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SUMMARY
Salt weathering is widely recognized as one of the most common mechanisms for deterioration of porous materials: monuments, sculptures and civil structures. One of the
most damaging salts is sodium sulfate, which can have diﬀerent crystalline modiﬁcations:
thenardite (anhydrous), mirabilite (Na2 SO4 ·10H2 O), and heptahydrate (Na2 SO4 ·7H2 O),
which is thermodynamically metastable. Na2 SO4 ·7H2 O has a well-deﬁned supersolubility
region limited by the so-called heptahydrate supersolubility line. To predict and prevent
crystallization damage of porous materials it is necessary to know the salt phase that is
responsible for damage as well as its nucleation and growth behavior.
The crystallization of sodium sulfate can be induced by increasing the supersaturation either by drying or by cooling of a sample. In this study the supersaturation was
measured non-destructively by Nuclear Magnetic Resonance (NMR).
First, the crystallization was studied in bulk solutions. For this purpose an NMR
setup was combined with time lapse digital microscopy, allowing simultaneous measurement of supersaturation in a droplet and visualization of the crystal growth. Two crystallization mechanisms were tested: diﬀusion controlled and adsorption controlled. The
crystallization of heptahydrate was found to have so-called adsorption-controlled behavior. As a second step towards understanding sodium sulfate crystallization in porous
materials, mineral powders were added to sodium sulfate solutions. This allowed studying the transition from in-bulk to in-pore crystallization of sodium sulfate. It was found
that mineral powders act as additional nucleation centers, which accelerate the precipitation of crystalline phases from a solution, but do not have an eﬀect on the crystalline
phase that is growing.
Next, the crystallization of sodium sulfate in porous materials was studied. The
internal properties of the materials inﬂuence the dynamics of crystallization by providing
a surface for nucleation. This is in correspondence with grain-boundary crystallization
theory. It was found that the internal properties of porous materials do not inﬂuence
the crystalline phase that is formed. In all measurements that were performed, the formation of sodium sulfate heptahydrate was observed with a reproducibility of 95%. No
spontaneous crystallization of mirabilite directly from a solution was observed.
Finally, the crystallization pressure was studied. To this end NMR measurements
and optical length measuring techniques were combined. This allowed studying the crystalline phase being formed and the crystallization pressure caused by crystal formation
during cooling and drying of the samples. It was found that a crystallization pressure
capable to damage common porous materials can be expected from mirabilite. Series
of weathering tests showed two ways for mirabilite formation: cooling of sodium sulfate
solution to cryohydrates and rewetting of previously formed thenardite.
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1. INTRODUCTION
1.1 Introduction
Salts have long been known as a source for structural decay of stones. Even in the historical
chronicles of Herodotus (420 B.C.) one can ﬁnd information about salt weathering eﬀects:
’I observed ... that salt exuded from the soil to such an extent as even to injure the
pyramids.’ [1, 2]. Although salt weathering can appear in diﬀerent forms, e.g., chipping,
eﬄorescence, peeling, scaling, ﬂaking, spalling, alveolization, and coving [3–9]; there is
one common cause, i.e., the crystallization in the pores of a material. The eﬀects of
salt weathering become more apparent and stronger with time (weathering cycles) due to
accumulation of salts within pores [1]. Hence, the geographical location of porous rocks
and stones directly inﬂuences the damaging eﬀects of weathering. Depending on the type
of salt, salt weathering damage can be diﬀerent. Sulfates were found to give the largest
damage by weathering compared to other salts. Especially sodium sulfate is considered
as one of the most damaging salts which is present in relatively signiﬁcant amounts in
natural soils and ground waters [10].

1.2 Sodium sulfate
Sodium sulfate was ﬁrst discovered by the Dutch-German chemist and apothecary Johann
Rudolf Glauber (1604–1670), who discovered hydrated sodium sulfate in Austrian spring
water in 1658 [11]. He named it sal mirabilis (miraculous salt), because of its medicinal
properties [12, 13].
In the 17–18th centuries, the interest in sodium sulfate increased because of its use
in diﬀerent applications, e.g., in glass manufacturing, medicine, and the production of
mineral chemicals [14]. The anhydrous form of sodium sulfate was found in 1818 and
was named thenardite by the French chemist, Louis Jacques The’nard (1777–1826). This
form was mainly found in dried salt lakes and volcanic caves. The main interest in sodium
sulfate was induced by its non trivial crystallization behavior at diﬀerent temperatures.
This triggered a number of studies, both from a damage and a weathering point of view
[15, 16], as well as from a purely chemical point of view [11–13, 17–23].
The study on supersaturated solutions of sodium sulfate gave new insights. The
heptahydrate crystal of sodium sulfate was ﬁrst reported in the literature of the 19th
century. One of the earliest observations of sodium sulfate heptahydrate is that by Loewel
[17, 18] in 1850, who speaks of ’... une masse compacte, transparente, dont la surface
présente des mamelons cannelés. Quelquefois il se forme aussi des prismes longs à quatre
pans et à base rhombe ...’ (... a compact, transparent mass, with grooved extrusions
on the surface. Sometimes long four-sided prisms are formed with a rhombic base ...).
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Sodium sulfate heptahydrate was studied later on by De Coppet [19, 20], Hannay [21],
and D’Arcy [23]. Their ﬁndings allowed to introduce new states of salt solutions, like
metastability (1893) and supersolubility (1897), afterwards leading to Ostwald’s Law of
Stages [11], which states that preferred crystalline phase is the one with highest solubility.
The high capability for supersaturation of sodium sulfate solutions invoked series
of studies on its crystallization behavior. The presence of supersaturation as a necessary
condition for crystallization was ﬁrst reported by Lowitz (1794) [24]. Later on, this
was also observed by Berthollet (1803), Gay-Lussac (1813), and Schweigger (1813) [25].
The sources of supersaturation as well as its stability were studied by Gay-Lussac and
Loewel (1850). In his review, Gay-Lussac pointed out that the supersolubility of salt
only depends on temperature, which was disputed by Loewel, because that would imply
a possible coexistence of a supersaturated solution and a crystal of salt. In his work [17],
Loewel has shown that this is impossible. He concluded that supersaturation can be
removed by external triggers for crystallization, like putting a crystal in a supersaturated
solution or contaminating the solution with dust or powders.

heptahydrate-thenardite transition
(Washburn, 1938)
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Fig. 1.1: Sodium sulfate phase diagram, including the chronological order of the discovery of
the various crystalline phases. The solubility lines of thenardite Na2 SO4 (t), mirabilite
Na2 SO4 ·10H2 O (m) and heptahydrate Na2 SO4 ·7H2 O (h) are presented together with
the heptahydrate supersolubility and the ice line. The regions in-between the solubility
lines allow coexistence of the solution with the corresponding crystalline phases.
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This phenomenon was studied by Charles Tomlinson for sodium sulfate solutions.
As Kurzer reported in his overview of Tomlinson’s work [26]: ’... Tomlinson endeavored
to prove that supersaturation was maintained simply by the absence of nuclei that, when
introduced, initiate the separation of the solute by the exertion of adhesive forces. The
extensive and painstaking although simple experimental work that he undertook to this
end can here be summarized only brieﬂy (but is substantiated by complete references). He
conﬁrmed that supersaturated sodium sulphate solutions, prepared under strictly ’clean’
conditions (that is, with the exclusion of all potential crystallization nuclei) when exposed
to an ordinary town atmosphere, precipitated crystals more or less immediately. In the
pure air of the country no such separation occurred for many hours or days. Similarly,
contact of the supersaturated solution with a glass rod, thermometer or spatula resulted
in rapid crystallization, but when such instruments were previously cleansed with strong
acid or alkali, or drawn through a ﬂame, no such eﬀect was produced.’
Among others, Hartley et al. in 1908 measured the supersolubility curve of heptahydrate [22], which is presented in ﬁgure 1.1. This curve indicates the concentration
required for the spontaneous cooling-induced crystallization at a given temperature. They
also measured the cryohydrate solubility line. The transition temperature of heptahydrate
to anhydrous sodium sulfate plus liquid was found in 1938 by Washburn and Clem [27]
to be 23.47 ◦ C.
As shown in ﬁgure 1.1, three main crystalline forms of sodium sulfate can be distinguished: thenardite (anhydrous, Na2 SO4 ) and metastable thenardite (being unstable
with respect to common thenardite), mirabilite (decahydrate, Na2 SO4 ·10H2 O) and the
thermodynamically metastable heptahydrate (Na2 SO4 ·7H2 O) [22, 28]. As result of about
800 measurements, it was found that the heptahydrate has a well-deﬁned supersolubility
region limited by the so-called heptahydrate supersolubility line, which indicates the maximum supersaturation that can be reached [28]. An interesting feature of heptahydrate is
that its metastability is related only to the coexistence with mirabilite and some chemical
compounds (like sodium tetraborate), whereas it is stable with respect to many external
physical eﬀects (like storage time, shaking, heating-cooling, dropping).
Despite the widespread use of sodium sulfate in the chemical industry (glass production or medicine) and in heat storage, the scientiﬁc interest in sodium sulfate decreased
in the middle of the 20th century. Heptahydrate seems to have been ’forgotten’ by researchers of the 20th century, as illustrated by the citation diagram presented in ﬁgure 1.2.
However, with the renewed interest in understanding the damage caused by salts in porous
media, the interest in crystallization behavior of sodium sulfate started again during the
last few years [29–32].

