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Summary

Phase equilibria in mesoporous materials are affected by the curvature of the vapor—solution
and the crystal-solution interfaces. The present paper provides a discussion of the thermody-
namic treatment of these influences in unsaturated small pores including equations for the cal-
culation of vapor—liquid and solid—liquid phase equilibria. These equations are used together
with an electrolyte solution model to predict the solubilities, freezing temperatures and satura-
tion humidities of NaCl solutions in porous materials with different pore sizes. While there is a
strong influence of pore size on the freezing temperature of the solvent and the saturation hu-
midity, the influence on the solubility is less pronounced due to a partial compensating effect of
the increased solubility of small crystals and the solubility decrease under conditions of low
pressure as in unsaturated nanosized pores. It is also shown that the same model equations
can be applied to predict the behavior of aerosol nanoparticles.

Keywords: mesoporous materials, crystal size, pressure, unsaturated materials, interfacial
energies, solubility calculation, nanoparticles

1 Introduction

The pressure generated by crystal growth of salts in confined spaces of porous building mate-
rials such as stone, brick and concrete is generally recognized as a major cause of damage in
ancient monuments and modern buildings. Crystal growth is also considered as an important
weathering mechanism of natural rocks in a variety of environments not only on earth, e.g. in
deserts, dry Antarctic valleys and tropical coastlines, but also on Mars. Crystal growth in porous
materials is the result of phase changes that are induced by variation of ambient temperature
and relative humidity, RH. Unfavorable conditions of temperature and RH may result in repeated
cycles of freezing—thawing, crystallization—deliquescence and hydration—dehydration,
respectively. Under such conditions, building materials and natural rocks are subject to rapid
decay. The relevant phase equilibria in building materials can be modeled using a multi-
component electrolyte solution model such as the model presented in the previous chapter [1].
It is then possible to predict ambient conditions, i.e. temperature and relative humidity that mi-
nimize the frequency of occurrence of undesired phase changes inducing crystal growth in por
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ous materials. For instance, model simulations are particularly helpful to predict the influence of
changes in the room climate to salt contaminated masonry [2].

The range of pore sizes found in various building materials extends from a few nanometers to
hundreds of micrometers and it is important to consider possible effects of pore size on the var-
ious phase equilibria in these materials. Following the recommendations of IUPAC [3] pores
with pore diameters exceeding about 50 nm are called macropores, while pores with diameters
between 2 nm and 50 nm are called mesopores, and even smaller pores are called micropores.
There is no restriction for the application of electrolyte solutions models and the calculation of
phase equilibria in macroporous materials. However, in the small pores of mesoporous mate-
rials the situation becomes more complicated as the influence of interfaces can no longer be
neglected. Such small pores are commonly found in concrete and sometimes in bricks and fine-
grained natural stone materials. Phase equilibria in mesoporous materials are strongly affected
by both the vapor—solution and the crystal—solution interfaces. Firstly, the available pore space
limits the maximum size of growing crystals and the interfacial energy of the crystal-liquid inter-
face affects the solubility of dissolved species [4]. Secondly, in an unsaturated porous material,
a curved liquid-vapor interface is formed resulting in a substantial pressure decrease. Hence, in
addition to crystal size effects the influence of low pressure on the various phase equilibria has
to be considered. The present paper provides a discussion of the thermodynamic treatment of
phase equilibria in unsaturated small pores including the vapor-liquid equilibrium, freezing tem-
peratures and salt solubilities.

