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Salt crystallization is an aggressive weathering mechanism affecting porous building materials. The extensive use
of Portland cement, a source of alkalis, in modern buildings and restoration interventions makes sodium car-
bonate salts important weathering agents. Herein, we study salt damage to a porous stone commonly used in the
Andalusian built heritage (Santa Pudia limestone) due to stress generation associated with the precipitation of
natron (NazCOs3-10 H20). We performed cyclic crystallization tests combined with thermodynamic and poro-
mechanical calculations to determine salt crystallization pressure and effective tensile stress suffered by the
material. The outcome reveals that in-pore natron crystallization during cooling/evaporation generates stresses
exceeding the tensile strength of the wet substrate, leading to extensive damage by fracturing and material loss.
Damage is reduced using aminotris(methylenephosphonic) acid (ATMP), a common phosphonate-based crys-
tallization modifier that induces non-damaging efflorescence growth as opposed to damaging subflorescence

growth, which takes place in its absence.

1. Introduction

Crystallization of soluble salts is one of the most aggressive weath-
ering mechanisms affecting the built heritage ([1-16]) as well as modern
(cement-based) construction ([17-19]). Building materials intrinsically
contain minimal amounts of soluble salts, but when water penetrates
their porous network, it frequently carries dissolved saline species that
can precipitate and induce salt damage. Additionally, damaging salts
may originate from the chemical alteration of (i) the constituents of the
building material itself or (ii) materials in the direct vicinity (e.g., ce-
ments) (Sebastian and Rodriguez-Navarro, 1994). Among the different
mechanisms proposed to explain the damage caused by soluble salts,
crystallization pressure is considered the most relevant ([20-22,4,
23-25,13,26]). The pressure exerted by a salt crystal when growing in a
confined space (a pore) can easily overcome the tensile strength of most
building and ornamental materials (including natural stone, mortars,
concrete, and bricks), leading to their disintegration and crumbling
[16]. Steiger, Scherer, and Coussy [21,23,24,26] separately derived
equations for the calculation of the crystallization pressure considering
both the degree of supersaturation and the effect of the curvature of the
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crystal-solution interface. These factors are related to the solvent supply
and evaporation rate and/or undercooling (in salt systems with
T-dependent solubility), which in turn are determined by the physical
properties of the solution (surface tension and vapor pressure), envi-
ronmental conditions, and characteristics of the pore system of the
building material [4,7]. The combination of these factors determines
whether the crystallization of salts occurs as subflorescence or as efflo-
rescence, the latter being more striking but generally much less
damaging than the former.

Despite extensive research on salt damage, some aspects related to
the dynamics and mechanisms by which this weathering process occurs
still need to be fully understood. For example, it has not yet been
conclusively explained why some salts are more harmful than others.
Thus, under the same conditions, salts such as sodium and magnesium
sulfates and sodium carbonates are highly damaging, while others, such
as sodium chloride, are not [3,4,10,13]. Interestingly, the most
damaging salt systems exhibit several hydrated phases [1,7,10]. How-
ever, given their high solubilities and corresponding low interfacial
tension values, these systems would be expected to crystallize at low
supersaturation and generate low crystallization pressures [27]. While
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significant progress has been made in the understanding of the damage
mechanisms caused by sodium and magnesium sulfates [4,7,10], very
few works have addressed the crystallization mechanisms of alkali car-
bonates and the deterioration processes induced by these salts.

The NayCO3-Ho0 system presents two stable mineral phases at
standard conditions (natron, Na,CO3e10 H>O, and thermonatrite,
NayCO3eH;0) and a metastable heptahydrate phase (NapCOze7 H30).
There is an additional anhydrous phase, natrite (NaxCO3), which does
not precipitate in solution under ambient pressure/temperature condi-
tions and, in air, rapidly hydrates to form thermonatrite. Consequently,
this phase is very rare in natural environments. Other related phases, in
this case in the NaHCO3-H20 system, are trona (Nag(COs)(HCO3)e2
(H20)) and nahcolite (NaHCO3). The NayCO3-HoO system can be
considered an analogue of the NaSO4-H20 system, as both have three
distinct phases with varying degrees of hydration (anhydrous/mono-
hydrated, heptahydrated, and decahydrated) [28]. Yet, it is important to
study the NayCO3-Ho0 system to determine whether the conclusions
reached regarding the alteration mechanisms induced by sodium sulfate
crystallization [10,29] are general and valid for other hydrated systems.
In addition, sodium carbonate salts have a high damage potential. They
are typically ranked as the second most (and under particular condi-
tions, even the most) deleterious salts for porous building materials after
sodium sulfates [3,30]. It should also be considered that salt damage
caused by sodium carbonate crystallization in historic buildings will
likely increase significantly in the coming years due to the extensive use
of Portland cement in conservation and restoration interventions in the
recent past, as well as in the vast majority of modern constructions [17,
31].