1.3 Accelerated weathering
In order to mimic and to model natural salt weathering of porous materials, accelerated
weathering tests are commonly used for evaluation [33–37]. These types of tests usually
represent cycles, consisting of periodic saturation of a porous material with a salt solution
followed by drying at high temperatures. The systematic study of salt weathering started
during the second half of the 19th century. Routine weathering tests were implemented
already in 1828 by de Thury [38]. A ﬁrst general assessment, review, and systematization
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Fig. 1.2: Frequency of publications on sodium sulfate heptahydrate.

of weathering damage eﬀects was performed in the famous work of R.J. Schaﬀer [16]
in 1932. The latest review, including an overview of various deposition eﬀects and their
systematic deﬁnition, is collected in 2008 in the Illustrated glossary on stone deterioration
patters of the International Scientiﬁc Committee for Stone [3]. It is a result of 8 years of
research, originating from 19 countries all over the world.
A well-known test for assessing the salt weathering durability for sodium sulfate is
DIN 52 111, which was developed in Germany in 1976 by Knofel et al [33]. It consists of
immersion of the material to be tested in a sodium sulfate solution saturated at 25 ◦ C (i.e.,
the concentration is approximately 1.8 mole/kg) for 7 hours, followed by drying of the
sample at 105 ◦ C for another 7 hours, and then immersing the sample again in a sodium
sulfate solution saturated at 25 ◦ C. This procedure is repeated and the weight loss of the
sample is measured every cycle, which represents the durability of the sample to sodium
sulfate weathering.
As an example the results of such a test are given in ﬁgure 1.3 for a ﬁred-clay
brick. As can be seen from this ﬁgure, after only 6 cycles a complete disintegration is
observed. During this cycling, damage can be induced by drying, when the anhydrous
form of sodium sulfate (thenardite) is crystallizing out, or by rewetting of the dry sample,
when crystallization of decahydrate is expected [29,34,39,40]. In general, the most severe
damage is observed during wetting of the test specimens [34].
Accelerated weathering tests mainly evaluate the sustainability of a certain porous
material to damage from salt crystallization. The tests do not focus on the determination
of crystallization pathways (how a particular salt is being formed), quantiﬁcation of the
pressures induced by salt loading, etc. In that perspective, these type of tests can be
called ”blind” for quantiﬁcation.
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Fig. 1.3: Results of a DIN 52 111 weathering test on a ﬁred-clay brick. In the left graph,
the relative mass of the samples is given as a function of the number of cycles. The
corresponding pictures of one of the samples after each cycle are given at the right.
After the 6th cycle the brick sample of 5x5x5 cm has completely disintegrated.

1.4 Crystallization pressure
Salt weathering is caused by the crystallization of salts within the pores of a material. A
model of crystallization pressure, based on the idea of supersaturation of a salt solution,
was proposed by Correns in 1945 [41]. In this model a salt solution that is supersaturated
with respect to a growing crystal, is proposed as the driving force for crystallization
pressure, as schematically presented in ﬁgure 1.4. Hence, the Correns model represents
the crystallization pressure Pc as a function of the supersaturation:
(

)

N RT
c
Pc =
ln
,
Vm
cs

(1.1)

here R is the gas constant, T is the temperature, N is the number of ions in a salt molecule,
Vm is the molar volume of the crystalline phase, c/cs is the ratio between the actual and
the saturation concentration of the salt solution. When a hydrated crystalline phase is
formed, i.e., together with salt nuclei also water molecules are incorporated in a crystal,
the eﬀect of hydration has to be taken into account. The incorporation of water molecules
from a solution into a hydrated crystal yields an increase of the actual concentration of
the solution, leading to higher crystallization pressures. Taking into account the eﬀect of
hydration, the extended Correns model can be written in the form [42]:
RT
ln
Pc =
Vm

[(

c
cs

)N (

1 − (N − 1)c (1 + cMH2 O )
1 − (N − 1)cs (1 + cs MH2 O )

)ν ]

,

(1.2)
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where MH2 O is the molar mass of water and ν is hydration factor, i.e., the number of water
molecules incorporated in a chemical unit of the crystal. When the hydration factor equals
zero, this extended model returns to the well known Correns model.

Pc

Pr
pore wall

pore wall

crystal

σcl
σ pl

crystal

C
solution

σ pc α

Pc

solution

Cs

C Cs> 1

Pr

Fig. 1.4: Schematic picture of the crystallization pressure caused by supersaturation - Correns
model (1.1) (left) and that caused by surface tension between crystal and pore wall Wellman-Wilson model (1.3) (right).

In 1949, during experiments on crystal growth between two glass plates, Correns
observed that for equal supersaturation, c/cs (i.e., equal pressure), diﬀerent displacements
of the glass plates can occur, depending on the type of salt [43]. Correns proposed that
surface tension between the plates and the forming crystal is responsible for this eﬀect.
Using this idea of Correns, in 1965 Wellman and Wilson [44] described the crystallization
pressure as a result of mechanical interactions between the pore wall and the growing
crystal, caused by surface tension:
Pr = −σcl cos(α)

dA
1
∼ ,
dV
r

(1.3)

where σcl is the surface tension between the salt solution and the growing crystal (as
indicated in ﬁgure 1.4), α is the contact angle, A the surface area and V the volume
of the crystal, and r is pore size. Here α ∈ [π/2, π], therefore cos(α) < 0 and Pr > 0.
Combining the models of Correns and Wellman-Wilson, one obtains a basic expression
from which the crystallization pressure can be estimated [5, 6, 42]:
RT
ln
∆P =
Vm

[(

c
cs

)N (

1 − (N − 1)c (1 + cMH2 O )
1 − (N − 1)cs (1 + cs MH2 O )

)ν ]

− σcl cos(α)

dA
.
dV

(1.4)

The surface to volume ratio in the second term of this model represents a measure of the
inverse pore size dA/dV ∼ 1/r, i.e., the smaller a pore is, the higher the damage that
is expected. Hence, in case of small pores (below 1 µm), the second term in equation
(1.4) becomes signiﬁcant, having a magnitude of the order of MPa. On the other hand,
in mesoporous materials (pore sizes in the range 1–100 µm) and systems with big pores
(larger than 100 µm) Pr is of the order of kPa [29].
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However, our present knowledge about crystallization pressure does not provide a
complete picture of damage by salt weathering. Materials with diﬀerent poromechanical
properties react diﬀerently on a given crystallization pressure. For one material it can
lead to damage, whereas for another material no damage occurs. Various mechanical
models focus on the eﬀects caused by crystallization pressure, e.g., expansion, viscoelastic
relaxation (damping), cracks, and disintegration (see ﬁgure 1.5), related to poromechanical properties of porous materials [30, 40, 42, 45]. In such models the overall reaction of a
material is called the thermoporomechanical pressure, Pm , meaning that it includes both
the thermal and poromechanical reaction of a material. Hence, in general Pm can be
written as [42]:
∫
Pm ∼

Cf ill [dε(∆P ) − αdT ] ,

(1.5)

where Cf ill is a parameter that depends on the pore ﬁlling, ε is the expansion caused by the
crystallization pressure ∆P , α is thermal expansion coeﬃcient and T is the temperature.
The term αdT is responsible for the part ’thermo-’ in the word ’thermoporomechanical’,
whereas the poromechanical properties of a material are hidden in the functional dependence of the expansion, ε(∆P ), on the crystallization pressure, ∆P . Using this approach,
the actual poromechanical pressure Pm occurring in a porous material is a function of
both the internal properties of a material and the eﬀects of crystallization pressure (type
of salt, supersaturation, etc.).
crack

crystal

Pcryst

solution

pore wall
viscoelastic damping

Pm
Fig. 1.5: Schematic representation of the relation between poromechanical pressure (reaction of
a material) and crystallization pressure.

1.5 Scope of the thesis
The eﬀects of weathering become apparent with time, i.e., with accumulation of weathering (crystal growth/dissolution) cycles. To understand weathering and damage mechanisms, the knowledge about crystallization pathways is highly important and required.
The weathering conditions deﬁne a crystallization pathway. On the other hand, the
properties of crystalline phase, being formed within these pathways, determine the crystallization pressure. Finally, damage is a reaction of porous materials on such a pressure. Therefore, the problem of understanding weathering eﬀects involves three parts:
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determination of the crystallization pathway, assessment of the crystallization pressure,
and evaluation of the thermoporomechanical response of the material on in-pore crystal
growth.
The aim of the research described in this thesis is the study of sodium sulfate crystallization pathways in pure bulk solutions, in bulk solutions containing mineral powders,
in droplets on wetting and non-wetting substrates, and in porous materials during a part
of the weathering cycle (cooling and drying), as well as an analysis of damaging processes
caused by crystallization in porous materials.

2. SINGLE CRYSTAL GROWTH OF SODIUM SULFATE
HEPTAHYDRATE
Sodium sulfate is one of the most damaging salts for porous building materials. In the
quest to increase the durability of civil structures and cultural heritage a deeper understanding of its crystallization behavior is needed. The goal of the research described in
this chapter was to identify the crystal phase that is formed upon cooling and its growth
mechanism. In a preliminary study it was found that in more than 95 % of the experiments sodium sulfate heptahydrate is preferably formed ﬁrst during cooling from bulk
solutions. The present study reveals that the growth rate is controlled by interface attachment kinetics. The kinetic growth parameter Gk ranges from 1 to 7 µm/s for single
crystals in a temperature range of 4.8 to 13 ◦ C.

