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Pressure exerted by crystallization of salts within porous materials contributes to damage in historic

and modern construction. By unequivocally identifying the precipitating phase(s) while simultaneously

determining solution supersaturation and associated crystallization pressure in subsurface pores, we show

that the formation of a thermodynamically metastable salt phase (heptahydrate; Na2SO4 � 7H2O) and the

resulting transition to a less soluble stable phase (mirabilite; Na2SO4 � 10H2O) is largely responsible

for the high supersaturation and crystallization pressure developed during evaporative crystallization of

sodium sulfate, the most damaging salt known. These results help to explain why salts with various (stable

and metastable) hydrated phases are the most damaging. We also show that damage associated with

metastable-stable phase transitions can be suppressed by the use of crystallization promoters. These

results open new ways for the prevention of salt damage to building materials.
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Crystallization in confined spaces, such as pores, is
relevant to nearly every field of science, from industrial
concerns related to pipe clogging in heating, cooling, and
oil recovery systems [1,2], to pore blockage in CO2 seques-
tration [3], cement setting [4], crystal growth in gels [5],
biomineralization [6], and conservation of construction
affected by frost [7] and salt damage [8]. A fundamental
understanding of crystal nucleation, phase transition, and
growth in a confined geometry is critical to controlling
these processes and avoiding undesired effects such as salt
weathering [7,8], which is considered a leading cause of
damage to sculptural and built heritage [4,7–15].

As first suggested by Thomson in 1862 [16], the main
mechanism by which salts cause damage is by generating
crystallization pressure [13]. The crystallization pressure
(�p) exerted by a crystal in a pore can be calculated by
[7,13,17,18]

�p ¼ RT

Vm

ln
IAP

ks
� �cl�cl þ �V

Vm

�lv�lv (1)

where IAP is the ion activity product, ks is the solubility
product (IAP=ks is the supersaturation, �), �V ¼ �VL �
Vm, VL ¼ �Vi is the sum of ion molar volumes, Vm is the
crystal molar volume, �cl and �lv are the curvature of the
crystal-solution and liquid-vapor interfaces, respectively,
and �cl and �lv are the crystal-solution and vapor-solution
surface energies. The first term shows that �p depends
on supersaturation, which acts as a driving force for salt
damage [4]. The second and third terms are of insignificant
magnitude in pores >100 nm [13,19].

The three kinetic pathways by which high � and �p are
commonly produced are (a) rapid drying [7,10,14]; (b) rapid
cooling of salts with T-dependent solubilities [12,20]; and
(c) formation of a saturated solutionwith respect to one phase
(i.e., dissolution of thenardite, Na2SO4) but supersaturated
with respect to another (i.e., mirabilite) [19,21]. While some

progress has been made in understanding the second and
third pathways [12,19], little is known about the common
and highly deleterious case in which �p is generated
during evaporation, especially in salt systems with multiple
hydrated phases (Fig. 1). These hydrated salt systems (e.g.,
sodium sulfate, sodium carbonate, and magnesium sulfate)
are the most damaging [9,22], despite the fact that their high
solubilities and correspondingly very low �cl values [13],
should mean that these systems will crystallize before a high
supersaturation is sustained.