Portland cement (PC) clinker contains significant amounts of alkali
oxides (NaO and K30) mainly from the clay components present in the
raw mix. The reaction between Na* and CO% ions in the pore solution
results in the formation of sodium carbonates, which can induce salt
damage in PC-based materials and the surrounding building materials.
Considering a typical value of 1 wt% Na,O in cement [31,32], up to 17
kg of sodium carbonate per ton of cement would be formed upon
carbonation. The crystallization of these salts within the porous network
of a stone in direct contact with such an incompatible PC-based material
would, therefore, be one of the main agents of deterioration. Indeed,
Charola and Lewin (1979) [31] pointed to the alkaline leachates of PC as
the main cause of salt damage by sodium carbonate affecting old
buildings. This was demonstrated, for example, in the case of marble
alteration in the Church of Santa Maria dei Miracoli in Venice, where the
crystallization of sodium carbonates due to alkali leaching from the PC
applied in a previous intervention was detected [33]. Madruga et al.
(1994) [34] also identified damaging trona (NagH(COs3)2-2(H20)) in
Villamayor sandstone (used in the built heritage of Salamanca, Spain) in
direct contact with the aqueous leachate of PC. Overall, damage caused
by sodium (bi)carbonate salt phases (natron, thermonatrite-natrite,
trona, and nahcolite) in buildings where cement was used as a con-
servation/repair material [35-37] or as a primary binder in modern
construction [17,38-40] has been widely reported. Furthermore, it is
expected that many concrete buildings that are already considered an
essential part of our built heritage, such as the buildings of Le Corbusier,
Frank Lloyd Wright, or the W. Gropius (Bauhaus) school, are likely to be
affected by alkali carbonate crystallization problems. This issue will
worsen in the future as PC buildings age, a process that involves
carbonation [41] and typically results in the formation of calcium car-
bonate [42] as well as sodium carbonate salts, the latter resulting in
significant damage [17]. Even alkali-silica reactions in concrete can
result in the leaching of highly alkaline solutions that, upon carbonation,
generate deleterious sodium carbonates [43]. Apart from PC-based
materials, alkali-activated cements and geopolymers can also generate
sodium carbonate efflorescence/subflorescence upon carbonation, pro-
voking physical salt damage [44-46] and their highly alkaline leachates
could be a source of damaging alkali carbonate salts for the surrounding
building materials.
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It is thus necessary to carry out studies that provide information (i)
on the crystallization mechanisms in the Na;CO3-H20 system and (ii) on
the deterioration processes induced by these salts before the design and
application of specific conservation treatments for salt-laden building
materials. The precipitation of hydrated salts may occur through
different mechanisms [47]: (i) evaporation of the solvent; (ii) changes in
temperature, as the solubility of some salts rapidly decreases with T,
which is particularly important for sodium carbonate (as well as sodium
sulfate) and (iii) in the case of hydrated salts, the dissolution of a (more
soluble) lower hydrate and the precipitation of the (less soluble) higher
hydrate [10,25]. The resulting damage, therefore, depends on the
crystallization pathway. All these mechanisms may occur in the
NayCO3-H30 system. In this work, we explored the reduction in tem-
perature (bulk solution crystallization experiments) and the combina-
tion of a temperature decrease and evaporation of the solvent (artificial
ageing tests by salt crystallization) as the mechanisms inducing sodium
carbonate precipitation (Fig. 1). These scenarios are relevant for damage
generation in porous building materials subjected to diurnal/seasonal T
changes.

The lack of knowledge on the origins of salt crystallization damage
has limited the development of conservation treatments that attack the
root of the problem, acting on the causes and not only on the effects of
this alteration phenomenon ([8,48]). In the last 20 years, the use of
additives that modify crystallization processes (crystallization inhibitors
or promoters) to prevent or reduce salt damage has been proposed by the
authors [48-51,8-10,12]. Depending on their concentration and nature,
additives ranging from ions or molecules to more complex macromole-
cules such as polymers can inhibit and/or promote crystal nucleation
and growth [12]. Although it might seem counterintuitive initially, salt
crystallization damage can be reduced by applying crystallization in-
hibitors and promoters. Additives that act as inhibitors increase the in-
duction time, i.e., the period between the establishment of
supersaturation and the formation of a new phase at a higher critical
supersaturation [52]. Long induction times allow the transport of the
salt solution to the surface of the porous substrate, where crystallization
occurs as efflorescence, which is less harmful to the material than sub-
florescence [49]. Conversely, when additives act as crystallization pro-
moters, crystallization occurs inside the pores at low supersaturation,
generating low crystallization pressure and avoiding or minimizing
damage to the substrate [10].

In this study, we aim to gain an in-depth understanding of the
damaging mechanisms of sodium carbonate crystallization and the ef-
fect of a range of organic and inorganic additives (phosphonates and
derivatives of (poly)carboxylic acids, as well as sodium tetraborate
-borax-, commonly used as crystallization modifiers in industrial appli-
cations). Our final objective is to select the most suitable additive as a
crystallization inhibitor/promoter to minimize the damage sodium
carbonate induces in porous building materials. We have selected Santa
Pudia limestone, a porous building stone widely used in Andalusia’s
architectural heritage, as a model substrate for this task. A combination
of crystallization experiments in unconfined media and artificial ageing
tests by salt crystallization, with thermodynamic and poromechanical
analyses, was used here to investigate salt damage due to sodium car-
bonate (natron, Na;COs3-10 H20) formation and how this process was
affected by crystallization modifiers.