2.1 Introduction
The crystal growth rates and kinetics of mirabilite (sodium sulphate decahydrate) and
thenardite (anhydrous sodium sylphate) have been studied previously [46–48]. However,
the growth rate and growth mechanism of sodium sulfate heptahydrate have not been
reported. Therefore this chapter focuses on the isothermal growth rate of heptahydrate
in bulk solution. First, appropriate crystal growth models are discussed. Next, the
setup for the non-destructive measurement of the concentration during crystallization
by nuclear magnetic resonance (NMR) is described. This setup was combined with a
digital microscope for image analysis of crystal growth during simultaneous concentration
measurements. Finally, the experimental data are compared with model predictions based
on two limiting growth mechanisms: diﬀusion-controlled growth and interface-controlled
growth.
The results of this study are published in:
Derluyn, H., Saidov, T.A., Espinosa-Marzal, R.M., Pel, L. and Scherer, G.W., Sodium
sulfate heptahydrate I : the growth of single crystals, Journal of Crystal Growth, 329
(2011) 44-51.

2.2 Modeling heptahydrate growth
Crystal growth can involve several processes [49]: a) ion transport (diﬀusion) in the bulk
solution to the crystal/liquid interface, b) adsorption of ions onto the crystal surface (i.e.,
jumping through the interface from the liquid to the crystal), c) diﬀusion on the crystal
surface, d) attachment at pits or kinks (e.g., ledges or screw dislocations on the surface),
or e) polynuclear growth (i.e., nucleation of disk-like clusters on a smooth crystal/liquid
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interface). The slowest process controls the rate of growth. Thus, if transport (diﬀusion)
in the solution is slowest, it leads to transport-controlled growth (or diﬀusion-controlled
growth, if diﬀusion is the only transport mechanism); if one of the steps b to e is slowest,
interface-controlled growth takes place.
Crystal growth requires a ﬂux of ions to the interface, followed by attachment of
the ions to the liquid-crystal interface, see Fig. 2.1. Let us consider two extreme cases:
diﬀusion-controlled growth and interface-controlled growth. If the growth is diﬀusioncontrolled, the diﬀusion time through the solution to the crystal surface is much longer
than the time of the interface attachment process, whereas the opposite holds for interfacecontrolled growth [50].
transport zone
diffusion

ion

reaction zone

crystal

Fig. 2.1: Schematic representation of crystal growth. The competition between two main processes, transport of ions and attachment (reaction) to the crystal surface, determines
the growth regime. The slowest process determines this regime.

2.3 Diﬀusion-controlled growth
If the crystal growth is diﬀusion-controlled, the main process determining crystal formation is diﬀusion of ions to its surface. In this case, the concentration of the solution around
the crystal is deﬁned by a diﬀusion equation. Assuming a cylindrical shape with a ﬁxed
height of the growing crystal, the diﬀusion equation for isothermal crystal growth takes
the form:
(
(
))
∂c(r, t)
1 ∂
2 ∂
=D
r
c(r, t) ,
(2.1)
∂t
r ∂r
∂r
where the initial conditions deﬁne the initial concentration of the solution before crystallization occurs:
c(r, t = 0) = c0 .

(2.2)

We assume that the side surface of the solution in which the crystal is growing is isolated
(no concentration gradient) and that the concentration at the crystal surface L(t) is equal
to the heptahydrate solubility concentration at the temperature of interest. This yields
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growing crystal

solution
r
0

L(t)

R

Fig. 2.2: Model of crystal growth under the assumption of a cylindrical shape of the crystal in
the ﬁnite volume of the solution. The boundary, L(t), of the crystal is moving when
crystallization proceeds.

the following boundary conditions:
∂c(r, t)
= 0,
∂r r=R
c(r = L(t), t) = ch .

(2.3)
(2.4)

The corresponding growing process is illustrated in Fig. 2.2. While the crystal is growing, the surface of crystal will move and therefore the condition (2.4) depends on the
position of the boundary. An analytical result for diﬀusion-controlled growth with a moving boundary can be obtained by solving the so-called Stefan problem [51] in an inﬁnite
volume of solution [52]. In our NMR experiments, the volume of solution is ﬁnite, so
a numerical approach is needed to calculate the concentration proﬁle and the radius of
c package is used to solve the 2D Stefan
the crystal. For that purpose, the COMSOL⃝
problem assuming radial symmetry and a constant height of the crystal. An example of
calculated concentration proﬁles during crystal growth is shown in Fig. 2.3 for a circular
salt solution drop with a radius of 7 mm (comparable to the NMR setup) having an initial
concentration of 2.5 mole/kg and a crystal with an initial size of 1 µm in the center of
the drop. A diﬀusion coeﬃcient of sodium sulfate in solution D = 0.9 × 10−9 m2 /s [53] is
assumed as well as a constant temperature of 2.5 ◦ C (the temperature on the heptahydrate
supersolubility line for a concentration of 2.5 mole/kg).

2.4 Interface-controlled growth
If the crystal growth is interface-controlled and the interface is rough, so that every jump
of an ion across the interface results in attachment, see Fig. 2.1, the growth rate depends
on the supersaturation ratio, β − 1, by [49, 54]:
∂Lk
= Gk (βk − 1)g ,
(2.5)
∂t
where (k = x, y, z) are the kinetic growth parameters in the x, y, and z directions, respectively, and βk are the supersaturations of the solution adjacent to the respective surfaces
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of the crystal. For a rough interface, the exponent g = 1; if attachment only occurs on
ledges created by screw dislocations, g = 2 [49]. If attachment requires nucleation of a
disk-like cluster of ions on a smooth crystal/liquid interface, the growth rate depends on
the supersaturation through an exponential function [49]. The supersaturation is deﬁned
by β = a/K, where a is the ion activity product and K the solubility product [55]. The supersaturation is concentration- and temperature-dependent, and can be determined using
the Pitzer parametrization of Steiger and Asmussen [34, 56] in the form:
(

(

)

(

)

(

m
γ±
ν
aw
Ln(a/K) = N Ln
+ Ln
+ Ln
m0
γ±, 0
N
aw,0

))

,

(2.6)

c [mole/kg]

where N is the number of ions in molecule of sodium sulfate (N = 3), m0 , γ±,0 and aw,0
are respectively the molality, the mean activity coeﬃcient and the water activity of the
respective saturated solutions, ν is the hydration ratio that respectively takes values of
0, 7 and 10 for the anhydrous thenardite, the heptahydrate and decahydrate [34]. The
ﬁrst term m/m0 corresponds to Correns term c/cs in (1.1), the second term describes how
diﬀerent is actual solution from ideal one, and the ﬁrth term reﬂects hydration.

r [mm]
Fig. 2.3: Simulated concentration proﬁles assuming diﬀusion controlled crystal growth at a temperature of 2.5 ◦ C in a droplet with initial concentration c = 2.5 mole/kg. The vertical
lines within the gray region do not represent concentrations, but the growth of the
crystal with time.

2.5 Experimental procedure
To study the growth of heptahydrate during cooling, a setup was built which allowed visual
observation of the crystal growth with a microscope during non-destructive measurement
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thermocouple
∆T

holder’s top cover

sodium sulfate solution

PMMA
sample holder

LED

main magnetic field
RF coil

pump
temperature
controller
bath

Fig. 2.4: Schematic representation of the setup for measuring the concentration in a droplet
by NMR and simultaneous visualization of the crystallization with a digital microc the temperature of the sample
scope. Using a secondary circuit ﬁlled with Galden⃝
is controlled.

of the solution concentration using NMR. The latter technique has already been described
in detail in [57].
A schematic diagram of the setup is given in Fig. 2.4. Our 0.78 T nuclear magnetic
c
resonance setup is extended with a digital microscope (Dinolight Digital Microscope⃝
with optical magniﬁcation 10× ∼ 50×) for the simultaneous visualization of the crystal
growth and measurement of the concentration. Four LED’s were attached to the bottom
of the sample holder to provide additional light for the digital microscope. The digital
microscope and the LED’s were found to decrease the NMR signal-to-noise only slightly.
A cylindrical sample holder with a height of 15 mm and a diameter of 20 mm was
manufactured from transparent polymethyl methacrylate (PMMA). The temperature was
c apparatus. For the investigation
controlled during the experiment by a LAUDA E200⃝
of the crystal growth, the sample holder was ﬁlled with a known amount of sodium sulfate
solution of known concentration. Two diﬀerent holders were used for these experiments,
with a height of 0.3 mm or 0.7 mm, respectively, limiting the maximum height of the
crystal. The volume of solution used was 50 µl or 100 µl, respectively.
In these experiments, no eﬀort was made to perform spatially resolved measurements. Instead, by using a low magnetic ﬁeld gradient the NMR signal from the entire
solution was measured to determine the average salt concentration of the droplet.
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c [mole/kg]
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T [°C]

Fig. 2.5: Measured concentration of the sodium sulfate solution during the cooling experiments
with droplets of c0 = 2.5 mole/kg and 3.4 mole/kg, respectively. First the droplet is
cooled down from approx. 33 ◦ C to the heptahydrate supersolubility line (e.g., from
point A to B), after which the temperature is kept constant (e.g., from point B to C).
The sensitivity of the NMR technique used in these experiments is ±0.15 mole/kg.

