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Abstract 

Experiments on evaporation of aqueous sodium chloride solutions from 
micro capillaries demonstrate for the first time that there is a metastability 
limit to the solubility of NaCl. The supersaturation of the solution reached 
at the onset of crystallization is found to be very high, almost twice the 
saturation concentration. At this concentration, we observe a peculiar form 
of crystal growth: the very rapid growth of a single Hopper crystal in which 
many crystallites grow outwards from a single central nucleus. The high 
supersaturations achieved at the onset of crystal growth are found to be 
independent of the size, shape and surface properties of the micro 
capillary. 
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1   Introduction 

Nucleation and crystallization in porous media are very important subjects 
in different fields such as the semiconductor industry, oil recovery, soils 
mechanics, purification of pharmaceuticals and proteins [1-4]. There are 
also many direct applications, biomineralization [5], CO2 sequestration 
where NaCl crystals that precipitate can completely block the porous 
medium in which the CO2 should be injected [6,7]. For civil engineering,  
geology and conservation of cultural heritage, frost [8-9] and salt 
crystallization is one of the major cause of mechanical and physical 
weathering leading to the disintegration of rocks and building materials 
[10-14], and its influence is expected to increase due to global climate 
change [15].  

In practice, the precise conditions under which the salt crystals nucleate 
and grow are very important but still unknown. The existence of a 
supersaturation in the salt solutions can account for an excess pressure 
exerted by the salt crystals against the pore walls (crystallization pressure) 
[16, 17] and hence damage the stone. In fact, any crystallization in 
solution process consists of two major steps: crystal nucleation and 
growth. The rate of nucleation and the growth speed are driven by the 
supersaturation ( of the solution, since the latter is the driving force of 
both processes 

 

SRTcs ln         (1) 

 

where s and c are the chemical potentials of a molecule in solution and 
in the bulk of the crystal phase, respectively; k is the Boltzmann constant, 
T is the absolute temperature and S is the relative supersaturation defined 
as (S=C/Csat with C concentration of the solution and Csat concentration of 
the solution at saturation). 

For a given supersaturation, by taking into account the non-ideal 
behaviour of the liquid phase, the total number of ions present and the 
interactions, the crystallization pressure due to the crystal growth may be 
expressed as [16]:  
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where is the total number of ions per dissolved molecule (2 for NaCl) 
and Vm the molar volume of the crystalline phase. The first term in the 
parenthesis describes the supersaturation in terms of concentration, the 
second and third terms describe the no ideal behaviour of the 
concentrated salt solutions. 
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But this mechanism cannot explain all the degradations observed. It does 
not consider the influence of surface properties of the materials itself on 
the salt nucleation and crystallization even if it is well known that the 
intensity of damage depends on the quantity of salt as well as the 
characteristics of the porous network and the pore geometry. Indeed, a 
stone is a porous material composed of a network of angular pores of 
different sizes and shapes. Taber [18], Everett and [9] Scherer [12] claim 
that damaging stresses are expected only if the crystallization takes place 
in small pores because the salt solution constrained in fine pores could 
maintain a higher supersaturation [19-21]. It is also well established that 
the surface chemistry, the morphology and the shape of the surface play a 
crucial role in the nucleation [22-26]. 

New studies have shown that the kinetics of salts crystallization play an 
important role in the degradation [27,28]. It is clear that when the salts 
crystallize within the stone (a phenomenon called subflorescence) the 
decay is strong, harmful for the stone and a loss of material can be 
observed (i.e flaking and scaling). 

Consequently a detailed understanding of how crystals nucleate and grow 
within porous media and lead to damage is needed.  

In this study we have investigated at the microscale the role played by the 
nature, shape and size of the porous media on the kinetics of nucleation 
and growth of sodium chloride. Then, at the macroscale the damage 
process on Prague sandstone when the NaCl-solution is entrapped inside 
the stone and the salt crystallizes as subflorescence is studied. 

