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Sodium sulfate is generally seen as one of the most destructive salts in the weathering of historical
objects. The crystallization which causes the damage can either be induced by drying and/or cooling of
a salt solution in a porous material. In this study we have studied the crystallization of sodium sulfate
during the drying of various porous materials at different temperatures. The experiments were conducted
such that the Peclet number was smaller than one, i.e., the ion transport in the porous material is
dominated by diffusion. The results show that at temperatures above 22 �C during the drying the anhy-
drous crystal phase of sodium sulfate, i.e., thenardite is eventually formed. Below 22 �C heptahydrate
crystal phase is formed, which is metastable with respect to the corresponding mirabilite solubility.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Our cultural heritage all over the world is under constant threat
from its environment. Salts are widely recognized as a major cause
for the loss of many historical objects, such as statues, buildings,
and other artworks [1–3]. The damage caused by soluble salts is
generally due to their accumulation at the surface by drying and
subsequent crystallization. These salts are observed at the surface,
i.e., as efflorescence, or just below the surface, i.e., as sub-flores-
cence. Here, they may cause structural damages, e.g., delamination,
surface chipping, or disintegration, with consequent loss of detail.
In order to prevent damage induced by crystallization we must
understand the processes causing the salt crystallization and know
the preferred crystallization phase which is formed. The critical
issue is not the formulation of transport equations and constitutive
relations, but the lack of adequate and reliable experimental data.

Sodium sulfate is generally seen as one of the most destructive
salts in the weathering of historical objects. A sodium sulfate solu-
tion can be easily supersaturated with respect to mirabilite solubil-
ity concentration [4]. As shown by Correns, a salt in contact with its
supersaturated solution can produce a crystallization pressure,
which can give rise to mechanical damage [5–7].

The phase diagram of sodium sulfate is given in Fig. 1. Two well-
known phases are mirabilite (Na2SO4 � 10H2O), anhydrous thenar-
dite (Na2SO4) and its metastable phase, i.e., the so-called phase
III [7–10]. There is also a metastable phase, the heptahydrate
(Na2SO4 � 7H2O), which is often forgotten. Indeed, in 1850 Lövel
already observed that from a supersaturated solution by cooling
the metastable heptahydrate instead of stable decahydrate will crys-
tallize out [8]. His observations are in accordance with Ostwald’s rule
of stages [11]. In 1897 Ostwald reported a study of the nucleation of
crystals in droplets, in which he observed that some compounds first
nucleated in a less-stable crystal structure and then later on con-
verted into a more-stable polymorph. This observation was general-
ized as the ‘‘rule of stages’’, i.e., the less-stable polymorph will
nucleate first, and later converts into the most stable polymorph,
sometimes via structures of intermediate stability.

In 1915 Hartley et al. [9] showed that in 90% of the cooling
experiments of sodium sulfate heptahydrate was formed, which
confirmed the earlier observations by Lövel [8] and also Coppet
[10]. In 2004 Rijniers et al. [12] were the first to show that hepta-
hydrate can also be formed in porous materials during cooling. By
Lövel [8], Liversidge [13], and more recently by Saidov et al. [14] as
part of general study on sodium sulfate in porous media [15,16], it
was shown that heptahydrate will also be formed upon crystalliza-
tion by evaporation of a bulk solution, i.e., creating a supersatura-
tion by removal of water. In this paper we will concentrate on the
crystallization of sodium sulfate in porous materials by drying at a
constant temperature. We will first give a short introduction of the
ion transport and accumulation during drying, followed by a
description of the NMR setup used for the non-destructive mea-
surements of the moisture and ion transport during drying. The
results of the drying experiments will be discussed, followed by
conclusions.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2014.12.043&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.12.043
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Fig. 2. The experimental setup used for measuring the moisture and ion content
during drying with NMR. The sample is placed in a temperature controlled sample
holder and air is blown over the top of the sample.
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2. Drying experiments

During the drying of a sample saturated with a salt solution, the
liquid moisture is transported to the surface where it can leave the
material by evaporation. As ions cannot leave the material, the ion
concentration will increase and as it reaches the solubility satura-
tion of a certain crystal phase the crystallization will start. By mea-
suring the ion concentration in a porous material we can identify
which crystalline phase of sodium sulfate is being formed.

