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ABSTRACT: Sodium sulfate is known as one of the most destructive salts
leading to the deterioration of porous materials, such as monuments,
sculptures, and civil engineering structures. While sodium sulfate crystals are
growing in a porous material, crystallization pressure will build up. In this
study we have combined a nondestructive measurement of the
concentration of the pore solution within a material by using NMR with
an optical measurement of the expansion of the material during
crystallization. These data permit calculation of the in-pore crystallization
pressure during the growth of di erent crystalline phases induced by cooling
red-clay brick, Cordova Cream limestone, and

in three di erent materials:
Indiana limestone.

1. INTRODUCTION

Crystallization of salt within the pores is one of the main
reasons for the deterioration of porous materials, such as stone
and brick, during weathering. Among the salts in nature,
sodium sulfate is one of the most damaging. The phase diagram
of sodium sulfate is presented in Figure 1. This salt has four
crystalline phases:*? thenardite (Na,SO,, anhydrous), decahy-
drate (mirabilite, Na,SO,-10H,0), the thermodynamically
metastable anhydrous phase Ill, and metastable heptahydrate
(Na,SO,-7H,0). Which crystalline phase is formed and the
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Figure 1. Phase diagram of sodium sulfate.? The solubility lines of
thenardite (t) (Na,SO,) anhydrous salt, anhydrous phase IlI,
decahydrate (e.g., mirahilite) (m) (Na,SO,-10H,0), and heptahydrate
(h) (Na,SO,-7H,0) presented together with the heptahydrate
supersolubility and ice line. The regions between the various solubility
lines allow the coexistence of a solution with a certain crystalline
phases. The letters A F mark the various phases of the experiments.
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induced crystallization pressure are of major importance for
understanding salt damage mechanisms.

In recent studies® ° the formation of sodium sulfate
heptahydrate (hereafter: hepta) was reported during cooling
of bulk solutions of sodium sulfate. An analysis showed that the
growth of hepta in bulk solution is controlled by interface
attachment kinetics and the growth rate of hepta shows a linear
dependence on the supersaturation of the solution.® The
in uence of mineral surfaces on the nucleation frequency of
hepta was studied by adding di erent amounts of chemically
neutral silica and calcite powders into a solution. The
crystallization rate of hepta was enhanced with an increase of
nucleating surface area. Hepta was also reported to form during
cooling of sodium sulfate solution mixed with di erent types of
mineral substrates (powders).* Hepta was also shown to be
formed during cooling of porous materials, and no in uence
was seen of the pore-size distribution on the phase being
formed.’® The crystallization pressure exerted by sodium sulfate
heptahydrate and decahydrate during cooling in porous stone
has been studied by Espinosa et al.**'? Although a direct
measurement of concentration in the solution was not
performed, the crystallization pressure was estimated by
assumed supersaturation values at the temperatures equal to
the solubility concentrations of the appropriate crystalline
phases of Na,SO,. Nonetheless, a good agreement was
achieved between the calculated (based on assumptions on
supersaturation) and experimental crystallization pressures
determined at the end of the crystallization.

In the present work, we have also studied the development of
stress as a result of the crystallization of sodium sulfate salts
during cooling of porous materials. However, to this end, we
combined a nondestructive measurement of the concentration
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of the pore solution in a sample by using NMR, with an optical
measurement of the dilation of the sample during crystal-
lization. Hence due to the nondestructive measurement of the
concentration in the pores no assumptions on the super-
saturation are needed. In section 2, we will discuss the theory of
combined cooling-induced crystallization in a sample and the
expansion of the sample due to the crystallization pressure. In
particular we will discuss the concepts of crystallization pressure
as determined from supersaturation of salts and from expansion
and we will discuss the relation between both. The
experimental setup and the selected materials will be described
in section 3, whereas in section 4 the results of the experiments
will be presented and discussed.