2   Experimental section 

At a microscale, using a phase contrast microscopy and direct imaging we 
have investigated the drying of a NaCl-solution in glass capillaries which 
are considered as simple model for a single pore in a porous medium. 
Different sizes of microcapillaries have been used (50 to 2000µm) and 
chemically different surfaces: hydrophobic (silanised: treated with OCTEO 
(Octyltrietoxysilane)) and hydrophilic (cleaned) [29]. The geometry of the 
microcapillaries is also changed; besides cylindrical we also use 
rectangular shapes since in real porous media liquid can be trapped within 
corners of the porous network [24, 30-32]. We study situations with slow 
evaporation (and consequently no large salt concentration gradients) by 
choosing the initial concentration in such a way that the surface tension 
and the contact angle of the salt solution were high enough to avoid the 
formation of wetting films. This corresponds to the most harmful situation 
where the solution cannot reach the surface of a porous medium like 
stone (because of the presence of a treatment product: water repellent, 
consolidant, anti-graffiti, wax, etc) [33] or very high concentration of salt 
solution or finally because of extreme conditions of drying [24] and the 
salts will crystallize as subflorescence. 
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Because the NaCl-solution evaporates and concentrates during the 
experiment, we measured the variations of the surface tension and the 
contact angles of the NaCl-solution on glass with regards to the salt 
concentration with an Easy-Drop device. The initial salt solutions (molar 
concentrations from 0,616 to 6,160 M) were prepared by dissolving NaCl 
(Sigma-Aldrich purity 99.9%) in Millipore water.  

All experiments have been done in  well controlled relative humidity (RH in 
a range from 2% to 68% ± 0.5%) and temperature (T =22°± 2°C)  

A known volume (V0) of the solution is introduced into the capillary and 
placed into a miniature climatic chamber with dimensions 1.5x2x6 cm3 [27] 
under a microscope. By fixing the relative humidity of the ambient air in 
the climatic chamber [27], the evaporation rate of the solution is controlled. 
The volume change during the evaporation of the solutions inside the 
microcapillaries is subsequently followed by recording the displacement of 
the two menisci while simultaneously visualizing the onset of crystal 
growth in the solution directly with the optical microscope (Leica IDRM) 
coupled to a CCD camera. 

At macroscale we investigated the crystallization of sodium chloride as 
subflorescence inside Prague Sandstone (porosity Ф ≈ 29%, pore 
diameter dp ≈ 25 µm [34]) using scanning electron microscope (SEM, 
HITACHI TM 3000). To avoid the formation of efflorescence, the upper 
face of the sandstone samples (5x5x10mm) were treated with a 
consolidant (@)funcosil) and the 4 lateral faces were covered with 
parafilm. Then, the samples were impregnated with NaCl-solution by 
capillarity with an initial concentration of 4.9 M and left to dry in a 
homemade climatic chamber in which both temperature and humidity are 
imposed at T ≈ 22 ± 2°C and RH~50±2%. 

3   Results and Discussion 

3.1 Microscale experiments 

The liquid/vapor surface tension (lv) of the NaCl solution and its contact 
angle on glass slide ( increase linearly with the NaCl concentration 
(Figure 1). Using this relation, we define a critical salt concentration (S 
=4.47 M, i.e S = C/Csat=0.72) above which the formation of wetting films in 
the edges of the square geometry is avoided [30] (the critical angle 
defined as c=/N with N the number of sides, c = 45°). The solution will 
be trapped inside the capillary without any connection with the entrance, 
and the crystallization will happen within it.  
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Figure 1:  Linear increase of the surface tension of a NaCl-solution with regards to the 

supersaturation (C/Csat with C concentration of the solution and Csat 

concentration at saturation). In the frame,  the contact angle θ of the NaCl-

solution as a function of  the supersaturation of the solution is plotted. ( T ≈ 

22.0 ± 0.5°C and RH~50±2%) 

With regards to these results, we investigated the drying kinetics of 0.1 µl 
of NaCl-solution with an initial concentration of 4.9M (above the critical salt 
concentration) in the different capillaries.  

As we expected no wetting films are observed in these experiments. The 
concentration for which nucleation is observed is constant and 
independent of the size, the shape of the microcapillary and the 
evaporation rate of the solution, the latter being controlled by the relative 
humidity (Figure 2). From more than 100 experiments, a supersaturation S 
of 1.6 ± 0.2 is calculated at the onset of crystallization (S=C/Csat, with C 
the solution concentration at the moment when the crystallization occurs) 
(Figure 2). 
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Figure 2:  Supersaturation (S = m/mo) of NaCl solutions reached by evaporation under 

isothermal conditions (22.0 ± 0.5C) in various confined geometries and 

situations.  (a) Data for microcapillaries of different sizes (from 20 to 2000 µm, 

i.e. below and above the capillary length), with two geometries (square and 

circular) and with different wetting properties (hydrophilic and hydrophobic). 

