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Sodium sulfate is widely regarded as the most damaging salt for porous building
materials. To understand this complex and incompletely understood phenomena, it is
important to predict which phases will crystallize under a range of environmental
conditions and which phase transitions will cause damage. In this study we present data
on the crystallization of sodium sulfate hydrates from infrared spectroscopy and
temperature data.
This work documents the crystalline phases and their transitions under controlled
environmental conditions (temperature and relative humidity, RH). The phase changes
in a salt crystal coming from a droplet of sodium sulfate solution (28 and 30 wt. % of
Na2SO4) subjected to evaporation are observed using FTIR-ATR spectroscopy. As
Na2SO4 hydrates contain more OH content than anhydrous phase, the OH absorption
band enables the distinction between these two types of phases. The temperature signal
are acquired using a type K thermocouple in a solution of sodium sulfate (28 and 30 wt.%
of Na2SO4) that is cooled down from +40 °C to +5 °C. As the temperature decreases,
crystallization events are recorded though the temperature signal. According to
temperature monitoring experiments, heptahydrate crystallizes more easily than
mirabilite.
The importance of the environmental conditions and the protocol establishment are
discussed. The approach of these methods can help us to understand the crystallization
sequence of sodium sulfates and later better apprehend the damage of building stone.
Keywords: Sodium sulfate, crystallization, FTIR-ATR spectroscopy, thermocouple

1.

Introduction

Sodium sulfate attack is one of the most damaging decay phenomena for building stones.
The main damage results from the cyclic crystallization of salts in pores (Goudie and
Viles, 1997), especially hydrates which crystallize rapidly at a high supersaturation
(Rodriguez- Navarro et al., 2000; Tsui et al., 2003; Steiger and Asmussen, 2003; Flatt,
2002). The study of sodium sulfate crystallization ultimately aims at preventing salt
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deterioration of important building materials in order to improve the conservation of
cultural heritage and also any kind of construction.
Sodium sulfates occur as several phases: the decahydrate (mirabilite, Na2SO4 − 10 H2O)
and the anhydrous (thenardite, Na2SO4) phases crystallize under normal ambient
conditions (figure 1). A second hydrate (heptahydrate, Na2SO4 − 7 H2O) was noted in
the middle of the 19th (Loewel, 1850) and is metastable. Several studies (Loewel, 1850;
De Coppet, 1901; Hartley et al., 1908) showed that heptahydrate crystallizes first during
cooling of a bulk solution, rather than mirabilite. The heptahydrate can be obtained
either by cooling a sodium sulfate solution (Hamilton and Hall, 2008; Derluyn et al.,
2011) or a material whose pores are saturated with a sodium sulfate solution (Rijniers et
al., 2005; Hamilton and Hall, 2008; Hamilton et al., 2008; Espinosa-Marzal and Scherer,
2008).
In the present study we perform temperature cycles on sodium sulfate solutions under
confined conditions in order to crystallize the hydrates of sodium sulfate. During these
cycles we record the temperature of the solution in order to observe exo and/or
endothermic reac- tions that are linked to important phase transitions. We also use
Fourier Transform Infrared Attenuated Total Reflection (FTIR-ATR) in order to
investigate the crystallization changes from droplets of sodium sulfate solution during
evaporation.
In the following section, the experimental approaches by FTIR-ATR and temperature
monitoring are described. Then the experimental results for each method are discussed
and the importance of environmental conditions and testing protocols are emphasized.