2. Theoretical background
2.1 Unsaturated porous materials

Phase equilibria in mesoporous materials are affected by the vapor—solution and the crystal-
solution interface. Figure 1 depicts the situation of a crystal growing in idealized pores of cylin-
drical geometry. Considering a liquid in a porous material, it is important to distinguish the de-
gree of saturation which is defined as the fraction of the pore space filled with liquid water. In a
saturated material the liquid—vapor interface is flat (Fig. 1a) while, in an unsaturated porous ma-
terial, a curved liquid—vapor interface is formed. For a wetting fluid such as in the case of water
in building materials, the curvature of the liquid—vapor interface is concave as illustrated in
Fig 1b. The curvature of the interface results in a pressure drop which is given by Laplace’s law:

Ap:pl_pa:27’|v/r|v:_27/|v COSH/I‘P (1)

Here, p, is the pressure in the liquid phase, p, is the ambient pressure, », and r, are the interfa-
cial energy and the radius of curvature of the liquid—vapor interface, 4 is the contact angle of
water with the pore walls and r, is the radius of a cylindrical pore. Note that by definition the
radius of curvature of a concave surface is negative, hence, there is a pressure decrease in the
liquid phase.
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Figure 1: Liquid—vapor and crystal-liquid interface in a saturated (a) and unsaturated (b) por-
ous material with cylindrical pore geometry; r, is the pore radius, r. is the radius of
the cylindrical crystal, and, o=r,—r. is the thickness of the liquid film between the
pore wall and the crystal.

In contrast, for a convex interface such as in solution droplets there is a pressure increase in the
liquid. Assuming that the liquid is perfectly wetting the pore wall (i.e. &=0), which is a reasona-
ble assumption for water in building materials, the Laplace law simplifies to Ap =-2y,,/r, . For a

pore radius of 5 nm, this yields a pressure of —29 MPa in the liquid phase.

2.2 Vapor-liquid equilibrium

Here, we follow the treatment in our previous work [5]. The standard states for pure solid phas-
es and water are unit activity at any temperature and pressure. For the aqueous species other
than H,0O, the standard state is unit activity in a hypothetical one molal ideal solution referenced
to infinite dilution at any temperature and pressure. Then, equilibrium between water vapor and
liquid water in an aqueous solution requires equality of the chemical potentials in the liquid
phase (1) and in the gas phase (). The chemical potentials of liquid water and water vapor are
given by

=1 +RTIna, = 4, = 12 +RTIn(p,, /p;) ()

where a,, is the water activity of the solution, py, is the water vapor partial pressure over the solu-
tion, p;, is the saturation vapor pressure and R and T are the gas constant and the absolute
temperature, respectively. For a bulk sample of pure water at equilibrium we obtain a,=1 and
pw= p,, In the case of a salt solution at equilibrium, the water activity equals the ratio p./p,,
which, by definition, is the relative humidity, RH.

For the chemical potential of liquid water under the reduced pressure p, we obtain

lul = zulo + RT Inaw + 27/Iv\7w/rlv (3)
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where \7W is the partial molar volume of water in the solution. The pressure dependence of the
partial volume of water is rather small and is neglected in this study. For more accurate calcula-
tions, an appropriate equation for the calculation of the pressure dependence may be found in
reference [6]. In the derivation it is also assumed that a,, is not a function of pressure. Strictly,
however,

dina, /dp =(V, —V;)Ap/RT 4)

where \7;; is the molar volume of pure water. It has been shown [7] that the quantity (\7W —\7;) is
very small even at high solute concentrations. Therefore, the pressure dependence of a,, can be
neglected and \7W in Eq. (3) may be replaced by \7;. Values of the molar volume of water were
taken from Kell [8].

Then, at equilibrium, the water vapor partial pressure over a solution in an unsaturated porous
material is given by:

In(p./p;,) =Ina, + 27V, /(r,RT) (5)

Equation (5) yields the depression of the water vapor partial pressure due to the influence of
both dissolved salts and the curvature of the liquid—vapor interface in small unsaturated pores.
The influence of the solution composition on the water activity can be calculated by using the
ion interaction model presented in the previous chapter [1] and in reference [9].