Recrystallization was studied after complete deliquescence of salt crystals. All 

measurements were done at a relative humidity (RH) of 52 ± 2%. (b) Data for 

200 µm square capillaries at different evaporation rates (RH ranging from 2 to 

68%) at the onset of spontaneous crystallization. 

To assess the effect of impurities on the concentration for which 
nucleation is first observed, recrystallization experiments were conducted 
by performing repeated cycles of complete deliquescence (dissolution by 
water vapour) of the salt crystals followed by drying, a procedure that is 
known to efficiently expel impurities [25,27]. Our results show again that 
the value of 1.6 of supersaturation at the onset of crystallization is not 
affected within the experimental uncertainty (Figure 2a). One 
consequence of the evaporation is that, when the ion transport in the liquid 
phase is slower than the evaporation rate, there may be concentration 
gradients in the salt solution. This leads to a higher concentration of ions 
close to the meniscus, where the evaporation takes place. To see whether 
our limit of metastability is well defined in terms of NaCl concentration we 
calculated the Peclet number (Pe), which is a measure of the 
heterogeneity of the ion distribution. Pe is defined as the ratio between the 
convective and the diffusive transport of ions in the solution and can be 
calculated from various parameters such as the time-dependent NaCl 
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diffusion coefficient and the characteristic time of the displacement of the 
meniscus: Pe ≈ tdiff/ts 

 [30]. These can be calculated from tdiff  ≈ z0
2/DNaCl(t) 

and ts ≈ z0/(dz/dt), with z0 the initial meniscus position, z the position at the 
time t, and DNaCl(t) the diffusion coefficient at time t, which depends on the 
concentration and viscosity of the solution [30].  

We find that at the start of the evaporation, Pe is of order unity at low 
relative humidity and in small microcapillaries, reflecting a rather 
heterogeneous distribution of ions in the solution (figure 3). However, the 
increase of the solute concentration in time leads to both a lower 
evaporation rate and a higher viscosity [35], reflected in a decrease of Pe. 
At the onset of crystallization, Pe reaches values on the order of 10-2 to 
10-3 revealing that the ions are very homogeneously distributed in the 
solution and the limit of metastability is well defined. 

 

Figure 3:  Peclet number Pe calculated at the meniscus as a function of evaporation 

time in square and circular capillaries with a size of 50 and 500 µm at RH = 

52±2% and T = 22.0±0.5°C. The straight lines are guides to the eye. 

From classical nucleation theories, one would also expect the probability 
of nucleation increase with time for which the solution has been 
supersaturated [36]. However the results as a function of the relative 
humidity show that the nucleation is only observed when a concentration 
of 1.6 ± 0.2 is achieved, independently of the time necessary to reach it. In 
our experiment, the necessary time to reach the limit of metastability 
strongly depends on the relative humidity and varies over more than an 
order of magnitude (figure 4). 
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Figure 4:  Normalized evaporated water volume from a 4.9M NaCl solution in 200 µm 

square capillaries as a function of time at different relative humidities (ranging 

from 2 to 68%) until spontaneous growth is observed. At an RH of 68% no 

crystals were formed. All measurements were done at T = 22.0±0.5C 

As can be observed in figure 4, the evaporation rate decreases in time but 
does not follow a  scaling as it would be for a simple diffusive process 

[37]. In fact, when the evaporation rate e is limited by diffusive vapor  

transport through the gas phase, it follows  with  the vapor  

density, D the diffusion coefficient of water vapor through the gas, the 
controlled water vapour concentration of the climatic chamber and  the 
water vapor concentration just above the menisci; is the characteristic 
distance over which diffusion takes place [30,36]. The drying rate is 
consequently controlled by  and ; during the evaporation,   
decreases because the saturated vapor concentration decreases when 
the salt solution becomes more concentrated ( = 1-0.24 S) 

[38]; on the other hand δ is roughly the distance between the meniscus 
and the outlet of the capillary, which increases: both effects then lead to a 
decrease in evaporation rate, consequently a simple diffusive  scaling 
is not expected [36]. 