Figure 1: Na2SO4-H2O phase diagram (after Negi and Anand, 1985; with the solubility data tabulated in Garrett, 2001; Brand, 2009) at room pressure showing stable (solid lines) and metastable
(dashed lines) phase boundaries. The different domains such as thenardite (thn), mirabilite (SS10)
and heptahydrate (SS7) are represented. The solutions, with 28 and 30 wt. % of Na2SO4 (respectively light gray and dark gray lines), are cooled down from +40 to +5 °C through the mirabilite
and heptahydrate solubility lines
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2. Experimental approaches
2.1 Material
Na2SO4 solutions with a concentration of 28 and 30 wt. % of Na2SO4 are prepared
using anhydrous Na2SO4 (Natriumsulfat ROTH, ≥ 99.0 %) dissolved in demineralized
water at +60 °C. Droplets of about ∼ 100 μl are used in the case of FTIR-ATR
spectroscopy, whilst we used volumes of 30 ml of solution for the temperature
monitoring.
2.2 FTIR-ATR spectroscopy
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FTIR-ATR spectra were measured using a Perkin-Elmer, Spectrum 100 FTIR-ATR.
Spectra were acquired in the wavenumber interval of 530-4000 cm−1 with a spectral
resolution of 4 cm−1. Each spectrum was recorded from the accumulation of 10 scans of
a sample set on the ATR crystal. All measurements were made at 55 ± 3 % of relative
humidity (RH) corresponding to the room RH.
The aim of this measurement consists to investigate the evolution of the crystal formed
from a droplet of Na2SO4 solution at room temperature (T = 20 ± 0.5 °C) under evaporation condition. A solution droplet, initially at 60 °C, is placed on the ATR platinum
which is at room temperature (figure 2). The spectra are recorded immediately as soon
as the crystallization of the first salt crystal takes place and after different time of
evaporation step.
An infrared spectrum gives a fingerprint of a sample with absorption bands. Each absorption band corresponds to the frequencies of vibration between the chemical bonds of
a specific atom making up the material. Each material has a specific combination of
atoms which produce a typical infrared spectrum.

Figure 2: Protocol device used for FTIR-ATR spectroscopy. Droplet of Na2SO4 solution is put
directly on the ATR crystal.

2.3 Thermal monitoring
A serie of 3 temperature cycles was performed using a climatic test chamber Binder
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MKF with a program control (figure 3). The temperature range of the climatic chamber
is -40 °C up to +180 °C with an accuracy of ±1.0 °C, and the RH range is between 10 %
and 98 % RH with a precision of ± 2.0 % RH. The RH was neglected as the experiment
was performed under confined conditions.
The test is composed of cooling/heating cycles based on previous works that were
proven to be efficient to crystallize heptahydrate (Hamilton and Hall, 2008; Derluyn et
al., 2011). It starts at +40 °C with an cooling phase down to +5 °C, where the
temperature, very close to the heptahydrate supersolubility line, is maintened during 10
hours. The cooling phase aims to crystallize the heptahydrate. A rate of 0.33 °C.min−1
was used for the cooling as well as for the heating. The temperature of the samples was
measured with a precision of ± 0.1 °C, via a type K thermocouple that was dipping into
the solution at the bottom of the bottle. The temperature was recorded every 5 seconds
using a data logger (Agilent).
Basic analysis was performed on the temperature signal of the climatic chamber
(reference) and the solution samples. A frequency filtering was applied in order to
remove the noise probably related to the periodic activity of the climatic chamber.

Figure 3: Experimental set-up for the temperature monitoring: samples are placed in a climatic
chamber (Binder) where they undergo cooling/heating cycles. The temperature is recorded via a
type K thermocouple that dips into the solution. A silicon sealant joint is dispatched around the
cap of the bottle in order to obtain the best confinement of the sodium sulfate solutions.

