 11a). The DAP treatment
improved the resistance of the stone to salt damage
(and fostered efflorescence formation), as suggested
also by the previous test.

The treatment with PAA basically gave no bene-
ficial effect, confirming what was found in the
previous test, but its behavior improved significantly
when combined with DAP, the mass loss being
reduced by — 25% with respect to GL-DAP and, on
the whole, — 78% compared with GL-UT (Fig. 10).
For PAA alone, the salt exhibited a tendency to
crystallize under the stone surface forming an inter-
connected layer of sodium sulfate crystals within the
pore  system  (Figs. 11c, 12a);  “globular”
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efflorescence formation was also observed. When
PAA was associated with the DAP pre-treatment, the
efflorescence formation was significantly enhanced;
moreover, salt crystals in efflorescence displayed a
needle-like shape (Figs. 11d, 12b).

The ALA treatment alone caused a significant
decrease in the weight loss of stone (— 38%), although
also in this case the formation of subflorescence was
observed (Figs. 11e, 12c). This result suggests that the
role of the polymer in minimizing the disjoining
pressure with the salt is beneficial for the final damage
in this kind of experimental set-up. The behavior was
significantly better for GL-DAP-ALA (weight loss
— 41% versus GL-DAP), and again a promoting effect
towards efflorescence formation was evident
(Figs. 11f, 12d).

Chitosan alone brought an improvement in terms of
stone loss, which decreased by — 18% compared with
the untreated stone (Fig. 10), the inhibiting effect of
CHIT being beneficial in this kind of test. The effect of
the DAP-CHIT, where the two treatments added their
promoting effect towards efflorescence formation,
was outstanding, causing a mass loss reduction as
compared to the untreated stone equal to — 93%. The
observation of the samples after brushing (Fig. 11h)
confirmed the basic absence of damage.

The results of the macroscale tests are difficult to
fully interpret at this stage of the research, as several
factors seem to jointly play a role in the damage
occurrence:

a. the positive effect of CaP phases in limiting salt
damage, which may be ascribed to different

PIEM

mechanisms (as described above), among which
the promotion of efflorescence is quite evident;
the ability of the polymers to form a continuous
and defect-free coating over the pore surface;

the affinity of PAA and ALA with the salt crystal,
expected to minimize the disjoining pressure;

the promoting action of PAA, and to a minor
extent ALA, towards salt nucleation, which
increases the amount of salt accumulating inside
the sample: in the long run, this might cause some
damage anyway (more quickly if the coating is not
continuous);

the promoting action of PAA, and to a minor
extent of ALA, towards calcite dissolution and
some possible other reactions between stone and
PAA (possibly owing to stone impurities which
reacted with PAA producing the color change in
Figure S1-5, Supplementary material);

the inhibiting action of CHIT towards salt nucle-
ation, which may lead to the formation of efflo-
rescence, but also the fact that this inhibiting effect
may lead to very high supersaturation conditions
inside the samples, which appears as a negative
effect in harsh cyclic crystallization tests, such as
the one performed on cubes in this research;

the synergy of CHIT and CaP phases to enhance
efflorescence formations contributing to the suc-
cess of the combined treatment;

the possibly different deposition of the polymer
coatings in large and small pores.
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Fig. 11 Aspect of the stone specimens after 13 days of salt crystallization test under conditions of continuous capillary flow (left

image) and after the final brushing (right image)
6 Conclusions

Based on the screening tests, which are summarized in
Sect. 5.1.5, some polymer treatments/concentrations
were selected and two types of salt crystallization tests
were carried out on Globigerina limestone samples,
the first one involving crystallization cycles and the
second one involving continuous capillary absorption
and evaporation of a saline solution. The results lead to
the following conclusions:

e the TA treatment caused an unacceptable color
change in the stone, so it was discarded;

the polymeric solutions were absorbed to a large
extent by the stone samples, but the polymers that
deposited on pore walls caused no significant mass
increase or pore blocking effect in Globigerina
limestone, therefore not altering its wetting prop-
erties and water evaporation rate;

the two salt crystallization tests gave very different
results, due to their different mechanism of salt
damage and severity. Cycles of soaking in a
saturated Na,SO, solution followed by drying for
some hours in air at low relative humidity led to
severe damage, which harshly deteriorated the
cubic samples and made it difficult to assess the
benefit provided by the treatments. However, a

=
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Fig. 12 Details of the specimens after 13 days of salt crystallization test: a GL-PAA; b GL-DAP-PAA; ¢ GL-ALA; d GL-DAP-ALA

negative impact of PAA was assessed, and also
ALA and CHIT worsened the salt resistance of the
stone. A general benefit from the DAP pre-
treatment was assessed for all the treatments. The
ALA and CHIT treatments improved the salt
resistance of the stone when applied after DAP.
The test under continuous capillary absorption of
the saline solution is more realistic and clearly
shows that the DAP treatment is beneficial for the
stone, due to the strengthening effect of the new
phases formed and possibly also to other mecha-
nisms that need further investigation. The poly-
mers caused some improvements of the stone
resistance to salt damage, but their effectiveness
was definitely more prominent if the DAP pre-
treatment was applied: this caused a reduction of
the stone loss compared to the untreated stone
equal to — 78%, — 83% and — 93% for DAP-
PAA, DAP-ALA and DAP-CHIT, respectively.
This confirms that the DAP-based treatment
improves the adhesion of the polymer to the pore
surface, prevents the dissolution of the substrate,
increases the strength of the stone and promotes the
formation of efflorescence rather that harmful
subflorescence. However, the success of the dif-
ferent treatment is to be ascribed to different
reasons, as PAA and ALA minimize the disjoining
pressure, while CHIT 1is a crystallization
inhibitor.

Further investigations are necessary to better
understand the salt distribution inside the stone and
the deterioration mechanisms actually occurring in the

-

samples. In fact, the results found in the two salt
crystallization tests seem influenced by multiple
parameters: the contact angles of the polymers-solu-
tion (all hydrophilic, but slightly different); the
promoting or inhibiting effect of the coatings on salt
nucleation (promoting the formation of subflorescence
or efflorescence); the variation of roughness induced
by the coatings on the pore wall; the degree of
coverage provided by the polymers over the pore
surface; the distribution of the polymers in the pores of
different size; the role of the CaP phases in the salt
crystallization resistance of stone. Moreover, it should
be considered that the mineralogy and microstructure
of the stone are very important for the performance of
the treatment. Tests performed on Indiana limestone
(nearly pure calcite and very homogeneous) [21] and
calcarenite stone [55] suggested a good performance
of PAA, so future work should include a variety of
lithotypes.
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