As a consequence, for humidities higher than 61%, corresponding to the 
equilibrium water vapour concentration above a solution close to S1.6, 
the evaporation rate goes to zero as soon as  see e.g. the black 
symbols in Figure 4)Here, although the solution is supersaturated, no 
nucleation is observed because the value of 1.6 is not reached. In the 
experiments performed at humidities higher than 68 %, crystals no longer 
precipitate, since the evaporation stops until a perturbation is imposed to 
the system (i.e. rapid decrease of the temperature or relative humidity). 
This independently provides another value for the onset of nucleation: S = 
1.60 ± 0.07 (Figure 2b), in agreement with the findings above.  
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It is worthwhile noting here that the time delay between the actual 
nucleation and our first observation of the crystal is given by its growth 
rate, which is typically in the order of a few (5m/s for the cubic NaCl 
crystal [27]. This means that within a few seconds of its formation, the 
crystal is consequently observable. This results in an error on the 
supersaturation that is negligible, since the evaporation takes place over 
several hours. Moreover, any crystallization in the solution would change 
the equilibrium water vapor pressure above the solution and consequently 
the evaporation rate; we only notice such a change once the crystal is 
observed. 

Since the nucleation appears to be homogeneous, Classical Nucleation 
Theory (CNT) can be used to predict the rate of crystal nucleation for 
sodium chloride as a function of the supersaturation. According to CNT, 
the rate of nucleation per unit volume can be calculated as the product of 
an exponential factor and a kinetic pre-factor [39,40]: 

 

        (3) 

In the exponential factor, G* is the free energy cost of creating a critical 
nucleus and kT the thermal energy. The total Gibbs free–energy cost to 
form a spherical crystallite has a bulk and a surface term and can be 
expressed as: 

 

       (4) 

With s is the number density of the solid,  the difference in chemical 
potential of the solid and the liquid and 𝜸 is the interfacial tension of the 
NaCl crystal with the solution (lc 0.08 N.m-1 [39,40]). Here, the difference 
in chemical potential of the solid and the liquid, can be written in terms of 
the mean ionic activity of the solute a± [16,36], as: 

 

     (5) 

 

where m and m0 are the molalities at crystallization and equilibrium 
(mol.kg-1) and ± is the corresponding mean ionic activity coefficient and  
the sum of ions (2 for NaCl). 
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The energy of the critical nucleus G* is then:  

 with      (6) 

The kinetic pre-factor , which relates to the efficiency with which 
collisions between supernatant ions and the crystal interface produce 
crystal growth and is determined from =jZ, where  is the number 
density of molecules in the liquid phase, Z the Zeldovich factor : 

 with n* the excess number of molecules in the critical 
nucleus and j the rate at which molecules attach to the nucleus causing its 
growth. j is approximated as  with D the diffusion constant of the 
molecules and Rc

* the radius of the critical nucleus [40].  

The rate of nucleation J (m-3s-1) is plotted as a function of the 
supersaturation in Figure 5. It can be noticed that for supersaturation 
values lower than ~1.6 the nucleation rate is extremely small while very 
large in case of higher values. At S~1.6 the rate of the nucleation of 
sodium chloride is found to be 0.004 m-3s-1, which roughly corresponds 
to one nucleus in a typical volume considered here within our 
experimental time window (typically 5000 s). Moreover, the variation of the 
experimental parameters here (volume V, relative humidity etc.) does not 
significantly change the value of S~1.6 for which the nucleation becomes 
observable. Simply said, the nucleation rate depends so steeply on the 
supersaturation that all other parameters are irrelevant, in excellent 
agreement with all our observations. 

 

Figure 5:  Nucleation rate J (m
-3

s
-1

) as a function of supersaturation S=m/m0 of the 

solution calculated using equation (3) 

Very recent simulations on NaCl solutions show surprisingly that already 
at a relatively low supersaturation, nucleation can be observed in smaller 
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system than ours on the time scale of a simulation [41,42] which is shorter 
than our experimental time. This discrepancy could be related to 
restrictions  of the model  used for the simulations or due to a  difference 
in theoretical parameters (attempt frequency, dielectric constant, chemical 
potential difference and surface tension) compared to the experimental 
ones. For example, the solubility of NaCl is under estimated in the 
simulations compared to the real value; this seems an interesting item for 
further investigations. 