2.6 Experimental results
The results of two experiments (initial concentrations c0 = 2.5 mole/kg and 3.4 mole/kg,
respectively) are shown in terms of the phase diagram in Fig. 2.5. Starting at a temperature of 33 ◦ C, the sample is cooled down at a rate of 0.13 ◦ C/min. During cooling, the
system crosses the mirabilite solubility line without any change of the concentration, indicating supersaturation of the solution with respect to mirabilite. Similarly, when crossing
the heptahydrate solubility line the concentration remains constant, meaning that the solution becomes supersaturated with respect to heptahydrate. The concentration starts to
decrease after the solution reaches the heptahydrate supersolubility line, which happens
at a temperature of about 4.8 ◦ C for an initial concentration of 2.5 mole/kg and at about
13 ◦ C for 3.4 mole/kg, see Fig. 2.5. The microscope images show a crystal growing in the
solution. The growth ceases when the concentration reaches the heptahydrate solubility
line. The corresponding images of the growing crystal for one of the experiments are
presented in Fig. 2.6. A single crystal with a truncated pyramidal shape can be observed.
This shape was observed in all of the experiments.
The images from the digital microscope allow us to determine the growth rate of
the crystal while measuring the concentration. The growth directions, starting from the
crystal center, are speciﬁed in Fig. 2.6c for an initial concentration c0 = 3.4 mole/kg and
in Fig. 2.7a for c0 = 2.5 mole/kg. We will distinguish between the directions x1 and x2, as
well as between y1 and y2, since the droplet boundary (and possibly also concentration and
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background
LEDs
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bubble

growing
hepthahydrate
crystal

b
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c

x2

x1
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Fig. 2.6: Images of sodium sulfate heptahydrate growth in a 100 µl droplet with an initial
concentration of c0 = 3.4 mole/kg. (a) Initially, the holder is ﬁlled with a sodium
sulfate solution at approx. 33 ◦ C. (b) Precipitation of sodium sulfate heptahydrate
is observed upon cooling when the supersolubility line is reached. (c) Crystal growth
stops as the concentration reaches the heptahydrate solubility line.
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growth from center [mm]
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Fig. 2.7: (a) Image of a single sodium heptahydrate crystal grown at 4.8 ◦ C in a 100 µl droplet
with an initial concentration c0 = 2.5 mole/kg. (b) Measured dimensions of a crystal
grown in a solution with initial concentration c0 = 2.5 mole/kg. (c) Measured dimensions in four directions of a crystal grown in a solution with initial concentration
c0 = 3.4 mole/kg. The error of the measurement is ±0.2 mmole/kg.
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c [mole/kg]

temperature gradients) can aﬀect the growth in the x and/or y directions. In Figs. 2.7a
and 2.7b the evolution of the crystal dimensions with time during these two experiments
is shown. The growth in the y2 direction in Fig. 2.7b stops upon reaching the air-solution
interface, while in the other directions the growth continues undisturbed until equilibrium
is reached.
From analysis of the image, the total crystal surface area can be determined. It is
shown together with the measured average concentration for these experiments in Fig. 2.8.
This ﬁgure reveals that after about 5000 seconds, the concentration reaches saturation
(1.7 mole/kg and 2.6 mole/kg at 4.8 ◦ C and 13 ◦ C, respectively) and the surface area
remains constant (i.e., the crystal stops growing).

time [s]

Fig. 2.8: Measured average concentration and crystal surface area during the growth of a
heptahydrate crystal in solutions with initial concentrations c0 = 2.5 mole/kg and
3.4 mole/kg, respectively.

2.7 Determination of the growth regime
Diﬀusion-controlled growth
The NMR setup allows measuring the sodium and hydrogen content in the whole
sample, thus providing the mean (average) concentration as a function of time, c̄ = c̄(t).
At the same time the model of diﬀusion-controlled growth introduces a concentration
that varies with position and time, c = c(r, t). In order to compare the results of the
diﬀusion-controlled growth model with experimental data, the function c = c(r, t) must be
spatially averaged. A mean (average) concentration can be obtained from the calculated
concentration proﬁles by:
∫ R
2
c(r, t)rdr,
c̄ = 2
R − L2 (t) R−L(t)

(2.7)
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where R is the radius of the inner part of the sample holder, conﬁning the solution. The
moving boundary, L(t), introduces the radius of the crystal with time, which is used to
calculate the area of the crystal surface.
Fig. 2.9 shows a comparison of the calculated crystal surface area and the spatially
averaged concentration with the corresponding experimental data. This ﬁgure shows
that the simulated diﬀusion-controlled growth is much faster than the measured growth,
indicating that dominant process limiting the growth rate cannot be diﬀusion of ions
within the solution. Of course, one might argue that the assumption of purely radial
growth is only a rough approximation to the real crystal shape, but it is reasonable to
expect that the predicted growth will not become signiﬁcantly slower if the real crystal
geometry would be taken into account.
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Fig. 2.9: Comparison of the evolution of the average concentration (a) and the crystal surface area (b) for the experiments with an initial concentration c0 = 2.5 mole/kg and
3.4 mole/kg, respectively.
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Interface-controlled growth
The interface-controlled growth is described by Eq. (2.5). To apply this equation,
the supersaturation ratio at the crystal/liquid interface must be known. This ratio can be
found with the Pitzer parametrization (2.6) as a function of the concentration. However,
the concentration measured by NMR is an average value of the total volume of the solution, which may diﬀer from the values at the crystal surface interface because of possible
concentration gradients in the solution. To investigate whether these eﬀects are signiﬁcant, a relation between the concentration at the liquid-crystal interface and the average
solution concentration measured by NMR should be established. If the solution is mixed
only by diﬀusion, the average time of mixing in the sample holder can be estimated as
R2
= 27.7 · 103 s.
(2.8)
2D
Hence, the average mixing time by diﬀusion is longer then the measurement and hight
concentration gradients are expected to occur, as also follows from the simulation in ﬁg.2.3.
However, in the real case, high gradients can cause formation of convection cells that will
provide suﬃcient mixing of the solution and level oﬀ concentration gradients. Gravitydriven Rayleigh-Benard convection cells are expected to occur when the Rayleigh number,
RB , exceeds a certain threshold. For a liquid conﬁned between two planes, assuming noslip boundary condition, the following equation can be obtained [58]:
t≈

RB =

∆ρgH 3
> 1708 ,
Dη

(2.9)

where ∆ρ is the density diﬀerence driving the ﬂow, g is the gravitational acceleration
(9.8 m/s2 ), H is the height of the layer of the liquid, D is the diﬀusivity in the liquid,
and η is the dynamic viscosity. According to the Stokes-Einstein equation we can write:
Dη ≈

kT
,
2πΩ1/3

(2.10)

where k is Boltzmann’s constant (1.38 × 10−23 J/K) and Ω is the molecular volume. For
heptahydrate, the molal volume is Vm = 175.2 cm3 /mole, and dividing by Avogadro’s
number one ﬁnds Ω ≈ 2.92 × 10−28 m3 and Ω1/3 ≈ 0.66 nm. At 4.8 ◦ C = 278 K, Eq. (2.10)
yields Dη ≈ 9.2 × 10−13 N.
Let us assume that convective ﬂow is driven by the density diﬀerence between the
initial concentration, c0 , and the saturation concentration, ch , that develops near the
crystal/liquid interface. In that case, for c0 = 2.5 mole/kg and ch = 1.7 mole/kg (corresponding to experiments with a crystallization temperature of 4.8 ◦ C) ∆ρ ≈ 60 kg/m3 .
In the smaller holder containing the salt solution, H = 3 × 10−4 m, so RB is 10 times
larger than required by Eq. (2.9). In the larger holder, where H = 7 × 10−4 m, RB is
another order of magnitude larger. Therefore, convection cells with a diameter roughly
equal to H are expected to occur in the sample holder, which will strongly reduce any
concentration gradients. Hence, it is reasonable to assume that the solution concentration
adjacent to the crystal is close to the average concentration measured by NMR. Consequently, the average concentration c̄ measured by NMR can be used for calculations of
the supersaturation β in Eq. (2.5).
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Fig. 2.10: Growth in the y1-direction for c0 = 3.4 mole/kg (a) and c0 = 2.5 mole/kg (b). The
solid squares denote the experimental data, whereas the various curves reﬂect the
model predictions.