2. Methodology
2.1. Materials

NapCOs solutions for unconfined crystallization tests (12% w/w,
1.28 mol kg'! H,0) and artificial ageing tests by salt crystallization (6%
—0.60 mol kg'! HyO- and 12% w/w, see below) were prepared from
anhydrous solid (Sigma Aldrich; purity > 99.7) and deionized MilliQ
water (MilliQ filtration system, Millipore Corporation, pH 5.96, re-
sistivity >18.2 MQ cm) to which different amounts of crystallization
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Fig. 1. Phase diagrams for the system Na;CO3-H,O built using data from [47]:
a) solubility vs. temperature and b) relative humidity vs. temperature. Path-
ways followed in bulk (unconfined) crystallization experiments and artificial
ageing tests by salt crystallization are marked in a) and b), respectively. The
black dot in a) denotes the conditions at the beginning of the bulk experiments,
and the red dot marks the conditions upon precipitation. The black dot in b)
keeps the conditions during the immersion step, while the red dot indicates the
conditions during the drying of the stone (not immersed). For further details
regarding the experiments, see the main text. ¢) Scheme of the artificial ageing
tests by salt crystallization.
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modifiers were added to give a final concentration of 0.1, 1, 10 and
100 mM. The additives chosen for the crystallization tests were: sodium
citrate tribasic dihydrate (CA), L-aspartic acid sodium salt monohydrate
(ASA), polyacrylic acid 2100 MW (PA), etidronic acid (HEDP), ami-
notris(methylenephosphonic) acid (ATMP), diethylene-
triaminepentakis-(methylphosphonic) acid (DTPMP) and sodium
tetraborate decahydrate (borax, NasB407-10 H20). These compounds
are commonly used as crystallization modifiers in industrial applications
[12,51]. Artificial ageing tests by salt crystallization were performed on
porous limestone, a calcarenite from Santa Pudia quarry, Granada
(Spain), widely used in historical buildings in Granada. Geologically, it
is a white to yellow calcarenite from the Tortonian deposits of the
Guadalquivir Basin (Post-Orogenic Neogene Basins of the Betic Chains),
composed primarily of a micritic calcite matrix and ca. 90% bioclasts.
Other components include quartz, muscovite, and/or fragments of schist
or gneiss. This calcarenite has an open porosity that ranges between
25-36% (25.2% in the case of the variety used in this study, determined
using mercury intrusion porosimetry, MIP), an apparent density of
1730 kg m™ and skeletal density of 2600 kg m™>[53], a compressive
strength (dry) ranging from 11-20 MPa and flexural strength (dry) of
2.8-5.1 MPa [54]. The calcarenite pore size distribution shows abun-
dant macropores with a maximum at ca. 30 um and a secondary
maximum at ca. 0.1 um [54]. Stones such as the studied calcarenite with
a high proportion of pores with size < 1 um connected to larger pores
are very susceptible to salt weathering [55,56]. The submicrometer
pores result in a larger surface area for evaporation and slower solution
transport, thus increasing the chances that high supersaturation ratios
are reached below the stone surface, resulting in detrimental sub-
florescence growth. The hydric properties of the calcarenite (Ab, free
water absorption: 15.8%); Af, forced water absorption: 19.8%; Ax, de-
gree of pore interconnection: 20.1%; Di, drying index: 345; S, saturation
coefficient: 71.3%; CC, capillarity coefficient; 496 g/m2 s%-5) show that,
indeed, it rapidly absorbs water, but dries slowly, which negatively
affect salt weathering susceptibility [53].

2.2. Crystallization tests in unconfined media

To identify which of the crystallization modifiers acts as inhibitors or
promoters by increasing or lowering the supersaturation at which so-
dium carbonate crystallizes, bulk (unconfined) precipitation experi-
ments were performed. A closed-jacketed glass reactor connected to a
water bath for T control was filled with 100 mL of a 12% w/w sodium
carbonate solution and stirred magnetically. The system T was lowered
from 20 to 2 °C (Fig. 1a). 12% w/w sodium carbonate solution con-
centration was selected for these experiments as the optimal concen-
tration for a stable solution at room temperature, which crystallizes
upon cooling and before freezing. During the slow cooling of the solu-
tion, temperature, conductivity, and pH were monitored using Metrohm
probes. At least three replicates of each experiment were performed to
ensure reproducibility of the results. Since the crystallization of sodium
carbonate is an exothermic process, an increase in the temperature of the
solution marks the crystallization onset (as in [57] for sodium sulphate)
(Fig. 2a, red arrow). Once precipitation was detected, crystals were
separated from the solution by filtration and immediately analyzed by
powder X-ray diffraction (XRD) to determine their mineralogy, using a
Panalytical X’Pert PRO diffractometer (Cu Ka radiation, A = 1,5405 A,
voltage 45 kV, current 40 mA, and scanning angle (°20) 3-70°, steps of
0001°260 and goniometer speed of 0,01°20-s1).

2.3. Artificial ageing tests by salt crystallization

We measured the weight change of 3x3x3 cm® stone specimens of
Santa Pudia limestone as a function of the number of cycles of complete
immersion in 6% and 12% (w/w) sodium carbonate undersaturated
solutions. This size was selected to ensure close-to-saturation conditions
and complete drying during the artificial ageing tests by salt



E. Ruiz-Agudo et al.

a) 22

20+

o

T T T 1
2000 3000 4000 5000

Time (s)

T
0 1000

Construction and Building Materials 411 (2024) 134591

[ Jo1m

0.6 o001 M
b) I 0.001 M
o5 I 0.0001 M

———= 0.41

Qnatron

HEDP DTPMP ATMP ASA

Additive

CA PA Borax

Fig. 2. a) Typical solution T vs. time evolution during the slow cooling of a 12% w/w Na;COs solution at a 0.6 °C/min rate. The onset of crystallization is marked by
the sudden increase in T (red arrow) in bulk (unconfined) crystallization experiments. b) Threshold supersaturation () reached by 12% w/w NayCOj3 solutions
during cooling at a 0.6 °C/min rate in the absence and presence of additives (dosed at the concentrations -in mmol/L- indicated in the top of the bar graphic).