2. CRYSTALLIZATION PRESSURE

Suppose that a porous material is initially saturated with a
sodium sulfate solution that is unsaturated with respect to
thenardite (point A in Figures 1 and 2). If we cool the sample,
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Figure 2. Schematic representation of the expansion, temperature, and
volume of the crystals in a sample saturated with a sodium sulfate
solution during cooling. Four experimental phases can be
distinguished: Stage |  cooling of the sample; Stage Il  isothermal
crystallization of heptahydrate; Stage 11l non-isothermal crystal-
lization of heptahydrate, Stage IV transformation from heptahydrate
to dehydrate.

the pore solution will supersaturate with respect to decahydrate
solubility. If no nucleation occurs, further cooling will result in
supersaturation with respect to heptahydrate solubility® (see the
arrow AB in Figure 1). If no crystallization occurs, the sample
will change in length only as result of the thermal expansion,®
as shown schematically in Figure 2.
=11+ dT

ol . ) "
where I(T) and |, are the current and initial lengths of the
sample, respectively, T and T, are the current and initial
temperatures, and is the linear thermal expansion coe cient
of the material. Hence, the linear deformation or strain of the
sample, d , is proportional to the temperature

@
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As soon as the concentration of the solution in the sample
reaches the supersolubility of heptahydrate (i.e., the threshold
for heterogeneous nucleation), crystallization starts in the pores
(point B in Figures 1 and 2). If the temperature is kept
constant, isothermal crystallization of hepta takes place in the
pores until the concentration of the pore solution reaches the
solubility limit of hepta at the given temperature (point C in
Figure 1). Since crystals come into contact with pore walls,
crystallization pressure starts to develop, resulting in expansion
of the sample. If, after the isothermal crystallization process has
stopped, the solution is cooled down further, expansion of the
sample will take place due to a combination of the thermal
contraction and crystallization pressure. Depending on whether
the thermal contraction or the crystallization pressure is
dominant, the sample will either shrink (curve CE in Figure
2) or expand (curve CD in Figure 2). If the sample is cooled
further, the region of so-called cryohydrates ‘h + ice’ (see
Figure 1) will be reached, where hepta can coexist with ice.
Further cooling will initiate the exothermic transformation from
hepta into decahydrate (mirabilite) and a corresponding
crystallization pressure will develop.t%%®

2.1. Crystallization Pressure Determined from Super-
saturation. The pressure required to suppress the growth of a
crystal deEends on the supersaturation according to Correns’
equation™® *°

RT
p="1l
V2 n[ ] @

where = Q/K is the supersaturation, Q is the activity product,
and K is the equilibrium product. The supersaturation is
concentration and temperature dependent and can be
determined using the Pitzer parametrization of Steiger and
Asmussen.’® To relate the supersaturation of eq 3 with actual
concentration of the solution, we refer our readers to the work
of Steiger'’ (i.e., see chapter 2.2). This equation is only valid for
so-called mesoporous materials, i.e., materials with pores in the
micron range as used in this study, where the curvature e ect of
the pores can be neglected. For materials with nanopores this
e ect cannot be neglected and a correction term has to be
taken into account for the in uence of the crystal size on the
solubility and hence on the crystallization pressure (see, e.g.,
refs 18 20).

2.2. Crystallization Pressure Determined from Ex-
pansion. The strain produced by crystallization in a porous
material depends on the volume fraction of salt, the
crystallization pressure, and the mechanical properties of the
porous matrix. We assume that the crystals are uniformly
distributed within the pore system, so that all the pores expand
by the same fraction. In that case, according to thermopor-

oelasticity,**?® the pressure is related to the observed strain
by
w=Xag an
b 0

where [ m/m] is the strain, K [GPa] is the bulk modulus, b is
the Biot-coe cient, and S, (0 < S; < 1) is the fraction of the
pore volume lled with crystals.

The volume fraction of the sodium sulfate crystals in a
porous material at a given temperature is related to the
concentration by
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where ¢, is the density of the sodium sulfate solution [kg/m?];
V, is the molar volume of the hydrated crystal (for
heptahydrate 175.3 x 10 & m3/mol%); v, is the hydration
factor (v,, = 7 for hepta and v,, = 10 for decahydrate); Myg,so,

and My, the molar masses of sodium sulfate and water [kg/

mol], ¢ the current concentration of the solution in a pore, and
Co is the initial concentration [mol/kg] (in our case, ¢; = 3.4 m,
i.e., 3.4 mol of sodium sulfate in 1 kg water). With egs 4 and 5,
the crystallization pressure can be evaluated from the measured
expansion of the sample and the measured concentration of the
pore solution.