FIG. 1 (color online). Salt damage of porous buildingmaterials.
(a) Limestone block showing extensive damage due to sodium
sulfate crystallization. Capillary rise and continuous evaporation
over 1 week led to massive efflorescence in the bottom portion of
the block and subflorescence (in-pore salt crystallization) and
associated damage near the top of the block. (b) Detail of damage
on the top part of the limestone block. (c) Example of salt damage
(sodium sulfate) in the interior of the Granada Cathedral complex
(Sagrario Chapel).
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A critical and challenging experimental task is the deter-
mination of which a salt phase crystallizes in a pore and
at what supersaturation. Other researchers have used
differential scanning calorimetry (DSC) [20] and nuclear
magnetic resonance in combination with synchrotron
energy-dispersive diffraction with hard x rays [12] to quan-
tify solution supersaturation and to identify the crystallizing
phase in porous media during cooling-induced sodium sul-
fate crystallization. However, cooling-induced crystalliza-
tion is unrepresentative ofmost natural environmentswhere
crystallization follows evaporation of a saline solution [10].
To study this complex situation, we used a combination
of instrumental techniques (see Materials and Methods in
Supplemental Material [23]): (a) two-dimensional x-ray
diffraction (2D-XRD; using highly penetrative Mo k�
radiation) to identify the in-pore sequence of crystallizing
phases, (b) thermal gravimetry (TG) combinedwith DSC to
calculate the supersaturation with respect to each crystal-
lizing phase as well as �p according to the first term in
Eq. (1) following a Pitzer parametrization (see Ref. [18]
and Supplemental Material [23]), and (c), environmental
scanning electron microscopy (ESEM) to study the in situ
evaporative crystallization of sodium sulfate at high mag-
nification [14]. We choose to study sodium sulfate because
it forms different hydrated and anhydrous phases, it is the
most deleterious salt known, and it is ubiquitous both in
nature and in old and modern construction [10].

TG analysis of a 1 M Na2SO4 solution evaporating from
a model porous substrate (glass frits [23]) allows for the
determination of the precise evaporation rate and the cal-
culation of the concentration of the solution at every point
during evaporation. The heat flow was measured using
DSC throughout evaporation and crystallization within
the porous substrate. With the concentration of the solution
known for every point in time (from TG) and the precise
timing of crystallization identified (from DSC), we deter-
mined the solution concentration at the onset of crysta-
llization (Fig. 2; see also Supplemental Material [23]).
The DSC trace shows a broad exothermal event with two
relative maxima corresponding to different crystallization
events, followed by an endothermal event, both overprinted
on the general endothermal evaporation curve [Fig. 2(a)].
2D-XRD [Figs. 2(b) and 2(c)] shows the sequential
formation of heptahydrate, mirabilite, and thenardite. We
observed a reduction in the intensity of heptahydrate Bragg
peaks (and their final disappearance) coupled with an
increase in the intensity of mirabilite Bragg peaks as
evaporation and crystallization progressed [Figs. 2(b) and
2(c)]. This crystallization sequence follows the Ostwald’s
rule of stages, which states that metastable phases precede
the formation of stable ones [24]. Our results point to a
heptahydrate to mirabilite phase transition taking place
via solvent-mediated dissolution-precipitation [24,25].
Because heptahydrate cannot spontaneously dissolve
back into its own saturated solution [20], its dissolution
must occur concurrently with mirabilite precipitation.
The lower crystal-liquid interfacial energy of metastable

heptahydrate (0:027 Nm�1) [20] compared with mirabilite
(0:043–0:06 Nm�1) [11,13] favors the initial in-pore crys-
tallization of heptahydrate at a lower�. This is in agreement
with calculations of thenucleation density IB of bothhydrated
phases (Supplemental Material, Fig. 1 [23]). Formation and
transformation of metastable phases in salt systems with
different hydrates appears to be a general phenomenon, as
recently demonstrated for the CaSO4-H2O system [2].
2D-XRD results show that thenardite Bragg peaks

appear and grow in intensity as mirabilite peaks disappears
[Figs. 2(b) and 2(c)]. The presence of a well-defined en-
dotherm in the DSC trace [Fig. 2(a)], is consistent with the
formation of thenardite following dehydration of mirabilite
via a solid-state reaction.
In a porous substrate, evaporation initially occurs at the

substrate surface controlled by constant drying rate kinetics
and is followed by a period of diffusion-controlled evapora-
tion kinetics [see Refs. [26,27] and Supplemental Material
[23]). In all of our experiments, the Péclet number, Pe during
the first drying stage is 0.9 to 2.1, and 0.1 to 0.5 during the
onset of crystallization, which systematically took place
during the second stage of drying (see Supplemental
Material [23]). A Pe< 1means that solute transport during
the crystallization stage is diffusion controlled [28].
The combined data from TG, DSC, and 2D-XRD show