crystallization so that these tests could be performed daily. Next to the
12% w/w concentration, a 6% concentration was used to make sure the
very high salt concentration would not mask the effect of the modifier.
Tests were performed in a climatic chamber model KMF 115 (BINDER
GmbH, Tuttlingen, Germany), set at 20 °C and 90% RH during immer-
sion for 4 h and at 2 °C and 80% RH during drying (not immersed) for
20 h (Fig. 1c). A maximum of 11 cycles were performed, and samples
were weighted after the drying step. Considering the NapCO3-H20 phase
diagram (Fig. 1b), these conditions were chosen to enable the precipi-
tation of Na;CO3-10 H,0 and avoid its transformation into phases with a
lower water content. Three stone specimens per condition were sub-
mitted to these crystallization tests. During the first cycle, the weight of
the control sample (i.e., specimens submitted to crystallization tests in
solutions without any additive) was continuously monitored to evaluate
the change in solution concentration due to evaporation. Additionally, a
core was drilled in the center of the stone specimens, and a thermo-
couple probe was introduced to monitor the temperature evolution in-
side the stone during the cooling/evaporation stage of the cycle. After
the experiments, cross-sections of altered stone samples (i.e., cut normal
to the sample evaporation surface using a diamond saw with ethyl
alcohol as cooling fluid to avoid dissolution of the salts) were prepared
to study morphology and texture using environmental scanning electron
microscopy (ESEM, backscattered electron imaging mode) coupled with
energy dispersive X-ray spectroscopy (EDX) to obtain element distri-
bution maps. We carried out an image analysis of Na element maps for
pore-filling estimation on three locations of each sample (samples
weathered in additive-free and ATMP-bearing solutions). Segmentation
was conducted using the threshold tool included in Adobe Photoshop,
and the area associated with the salt was measured using this software,
as indicated in [58].

Based on the results of the unconfined crystallization experiments
and the weight change and visual observations of stone specimens
submitted to artificial ageing tests by salt crystallization, it was decided
to characterize unaltered limestone samples further. Samples weathered
in the 6% w/w solution, with and without ATMP added, using MIP using
Micromeritics Autopore III 9410 equipment with a maximum injection
pressure of 414 MPa. For MIP measurements, we split the samples
manually and collected cross-sectional specimens (i.e., including the
core and the surface). One MIP measurement per type of sample was
performed which was considered to be representative of the stone
specimen since (i) the sample volume analyzed was close to 10% of the
whole specimen submitted to the artificial ageing test and (ii) the cal-
carenite used is relatively homogenous (within a given variety) at the
scale of stone specimens used here. This technique allows the analysis of

the stones pore system and its modification upon salt crystallization. In
the case of MIP on altered limestone subjected to artificial aging, sam-
ples were measured before and after desalination. The surface roughness
of these samples before and after weathering was analyzed using a Leica
VDM2000 videomicroscope, and the data and images were processed
using the Leica Application Suite v.3.8.0 and Leica Maps Start v.6 (Leica
Microsystems©) software.

3. Results and discussion
3.1. Crystallization tests in unconfined media

Sodium carbonate decahydrate (natron) was the phase that precipi-
tated in all bulk (unconfined) crystallization tests, identified by X-ray
diffraction (Fig. S1). The threshold supersaturation (2, the supersatu-
ration at which crystallization takes place) can be calculated as:

Q2 =log (I]?—P> @

sp

where IAP is the ion activity product, and ks is the solubility product of
the relevant phase. This parameter allows evaluation of the effectiveness
of the additives as inhibitors or promoters by comparison with the
threshold supersaturation reached in the additive-free solution. In un-
confined experiments, supersaturation is achieved by rapid cooling of
the solution. The solubility product of natron and the heptahydrate (as
the relevant phases under the conditions of our experiments) were
calculated here using the expression:
B

Inkg, = A
nk;, +T

(2)
where A and B are fitting parameters. We used the values in [59]
(natron: A=28.3 and B= —9000 K; heptahydrate: A=19.9 and B=
—6230 K). The IAP was calculated for a Na,CO3 solution with a con-
centration of 1.28 mol kg'1 H20 (12% w/w) at the temperature of the
crystallization onset, using the geochemical code PHREEQC [60] and
the Pitzer database, suitable for non-ideal solution calculations at high
ionic strengths.

In the control runs (i.e., those performed in the absence of additives),
crystallization occurred at 4.40 + 0.79 °C, corresponding to a super-
saturation of the system with respect to natron at the time of crystalli-
zation (threshold supersaturation) of 0.41. On the contrary, the solution
is undersaturated with respect to the heptahydrate at the moment of
crystallization in all the experiments performed. This supports our hy-
pothesis that direct (i.e., without any precursor phase) precipitation of
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natron is taking place. Most of the additives studied acted as promoters
of the crystallization of this phase when added to the salt solution at pH
11.4, which is the equilibrium pH of a 12% w/w sodium carbonate so-
lution. The threshold supersaturation reached for the additive concen-
trations used was systematically lower than that of the control solution
(Fig. 2b), except for ATMP, which acted as an inhibitor at the highest
concentration tested here. Interestingly, in the case of ATMP and ASA,
the threshold supersaturation reached tended to increase with additive
concentration. At the same time, for borax, PA, CA, HEDP, and DTPMP,
no clear trend was observed.