SC:

3. SETUP FOR MEASURING SUPERSATURATION AND
EXPANSION SIMULTANEOUSLY

For the simultaneous measurements of the concentration of the
pore solution and the expansion of the sample we have used
home-built NMR in combination with a ber optic displace-
ment sensor (i.e, PHILTEC RC100).%°

The experimental setup is presented in Figure 3. The
cylindrical sample has a diameter of 10 mm and length of 50

Figure 3. Experimental setup for measuring the expansion of a sample
using an optical ber sensor and the concentration of the solution in
the sample using NMR during salt crystallization. The temperature
controlled sample holder is lled with kerosene to avoid evaporation of
the solution and for optimal heat contact.2®

mm. Initially, the sample is vacuum saturated with a 3.4 m
[mol/kg] sodium sulfate solution at a temperature T = 40 °C.
The sample is immersed in kerosene to provide heat transport
and to avoid evaporation of the solution. Kerosene was chosen
because it has a high heat conductivity, is immiscible with a
sodium sulfate solution, and has a high transparency for light,
which is required for the ber optic displacement measurement.
The sample is centered with PTFE rings, which allow the
sample to expand with minimal friction.

2089

The NMR setup used in this study contains an electromagnet
generating a magnetic eld of 0.78 T. This setup allows
guantitative measurements of both H and Na ions in the
solution; no signal from Na and H nuclei incorporated into the
crystals is obtained. Hence the measured signal can be directly
related to the H and Na content of the pore solution in the
sample, giving the possibility to nondestructively measure the
concentration. A more detailed explanation of the NMR setup
can be found in ref 3. It is important to note that by using this
setup, we are measuring the averaged concentration over 1 mm
of the sodium sulfate solution, i.e., the average concentration in
the cylindrical layer of 1 mm in height.

A ber optic displacement sensor is used to measure the
length of the sample. For this purpose the PTFE ring on top of
the sample is coated with 2gsold to act as an optical re ector for
the displacement sensor.> To avoid re ection at the air/
kerosene interface, the ber of the sensor is immersed into the
kerosene. The resolution of the displacement sensor was
determined by measuring the expansion of aluminum and was
found to be about 1 m.

4. RESULTS AND DISCUSSION

4.1. Crystal Growth and Expansion. In this study we
have focused on three kinds of porous materials: red-clay
brick, Cordova Cream limestone, and Indiana limestone. The

red-clay brick and Indiana limestone have a unimodal pore

size distribution, with mean pore sizes of 40 and 60 m,
respectively, (as measured by mercury intrusion) Cordova
Cream limestone has a bimodal pore size distribution, with
maxima at 0.6 and 50 m. The relevant properties of the
materials are presented in Table 1.

Table 1. Poromechanical Properties of the Materials Used in
This Study?® 24

red- Cordova
clay Indiana Cream
brick  limestone  limestone
porosity, 0.35 0.12 0.16
bulk modulus, K [GPa] 2.54 18.2 11
compressibility, [(GPa) 1] 0.393 0.055 0.091
linear thermal expansion coe cient, 6.79 10.8 5.76
literature [ m/m °C] measured 6.52 102 592
[ m/m °C] ' ’ '
Biot-coe cient, b 0.887 0.857 0.759
mean pore size, [ m] 40 60 0.6 and 50

The measured concentrations of the pore solution in the
samples as a function of the temperature are shown in the
phase diagram in Figure 4, whereas the measured expansion,
temperature, and calculated crystal volume fractions are shown
as functions of time in Figure 5. The gure shows the expansion
purely due to crystallization, after subtracting the thermal
expansion of the material from the experimental data.

Stage I. Cooling. Starting from a concentration of 3.4 m and
T =40 °C, the samples were cooled down at a constant rate of
approximately 0.5 °C/min to 13 °C. During cooling, the
concentration of the solution in the sample remains constant.
At 30 °C no change of the concentration is observed,
indicating supersaturation of the solution in the pores with
respect to decahydrate solubility (see Figure 5). Upon further
cooling, supersaturation with respect to hepta solubility is
achieved (i.e., again no decrease of the concentration is
observed). A decrease of the concentration occurs only after the

DOI: 10.1021/cg501537h
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Figure 4. Measured sodium sulfate concentration in the samples as a
function of the temperature. Initially the samples were saturated at 40
°C with a 3.4 M solution of sodium sulfate. The four stages of the
experiment are indicated by | IV. The dashed curves are a guide to
the eye.

system has been cooled to the hepta supersolubility line at a
temperature of 13 °C, indicating that hepta crystals are being
formed. Prior to crystallization, the sample only changes length
due to thermal expansion. The linear expansion coe cients
were found to agree with the values reported in the literature
within a few percent (see Table 1).