The diagrams in Fig. 2.10 show an example of ﬁts of Ly from Eq. (2.5) to the
experimental results (y1-direction for 3.4 mole/kg (a) and 2.5 mole/kg (b)) obtained by
assuming either a linear, parabolic, or exponential dependence of the growth rate on
the supersaturation ratio, respectively. The best overall agreement is clearly achieved
with a linear dependence (i.e., g = 1 in Eq. (2.5)). The kinetic parameters Gk obtained
from these ﬁts are 6 µm/s for c0 = 3.4 mole/kg and 1.3 µm/s for c0 = 2.5 mole/kg.
For the latter concentration, some discrepancies between model and experiment can be
observed. The measured initial growth is much slower than predicted by the model.
This discrepancy may be explained as follows. The interface-controlled growth rate is
determined by the concentration at the crystal-solution interface. In the model, this
concentration was approximated by the average concentration in the solution, which might
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be an over-estimate, because the Rayleigh-Bernard convection discussed above is driven
by a concentration gradient, which is absent if no crystal is growing. Initially, the growth
of the crystal will consume the solute and drive the concentration of the adjacent solution
towards the solubility limit, so that approaches unity and the growth slows down. This
drop in concentration produces a density gradient that initiates convection. Therefore,
the slow initial growth may reﬂect the time lag before convection actually starts.

2.8 Conclusion
The growth rate of sodium sulfate heptahydrate has been measured in cooled droplets of
solution. By combining non-destructive measurements of the concentration in a droplet
with image analysis, the crystal growth could be studied in detail. The experimental data
showed that the growth rate of sodium sulfate heptahydrate is controlled by the rate of
attachment (adsorption) of ions at the crystal/liquid interface. The kinetic parameter Gk
ranges between 1 and 7 µm/s in drops of 50 to 100 µl at temperatures of 4.8 to 13 ◦ C.

3. CRYSTALLIZATION UNDER WETTING/NON-WETTING
CONDITIONS
Sodium sulfate is recognized as one of the salts with the most damaging capabilities when
crystallizing in porous media. It is able to form three main crystalline phases: thenardite
(Na2 SO4 , anhydrous), mirabilite (Na2 SO4 ·10H2 O, decahydrate), and the thermodynamically metastable heptahydrate (Na2 SO4 ·7H2 O). In this study we have investigated crystallization by drying of a sodium sulfate solution under wetting and non-wetting conditions
in order to see which phase is formed.
A setup was used in which Nuclear Magnetic Resonance was combined with a digital
microscope. Using NMR the salt concentration in a drying droplet is determined nondestructively. At the same time the crystallization is visualized using a digital microscope.
These measurements show that under non-wetting conditions the formation of sodium
sulfate heptahydrate takes place, whereas under wetting conditions the formation and
coexistence of sodium sulfate heptahydrate and thenardite is observed.

3.1 Introduction
Salt weathering is widely recognized as one of the most common mechanisms for deterioration of porous materials used for monuments, sculptures, and civil structures.
Sodium sulfate is considered as one of the salts with the most damaging capabilities.
The phase diagram of sodium sulfate is presented in ﬁgure 3.1. Three main crystalline
phases of this salt can be distinguished [22]: thenardite (Na2 SO4 , anhydrous), decahydrate
(Na2 SO4 ·10H2 O, also called mirabilite), and the thermodynamically metastable heptahydrate (Na2 SO4 ·7H2 O). Another boundary is formed by the so-called supersolubility line,
determined by Hartley et al. [22], which indicates the maximum concentration before
crystallization of heptahydrate occurs.
In recent papers the crystallization of sodium sulfate induced by cooling was studied
both in bulk solutions, solutions mixed with powders, and in porous media. These experiments showed that sodium sulfate heptahydrate is the primarily formed crystal phase.
Analysis of the crystal growth in droplets during cooling indicated that the growth is
interface-controlled. Therefore, the growth rate is linearly proportional to the supersaturation of the solution [59]. The inﬂuence of the surface of the substrate on the heterogeneous nucleation during crystallization was studied using sodium sulfate solutions
mixed with silica and calcite powders [60]. The heptahydrate nucleation was found to
increase for larger amounts of powder in the solution. The formation of sodium sulfate
c , a model porous material
heptahydrate during cooling was also observed in Nucleocil⃝
with a mean pore radius in the range 5–30 nm, as well as in various meso-porous building
materials, i.e., Savoniere [29], limestones [30], and calcium hydrosilicate brick [39, 40, 61].
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Actually, all these studies have shown that by cooling of a sodium sulfate solution the
heptahydrate phase is formed.

o

Fig. 3.1: Phase diagram of sodium sulfate. The equilibrium solubility is given for mirabilite
(Na2 SO4 ·10H2 O), thenardite (Na2 SO4 ), and the metastable form, i.e., heptahydrate
(Na2 SO4 ·7H2 O). The dashed line indicates the supersolubility curve for heptahydrate,
i.e., an upper bound for the supersaturation. The regions in-between the solubility
curves allow coexistence of the solution with certain crystalline phases. The combination of horizontal and vertical arrows indicates the various stages of the experiments.

In the present study we investigate the crystallization from sodium sulphate solutions
induced by drying of the solution. This was studied by time-lapse microscopy of sodium
sulfate solution droplets by Shahidzadeh-Bonn [62,63], but in that study the concentration
of the solution was not measured. Here we combine time-lapse microscopy of the sodium
sulphate droplet with the simultaneous measurement of the concentration of the solution
by NMR. We have studied the crystallization on both wetting and non-wetting surfaces.
We will ﬁrst brieﬂy discuss the main consequences of the (non) wetting surface on the
drying behavior of a droplet of a salt solution. Next the experimental setup and the
results will be presented.

3.2 The inﬂuence of the surface on the drying
When a droplet on a solid surface is drying, a non-wetting or a wetting condition can be
present, depending on the surface material. These conditions have large implications for
the contact angle between ﬂuid and solid and therefore for the drying process. In the case
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of a non-wetting condition the contact lines between ﬂuid and solid are free to move, and
as a result the droplet will shrink almost uniformly during drying. In this case it is found
that the concentration remains homogeneous throughout the droplet [64, 65].
In the case of a wetting surface the contact lines are pinned. As a result the contact
angle will change during drying and inhomogeneous drying will occur, since the evaporation per unit ﬂuid volume will be largest along the rim of the droplet. Consequently,
there will be salt transport by advection towards the rim. This is also known as the coﬀee
stain eﬀect [65–67], where after complete evaporation of a droplet the edge of the stain
has a more pronounced color than the inner part.
In general, the transport of ions in a ﬂuid can be described by a diﬀusion-advection
equation:
∂c
⃗ · ∇c ,
= D∇2 c − U
(3.1)
∂t
where c is the concentration in molals [M = mole/kg], D [m2 s−1 ] the ion diﬀusion coeﬃcient, and U the water velocity [m s−1 ]. The competition between advection and diﬀusion
can be deﬁned in terms of the Peclet number [68]:
Pe ≡

⃗ |L
|U
,
D

(3.2)

where L [m] is the length scale of interest, e.g., the diameter of the droplet.
In the case of wetting conditions we expect that P e > 1 and hence concentration
gradients are present which could inﬂuence the crystallization dynamics [65]. On the
other hand, for non-wetting surfaces we expect P e < 1 and, consequently, a homogeneous
crystallization behavior throughout the droplet.

3.3 Experimental setup
We have used a Nuclear Magnetic Resonance (NMR) setup operating at a ﬁeld of 0.78 T
in this study to measure the concentration in the droplet non-destructively while drying.
An extensive description of this setup can be found in [29, 40]. In order to create either
wetting or non-wetting conditions during drying of a droplet, two types of sample holders
were manufactured from transparent quartz-glass and Polymethyl Methacrylate (PMMA),
respectively. Each type of sample holder has a height of 15 mm, a diameter of 20 mm,
and a ﬂat bottom.
A schematic representation of the experimental setup is given in ﬁgure 3.2. The
NMR setup is equipped with a Faraday shield to suppress the eﬀect of changes of the
dielectric properties of the sample [29]. In addition, the quality factor of the LC circuit
containing the sample is chosen rather low (Q ≈ 40), to suppress the eﬀects of the
(electrically conducting) sodium sulfate solution. The tuned circuit of the setup can be
toggled between 33 MHz for 1 H and 8.9 MHz for 23 Na, giving the possibility to quasisimultaneously measure the Na and H content, and thereby the concentration.
At the echo times used in the experiments (TE = 750 µs for Na and 650 µs for H),
only the Na and H nuclei in the solution are measured and no signal is obtained from these
nuclei incorporated in sodium sulfate crystals. The magnetic ﬁeld gradient was chosen
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Fig. 3.2: Schematic representation of the setup for measuring the concentration in a droplet
by NMR combined with time-lapse microscopy. Using a secondary circuit ﬁlled with
c the temperature of the sample can be controlled. LEDs are used for addiGalden⃝
tional lighting of the sample.