The observed promoting behavior may be due to the heterogeneous
nucleation of sodium carbonate on the substrate (glass crystallizer), to
which the additive molecules can adsorb. The glass-water interface is
characterized by acidic Si-O” groups due to deprotonated OH-groups on
the silica glass surface [61]. The point of zero charge (PZC) of silica is pH
1.8-3 [62]. Hydroxyl groups, therefore, deprotonate at pH>PZC, and an
increase in glass surface negativity is expected with increasing pH. Thus,
the adsorption of organic compounds on the support glass would occur
through the interaction between non-deprotonated functional groups in
the additives and Si-O". In the case of ATMP, DTPMP, and HEDP, this
process likely consists of the formation of hydrogen bonds between the
Si-O™ groups of the substrate and protonated acidic groups in the addi-
tives, aided by the presence of a hydroxyl group in the case of HEDP. It is
well-known that phosphonates strongly tend to adsorb on various sur-
faces, including silicates (silica and clay minerals), calcite, barite,
cassiterite, aluminum, and iron oxides [63,64]. In the case of CA and
ASA, this process probably involves the formation of hydrogen bonds
between the Si-O” groups of the substrate and hydroxyl and amino
groups in the additives. Limited interaction is expected in the case of PA
since it is fully deprotonated at the experiments’ pH; indeed, this addi-
tive induces the least changes in the crystallization of sodium carbonate.
Finally, the interaction with borax likely occurs through the hydroxyl
groups of the tetra-coordinated borate ions B(OH)z3, the dominant spe-
cies at the pH of our experiments. Adsorption of these additives can
facilitate the heterogeneous nucleation of natron on the glass wall by
surface energy reduction. The layers of adsorbed organic molecules are
expected to act as a template fostering the heterogeneous nucleation of
natron at relatively low supersaturation, as it has been described for
other minerals in natural (biomineral) and artificial environments [65].
This phenomenon could explain the observed systematic precipitation of
natron on the surface of glass crystallizers in the presence of additives at
lower supersaturation than in control runs. As the concentration of the
additive increases, an excess of the additive will be in the solution and
may exert an inhibitory action. This might explain the positive relation
between threshold supersaturation and additive concentration [66].
These results indicate that in the case of SiO,-rich ornamental stones (for
example, sandstones) or cement-based materials subjected to alteration
by crystallization of natron, additives can induce precipitation at low
supersaturation, reducing the crystallization pressure and damage
caused by this salt. Conversely, the additives acting as crystallization
inhibitors (e.g., ATMP dosed at the highest concentration tested here)
could favor the formation of harmless efflorescence. Considering the
experimental results from this first screening test, we selected ATMP
(100 mM) and ASA (0.1 mM), which showed the best performance as
crystallization inhibitors and promoters, respectively, to test their
effectivity at reducing damage to porous limestone during cyclic crys-
tallization of sodium carbonate, mimicking salt weathering.

3.2. Experimental analysis of sodium carbonate damage to a porous
substrate and the effect of additives

Fig. 3 shows the temperature evolution within the climatic chamber
and the stone specimen and the weight loss of the stone specimen during
the cooling (and drying) step of the first cycle for experiments performed
using both 6% and 12% w/w solutions. Tables S1 and S2 display the
evolution of the pore solution concentration (determined from weight
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Fig. 3. Time evolution of temperature within the chamber and in the stone
interior and the weight loss of the stone specimen during the first cycle’s
cooling (and drying) step for artificial ageing tests performed using a) 6 and b)
12% w/w solutions. The arrow in (a) marks the onset of natron crystallization
(marked by a sudden T increase). c) Time evolution of the difference between
the temperature in the chamber and in the interior of the stone specimens and
of the difference in the supersaturation of the solution (Qpatron) Of the pore
solution with respect to the initial Quaon Of the solutions for experiments
performed using both 6% and 12% w/w solutions.
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continuous monitoring), activities of the different ions, IAP, and su-
persaturation with respect to natron and heptahydrate (calculated using
PHREEQC) as a function of sample temperature. Interestingly, the
temperature within the stone is several degrees lower than that of the
chamber during the first part of the cooling step. However, both tem-
peratures tend to converge once solvent evaporation ceases (Fig. 3c).
This can be understood if we consider that water evaporation also takes
place during the cooling of the stone specimens. Evaporation is an
endothermic process that cools the wet stone substrate below the
chamber temperature. In the experiments performed using a solution
with an initial concentration of 6% w/w, a temperature as low as 1.1 °C
was measured in the interior of the stone sample, even though the
chamber temperature was 1.9 °C. At that point, a sudden increase in
temperature within the stone up to 1.6 °C was observed, which was
associated with the onset of Na;CO3-10 H»O crystallization (black arrow
in Fig. 3a). The pore solution’s concentration at the crystallization point
was calculated to be 1.07 M (10.3% w/w) (Table S1). In the experiments
performed using a solution with an initial concentration of 12% w/w,
the temperature within the stone also decreases below that of the
chamber during the first part of the cooling step, although this effect is
less pronounced (Fig. 3b). Note that several studies have shown that
increasing the salt concentration in solution reduces the evaporation
rate from porous media ([67] and references therein). Thus, in the 6%
w/w solution, evaporation (and associated evaporative cooling) occurs
at a faster rate, and despite the lower absolute values of supersaturation
during the experiments compared to the 12% w/w solution, there is a
faster change in supersaturation during the experiment (see the evolu-
tion of AQpatron in Fig. 3c for both solutions). Since the nucleation rate is
directly related to the cooling rate (Mullin et al., 1970), faster cooling
rates favor nucleation over growth (i.e., more crystals with smaller sizes
would form under these conditions). In contrast, the 12% w/w solution
has a slower evaporation (and cooling) rate compared to the 6% w/w
solution, which would favor crystal growth over nucleation (so fewer
crystals with bigger sizes would form). This could explain why the
thermal event associated with sodium carbonate nucleation is not
detected in the case of the solution with the higher (12% w/w) initial
concentration (Fig. 3b).