2.3 Solid-liquid equilibria

For the dissolution reaction of a salt of general composition M,uX x- 1bH20
M, X,, -voH,0 = M + X* +v,H,0 (6)

the thermodynamic solubility product is given by

InK =v,,Inm,, + v, Inm, +v,,Iny,, +v,Iny, +v,Ina, (7)

where my, my, s and jx represent the molalities and activity coefficients of the cations and
anions, respectively. There are two influences that affect the solubility of a salt in a mesoporous
material. First, there is an influence of crystal size as discussed in detail in reference [4].
Second there is an influence of the reduced pressure in an unsaturated material. The influence
of crystal size on the solubility product in a cylindrical pore as shown in Fig. 1a is given by [4]:

27V

INK® =InK® +
r.RT

(8)

where K® and K are the thermodynamic solubility products at standard pressure (0.1 MPa)

of the crystal with radius r. and an infinitely large crystal, respectively; j. is the interfacial free
energy of the crystal-liquid interface and Vy, is the molar volume of the solid.
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The effect of pressure on the solubility is given by [10]:

INK® =InK® - AV Ap + AR
RT RT

(Ap)* 9)
where K® is the thermodynamic solubility product at pressure p and AV° and AK® are the

changes in molar volume and molar compressibility of the dissolution reaction at 0.1 MPa. For
example, the change in molar volume for the dissolution reaction (6) is given by

AV° =3V +vV,y -V, (10)

where \7I are the partial molar volumes of the ions i at infinite dilution. An analogous expression

holds for the change of standard compressibility. Combining Egs. (8) and (9), yields an expres-
sion for the thermodynamic solubility product of a small crystal at pressure p:

2Ny _AV® L AK

INK® =InK® + p
rRT RT RT

Ap? (11)

The calculation of freezing temperatures of salt solutions using the ion interaction model was
described in detail in reference [11]. The equilibrium constant in a bulk solution is given by:

InK_ =a, (12)

Values of InK,, at various temperatures were taken from reference [12]. An expression analog-
ous to Eqg. (11) can then be used for the calculation of freezing temperatures in small pores
where the change in molar volume and compressibility is given as the difference of the molar
volumes and compressibilities of ice and liquid water [5]. This yields

V., V.-V K¢

2y V. . -K
In Kr(p) =1In KO(OO) + YicVice _ ice Ap + w ice ApZ (13)
rRT  RT RT

where Vi, and K are the molar volume and compressibility of ice. However, the compressibili-
ties of water and ice were neglected in the present treatment.

3. Calculations

3.1 Liquid phase pressure and liquid—vapor equilibrium

The calculation of the liquid phase pressure in pore solutions requires values of the interfacial
energy of the liquid—vapor interface y,, i.e. the surface tension of the pore solutions. The availa-
ble experimental surface tension data have been tabulated by Abramzon and Gaukhberg [13].
For most salts, the available data are quite scattered. The following very simple equation proved
to be sufficient to reproduce most of the experimental data of y, to within their respective uncer-
tainties:
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Vv =7y +9m (14)

Here, y, is the interfacial tension of pure water, m is the molality of the solution and g is an em-

pirical parameter that is determined from experimental data for each salt. The interfacial tension
of pure water at various temperatures has been calculated from the equation proposed by Cini
et al. [14]. For the calculations with NaCl(aq) a temperature independent value of
g =1.66+0.02 J-kg-m~2-mol™ was used. Figure 2 depicts the calculated liquid phase pressures
as a function of pore size for pure water and NaCl solutions. It is obvious that there is only a
rather small influence of the surface tension of the solution on the liquid phase pressure. Hence,
for binary solutions, our very simple approach for the calculation of interfacial tensions appears
to be appropriate. For multicomponent systems, more complicated equations may be used such
as, for example, provided in references [15] or [16].