in such a way that a horizontal slice of 4 mm slice is measured, incorporating the whole
droplet. Hence, the total water and sodium content of the solution in the droplet can be
measured non-destructively.
The sample holder itself is kept at a constant temperature by a temperature control
c ) through
system (LAUDA E200). A peristaltic pump circulates a cooling agent (Galden⃝
the wall around the sample holder. This cooling agent is based on a ﬂuorine-organic liquid,
which is invisible to hydrogen and sodium NMR. For the time-lapse measurement of the
crystal growth, the NMR setup was extended with a digital microscope (Dinolight Digital
c ) [59], giving the possibility to relate the measured concentration to a visual
Microscope⃝
observation of growing crystals. Four Light Emitting Diodes (LEDs) are placed in the
bottom of the sample holders to provide additional lighting within the enclosed NMR
setup.
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3.4 Results
We have studied the drying of a 1 M (molal [mole/kg]) sodium sulfate solution droplet for
both non-wetting and wetting surfaces at temperatures of 8.7 ◦ C and 6 ◦ C, respectively,
and a relative humidity (RH) of 0 %. A total of 40 experiments were performed, of which
95 % showed the crystallization behavior that will be discussed below. The signal to noise
(S/N) ratio of the NMR experiments was about 35.
Initially, the sample holders were ﬁlled with a 300 µl droplet of a 1 M sodium sulfate
solution at an initial temperature of 40 ◦ C. Next, using the temperature control system
the droplet was rapidly cooled from the initial temperature to the aimed temperature
of the experiment. After this aimed temperature was reached an air ﬂow of 0 % RH
was applied over the surface of the droplet. From that moment on, simultaneous NMR
measurements of the water and sodium concentration were performed together with timelapse microscopy of the droplet.
Non-wetting:
Non-wetting conditions were created by using Polymethylmethacrylaat (PMMA). A
drying experiment was performed at a temperature of 8.7 ◦ C and a RH of 0 %. In ﬁgure
3.3 the measured water content, sodium content, and the concentration of sodium sulfate
solution in the droplet are given as function of time. The corresponding images of the
droplet at various times are shown in ﬁgure 3.4.
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Fig. 3.3: Normalized sodium content, normalized water content, and concentration measured
during drying at 8.7 ◦ C of a 300 µl droplet having an initial Na2 SO4 concentration of
1 M for a non-wetting surface, i.e., a PMMA sample holder. The dashed lines result
from a free cubic spline interpolation and are shown as guides to the eye.
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Fig. 3.4: Time-lapse microscopy of the drying at 8.7 ◦ C of a 300 µl droplet of a 1 M sodium
sulfate solution on a non-wetting PPMA sample holder, corresponding to the data
plotted in Fig. 3.3.

These ﬁgures show that as soon as the drying has started, the water content decreases
and a receding liquid/air interface is observed, reﬂecting the non-wetting conditions. As
the sodium content remains constant, the concentration increases gradually and for some
time no crystallization is observed.
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As the droplet’s geometry is dynamically changing during drying, a direct calculation
of the Peclet number is rather complicated. However, an estimate of the Peclet number
can be obtained from a so-called Advection-Diﬀusion Diagram (ADD). In the case of a
droplet, the normalized volume of the droplet (V /Vintial ) is plotted as a function of the
total amount of salt dissolved in the droplet. The result for the present experiment is
given in ﬁgure 3.5. From this diagram the competition between advection and diﬀusion
can be obtained, i.e., the Peclet number on the relevant length scale, i.e., the length
scale of the droplet. Two extreme situations can be distinguished. If diﬀusion dominates
(P e ≪ 1), it will result in a homogeneous distribution of salt ions throughout the droplet.
During drying the volume of the droplet will decrease and the concentration will increase
homogeneously until a certain saturation concentration is achieved. From this moment
onwards any further drying will cause crystallization and the concentration in the droplet
will remain constant. If, on the other hand, advection dominates (P e ≫ 1), concentration
gradients in the droplet will be induced. As soon as the volume of the droplet decreases,
immediate crystallization of a salt will occur if there are enough nucleation sites (e.g. near
the periphery of the droplet). This implies that the total amount of dissolved salt will
decrease. In such a case the average salt concentration will remain almost constant.

Fig. 3.5: Advection-Diﬀusion Diagram (ADD) for drying at 8.7 ◦ C of a 300 µl droplet of a 1 M
sodium sulfate solution on a non-wetting surface. The total amount of dissolved sodium
is plotted as a function of the normalized volume of the droplet. The points A, B, C,
D, E correspond to those in Figs. 3.3 and 3.4.
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It can be deduced from ﬁgure 3.5 that for the present drying experiment diﬀusion
is dominant, indicating P e ≪ 1 and a slowly increasing concentration. Indeed still no
crystallization is observed as the concentration reaches the heptahydrate supersolubility
line (point B) and the concentration gradually increases up to the heptahydrate supersolubility line (t ≈ 30000 s, point C). From that moment on the sodium content drops and
the concentration decreases until the heptahydrate solubility, indicating the formation
of sodium sulfate heptahydrate crystals (C–E in Fig. 3.3). Figure 3.4-C shows that the
growth of these heptahydrate crystals starts from the top of the moon-shape like droplet,
after which the growth proceeds to the bottom, see Fig. 3.4-D.
After approximately 40000 s, the water and the sodium content of the solution have
decreased to almost zero, indicating there is no solution left in the holder. That is, all
water has evaporated or has been incorporated in crystals. From that moment on no
information can be obtained anymore from the NMR experiments. However, the timelapse microscopy shows dehydration of the heptahydrate crystals to anhydrous sodium
sulfate (thenardite), due the low RH. Would the initial crystals have been mirabilite, this
transformation would have occurred instantly [62, 69], with a thernadite growth rate of
about 2 cm/s [59]. As indicated in ﬁgure 3.4-E, the thenardite crystals start to spread
out. After some time the heptahydrate crystal is completely covered by thenardite and
the two phases cannot be distinguished any more from the images, as is illustrated in Fig.
3.4-F.
At the end of the experiment the crystalline structure was taken out and broken
in two parts. Visual inspection showed that inside there was still a (wet) heptahydrate
crystal present covered by thenardite at the outside. The cracked surface immediately
started to dehydrate again, indicating that the formed thenardite layer either dramatically
slows down or completely stops water escaping from the heptahydrate. Obviously, the
ﬁnal crystalline system represents a mix of crystalline phases, i.e., two forms of sodium
sulfate (heptahydrate and thenardite) are coexisting at the same time, where a cover layer
of thenardite crystals isolates the heptahydrate from the environment, prevention further
dehydration.
Wetting:
A wetting condition was created by using glass-quartz as a sample holder. In this
case the experiment was performed at of 6 ◦ C. In ﬁgure 3.6 the measured water content,
sodium content, and the concentration of sodium sulfate solution in the droplet are shown
as a function of time. The corresponding images of the droplet at various times are shown
in ﬁgure 3.7. In this case it is observed that the droplet spreads out completely over the
insert sample holder.
It can be seen from Fig. 3.6 that when the drying starts water evaporates, i.e.,
the water content decreases and the salt concentration increases. Because in this case
the contact line is pinned near the edge of the sample holder, no receding drying front
is observed. After about 2 hours, the sodium signal NMR starts to decrease slightly,
indicating the formation of crystals. Fig. 3.7-B reveals that these crystals are formed
near the edge of the droplet. The corresponding ADD is given in ﬁgure 3.8. Despite the
noise in the data, this diagram shows that near the start of the drying P e > 1. Hence
advection is dominant and a large concentration gradient is present in the droplet, as was
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Fig. 3.6: Normalized sodium content, normalized water content, and average concentration during drying at 6 ◦ C of a 300 µl droplet having an initial Na2 SO4 concentration of 1 M
for a wetting surface, i.e., a quartz-glass sample holder. The dashed lines result from
a free cubic spline interpolation and are shown as guides to the eye.

also shown in recent work of Hua Hu et al. [65]. A local enhancement of the concentration
is expected at the droplet sides, leading to formation of thenardite near the contact lines,
as was also observed by Bonn at al. [62,63]. In case of mirabilite the crystallization should
appear instantly, having a growth rate of about 2 cm/s at the experimental temperature
of 6 ◦ C [59].
After about 20000 s the average concentration reaches the heptahydrate supersolubility line. From that moment on formation of heptahydrate starts in the middle of the
droplet, as indicated in ﬁgure 3.7-C. The bipyramidal shape of these crystals also conﬁrms
them to be heptahydrate [22, 59]. As the drying continues, i.e., from 25000 s onwards,
crystals are growing both at the center of the droplet and near the edge of the droplet,
indicating the growth of two types of crystalline phases. Because we have a mix of two
crystal phases, the average concentration in the droplet will be in between the heptahydrate and thenardite solubility, which is conﬁrmed by the NMR measurements shown in
ﬁgure 3.6.
When all water has evaporated from the solution (t > 32000 s), dehydration of
heptahydrate takes place. It is again accompanied by the formation of a thenardite layer
covering the heptahydrate crystals (see Fig. 3.7-D), as was also observed under nonwetting conditions.

3. Crystallization under wetting/non-wetting conditions

40

B

A

thenardite growing
from droplet boundary

C

heptahydrate

thenardite

heptahydrate covered
with thernadite

D

thenardite

Fig. 3.7: Time-lapse microscopy of the drying at 6 ◦ C of a 300 µl droplet of a 1 M sodium sulfate
solution on a wetting quartz-glass sample holder, corresponding to the data plotted in
Fig. 3.6.