Fig. 4 shows the results of the weight change of Santa Pudia lime-
stone specimens during cycling RH-T tests in the absence and presence of
ATMP and ASA. It can be observed that all samples initially gain
approximately the same weight. However, in the case of the control and
aspartate-bearing samples, they begin to lose weight between the second
and third cycles. On the contrary, the weight of the samples containing
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ATMP (only for the experiments performed using the 6% w/w solution,
Fig. 4a) remains approximately constant from the second cycle onwards,
showing a significant damage reduction due to this additive’s presence.
Weight measurements agree well with visual observations of the damage
suffered by the stone specimens (Fig. 5a). Control and aspartate-bearing
samples show evidence of severe weathering after 11 cycles, with sig-
nificant loss of cement between grains, which can also be detected in the
surface rugosity analysis (Fig. 5b). However, ATMP samples are only
slightly altered showing very subtle superficial damage, and ageing tests
were stopped after nine cycles since the weight of stone specimens was
virtually constant since the third cycle. Backscattered electron images
and elemental maps of cross-sections of the stone specimens show that in
the presence of ATMP, salts are concentrated close to and on the surface
of the stone specimens (Figs. 6¢, 6d). In contrast, in control runs, salts
appear evenly distributed throughout the sample (Fig. 7), and signifi-
cant material cracking is associated with salts (Figs. 6a, 6b). The image
analysis of Na elemental maps provided values of the area related to the
salt ranging from 30.7 to 32.2% for the samples weathered in additive-
free solutions. Note that these values are very similar to the overall
porosity measured by MIP after salt removal (29.3%) of these samples,
showing that at least in the center of the stone specimens where the SEM
images were obtained, complete filling of the pore space was achieved.
In the case of the samples weathered in ATMP-bearing solutions,
significantly lower values were measured (7.3-18.2%), corresponding
to percentages of pore filling ranging from (26 to 64%) in the center of
the stone specimens. Although the different areas analyzed yield similar
results within a given sample, it must be considered that the overall area
studied by SEM-EDS is a small part of the whole specimen. Therefore, a
degree of uncertainty may be present in this analysis.

In control (additive-free) samples, weathered in 6% w/w solutions,
natron crystallization results in an increase in the overall porosity of the
samples (from 25.2% of the unaltered samples to 29.3% of the weath-
ered sample after salt removal) and a significant increase in the volume
of pores with size > 1 um after 11 aging cycles, which are absent in the
unaltered samples (Fig. 8). This is consistent with the extensive cracking
observed in SEM images. A new maximum can be observed in the pore
size distribution plot of weathered samples, corresponding to pores be-
tween 10-100 um. Natron fills mostly the new pores of size > 1 ym
generated upon weathering. In the case of the weathered ATMP sample,
a smaller increase (compared to the control sample) in porosity (28.2%)
and volume of pores of size > 1 um was observed after 11 aging cycles.
The volume of the pores of size 0.3 um slightly increases after the arti-
ficial ageing tests, and salts are located both within these pores (already

b) —a— Control
—e— 0.1 M ATMP
—4—0.001 M Asp
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Fig. 4. Weight change of Santa Pudia limestone samples as a function of the number of salt crystallization cycles using (a) 6% (w/w) and (b) 12% (w/w) sodium
carbonate solutions. The error bars correspond to one s.d. Three samples were used for each crystallization test.
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Control

Fig. 5. a) Santa Pudia limestone samples before (unaltered) and after (ATMP, control, ASA) salt crystallization cycles in 6% w/w sodium carbonate solutions. b) 3D
surface maps of ATMP and control limestone specimens shown in a), the latter revealing a marked increase in surface roughness due to granular disintegration and
material loss, which is nearly absent in the sample weathered in the presence of ATMP. ATMP limestone specimens were submitted to 9 cycles, and the remaining

samples were submitted to 11 cycles (see text for further details).

present in the original material) and in the newly developed pores of size
> 1 um. Overall, our artificial ageing tests demonstrate that severe
damage to porous materials can occur due to in-pore natron crystalli-
zation and the simultaneous generation of significant crystallization
pressure and that, for moderate salt loads, such damage can significantly
be reduced by the addition of a crystallization inhibitor such as ATMP.

3.3. Thermodynamic and poromechanical analysis of macroscopic tensile
stress generation during sodium carbonate crystallization

We followed and combined the approaches described in [10,29,47],
adapting them to our experimental design aimed at evaluating the
damage related to direct natron crystallization upon cooling and drying.
The crystallization pressure (p) exerted by a crystal growing in a pore
can be calculated according to [68]:
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Na,CO, 6% solution

100pm

Fig. 6. Backscattered ESEM images of cross sections of limestone specimens after completion of artificial ageing tests by salt crystallization (6% solutions). a) and b)
correspond to control runs (no additive in solution) (11 cycles) and ¢) and d) correspond to tests performed in the presence of 100 mM ATMP (9 cycles). Images show
the upper part of the stone specimens. Note the preferential distribution of the salts in the outermost surface layer of the stone in the case of the experiments

performed in the presence of 100 mM ATMP. Numerous cracks (marked with red arrows) filled with sodium carbonate crystals are observed in the case of the
control runs.

Na,CO, 6% solution + ATMP 0.1 M

Fig. 7. Backscattered ESEM images (a, ¢) and elemental maps (b, d) of cross sections of limestone specimens after completion of artificial ageing tests by salt
crystallization (6% solutions). a) and b) correspond to control runs (no additive in solution) (11 cycles) and c) and d) correspond to tests performed in the presence of
100 mM ATMP (9 cycles). Images correspond to the interior of the stone specimens. Sodium carbonate appears distributed homogeneously within the stone pore
network of the control runs, while only a minimal amount of sodium carbonate in the interior of the material was observed in the case of the experiments performed
in the presence of 100 mM ATMP.
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Fig. 8. Pore size distribution of stone specimens before (unaltered) and after
artificial ageing tests by salt crystallization (with and without removal of salts
by repeated washing in deionized water), obtained by Hg intrusion porosimetry
(MIP). a) Control (11 cycles) and b) ATMP (9 cycles) samples artificially aged in
6%w/w NayCO3 solution.
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where R is the gas constant, AV=V}-Vp,, Vi= ZV; is the sum of the ionic
molar volumes, V;, is the molar volume of the salt, k., and k, are the
curvatures of the crystal-liquid and vapor-liquid interfaces, respectively,
and y. and y;, are the surface energies of the crystal-solution and vapor-
solution interfaces, respectively. The first term indicates the thermo-
dynamic control over the crystallization process through supersatura-
tion of the system, which is the driving force for salt damage. The second
and third terms are negligible in materials with pore size > 100 nm
[27], as is the case of the porous limestone tested here.