The equilibrium of a salt solution of any composition in a porous material and the water vapor in
the surrounding air can be treated using Eg. (5). For a bulk sample of pure water, i.e.
RH = a, =1, it follows from Eq. (5) that the liquid—vapor interface is flat (i.e. r, =). For water in
a small cylindrical pore, the curvature of the liquid—air interface increases with decreasing RH.
The maximum curvature is reached if ry=—r,; any further decrease in RH will then cause the
complete evaporation of the pore. In other words, if the relative humidity exceeds the critical
value corresponding to the maximum curvature, capillary condensation occurs. Similar argu-
ments apply to a salt solution in a small pore. In this case however, the water activity is lower
and a flat surface is reached at a lower RH, namely at RH =a,,.
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Figure 2:  Liquid phase pressure as a function of pore size for pure water and NaCl solutions
with molalities 2 mol-kg™, 4 mol-kg™ and 6 mol-kg™.
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3.2 Solubility of NaCl in mesoporous materials

It follows from Eq. (8) that there is an increase in solubility with decreasing crystal size. There-
fore, salt solubilities in a saturated mesoporous material are higher than in a macroporous ma-
terial. This is the theoretical basis of the equilibrium crystallization pressure that is generated by
crystals that are confined in very small pores [4,17,18]. The additional influence of pressure in
an unsaturated material is controlled by the change in molar volume and compressibility. Both,
the values of AV° and Ap are negative resulting in a solubility decrease at low pressure. Since
the values of AK® are also negative, it is expected that the solubility increase is less pro-
nounced at very low pressures, i.e. in very small pores. A comparison of the two competing in-
fluences, i.e. crystal size and low pressure, on the solubility of NaCl is illustrated in Fig. 3.

In these calculations, a value of the molar volume of NaCl of 27.02 cm®mol™ was used. A com-
pilation of the molar volumes of other salt minerals relevant to building materials is provided in
reference [19]. Values of the partial molar volumes of the ions i at infinite dilution were taken
from our density model [1]. Values of the partial molar compressibilities at infinite dilution were
taken from Millero [10]. There is a lack of reliable data for the compressibilities of the solid
phases. However, compressibilities of solids are typically low relative to the partial compressi-
bilities of the respective ions at infinite dilution [20]. Therefore, we have neglected the compres-
sibilities of the solid phases yielding a value of —0.047 cm*®mol™-MPa™ for the change of the

compressibility in the dissolution reaction of halite (NaCl).

The crystal size influence is largely controlled by the value of the crystal-liquid free energy .
Unfortunately, no reliable experimental data of interfacial energies are available. In the case of
NaCl(cr), we have adopted the value of #.=30 mJ-m given by Wu and Nancollas [21]. These
authors also discuss the difficulties in the measurement of interfacial energies. The shaded area
in Fig. 3a indicates the range of uncertainty in the solubility product that arises from an arbitrari-
ly estimated uncertainty in the . value of +20 mJ-m™. This confirms the rather strong influence
of the interfacial energy on the solubilities of very small crystals. There is a strong decrease of
the NaCl solubility with decreasing pressure in small pores of unsaturated materials (Fig. 3b).
As expected, the influence of compressibility is only significant at very low pressure, i.e. in very
small pores.

Figure 4 depicts the combined influence of crystal size and the reduced liquid phase pressure in
an unsaturated material, again calculated with different values of .. The activity coefficients and
water activities required for the calculation of solubilities were taken from the electrolyte solution
model presented in the previous chapter [1,9]. The thickness of the solution film was assumed
as 6= 0.5 nm. The very small influence of pressure on the activity coefficients of NaCl(aq) and
the water activity were neglected.
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Figure 3:  Solubility of NaCl in mesoporous materials (25 °C): (a) influence of crystal size in a
saturated material at 0.1 MPa calculated with y#.=30 mJ-m™ (the shaded area indi-

cates the influence of an uncertainty in this value of £ 20 mJ-m™); (b) influence of re-

duced pressure in small pores of an unsaturated material with (—) and without (---)
inclusion of the compressibility term.
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Figure 4:  Solubility of NaCl as a function of pore size in mesoporous materials at 25 °C; with
the exception of the dashed blue curve, all solubilities were calculated with the com-
pressibility term in Eq. (11) included.