Stage II. Isothermal Crystallization. When a temperature of
about 13 °C is reached and crystallization of hepta has started,
the cooling is stopped and the temperature is kept constant
(see Figure 4). During the isothermal crystallization of hepta
the samples start to expand (Figure 5) as crystallization
pressure is built up in the pores.

Within the experimental accuracy, no delay between the start
of crystallization and start of the sample expansion is observed.
This can be explained as follows. The time for one
measurement of the concentration with NMR is about 300 s.
The average pore size of the studied materials is around 50 m.
Hence with a growth rate for heptahydrate on the order of 1 6

m/s2 the time required for a crystal to grow to the size of a
pore is about 8 50 s, which is within the experimental time
resolution.

Crystallization pressure causes the sample to expand, but the
crystals “consume” the supersaturation, so the pressure slowly
decreases toward zero and the sample shrinks back to its
original length. For the red-clay brick, which has the lowest
bulk modulus, the highest expansion is measured.

Stage Ill. Non-Isothermal Crystallization. When the
isothermal formation of hepta has stopped, the samples are
cooled further (see Figure 4). From this moment on, non-
isothermal formation of hepta starts and two mechanisms
compete in the sample: shrinkage by cooling and expansion by
crystallization pressure. An expansion is measured for all
materials, indicating that crystallization is dominant. During the
non-isothermal crystallization, an almost constant supersatura-
tion is present in the materials, as can be seen in Figure 4, so
there will be a constant crystallization pressure. However, more
and more pores in the sample are lled, resulting in a constant
increase of the expansion. This e ect is especially pronounced

2090

for red-clay brick, which has the highest porosity and lowest
sti ness.

Stage IV. Transformation to Decahydrate. The crystal-
lization of hepta is observed for all three types of porous
materials in both the isothermal and non-isothermal regimes of
crystallization. No spontaneous formation of decahydrate was
observed until the samples were cooled into the ice region,
where the transformation from heptahydrate to decahydrate
occurs. This strongly exothermal transformation can be
observed as a small temperature increase of the sample, even
in this temperature controlled setup. The transformation to
decahydrate (Figure 5) is accompanied by a dramatic increase
of the expansion. In the case of red-clay brick it can be
observed that this transformation almost doubles the expansion,
whereas for both limestones the expansion increases by more
then 1 order of magnitude. For red-clay brick, after the initial
expansion the sample slowly starts to shrink again as the
concentration decreases. However, for both limestones almost
no such shrinkage occurs, indicating cracking of the sample.
This cracking may also explain the very large value of the
measured expansion. In these cases the measured expansions
(after cracking) do not result from crystallization pressure only
and cannot be used for calculating the pressure from expansion.

To check the possible in uence of ice crystals on the
expansion during this stage, we have also studied the expansion
due to ice for samples saturated with pure water. The results of
these measurements showed that the expansion by ice is much
less than the expansion by decahydrate and therefore will not
be taken into account in our discussion of the results.

4.2. Crystallization Pressure: Supersaturation versus
Expansion. The measured concentration and expansion of the
sample allow us to calculate the crystallization pressure. In
Figure 6 the “pressure by expansion” calculated from eq 4 is
shown versus the crystallization pressure calculated by the
measured supersaturation from eq 3. Here we measure the
average concentration in the sample over 1 mm. The actual
concentration of the solution during the crystallization can be
somewhat lower at the surfaces, close to the actual growing
crystal. This e ect will be most pronounced at the beginning of
the growth of a crystal. However, very soon after nucleation the
average concentration will be close to the actual concentration
(see, e.g., ref 3).