Another very interesting observation is that at the onset of crystallization a 
single nucleus is observed to be growing very rapidly with a peculiar 
shape: a Hopper (skeletal) crystal (figure 6a,b). Such a hopper shaped 
crystal appears at high supersaturation because of the so-called “Berg-
Effect” (on a flat surface, there is an excess of supersaturation near the 
edges) [43]. A new growth layer will be generated by the 2D nucleation 
near the edges and then the growth layer will spread inward from the 
edges forming the macrosteps [43,44].  

 

Figure 6:  Spontaneous formation of Hopper crystals at S = 1.6 ± 0.2 in (a) 50 µm 

capillary: and, (b) 100 µm capillary. (c) Evolution of the growth of a Hopper 

crystal in the first 10 minutes (Scale=100m) 

However, since the nucleation rate depends very strongly on the 
concentration, such a rapid growth of the critical nucleus will lead to a very 
rapid decrease of the local supersaturation and consequently favors the 
formation of only a single skeletal crystal with a peculiar shape. It is 
noticed that the morphology of the Hopper crystals changes during the 
growth process, due to the gradual decrease of the ion concentration in 
the solution accompanying the formation of the crystals (figure 6c). At the 
late stages of growth regular cubic crystals start to form from the 
extremities of the Hopper crystal. 
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The Hopper crystals are growing in these experiments  at a speed  up to 
ten times that of the growth of a regular cubic crystal under the same 
conditions [27-45]; it is likely that such fast growth dynamics are 
accomplished with  high supersaturations of the solution [45], hence 
provoking damage in porous materials. Indeed, the crystallization pressure 
that is responsible for the damage is known to depend strongly on the 
supersaturations reached [46,47]. 

3.2 Macroscale experiments 

To see whether our conclusions from the capillaries also apply to real 
porous media, we compare the crystal morphologies at the late stages in 
microcapillaries with the NaCl crystals formed in experiments on porous 
sandstone. The surface of the latter was also treated as described in the 
experimental section to slow down the evaporation, prevent salt 
crystallization at the exterior of the stone and facilitate the formation of 
liquid pockets.  

 

Figure 7:  Comparison between NaCl crystals formed in capillaries after reaching our 

limit of supersolubility S1.6 (a-c) and those obtained in the sandstone (d-f). 

All the experiments are performed at (T=22°C , RH50%).  
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For that, the Mesne stone saturated with a NaCl solution (C0=4.9M) is 
dried under the same conditions as the capillaries. Subsequently, the 
sample is fractured and the salt crystal morphology inside the stone is 
investigated by Scanning Electron Microscopy (SEM). 

Figure 7 shows the remarkable similarities between the crystal structures 
formed in the stone and in the capillaries: in the stone also Hopper 
crystals have been formed. Observations on several samples show that 
these crystals are plentiful in some parts of the stone, while  almost absent 
in others, suggesting that very concentrated residual fluid pockets had 
formed. Both these observations indicate that the liquid pockets in the 
stone behave similarly to the microcapillaries where high supersaturations 
were reached before crystallization starts. 

This supersaturation seems to be sufficient to provoke damage. In fact, at 
S = 1.6 the crystallization pressure is about ∆P  160 MPa [16]. If we 
assume that only 15% of local volume fraction is filled with the salt, the 
related effective stress [48] in the sandstone will be *

 1,65 MPa which is 
higher than the tensile strength of the Mesne sandstone (0.9 MPa). This is 
in a good agreement with the recent study on the damaging capacity of 
sodium chloride in stones, in which the formation of a crack in the drying 
front due to the development of enough effective stress was clearly shown 
[49].  

4   Conclusion 

In summary, we have demonstrated by controlled evaporation 
experiments of sodium chloride solutions, that the supersaturation 
achieved at the onset of spontaneous primary nucleation and growth is 
around 1.6 and remains independent of the size, shape and surface 
properties of the microcapillary. These results are consistent with 
expectations from classical nucleation theory. The metastability limit 
obtained here clearly shows that, contrary to what is commonly assumed 
for this salt [19,50], high concentrations can be reached before 
spontaneous crystal growth. This in turn leads to the formation of a 
Hopper crystal, which we also detected in analogous experiments 
conducted on real sandstone. Our findings therefore have far-reaching 
implications for the widespread consequences of salt crystallization [1-14] 
since the salt weathering of rocks, stones and monuments is related to the 
crystallization pressure which is directly dictated by the supersaturation.  
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