It is obvious from Fig. 4 that the pressure effect and the crystal size effect partly compensate

each other. Even assuming significantly different values of y, the influence on the solubility of

NacCl crystals does not exceed about 10% down to pore radii of about 2 nm.
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Figure 5: Saturation humidities RHg, of saturated solutions of NaCl in unsaturated porous
material at 25 °C; all calculations with inclusion of compressibility term.

More important than the solubility of NaCl is the saturation humidity, i.e. the relative humidity of
the surrounding air that is in equilibrium with the saturated solution. Only if the relative humidity
drops below the saturation humidity, the respective salt will crystallize out. Hence, no crystalliza-
tion damage can occur at relative humidities above the saturation humidity. Figure 5 depicts the
relative humidities in equilibrium with saturated NaCl solutions as a function of pore size. Using
Eqg. (5), calculations were carried out for the saturated solutions at different pore sizes as shown
in Fig. 4. The water activities required in Eq. (5) were calculated with the electrolyte solution
model [9]. It is obvious that there is a strong influence of pore size on the saturation humidities.
Due to the curvature of the interface between the saturated solution and the air there is a sub-
stantial decrease in the saturation humidities. Sodium chloride in an unsaturated mesoporous
material crystallizes at lower relative humidities than in macroporous materials. For example, a
saturation humidity of 59% RH is calculated for an unsaturated cylindrical pore with a pore di-
ameter of 10 nm, a value much lower than the value of 75.3% in bulk solutions. Figure 5 also
shows that the uncertainty in the values of the interfacial energy of NaCl crystals that caused
some scatter in the calculation of the solubilities in small pores is less critical in the calculation
of the saturation humidity.

There are no experimental data of saturation humidities in mesoporous materials available that
could be used to validate these model predictions. However, experimental data are available for
the deliquescence humidities of nanosized aerosol particles [22,23]. Aerosol particles play a
fundamental role in the microphysics of clouds. They provide heterogeneous nucleation sites for
the formation of droplets. Water soluble aerosols such as NaCl can deliquesce to form satu-
rated solutions in the form of small droplets that play an important role in forming haze and
clouds and can act as sites for heterogeneous chemical reactions. Also, the hygroscopic growth
of particles has important consequences for the predicted atmospheric radiative transfer of
aerosols and their effect on climate.
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The deliquescence of aerosol nanoparticles and the calculation of solubilities in nanosized drop-
lets is a problem similar to the calculation of solubilities in small capillaries. In both cases there
is a convex crystal-liquid interface. In droplets however, the curvature of the vapor—liquid inter-
face is convex while this interface is concave in the case of a wetting fluid in small capillaries.
For a convex interface, r, is positive resulting in a pressure increase in aerosol droplets with
decreasing droplet size. Using the present model, solubilities and saturation humidities of NaCl
in small droplets have been calculated and compared to experimental values [22,23]. Due to the
convex interface, the deliqguescence humidities are higher than for large crystals. In all cases,
our calculations agree with the experimental values to within their stated uncertainty and cor-
rectly predict an increase in the deliquescence for small particle sizes. For example, for a 10 nm
sized NaCl particle a deliquescence humidity of 84.8% is predicted. Note that the deliquescence
of a particle in a small pore of the same size (10 nm diameter) was calculated at 59% RH. Final-
ly, the agreement of the present calculations with the experimental data is significantly better
than earlier model calculations of Mirabel et al. [24] as well as Russel and Ming [25].

3.3 Freezing temperatures

Calculations of freezing temperatures in bulk electrolyte solutions and in saturated and unsatu-
rated porous materials have been reported earlier [5,11]. As an example, Fig. 6 depicts calcu-
lated freezing temperatures in bulk NaCl solutions and in NaCl pore solutions of a saturated
mesoporous material in comparison to available experimental data [26,27,28,29]. In the calcula-
tions cylindrical pore geometry was assumed. The thickness of the unfrozen liquid film was as-
sumed as =1 nm. Molar volumes of supercooled water were taken from Kell [8] while the
molar volume of ice was assumed to be independent of temperature (Vs=19.65 cm®*mol™). Val-
ues of the ice-liquid water interfacial energy were taken from Brun et al. [28] and interfacial ten-
sions and water activities of NaCl solutions were calculated as described before.