3.5 Conclusion
The experiments reported in this chapter have shown that the surface properties (wetting
or non-wetting conditions) have a large eﬀect on crystalline phases of sodium sulfate
that are formed. For non-wetting conditions the concentration in a droplet of a 1 M
sodium sulfate solution increases homogeneously and as a result only one phase is formed:
the metastable heptahydrate. This is in accordance with Oswald’s rule of successive
crystallization. For wetting conditions it is found that because the contact line is pinned
large concentration gradients in the droplet are induced during drying. In this case it is
found that ﬁrst thenardite is formed near the contact line and later on also heptahydrate
is formed. Therefore two crystalline phases coexist during crystallization. Moreover, it is
shown that no spontaneous crystallization of mirabilite occurs. This has large implications
of the understanding of salt damage mechanisms, because generally these mechanisms are
explained by assuming that during drying initially decahydrate (mirabilite) is formed. We
will return to this point in chapter 7.
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Fig. 3.8: Advection-Diﬀusion Diagram (ADD) for drying at 6 ◦ C of a 300 µl droplet of a 1 M
sodium sulfate solution on a wetting surface. The total amount of dissolved sodium is
plotted as a function of the normalized volume of the droplet. The points A, B, C, D
correspond to those in Figs. 3.6 and 3.7.
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4. NUCLEATION ON MINERAL SUBSTRATES
In this chapter it is investigated which sodium sulfate crystal phase is formed ﬁrst in
solutions containing diﬀerent amounts of either calcite or quartz particles. Special attention is paid to the dependence of the crystal growth nucleation kinetics on the type of
powder. It is found that mineral powders act as additional nucleation centers accelerating
the precipitation of crystalline phases from a solution, but do not have an eﬀect on the
particular crystalline phase that is growing. The enhancement of the nucleation rate by
calcite powders appears to be larger than for quartz powders at the same surface area.

4.1 Introduction
In the previous chapter it was found that sodium sulfate heptahydrate is crystallizing ﬁrst
from bulk solutions upon cooling. The isothermal growth rate of heptahydrate crystals
was quantiﬁed to range between 1 and 7 µm/s. An interface-controlled growth model was
found to be in good agreement with the measured growth rate of heptahydrate (i.e., the
growth rate is proportional to the supersaturation ratio).
As a next step towards understanding of sodium sulfate crystallization in porous
materials, mineral powders were added to the sodium sulfate solution. This allowed
studying the transition from in-bulk to in-pore crystallization of sodium sulfate. The
goal is to study the inﬂuence of substrate chemistry on the crystal phase formed and the
nucleation probability, to improve our understanding of nucleation of sodium sulfate in
calcitic and quartzitic stones.
In the next sections the experimental setup and the experimental procedure will be
described. Subsequently, the results from the NMR measurements for solutions containing
diﬀerent amounts of calcite and quartz powder will be presented.
The results of this study are published in:
Saidov, T.A., Espinosa-Marzal, R.M., Pel, L. and Scherer, G.W., Nucleation of sodium
sulfate heptahydrate on mineral substrates studied by Nuclear Magnetic Resonance, Journal of Crystal Growth, 338 (2012) 166-169.

4.2 Experimental setup
The NMR apparatus used in this study operates at a magnetic ﬁeld B0 = 0.78 T, generated
by an iron-core electromagnet. A detailed description of the working principles of the
setup is given in [57, 60]. A schematic diagram of the setup is presented in Fig. 4.1.
The setup is equipped with a Faraday shield to suppress the eﬀect of changes of the
dielectric properties of the sample [70]. In addition the quality factor of the LC circuit
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Fig. 4.1: Schematic representation of the experimental setup for measuring the concentration in
c the temperature of
a solution by NMR. Using a secondary circuit ﬁlled with Galden⃝
the solution is controlled.

is chosen rather low (Q ≈ 40), to suppress the eﬀects of the (electrically conducting)
Na2 SO4 solution. The tuned circuit of the setup can be toggled between 33 MHz for 1 H
and 8.9 MHz for 23 Na, giving the possibility to quasi-simultaneously measure the Na and
H content, and thereby non-destructively determine the concentration. The temperature
of the sample holder can be accurately controlled by ﬂowing a ﬂuorinated cooling liquid,
c , through a heat exchanger in the wall of the sample holder. Since this ﬂuid
Galden⃝
contains no H or Na, it yields no unwanted background signal in our NMR measurements.
At the echo time used in the experiments (TE = 350 µs), only the Na nuclei in the
solution are measured and no signal is obtained from Na2 SO4 crystals. Hence the Na
concentration can be calculated from the Na signal and the moisture (H) signal. From
calibration measurements it was found that for the suspensions used in this study the
observed Na signal varies linearly with the actual Na concentration in the solution, as
indicated in Fig. 4.2.

4.3 Experimental procedure
A known mass, m, of substrate particles, either quartz powder (SiO2 , Sigma-Aldrich,
density s = 2.6 g/cm3 , surface area As = 6 m2 /g, average radius of 0.2 µm) or calcite
powder (CaCO3 , Calofort, density s = 2.7 g/cm3 , surface area As = 18.3 m2 /g, average
radius of 0.06 µm) was mixed with a known volume of sodium sulfate solution (5 ml for
the NMR experiments) with a concentration of 3 mole/kg. The mixtures of calcite and
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Fig. 4.2: Calibration measurement of the solutions containing calcite or quartz powders. The
NMR sodium signal is proportional to the actual concentration of the sodium sulfate
solution. For each type of powder at the given concentration the NMR signal was
measured 5 times; the averaged value is plotted.

quartz were chosen to have the same surface area, in order to compare the inﬂuence of
the surface chemistry at the same surface area.
The suspensions were placed in a closed PMMA vial and agitated in an automated
shaker to provide for a homogeneous distribution of the particles. About 3 times as much
quartz powder (by weight) is required to reach the same surface area in solution as for
calcite powder, because of the higher surface area of the latter. The vial was placed in
the temperature-controlled chamber of the NMR. The concentration was measured in the
middle section of the vial. The samples were cooled from about 33 to about 7.5 ◦ C ± 1 ◦ C
at a cooling rate 1 ◦ C/min, where 8.5 ◦ C is the temperature at which the supersolubility
line of heptahydrate is reached for a concentration of 3 mole/kg. Next, the temperature
was kept constant for about 300 minutes and the average concentration of the solution
was measured by NMR.

4.4 Experimental results and discussion
The measured concentration and temperature of the mixture of 0.25 g quartz powder
with 5 ml solution is presented in Fig. 4.3. The concentration remains constant during
the initial cooling from 40 ◦ C to 7.5 ◦ C, indicating that no crystallization takes place. The
temperature was maintained close to about 7.5 ◦ C while heptahydrate precipitated, as
indicated by the concentration decrease. The cause of the slight change of temperature
during crystallization (slight curvature of the curve at decreasing concentrations between 3
and 1.7 mole/kg) is the heat released during crystallization. As will be shown later in this
section, the degree of sedimentation of the substrate particles during the NMR experiment
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is negligible, when no crystallization is permitted. However, once crystallization starts,
it cannot be ruled out that the large salt crystals cause sedimentation, and hence we did
not attempt to analyze the crystallization kinetics itself in a quantitative way.

T [°C]
Fig. 4.3: Measured concentration with NMR during a cooling experiment of a sodium sulfate
solution with initial concentration of 3 mole/kg with 0.25 g of quartz powder in 5 ml
of solution. After the temperature reaches the sodium sulfate heptahydrate supersolubility line the formation of heptahydrate occurs. Next, within 150 minutes equilibrium
with respect to heptahydrate is reached.

The heptahydrate supersolubility curve depicted in Fig. 4.3 was measured for sodium
sulfate heptahydrate in the presence of glass particles by Hartley [22], so it represents the
threshold for heterogeneous nucleation in a glass container. It was observed that coolinginduced nucleation started at the concentration given by this line. For example, for a
concentration of 3 mole/kg, nucleation of sodium sulfate heptahydrate takes place at
8.5 ◦ C. In all the experiments heptahydrate nucleates close to the supersolubility line,
but small deviations are observed, which may result from the inﬂuence of the particular
substrate on the nucleation.
In Fig. 4.4 the measured concentration is shown as a function of time for the quartzsolution mixtures. The concentration of the solution in the absence of quartz is presented
in the same diagram: in this case no equilibrium (i.e., no plateau) has been reached after
250 minutes, whereas at the end of the experiment only a low amount of precipitated salt
is present. Equilibrium has also not been achieved at the end of the experiments with low
amounts of quartz (surface area 0.05 m2 /ml). No formation of mirabilite was observed in
more than 95 % of these experiments.
The results shown in Fig. 4.4 indicate that an increase of the amount of quartz
particles leads to faster crystallization, i.e., the concentration decreases faster to reach
equilibrium. In Fig. 4.5 the measured concentration is shown as a function of time for the
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time [s]
Fig. 4.4: Measured concentration of the quartz-solution mixtures. Nucleation of sodium sulfate
heptahydrate increases with the amount of quartz powder added into solution.