In Figure 6, the four stages of the experiment are indicated.
Some explanation is needed regarding why P, > P, in Stages Il
and I11. In Stage IV, the samples of Indiana and Cordova Cream
limestones are damaged by the sudden formation of
decahydrate. The resulting (unknown) decrease of the bulk
modulus results in an overestimate of the pressure calculated
from expansion of the sample. Both the Indiana and Cordova
Cream limestones have a low porosity (0.16 and 0.12,
respectively), relatively small pores, and a high bulk modulus
(i.e., a low compressibility) in comparison with red-clay brick.
For these limestones, the pressures calculated for hepta from
both supersaturation and expansion are more or less linearly
related throughout the experiment, ie., P, P, On the other
hand, red-clay brick has a high porosity (0.35) and a high
compressibility, and throughout the experiment, a nonlinear
relationship between P,, and P, can be observed. Indeed, as
more pores are lled in time the same pressure caused by
supersaturation can give rise to two largely di erent
crystallization pressures by expansion, e.g, P, 155 MPa
can give either P,, 2 MPaor P, 4.8 MPa (see Figure 6a).

DOI: 10.1021/cg501537h
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Figure 5. Measured temperature, concentration, and expansion compensated for the thermal expansion, as a function of time for (a)

red-clay

brick,2% (b) Cordova Cream limestone, and (c) Indiana limestone. Initially all samples are saturated with a 3.4 m sodium sulfate solution at 40 °C. In

this experiment 4 stages can be identi ed (see also Figures 1 and 2): Stage |
nonisothermal crystallization of heptahydrate, Stage 1V

heptahydrate; Stage I

cooling of the sample; Stage Il isothermal crystallization of
transformation from heptahydrate to dehydrate.

In our case the expansion, , is a function of time and will
depend on both the material properties and the crystallization
pressure, i.e., P.. In the case when a material has no viscoelastic
properties, i.e., when there is no delay between pressure exerted
and the mechanical reaction of the material, according to
Coussy***' the poromechanical and thermomechanical ap-

2091

proaches become equivalent. Therefore, for linear elastic
materials P, = P,.

In general, for most materials the situation is more
complicated. The pressure calculated from expansion, P,
represents the reaction of the system on the crystallization
pressure. In general, it will rise with the crystallization pressure,

DOI: 10.1021/cg501537h
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Figure 6. Crystallization pressure determined from the measured expansion using eq 4 plotted against the crystallization pressure as determined
from the measured supersaturation using eq 3: (a) red-clay brick; (b) Cordova Cream limestone, (¢) Indiana limestone. In this experiment, 4 stages
can be identi ed (see also Figures 1 and 2): Stage |  cooling of the sample; Stage Il isothermal crystallization of heptahydrate; Stage Il non-
isothermal crystallization of heptahydrate; Stage IV transformation from heptahydrate to dehydrate.

and when crystallization pressure decreases, the pressure, Py, example, the viscoelastic behavior can also have an in uence on
will drop too. However, the crystallization is a dynamic process, the expansion. As a result, in general P, < P.. In the nal
slowly lling up the pores in a material. Moreover, due to the situation when an equilibrium has been reached, it is expected
crystallization in the pores the material can be compressed; for that P,, = P, in the case where there are no irreversible changes

2092 DOI: 10.1021/cg501537h
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in the material, e.g., cracks. Indeed, for all samples it is observed
that in an almost equilibrium stage with no dynamical
crystallization and a constant concentration, P, = P,, (for
instance, the end of stage 11) as predicted by Coussy.l“'%'2

5. CONCLUSIONS

In this study the crystallization pressure for sodium sulfate was
determined using two approaches: expansion and super-
saturation. No spontaneous crystallization of decahydrate is
found in the materials studied. First, heptahydrate is formed,
which is supersaturated with respect to decahydrate solubility,
and a transformation has to be induced by cooling into the ice
region. For the rigid materials used in this study, both methods
to estimate the pressure, ie., by supersaturation and from
expansion, are of the same order of magnitude throughout the
dynamic crystallization process. For a material with a high
compressibility, the pressure from supersaturation is larger than
the pressure by expansion. At a nal equilibrium condition with
no dynamical crystallization and a constant concentration, the
values of pressure calculated by both methods are equal for all
materials. The highest pressure by supersaturation for sodium
sulfate solution is obtained just after the transformation from
heptahydrate into decahydrate.
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