3. Results and Discussion
3.1 Crystallization from Na2SO4 droplets
Figures 4a and 4b present FTIR-ATR spectra of sodium sulfate crystals coming
from a droplet of solution at room temperature after different times of evaporation. Each
spectrum corresponds to an average spectrum from the accumulation of multiple spectra
sampled in a given surface. The response is characteristic to each component of the
sample studied. The absorption in the regions 1575-1700 cm−1 and 3650-3100 cm−1
show the presence of ν-OH bonds(Weiss 1969), respectively ν1-OH and ν2-OH, which
correspond to two different modes of vibration between -OH bonds. Those at 580-670
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cm−1 (Weiss 1969) and 1000-1300 cm−1 (Durie and Milne 1978; Tong et al 2010)
correspond to the part of –SO42−bonds, respectively ν1-SO42− and ν2-SO42−. The band
size in the spectrum can be considered as a direct indication of the amount of material
present.
Figure 4a shows FTIR-ATR spectra of crystal from a droplet of solution with 28 wt.%
of Na2SO4. It indicates a decreasing of the ν1-OH and ν2-OH bands intensity from t=0
to t=3h30 with a band shift from 3350 to 3422 cm −1 for ν2-OH. This decreasing in bands
intensity consists to a decreasing of OH content. The intensity of the ν1-SO42− band
develops strongly after t=1h30. The ν2-SO42− band remains the same during all the
experiment. Figure 4b presents FTIR-ATR spectra of crystal from a droplet of solution
with 30 wt. % of Na2SO4. It shows an increasing of the ν1-OH, ν2-OH and ν2-SO42−
bands intensity from t=0 to t=2h corresponding to an increasing of OH and –SO42−
contents. After t=2h, the ν-OH bands intensity highly decreases and the ν2-OH band
moves from 3345 to 3400 cm−1 whilst the ν-SO42− bands remain constant (i.e. the ν2SO42− band) and/or intensifies (i.e. the ν1-SO42− band) as it has been observed in figure
4a.

a) Infrared spectra for the 28 wt. % of Na2SO4 solution vs wavenumber (cm−1) under T and
RH constant
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(b) Infrared spectra for the 30 wt. % of Na2SO4 solution vs wavenumber (cm−1) under T and RH
constant
Figure 4: Infrared spectra are made on crystals forming in the Na2SO4 droplet at room
temperature (T=20 °C ± 0.5 °C) and room RH (55 % ± 2 %). The t=0 curve is the occurence of the
first crystal. The crystal remains at room temperature and RH during the all experiment.

3.2 Crystallization from Na2SO4 solutions
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In figure 5, the temperature signal of the climatic chamber (i.e. temperature reference,
black curve) and the solution samples of two different concentrations (i.e. 28 and 30 wt. %
of Na2SO4, respectively green and red curves) are represented.
During the first cycle, the temperature signal of the solution with 28 wt. % of Na2SO4
follows that of the reference during the cooling from +40 °C to the plateau at +5 °C
where a temperature peak is observed. It forms a smooth and asymmetrical peak starting
at ∼5.56 °C. This peak occurs over a large period of time (∼ 155.45 min) and has a low
height (peak maximum ∼0.69 °C). It is characterized by a progressive and slow
temperature increase. Once the exothermic peak is over, the temperature signal of the
solution joins that of the reference. During the heating stage to back at +40 °C, we can
observe a slight shift of the temperature signal of the solution starting at ∼17.35 °C until
the end of the cycle. The second cycle presents similar results except that the exothermic
peak starting at ∼5.77 °C seems to be lower. Indeed, this peak occurs on a shorter period
of time (∼137.14 min) and has a lower height (peak maximum ∼0.44 °C) than the
previous cycle. A slight shift of the solution temperature starting at ∼20.59 °C is
observed when heating back to +40 °C. An additional third cycle reveals the
disappearance of the exothermic reaction close to the plateau at +5 °C. The cooling of
the solution is strongly slowed down near to ∼ 7.85 °C causing a shift between the
temperature signal of the reference and that of the solution. Once again during the
heating stage, the temperature of the solution is slightly shifted compared with the
temperature signal of the reference starting at ∼ 18.38 °C.
The temperature signal of the solution with 30 wt. % of Na2SO4 presents some
differences compared to the precedent temperature signal. The first cycle shows a
smooth asymmetrical peak of temperature starting at ∼ 6.94 °C as it has been observed
previously. This peak of temperature occurs on a large time period equal to ∼ 114.54
min with a low height (peak maximum ∼0.75 °C). The second and third cycles do no
present peak of temperature during the cooling period. As it has been observed for the
third cycle of the previous temperature signal of the 28 wt. % of Na2SO4 solution, the
cooling of the solution with 30 wt. % of Na2SO4 is strongly slowed down close to
∼9.5 °C causing a shift between the temperature signal of the reference and that of the
solution. During the heating stage of each cycle, we can observe the same results as seen
previously.