The ions in the solution will be transported by two processes,
i.e., advection with the moisture and diffusion within the moisture.
Hence there will be a competition between advection that trans-
ports ions towards the surface and diffusion that will try to level
off the gradients in the ion concentration. This competition
between these two processes can be characterized by a Peclet
number (Pe). On a macroscopic level, i.e., in a porous material
the Peclet number is given by [17]:

Pe � jUjL
D

ð1Þ

where L [m] is the length of the sample, D [m2 s�1] the diffusion
coefficient of salt ions in a porous material, which is given by
D = Dbulk T⁄ where T⁄ is tortuosity and Dbulk the bulk diffusion coef-
ficient of salt ions, and U [m s�1] the fluid velocity. Hence, for Pe� 1
diffusion dominates and the ion-profiles will be uniform, whereas
for Pe� 1 advection dominates and ions will accumulate at the dry-
ing surface.

3. Materials and methods

Nuclear Magnetic Resonance (NMR) has been used to measure
the spatial distribution of the ion and moisture concentration
inside a porous material. With NMR it is possible to image specific
nuclei spatially, e.g., 1H and 23Na. The apparatus used in this study
has an iron-cored electromagnet generating a field of 0.73 T. An
extensive description of this setup can be found in [18,19]. In this
setup (see Fig. 2) Anderson gradient coils are used to generate a
constant gradient of 0.3 T/m, resulting in a one-dimensional
Fig. 1. The phase diagram of sodium sulfate. The equilibrium solubility is given for mira
the so-called phase III and the metastable form, i.e., heptahydrate (Na2SO4 � 7H2O). The d
for the supersaturation solubility. The combination of horizontal and vertical arrows ind
performed.
resolution of the order of 1 mm. A Faraday shield has been added
to suppress the effect of dielectric changes [19]. By an electrically
operated switch the LC circuit of the insert can be tuned to
30.8 MHz for 1H or to 8.1 MHz for 23Na imaging.

The cylindrical sample with a diameter of 20 mm is moved
vertically through the magnet with the help of a stepper motor.
The sample is sealed at all sides except the top over which air with
bilite (Na2SO4 � 10H2O), thenardite (Na2SO4), metastable anhydrous thenardite, i.e.,
ashed line indicates the supersolubility curve for heptahydrate, i.e., an upper bound
icate the cooling (solid lines) and the drying stage (dashed lines) of the experiment
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a relative humidity of 5% is blown. In this way a one-dimensional
drying process is created. The temperature of the sample holder
can be accurately controlled by flowing a fluorinated cooling liquid,
Galden�, through a heat exchanger in the wall of the sample
holder. Since this fluid contains no 1H or 23Na, it yields no
unwanted background signal in our NMR measurements. The air
temperature of the air flow is not controlled.

It takes 60 s to determine the moisture content at one position.
Due to the lower relative NMR sensitivity of 23Na it takes approx.
4 min to measure the sodium content with a comparable
signal-to-noise ratio. Because of the NMR echo times used in the
experiments (TE = 340 ls) only the 23Na nuclei in the solution
are measured, i.e., no signal is obtained from sodium sulfate
crystals. Hence from the 23Na signal and the moisture signal the
sodium sulfate solution concentration can be calculated.
Measuring an entire concentration profile for a sample with a
length of 50 mm takes about 2 h. Since the typical time of a drying
Fig. 3. The measured moisture (bottom) and ion concentration profiles (top) during dryi
sodium sulfate solution at 40 �C. The time between subsequent profiles is 2 h. The arrow
solubility for thenardite and phase III at 35 �C. The bold lines indicate the last measured
experiment is several days, the variation of the concentration pro-
file during a single scan can be neglected.