that when the concentration of the solution reached 3.04
(22:54 �C) to 3.44 m (molal) (22:58 �C), heptahydrate pre-
cipitated from solution (�� 1). When plotted in the
Na2SO4-H2O phase diagram (Fig. 3), these values fall within
the range of published solubility data for heptahydrate. In no
case did crystallization of heptahydrate occur at a concen-
tration corresponding to the supersolubility curve. Nuclear
magnetic resonance has also shown nucleation of heptahy-
drate within porous supports once the solubility curve is
reached [11]. This is most probably due to the fact that the
porous substrate offers numerous sites for heterogeneous
nucleation. Heptahydrate is metastable and as soon as
mirabilite starts to nucleate, undersaturation with respect to
heptahydrate will lead to its dissolution. The resulting solu-
tion is supersaturated with respect to mirabilite (� ¼ 2:45).
For the observed critical � of mirabilite, a �p of 10 MPa
is generated. In practice, the calculated �p is not exactly
equal to the stress created during a crystallization event,
since pressure is not effectively transmitted through a porous
body [20]. Applying poroelasticity theory, the effective
stress, P can be calculated by P ¼ b�e�p, where b is the
Biot coefficient and�e is the volume fraction of pores filled
with salt crystals [19] (see details in SM [23]). In our porous
material, the effective stress would be 2.4 MPa (�e ¼ 0:27).
This is sufficient to cause damage to building materials such
as the limestone in Fig. 1, which has a (dry) tensile strength,
�T of1:8� 0:5 MPa and28%porosity. Theporous glass has
a higher �T of 6:3� 1:2 MPa, which may prevent damage.
Note, however, that�T of moisture saturated porous materi-
als tend to be �40% lower than for the dry material, as
observed here for the limestone (1:1� 0:2 MPa) and the
porous glass (4:2� 0:6 MPa).While the calculated effective
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stress may not be high enough to cause massive failure of
a porous material, it will likely result in the formation of
microcracks and fractures. Multiple crystallization events
taking place over longer periods of time can result in
cumulative damage [22]. Note that periodic crystallization
events typically occur following continuous supply of sa-
line solution during evaporative crystallization in porous
materials [22] and lead to substantial damage, as shown
in Fig. 1.

TG, DSC, and 2D-XRD experiments were repeated
with the addition of 0.01 M borax or 0.01 M DTPMP
(diethylenetriamine-penta-methylene phosphonic acid) to
the 1 M Na2SO4 solution. Borax promotes the crystalliza-
tion of mirabilite at or near saturation [29], while inhibiting
heptahydrate formation. DTPMP is commonly used as a
scale inhibitor [1]. In solution, DTPMP molecules inhibit
sodium sulfate crystallization, while their adsorption on a
substrate favors the heterogeneous nucleation of salts [1].
This dual role (inhibitor and promoter) is shown by many

organic molecules in biomimetic crystallization and bio-
mineralization [6]. These DSC results show only one
exotherm followed by one endotherm overprinted on the
general endothermal curve, corresponding to the evapora-
tion of the solution in the presence of DTPMP or borax
[Fig. 2(d)]. Regardless of the type of additive used (borax
or DTPMP) 2D-XRD [Figs. 2(e) and 2(f)] shows that these
events correspond chronologically to the crystallization
of mirabilite and its dehydration to thenardite. From TG,
the concentration of the solution at the onset of mirabilite
crystallization, which occurred during the second stage of
drying (Pe< 1), was calculated to be 1.77 (23:7 �C) to
1.97 m (24 �C), with � ¼ 1:00–1:12 (Fig. 3). Under these
concentrations, the solution is undersaturated with respect
to heptahydrate. �p of mirabilite for the highest � value is
1.3 MPa, and P is 0.18 MPa (�e ¼ 0:16): not enough to
create damage to most building materials [4,21]. These
results demonstrate that additives (crystallization pro-
moters) have the potential to inhibit or at least significantly