There is excellent agreement between experimental and calculated freezing temperatures in
bulk solutions. It should be noted however, that freezing temperatures were used to determine
the model parameters in the electrolyte solution model [9]. The pore size dependence of the
freezing temperatures curves in Fig. 6 indicate that in pores larger than about 10 nm the freez-
ing temperature depression is largely controlled by the presence of dissolved NaCl. In smaller
pores the freezing temperature rapidly decreases mainly as a result of the small size of the ice
crystals in these pores, i.e. the influence of the interfacial energy of the crystal-liquid interface.
Also shown in Fig. 6b are experimental freezing temperatures of pure water in mesoporous ma
terials [27-29].




Phase equilibria in mesoporous materials 193

I I I
1 0T oref27] 2
- o ref. [28]
¢ ref. [29
1 1ok [29]
9 4
— _20 -
o
°
8 =30
—20F pulk solutions =
o
_25 . | A 1 A 1 . | \ 1 A —40 . A | A
0 1 2 3 4 5 6 0.001 0.01 0.1
m/mol-kg™’ ro/um

Figure 6: Freezing temperatures in NaCl solutions: (a) freezing temperatures in bulk solutions
(symbols represent experimental data [26]); (b) freezing temperatures in saturated
porous materials of pure water and NaCl solutions with 2 mol-kg™, 4 mol-kg™ and
6 mol-kg™ (symbols are experimental for pure water [27—29]).

Though these data are somewhat scattered, there is reasonable agreement with the calculated
freezing temperatures. It has been shown in reference [5] that the pressure decrease in the lig-
uid phase of unsaturated pores causes a minor increase in the freezing temperature in com-
parison to a saturated material. The resulting freezing temperature curves in unsaturated
mesoporous materials are very similar to those shown in Fig. 6b. This is due to the fact that the
difference in the molar volumes of liquid water and ice entering the second term on right-hand
side of Eq. (13) is small.

4, Conclusions

Phase equilibria in mesoporous materials are affected by the curvature of the vapor—solution
and the crystal—solution interfaces. Using Egs. (5), (11) and (13) together with our model of the
thermodynamic properties of bulk solutions, it is possible to predict phase equilibria in small
pores. The parameters that are required in addition to the models presented in the previous
chapter [1], are the surface tensions of salt solutions, the crystal-liquid interfacial energies of
the solid phases and the ionic partial molar compressibilities at infinite dilution. As long as calcu-
lations are only required for single salts, a very simple equation can be used to calculate sur-
face tensions in salt solutions with sufficient accuracy. Somewhat more complicated equations
will be required in future work with mixed salt solutions. Accurate experimental data for the crys-
tal-liquid interfacial energies of the solid phases are not available, hence, these values have to
be estimated using equations available in the literature. Fortunately, the test calculations for
NaCl carried out in this study indicate that the uncertainty in the j, values may not cause unac-
ceptable large errors at realistic pore sizes.




194 M. Steiger; K. Linnow

The calculated solubilities imply that there is not such a strong change in solubilities of salts in
very small pores. A partial compensation of the competing influences of crystal size and liquid
phase pressure in unsaturated mesoporous materials is the main reason for this behavior. In
contrast to the solubilities, the saturation humidities in unsaturated materials are strongly af-
fected by the pore size, i.e. there is a significant decrease in the saturation humidity with
decreasing pore size. It is important to note, that the uncertainties in the interfacial energies of
the solids do not introduce large error in the calculation of the saturation humidities.

Finally, it has been shown that the same model equations can be used to predict the behavior of
aerosol particles in atmospheric applications where a convex solution—vapor interface causes a
pressure increase in solution droplets. The resulting increase in the saturation or deliquescence
humidities is accurately predicted by the present model.
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