The experiments were performed on three types of common
building materials with different pore size distributions: fired-clay
brick (porosity 35%), Indiana lime stone (porosity 12%) and Cor-
dova Cream lime stone (porosity 16%) see Table 1. The samples,
initially saturated with a 1.5 m [m = mole/kg] sodium sulfate solu-
tion at 40 �C, were placed in the NMR and then cooled to the
desired temperature at which drying experiments were performed,
i.e., 35, 25 and 7.5 �C (see also Fig. 1). At that moment, the drying
experiments were started with a low airflow of 5% relative humid-
ity in order to have the experiments in the drying regime where
Pe� 1, i.e., making certain there are no large concentration
gradients present in the sample. In addition we have also con-
ducted an additional experiment using fired-clay brick where
Pe� 1 at 10 �C for a solution of 0.5 m to see the effect of large con-
centration gradients on the crystallization behavior.
ng at 35 �C for a fired-clay brick sample of L = 50 mm, initially saturated with 1.5 m
s indicate the evolution in time. The horizontal dashed lines indicate the maximum

profiles.



Table 1
The porosity, pore surface area, density and mean pore radius of the materials used in
this study [18].

Fired-
clay brick

Cordova cream
limestone

Indiana
limestone

Porosity [%] 35 16 12
Pore surface [103 m2/kg] 0.14 0.44 0.28
Density [kg/m3] 1494 2225 1263
Mean pore radius[10�6 m] 40 0.6 and 50 60
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4. Results and discussion

The first drying experiments were performed at a temperature
of 35 �C. At this temperature, in accordance with phase diagram
(see Fig. 1), two phases can be formed; the metastable anhydrous
phase III and thenardite. As an example, the results of the mea-
sured moisture and ion concentration profiles for the drying of
fired-clay brick are given in Fig. 3. The time between two subse-
quent moisture and ion profiles is 2 h. As can be seen, as the drying
starts the water content slowly decreases homogeneously and no
drying front is observed. At the same time the ion concentration
slowly increases throughout the whole sample up to 3.4 m. As
can be seen, the ion profiles are homogeneous indicating diffusion
is dominant and hence Pe < 1. Near the drying surface we can
observe a further increase of the concentration. Extrapolating this
concentration profile to the drying surface we see that a maximum
concentration of approximately 4.1 m is reached, corresponding to
phase III (see phase diagram Fig. 1 for T = 35 �C). The next profile
the concentration near the surface of the sample has dropped
down to 3.4 m corresponding to thenardite. This indicates that at
the drying surface probably first the metastable phase III is being
formed, directly followed by a transformation to the thermody-
namically more stable thenardite. Due to measurement time reso-
lution of the measurements, i.e., 2 h for one profile measurement,
we are unable to observe this transformation in more detail. A sim-
ilar transformation from phase III to thenardite during the drying
was observed by Linnow et in X-ray diffraction experiments [20].
These observations are in accordance with Ostwalds’s rule of
stages [11].

We have also plotted the same data in a so-called efflorescence
pathway diagram (EPD) in Fig. 4 [21,22]. In an EPD, the total
amount of dissolved sodium sulfate present in the solution, ch (in
moles/kg), is plotted against the average moisture content h. The
total amount of Na2SO4 ions present in the solution, ch, and the
average saturation, h, were obtained by integrating the Na profiles
and the H profiles measured by NMR, respectively.

In such a diagram two limiting situations can be distinguished:
Fig. 4. Efflorescence pathway diagram for the drying experiment at 35 �C of three samp
total amount of dissolved salt in the solution, ch (in mole) is plotted against the average
drying experiment presented in Fig. 3.
– Very slow drying, i.e., Pe� 1. In this case, the ion profiles
remain homogeneous and for some time no crystallization will
occur. The average sodium sulfate concentration will slowly
increase (line AB), until the concentration in the sample has
reached the maximum solubility. From this point on any addi-
tional drying will result in crystallization (line BC).

– Very fast drying, i.e., Pe� 1. In this case (line AC), ions are
directly advected with the moisture to the top of the sample
and a concentration peak will build up with a very small width.
If the rate of crystallization is high enough, i.e., if there are
enough nucleation sites at the top to form crystals, the average
Na2SO4 concentration in the solution in the sample itself will
remain almost constant at nearly the initial concentration (line
AC).

– From any point within the region bounded by these lines only
moisture removal will result in an increase of the Na2SO4 con-
centration. A decrease of ch can only take place by crystalliza-
tion. Because the transport is driven by evaporation,
crystallization always involves a (small) change of h.