FIG. 2 (color online). Crystallization of sodium sulfate within porous media. (a) Evolution of the solution concentration (TG) and
heat evolved (DSC) during evaporative crystallization. The onset of crystallization is indicated by the vertical dashed (blue) line.
Dashed (black) line in DSC trace shows modeled heat evolution associated with solution drying assuming no sodium sulfate
crystallization or dehydration. (b) Intensity map of sequential 2D-XRD patterns showing the initial crystallization of heptahydrate
[marked by the horizontal dashed (1) red line], which starts to disappear [marked by the dashed (2) blue line] as shown by the reduction
in intensity of its main Bragg peaks concurrently with the appearance of the main mirabilite Bragg peaks; finally, mirabilite starts to
disappear (dehydrates) as thenardite Bragg peaks become most intense [marked by the dashed (3) green line]. (c) XRD patterns
corresponding to the sequential formation of heptahydrate, mirabilite, and thenardite. The XRD line patterns of each phase are shown
as a reference (red: heptahydrate [31]; blue: mirabilite, JCPDS card 11-0647; green: thenardite, JCPDS card 37-1465). (d) Same as
(a) but following evaporative crystallization of sodium sulfate in the presence of 0.01 M borax. (e) Same as (b) but showing the initial
precipitation of mirabilite in the presence of borax, followed by the formation of thenardite after mirabilite dehydration. (f) XRD
patterns corresponding to mirabilite formation in the presence of borax and its dehydration to form thenardite.
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reduce the physical damage that results from evaporative
salt crystallization in porous materials.

When thenardite, particularly fine-grained crystals, is
exposed to water, it rapidly dissolves, producing a solution
saturated with respect to thenardite, and thus highly super-
saturated with respect to mirabilite [21]. Subsequent mirabi-
lite crystallization results in significant damage [14]. In situ
XRD [30] and synchrotron hard x-rays diffraction [19] have
shown that thenardite dissolution within a porous material
(glass frits and limestone) at roomT is followed bymirabilite
crystallization. The reason why no heptahydrate precursor
forms is not known, although it could be argued that undis-
solved thenardite crystals act as seeds for direct mirabilite
crystallizationdue to the similarities in their crystal structures.

In an attempt to isolate thedamagecausedby the thenardite-
mirabilite transition, from that of the initial drying-induced
crystallization sequence heptahydrate-mirabilite, ESEM im-
ages were captured during crystallization and dissolution
cycles at 2 �C, where drying was stopped upon crystalliza-
tion of the sodium sulfate hydrated phase, before dehydra-
tion to thenardite [Fig. 4(a)]. pH2O was then increased at
constant T to dissolve all hydrated crystals and a second
crystallization event of hydrated sodium sulfate was

promoted (Fig. 3). At 2 �C dissolution of heptahydrate
results in a solution supersaturatedwith respect tomirabilite
(� ¼ 6:79), which crystallizes yielding a value of �p ¼
19:9 MPa, and P ¼ 1:94 MPa (�e ¼ 0:11). Such effective
stress is smaller than the (wet) tensile strength of the porous
glass and should not lead to damage. However, some dam-
age was observed [Fig. 4(b)]. This is most probably due to
the fact that fast evaporation in the ESEM chamber led to
concentration gradients (i.e., Pe> 1) and a higher salt pore
filling. The fact that efflorescence is observed on the sub-
strate [Figs. 4(a) and 4(b)] supports that Pe> 1. Assuming a
limiting situation where total pore filling by salt occurs due
to advective transport (i.e.,�e ¼ 0:28), a maximal P value
of 4.95 MPa will be achieved. This value is higher than the
(wet) tensile strength of the glass frit (4.2MPa), thus explain-
ing the observed damage. As anticipated, the extent of dam-
age was substantially less than what was observed when
dehydration was allowed to proceed to completion, and
recrystallization of mirabilite was allowed upon dissolution