The crystallization pressure calculated in this way is not directly
equal to the stress generated during a crystallization event since it is
unlikely that the latter is effectively transmitted to the entire stone
volume [69]. Assuming that the salt is homogeneously distributed
within the porous medium, averaging the stress over a representative
element of it, the macroscopic tensile stress, o *, can be estimated as

follows:
o" =0,b-S, Eq.4)

where b is the Biot’s coefficient, S, is the fraction of the porous volume
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filled with salts (see Supplementary Information for details on its
calculation) and o, = p is the radial compressive stress. It is estimated
that the critical stress of the material (i.e., when the material is expected
to fail), oc* , is given by:

or

o, = m 5)

where v is the Poisson coefficient, and o7 is the tensile strength. For
limestone with a porosity of 25.2%, a Biot’s coefficient of ca. 0.75 can be
estimated (Cosenza et al., 2002). Considering that for this (dry) material
or= 1.8 MPa [10] and v = 0.35 [70], the critical stress at which the
Santa Pudia limestone would fail is 1.9 MPa.

In our experiments performed using an initial 6% w/w solution, we
discarded the initial formation of heptahydrate and its subsequent
transformation into natron, as it has been shown, for example, in the
case of sodium sulfate during cooling crystallization experiments [69],
because the solution remained undersaturated with respect to hepta-
hydrate in the temperature range of the weathering experiments
(Table S2). During the first cycle, the fraction of pores filled with natron
(Sc) is calculated to be 0.12. This fraction represents an increase in the
weight of our stone specimens of 2.31%, which is in good agreement
with the experimentally determined increase in weight for the first cycle
of the control (AM/M = 1.91 + 0.21%), ATMP (AM/M = 2.25 + 1.29%)
and aspartic (AM/M = 1.83 + 0.16%) experiments using 6% w/w so-
lutions. Damage is expected to occur during the drying/cooling stage
from the second aging cycle onwards, when a macroscopic tensile stress
of 2.6 MPa is generated due to natron crystallization at 1.1 °C, over-
coming the critical strength of the material (Fig. 9). These calculations
are performed assuming that salts are homogeneously distributed and
that limited transport of the solutes takes place during drying.

However, the solution flows towards the surface during drying, and
ions are transported by advection towards the evaporation surface.
Consequently, a concentration gradient develops, but diffusion tends to
act towards leveling the solution concentration. Therefore, a competi-
tion between advection and diffusion is established, whose magnitude
can be estimated by calculating the P é clet number defined by Pe = UL/
D, where L (m) is the length of interest (i.e., the size of the stone spec-
imen), D (m?/s) is the ion diffusion coefficient and U is the average
solution flow velocity given by U = J/A/p)/#, where J (kg/s) is the
evaporation rate, A (m?) is the surface area of the evaporation front, p;
(kg/m>) is the solution density and ¢ is the pore fraction.

Note that when Pe > > 1, advection is the dominant ion transport
mechanism, while diffusion is dominant when Pe < < 1. In the case of
sodium carbonate in solution, we consider a D value of 0.742 x 10~°
m?/s (at 25 C, 0.5 M concentration) [71]. Values of U during drying
were calculated from weight loss measurements. These values were used
to calculate Pe. In our experiments, Pe values at the moment of crys-
tallization are approx. 5, suggesting that ion transport could be
controlled by advection when crystallization occurs in our experiments,
resulting in the development of concentration gradients within the
sample. However, our SEM observations seem to reflect a pretty ho-
mogenous distribution of the salt, at least in the control (additive-free),
weathered sample. In the case of the ATMP-doped solution, in contrast,
the salt seems to be concentrated in the outer layers of the sample. In any
case, and due to the difficulties in unambiguously determining the exact
concentration of the salt at the onset of crystallization (and the influence
on it of concentration gradients), as well as the stone volume affected,
our calculations establish a lower limit for the actual concentration at
the onset of crystallization. This value could be even higher due to ki-
netic effects and, in any case, is indicative of the damaging character of
sodium carbonate. Moreover, since these calculations agree well with
the observed onset of damage in our experiments, we are confident that
concentration gradients are not critical.

Our weight measurements do not reflect damage in the second cycle
(AM/M = 2.12 + 0.08%) since the initial weight loss related to incipient
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Fig. 9. (a) Macroscopic tensile stress developed during the first drying (cool-
ing) step in stone weathering experiments as a function of the temperature
within the stone specimen, calculated assuming heptahydrate (NaxCO3-7 H30)
or natron (Nap,CO3-10 H,0) crystallization, and S, (fraction of filled pores) of
0.12, for experiments performed using a 6% w/w solution and S, of 0.25 for a
12% w/w solution. Note that negative tensile stresses are due to the under-
saturated state of the saline solution; these values thus have non-physical
meaning. (b) Macroscopic tensile stress developed during the drying (cooling)
step of three consecutive aging cycles as a function of the temperature within
the stone specimen, calculated assuming natron (NapxCO3-10 H2O) crystalliza-
tion, and S, of 0.12, 0.25, and 0.37 for experiments performed using a 6% w/w
solution. The horizontal dashed line in a) and b) marks the critical stress that
must be reached to produce damage in the dry limestone (1.9 MPa). The ver-
tical line in b) marks the temperature at which the crystallization onset occurs
according to temperature measurements. See the main text and supplementary
information for details on this calculation.