As can be seen the EPD diagram indicates that for this experi-
ment initially Pe� 1. This EPD also confirms that during the final
stage of the drying experiment thenardite is being formed. In this
diagram also the data is plotted for both Indiana limestone and
Cordova Cream lime stone drying experiments. As can be seen also
in these materials thenardite is formed at 35 �C (see Fig. 4)
les initially saturated with a 1.5 M sodium sulfate solution at 40 �C (see Fig. 1). The
moisture content h. The data presented for fired-clay brick (o) corresponds to the



Table 2
The estimated Pe numbers for the drying experiments at various temperatures from
the measured moisture before crystallization starts (see also Eq. (3)).

Temperature Fired-clay
brick

Cordova Cream
limestone

Indiana
limestone

35 �C 0.8 0.5 0.4
25 �C 0.6 0.2 0.3
7.5 �C 0.2 0.1 �0.1
10 �C (fast

drying)
40 – –

Fig. 5. Efflorescence pathway diagram for the drying experiment at 25 �C of samples ini
amount of dissolved salt in the solution, ch (in moles) is plotted against the average m
indicated by the solubility line c = 2.1 m for mirabilite, c = 3.5 m for thenardite, and c = 4

Fig. 6. Efflorescence pathway diagram for the drying experiment at 7.5 �C of samples ini
Fig. 1). The total amount of dissolved salt in the solution, ch (in moles) is plotted against
formed are indicated by solubility line c = 0.5 m for mirabilite, c = 1.85 m for heptah
heptahydrate supersolubility line c = 2.87 m.
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We can also estimate the Pe-number based on the measured
moisture profiles. For a porous material the conservation of water
mass can be written as:

@h
@t
¼ � @

@x
ðhUÞ ð2Þ

where U is the water velocity c is the concentration for sodium sul-
fate solution. Hence from the measured moisture profiles as a func-
tion of the time the liquid velocity at any position can be derived
directly after integration:

UðxÞ ¼ � 1
hðxÞ

@

@t

Z L

x
hðx0Þdx0 ð3Þ
tially saturated with a 1.5 m sodium sulfate solution at 40 �C (see Fig. 1). The total
oisture content h. The three possible salt phases at 25 �C which can be formed are
.27 for phase III.

tially saturated with a 1.5 m sodium sulfate solution initially saturated at 40 �C (see
the average moisture content h. The four possible salt phases at 7.5 �C which can be
ydrate, c = 4.2 m for thenardite and c = 4.6 m for phase III. Also indicated is the
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If we take as a characteristic length L the length of the sample,
1 � 10�9 m2 s�1 as a first approximation for the diffusion coeffi-
cient, T⁄ = 5 for the tortuosity [23], we find Pe in the order of
0.2–0.8 (see also Table 2.), i.e., Pe < 1 which is in accordance with
the EPD’s.

In the next set of experiments the drying of samples saturated
with 1.5 m solution was studied at 25 �C. As can be seen from
the phase diagram (see Fig. 1) three crystalline phases can be
formed at this temperature: hydrated mirabilite at 2.1 m, anhy-
drous thenardite at 3.5 m and metastable anhydrous phase III at
4.27 m. The results of the drying experiments are plotted in an
EPD as given in Fig. 5. In this case there are three boundary lines
in the EPD at this temperature, i.e., one for mirabilite, phase III
and one for thenardite. As can be seen from the experimental date
also in this case for all drying experiments Pe < 1.

As can be seen as the drying starts the solution in all samples
slowly supersaturates with respect to the solubility concentration
of mirabilite, i.e., no crystallization is seen as the solution concen-
Fig. 7. The measured moisture (bottom) and ion concentration profiles (top) during dryi
solution at 40 �C. The time between subsequent profiles is 2 h. The arrows indicate the ev
by horizontal dashed line.
tration in the samples reach the mirabilite solubility. These mea-
surements indicate that eventually thenardite is being formed in
these samples, which can again be explained by Ostwald’s rule of
stages, which states that the thermodynamically least favorable
crystalline phases will appear first [8]. Within the time scale of this
experiment no transformation to mirabilite is seen.