FIG. 3 (color online). The T-dependent solubility diagram of
the system Na2SO4-H2O. This diagram shows the solubility
curves of mirabilite [curve (a)], heptahydrate (values from
Refs. [18] curve (b); and ICT [32], curve (c)), and thenardite
[phase V; curve (d)], as well as the metastability curve of the
latter from Ref. [18] [curve (e)]. Concentration values at the
onset of crystallization in glass frits (TG-DSC results) are plotted
[green solid diamond: initial 1 M Na2SO4; red solid square: onset
of heptahydrate crystallization; blue solid circles and yellow solid
circle (empty circle in printed version): onset of mirabilite crys-
tallization in the presence of borax and DTPMP, respectively].
The dashed black arrow (1) shows the solution concentration
evolution during evaporative crystallization. Dashed arrows (2)
and (3) (brown) show the T and concentration evolution during
ESEM crystallization cycles where only hydrated phases were
formed. Dashed arrow (4) (black) shows the concentration path
during ESEM crystallization cycles involving anhydrous and
hydrated phases.

FIG. 4. ESEM images of sodium sulfate crystallization in po-
rous glass. (a) Hydrated sodium sulfate crystals formedwithin and
on the porous glass following drying at RH > 64% (no dehydra-
tion of hydrated phases was allowed to occur). The large prism-
shaped crystals show a morphology consistent with heptahydrate
(Hept) [12]. (b) Mirabilite (Mir) crystals formed after deliques-
cence and reprecipitation of hydrated crystals shown in (a). Loss of
substrate grains is observed, which can only be attributed to the
heptahydrate-mirabilite phase transition. (c) Surface features of
the porous glass after the first crystallization event in which all of
the crystals are beneath the surface and undetectable in ESEM.
(d) Mirabilite crystals, identified by their equilibrium morphol-
ogy, formed upon dissolution of thenardite and recrystallization.
Changes in the surface topography of the porous glass substrate
reflect significant damage associated with this second crystalliza-
tion event (i.e., thenardite-mirabilite phase transition). White
circles mark unchanged reference points on the substrate.
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of the anhydrous phase [Figs. 4(c) and 4(d)]. Upon dissolu-
tion of thenardite at 2 �C, a solution forms with � ¼ 23:48
with respect to mirabilite. Subsequent mirabilite crystalliza-
tion leads to a �p of 32.8 MPa, and P values that range
between 3.21 MPa (�e ¼ 0:11) and 8.16 MPa (�e ¼ 0:28)
according to the two scenarios described above. The last
value is enough to significantly damage the porous glass, as
observed here, and most building materials [21]. This evi-
dence supports the theory that the thenardite to mirabilite
phase transition is responsible for a great amount of the
overall Na2SO4-induced physical damage to porous materi-
als [7,21].However, our results show for the first time that the
coupled dissolution-precipitation of heptahydrate-mirabilite
can also account for significant damage to the porous sub-
strate, thus explaining experimental and field observations
(Fig. 1) that show substantial damage by sodium sulfate
crystallization during continuous evaporation [10,22].

Dissolution-precipitation mediated transitions between
salt phases with contrasting solubilities (e.g., heptahydrate-
mirabilite and thenardite-mirabilite) appear to be a general
mechanism responsible for the buildup in supersaturation,
explaining why salt systems with multiple phases (hydrated
or anhydrous, metastable or stable) such as sodium sulfate,
but also magnesium sulfate and sodium carbonate, are
generally the most deleterious [9,22]. Damage associated
with such phase transitions would only occur when the rate
of dissolution of the precursor phase is higher than the
crystallization rate of the stable one [24] and when there is
a significant solubility (and surface energy) difference
between precursor and stable phases. This gained knowledge
helps in developing novel strategies to prevent salt damage to
porous materials (i.e., use of crystallization promoters). Our
results may also have important implications in other natural
and industrial systems where crystallization and solvent-
mediated phase transitions occur in a confined geometry.
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