damage may be compensated by further uptake of salts. Indeed, during
the second cycle, an increase in the weight of the stones up to 4.62%
(S.=0.25) should have occurred due to a higher fraction of salt filling the
pores. Interestingly, during this cycle, the ATMP samples (which show
limited damage compared to the control samples) increased their weight
up to AM/M = 3.00 + 1.74%. In our experiments, the weight of the
control samples does not start to decrease significantly before the third
cycle. This shows that even though damage due to crack generation and
incipient weight loss could begin in the second cycle, it would not
manifest in the measured weight loss until the third cycle.
Interestingly, in the case of the initial 12% w/w solution, the pore
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solution becomes supersaturated with respect to the heptahydrate for
temperatures lower than 8.5 °C. However, temperature measurements
could not detect the crystallization onset in weathering experiments. As
a threshold value, we can assume that crystallization occurs at a tem-
perature equal to or below that measured in the unconfined experiments
for natron crystallization (4.4 °C). However, it is reasonable to assume
that the heptahydrate could form in our system since (i) metastable
phases have lower interfacial energies as compared to the equilibrium
phase, and (ii) in the NaySO4-H,0 system, it has been experimentally
shown by nuclear magnetic resonance (NMR) that heptahydrate is the
phase that forms most readily when samples are cooled [72]. In any
case, heptahydrate crystallization during the first cycle will not damage
the stone since the maximum stress reached is below the critical strength
of the substrate during the entire cooling step (Fig. 9a). Indeed, the
calculated S, value of 0.25 for the first cycle would represent an increase
in weight of our stone specimens of 4.73%, which is in good agreement
with the experimentally determined increase in weight for the first cycle
of the control (AM/M = 4.20 + 0.49%), ATMP (AM/M = 4.78 + 0.80%)
and aspartic (AM/M = 5.97 + 1.60%) experiments using 12% w/w so-
lutions. The heptahydrate formed in the first cycle likely dissolves until
equilibrium is reached during the immersion step of the second cycle.
Providing that the heptahydrate is present, the solution concentration
will be given by the solubility of the heptahydrate. Our calculations
using PHREEQC show that the resulting solution -in equilibrium with
the heptahydrate- will be supersaturated with respect to natron
(Q = 0.18, with a concentration of sodium carbonate of 1.58 M) during
the immersion step at 20 °C. Using Corren’s equation (Eq. 1), the crys-
tallization pressure of natron precipitation after heptahydrate dissolu-
tion is calculated to be 5.0 MPa, which corresponds to a macroscopic
tensile stress of 1.2 MPa calculated as described above, assuming a filled
pore fraction of 0.31 (see Supplementary Information). The associated
tensile stress could be high enough to damage the stone during the
immersion step since the resistance of a moisture-saturated material is
up to 40% lower than that of the dry material, i.e., 1.1 MPa [10].
Cooling and evaporation during the drying step would result in natron
growth (at equilibrium) and provoke no damage.

In the experiments performed in the presence of ATMP using a 6% w/
w NayCOgs solution, the pressure exerted by natron crystallization is
expected to be higher since precipitation occurs at a lower temperature
due to the inhibitory effect of the additive. However, the salt is not
homogeneously distributed within the stone substrate but is mainly
concentrated close to and on the surface of the stone specimen (Figs. 6
and 7) so that the stress is not transmitted to the entire stone volume,
which reduces the damage to the material. Indeed, some damage is
observed near the surface in the form of cracks and loss of cohesion, for
example, in Fig. 6¢. This positive effect is not observed in the case of the
12% w/w solution, possibly due to the higher salt load of the material,
which affects a significant volume of the stone. Alternatively, a different
damage mechanism associated with heptahydrate to natron trans-
formation might be at play here. No differences in the salt distribution or
damage pattern compared with the control were observed in the pres-
ence of aspartic acid, even though it acted as a crystallization promoter
in unconfined crystallization experiments. The latter is likely since the
porous stone has a larger surface area than the glass reactor, so the
limited amount of adsorbed aspartate ions would not be able to suffi-
ciently cover the stone pore walls to form an effective template and
enable heterogeneous nucleation of natron at low supersaturation.

4. Conclusions

Our artificial ageing tests and thermodynamic calculations of crys-
tallization pressure and associated stress suggest that direct crystalli-
zation of natron upon decreasing T generates stresses high enough to
damage porous limestone, although a relatively high salt load is
required. Our calculations indicate that it is possible to cause damage in
this system via the formation of the heptahydrate, followed by its
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dissolution and subsequent natron precipitation. The direct thermody-
namic approach used here provides information on the potential
weathering activity of sodium carbonate, allowing the estimation of the
stress generated due to its crystallization within porous materials and
explaining the observed damage onset. Most additives tested as potential
natron crystallization modifiers acted as crystallization promoters in
bulk (unconfined) experiments, except for ATMP, which inhibits natron
crystallization at high additive concentrations. For moderate salt loads
and direct natron crystallization upon cooling and evaporation, this
additive significantly diminishes the damage and the associated weight
loss of the stone substrate, thus representing a promising strategy for
reducing the deterioration of porous building materials related to the
precipitation this hydrated sodium carbonate phase. Extremely large salt
loads, such as the highest concentration tested here, might result in
severe damage but are not expected to be common in real-case scenarios.
Thus, additives will most likely be effective under real conditions. In a
real case scenario, the additive could be applied as an aqueous solution
by spraying or poulticing. Further tests should be performed to select the
optimal application procedure in real case scenarios so that the
maximum penetration of the additive could be achieved without leading
to any damage to the substrate since wetting of a substrate having a high
salt load may cause damage in case dissolution and reprecipitation at
high supersaturation occurs. Future studies will be conducted to
experimentally determine the sodium carbonate phase evolution during
cooling and evaporation within porous materials.
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