Next, the drying experiments of the samples saturated with
1.5 m were carried out at the temperature of 7.5 �C. At this temper-
ature four crystalline phases can possibly be formed: mirabilite,
heptahydrate, thenardite and phase III. In this case as the samples
are cooled down initially from 40 to 7.5 �C the solution in the
samples slowly get supersaturated with respect to the solubility
concentration of mirabilite. So in this case the drying experiments
were started with an already supersaturated sodium sulfate solu-
tion in sample, as no crystallization took place. The results of the
drying experiments are given as an EPD in Fig. 6. As can be seen,
as soon as the drying is started the concentration in the samples
increases slowly up to the heptahydrate solubility, indicating the
ng of a fired-clay brick sample at 10 �C, initially saturated with 0.5 m sodium sulfate
olution in time. The solubility for mirabilite and heptahydrate at 10 �C are indicated



Fig. 8. Efflorescence pathway diagram for the drying experiment at 10 �C of fired-
clay brick, initially saturated with a 0.5 m sodium sulfate solution initially saturated
at 40 �C (see Fig. 1). The total amount of dissolved salt in the solution, ch (in moles)
is plotted against the average moisture content h. The four possible salt phases at
10.0 �C which can be formed are indicated by solubility line c = 0.5 m for mirabilite,
c = 2.1 m for heptahydrate, c = 4 m for thenardite and c = 4.56 m for phase III Also
indicated is the heptahydrate supersolubility line c = 3 m.
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formation of heptahydrate, and the solution is supersaturated with
respect to mirabilite solubility. In terms of Ostwald’s rule of stages
one would expect the concentration of the solution to rise further
until phase III. However by Hartley et al. [9] it was shown that
there is a so-called heptahydrate supersolubility line. They showed
experimentally that the concentration upon cooling cannot
increase anymore beyond this line. This observation of this hepta-
hydrate supersolubility line upon cooling was also made for crys-
tallization in porous materials by Rijniers [12], Derluyn [15],
Saidov et al. [14,16]. Here we also observe that in the case of drying
the maximum solubility for heptahydrate is limited by the hepta-
hydrate supersolubility line and the metastable heptahydrate is
being formed instead of phase III.

In order to assess if concentration gradients could influence the
crystalline phase being formed an additional drying experiment
with Pe� 1 was done for fired-clay brick at 10 �C for a solution
of 0.5 m. In Fig. 7, the measured moisture and salt concentration
profiles are given. As can be seen, initially the fired-clay brick dries
homogenous but later on moisture gradients develop towards the
drying surface. From the measured salt concentration profiles it
can be seen that as soon as the drying starts, ions are transported
to the surface and start to accumulate. Near the surface the con-
centration slowly increases and the concentration near the surface
slowly supersaturates with respect to mirabilite solubility. The
maximum concentration reached near the surface indicates that
also in this experiment heptahydrate is being formed. Hence, the
drying rate and also the salt concentration gradient do not influ-
ence the salt phase which is formed. In Fig. 8 we have also plotted
the corresponding EPD for this experiment. Here, it can be clearly
seen that in this experiment Pe� 1. Based on the measured mois-
ture profile we estimate Pe (see Table 2), which is in accordance
with the results of the EPD. Moreover this figure also indicates that
the crystallization rate of heptahydrate is fast enough, i.e., there are
nucleation barriers, in comparison to the ion flux towards the sur-
face, as the data is close to the line indicating Pe� 1 in this
experiment.
5. Conclusions

In this study it has been shown that during the drying of a
porous material saturated with a sodium sulfate solution the
metastable sodium sulfate heptahydrate is being formed at tem-
peratures below 22 �C. Above 22 �C the measurements indicate
that first phase III is formed, followed by rapid transition to
thenardite. This crystallization of a crystal, which is initially
supersaturated with respect to the equilibrium phase solubility,
is in accordance with Ostwald’s rule of stages. However
below 22 �C, this rule of stages is applicable only for those crystal
phases of which the maximum solubility is below heptahydrate
supersolubility.

The experimental results show that both the internal properties
of the porous materials and the drying rate do not influence the
crystal phase being formed. Although the damage to porous mate-
rials is most likely created by mirabilite, it must be noted that this
crystalline phase seems not to be formed directly during drying.
However, in order to create damage, there needs to be a transfor-
mation to mirabilite. This additional transformation from already
heptahydrate (or thenardite) has to be taken into account and is
at this moment missing in studies on salt crystallization [24,25].
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