3.3 Discussion
FTIR-ATR and temperature monitoring were used to investigate the crystallization
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changes in a sodium sulfate solution under confined condition undergoing
cooling/heating cycles and in droplets of solution subject to evaporation. FTIR-ATR
enables to follow the evolution of crystals that form from a 28 wt % of a Na2SO4
solution. It shows a general decreasing of the ν-OH bands intensity that can be due to a
decrease of the OH content in the crystal. The ν- SO42− bands remain constant (i.e. the
ν2- SO42− band) and/or increase (i.e. the ν1- SO42− band). This change can be due to the
dehydration process: the hydrate transforms progressively into anhydrous Na2SO4

Figure 5: Temperature vs time diagram for temperature monitoring: temperature signals of the
climatic chamber (reference, black curve), the 28 wt% of Na2SO4 (green curve) and the 30 wt% of
Na2SO4 (red curve) solutions during 3 successive cooling/heating cycles. Zooms on the two first
cooling phase close to +5 °C are represented

during evaporation. The evolution of crystal from a droplet of solution with 30 wt. % of
Na2SO4 can be divided in two parts. In the first part, the intensity of the ν-OH and ν2SO42− bands increase from t=0 to t=2h. This increase can be linked to the crystal growth
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process. The second part may result from the dehydration process occuring during the
crystallization of the anhydrous phase as previously described. As we can see in figures
4a and 4b, the duration of these experiments is too short to completely achieve the
anhydrous Na2SO4 (OH bands still present). This suggests a possible mixing problem
between the crystal and the surrounding solution. It would be necessary to isolate the
crystal in order to have no effect of the solution (i.e. to work on monocrystal) and use
for example a confinement cell to maintain the temperature and the relative humidity.
The temperature signal of the solutions (i.e. with 28 and 30 wt. % of Na2SO4) does
not show a good reproducibility from a cycle to another. Indeed, only one exothermic
peak on the temperature signal of the solution with 30 wt. % of Na2SO4 is observed. In
the first and second cycle, the temperature signal of the solution with 28 wt. % of
Na2SO4 presents an exothermic peak, which decreases in intensity until no peak is
distinguishable (i.e. cycle 3). The exothermic peaks occur progressively and are not
instantaneous as it is the case for the crystallization of mirabilite according to
Rodriguez-Navarro and Doehne (1999). Moreover, their description, which is consistent
with published data of Hamilton et al. (2008), Derluyn et al. (2011), and Saidov (2012)
indicates that these peaks of temperature correspond to the crystallization of the
metastable heptahydrate. One hypothesis for the non reproducibility from a cycle to
another is that the system is not completely reset at the end of a cycle, i.e. that the
duration of the plateau at +40 °C is not long enough to allow the complete dissolution of
the crystals present in the solution. Thus, when cooling again, there is no nucleation
process to take place but just crystal growth which requires less energy. One way to
investigate this hypothesis would be to increase the duration of the step at +40 °C or
increase the temperature target in order to favor the dissolution of all the remaining
crystals in the solution.

FTIR-ATR spectroscopy is a innovative experience to charaterize the transformations
during the crystallization process such as the crystal growth and/or the dehydratation of
salt crystals coming from droplets subjected to evaporation conditions. The preliminary
results on the two different concentrations of the solutions (i.e. 28 and 30 wt. % of
Na2SO4) present a progressive transformation of Na2SO4 hydrate into anhydrous phase.
The temperature monitoring confirms that the crystallization of heptahydrate occurs
easily close to +5 °C upon cooling a solution saturated.
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