calcite-solution mixtures. This ﬁgure also reveals that the crystallization becomes faster
with increasing amounts of calcite particles in the suspension. The nucleation temperature
given in the legend for each experiment is higher (9.3 ± 0.3 ◦ C) than in the experiments
performed with quartz powder, indicating that the supersaturation required for nucleation
on calcite particles is lower. In addition, crystallization is faster in the presence of calcite
than in the presence of quartz for the same surface area).
The changes in the nucleation temperature with the amount of particles (calcite
or quartz, respectively) are within the experimental error of the measured temperature
(±0.5 ◦ C). However, the shift in nucleation temperature upon addition of calcite particles
is signiﬁcant. The measured concentration of the solution at the end of the experiments
performed with calcite powder is smaller than the solubility, but within the experimental
error of the NMR technique (±0.1 mole/kg).
Our results suggest that if if nucleation takes place in the pores of stones, a larger
pore surface area will enhance the nucleation density: more crystals will form and grow
through the porous network. Of course, the surface structure of calcitic or quartzitic
grains in stone diﬀers from that of the particles used in this study (e.g., in the number
of defects), but the diﬀerent chemistry (CaCO3 or SiO2 ) has an obvious eﬀect on the
nucleation.
The substrate particles are so small (< 1 µm) that they should remain dispersed
in solution by Brownian motion. However, particle agglomeration could lead to sedimentation, which would prevent us from knowing the area of the substrate surface exposed
to solution (i.e., available for nucleation). To determine the degree of sedimentation, an
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time [s]
Fig. 4.5: Measured concentration of the calcite-solution mixtures. In the legend the total surface
of added quartz powder per ml of solution is given together with nucleation temperature. Nucleation of sodium sulfate heptahydrate increases with surface of calcite
powder added into solution.

experiment was performed at 11±1 ◦ C (i.e., above the supersolubility line of heptahydrate
for a concentration of 3 mole/kg to prevent crystallization). Samples with a volume of
30 µl were taken out of the suspensions 1.5 mm below the liquid-gas interface at certain
points in time and weighed. Any decrease of weight with time would indicate sedimentation of the particles, since neither crystallization nor evaporation take place during the
experiment. The result of this sedimentation test is presented in Fig. 4.6. As follows from
Figs. 4.4, 4.5, and 4.6, the time of sedimentation is longer than the crystallization time.
Hence, sedimentation does not inﬂuence on initial homogeneity of the powder mixtures.
In the experiments described in this chapter the crystals are millimeters in size.
Consequently, the salt crystals are very large compared to the submicron-sized powder
particles. It was shown that the mineral powder is homogeneously distributed in the
solution, because of the absence of agglomeration and sedimentation. However, it cannot
be excluded that sedimentation occurs when the large salt crystals form on the particles.

4.5 Conclusion
In this study, the nucleation of sodium sulfate heptahydrate on substrates of calcite and
quartz was investigated with NMR by experiments in which the temperature was decreased very slowly. The results demonstrate that metastable heptahydrate nucleates in
all experiments close to its supersolubility line, instead of the thermodynamically stable
decahydrate (mirabilite).

droplet mass [mg]
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silicate powder (quartz) (2.5 g in 5 ml)
Calofort powder (calcite) (1.0 g in 5 ml)

time [hours]
Fig. 4.6: Sedimentation of mineral powders in a sodium sulfate solution with c0 = 3 mole/kg as
a function of time measured at a temperature of 11 ± 1 ◦ C.

The experimental results show that the nucleating substrate is relevant for the overall
crystallization rate, and show the extent to which a larger surface area favors nucleation.
Since the growth rate of each single crystal only depends on the supersaturation (chapter
2), a higher nucleation rate leads to faster crystallization. Moreover, the nature of the
substrate surface also inﬂuences the nucleation.
Calcite enhances nucleation of heptahydrate more than quartz. In the case of calcite
particles, the required supersaturation for heterogeneous nucleation is smaller and the
nucleation rate is higher. This has important consequences for crystallization behavior in
porous materials. It can be expected that nucleation of heptahydrate in calcitic stones
requires a lower supersaturation than in quartzitic stones (sandstone).
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5. SODIUM SULFATE HEPTAHYDRATE FORMATION IN POROUS
BUILDING MATERIALS
Sodium sulfate is one of the most damaging salts for porous building materials. Three crystalline phases of sodium sulfate are known: thenardite (Na2 SO4 , anhydrous), mirabilite
(Na2 SO4 ·10H2 O, decahydrate), and the thermodynamically metastable heptahydrate
(Na2 SO4 ·7H2 O). In this work, the in-pore crystallization of sodium sulfate heptahydrate
is studied in four diﬀerent porous building materials with pore sizes from 0.5 to 100 µm.
Nuclear Magnetic Resonance (NMR) is used to measure the hydrogen and sodium content,
which enables us to obtain the sodium concentration of the pore solution non-destructively.
The NMR experiments show that the ﬁrst phase to precipitate in the porous materials
is heptahydrate, which only transforms to mirabilite by further cooling to very low temperatures (around −8 ◦ C). The time evolution of the volume fraction of heptahydrate is
determined from the measured sodium concentration. It appears that the nucleation rate
is inﬂuenced by the mineralogy of the porous material.

5.1 Introduction
Salt weathering is widely recognized as one of the most common mechanisms of deterioration of monuments, sculptures and civil structures, and one of the most damaging salts
is sodium sulfate. As shown in ﬁgure 5.1, three main crystalline forms of this salt can be
distinguished [22]: thenardite (Na2 SO4 ), mirabilite (Na2 SO4 ·10H2 O) and the thermodynamically metastable heptahydrate (Na2 SO4 ·7H2 O). To predict and prevent crystallization damage, it is necessary to know the salt phase that is responsible for damage, as well
as its nucleation and growth behavior in a porous material.
Sodium sulfate heptahydrate (hepta) has a well-deﬁned nucleation threshold at the
so-called heptahydrate supersolubility line [28,59]. In recent work, hepta was shown to be
the phase formed by cooling either droplets of sodium sulfate solution [22] or suspensions
of quartz and calcite powder in the solution [60]. The growth rate of one hepta crystal
was determined by optical microscopy, while the sodium concentration was measured
simultaneously by Nuclear Magnetic Resonance (NMR). Analysis of the crystal growth
kinetics in droplets indicated that the growth is interface-controlled and that the growth
rate is proportional to the supersaturation of the solution [22]. The higher tendency
for hepta to nucleate compared to mirabilite has also been observed in the presence of
mineral powders (quartz and calcite), which promote heterogeneous nucleation [60]. In
that study the inﬂuence of the substrate surface on the nucleation of hepta was described
by a modiﬁed Avrami analysis that considers the change of both the solution volume and
the supersaturation during crystallization with an interface-controlled growth rate. Nonisothermal crystallization was investigated by Diﬀerential Scanning Calorimetry (DSC)
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Fig. 5.1: Sodium sulfate phase diagram: the solubility lines of thenardite (t); Na2 SO4 , mirabilite
(m); Na2 SO4 ·10H2 O, and heptahydrate (h); Na2 SO4 ·7H2 O are presented together with
the heptahydrate supersolubility and the ice line. The regions in-between the solubility
lines represent metastable regions, where certain crystalline phases can coexist with the
solution.

[60], and it was concluded that the crystal population increases during continuous cooling.
Heterogeneous nucleation also occurs in the pores of building materials. The formac (mean pore radius 5−30 nm) and
tion of hepta has been observed indirectly in Nucleosil⃝
Savoniere stone by Rijniers et al. [29], in limestone by Espinosa-Marzal and Scherer [30],
and directly in calcium hydrosilicate brick by Hamilton et al. [61]. In the present work,
the in-pore crystallization of sodium sulfate is studied in building materials during continuous cooling. A NMR setup is used to measure the concentration of the pore solution
in four materials with diﬀerent properties.

5.2 Materials and Methods
5.2.1 Materials
This study is focused on four common building materials with diﬀerent pore-size distributions: ﬁred-clay brick, Cordova Cream limestone, Indiana limestone, and calcium
hydrosilicate. The pore-size distributions measured by mercury intrusion are shown in
ﬁgure 5.2. The porosity of calcium hydrosilicate originates mainly from pores smaller than
1 µm, with most pores having a size around 0.5 µm. Cordova Cream and Indiana limestones are both calcitic stones (calcite content > 99 %), but Cordova Cream limestone
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Tab. 5.1: Measured porosity θ, pore surface area σ, and density ρ of the selected materials.

Indiana
limestone
θ [m3 /m3 ]
0.12
3
2
σ 10 [m /kg]
0.28
ρ [kg/m3 ]
1263

Cordova Cream
limestone
0.16
0.44
2225

Fired-clay
Calcium
brick
hydrosilicate
0.35
0.8
0.14
19.4
1494
313

has a bimodal pore-size distribution with maxima near 5 and 30 µm, whereas Indiana
limestone has one dominating pore diameter at around 40 µm. Fired-clay brick has a
broader pore-size distribution with a maximum at diameters of about 30 µm.
The porosity (by capillary saturation), BET pore surface area (by nitrogen adsorption), and density (by water intrusion porosimetry) of the four materials are given in
table 5.1. This table shows that calcium hydrosilicate has the largest pore surface area,
because of its high porosity and the small size of its pores [61].

Fired-clay brick
Indiana limestone

1.0

Calcium hydrosilicate

norm Log Differential Intrusion

Cordova Cream limestone
0.8

0.6

0.4

0.2

0.0
1

Pore size diameter [

10

100

m ]

Fig. 5.2: Pore-size distributions of the selected porous materials measured by mercury intrusion
porosimetry.

5.2.2 Nuclear Magnetic Resonance
A nuclear magnetic resonance (NMR) setup, especially designed for quantitative moisture and ion concentration measurements in inorganic materials [29, 59], was used in our
experiments. A cylindrical brick sample with a height of 2 cm and a diameter of 2 cm
(volume equal to 6.28 cm3 ) was vacuum saturated with a 3 molal (abbreviated as 3 M)
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sodium sulfate solution at 40 ◦ C and sealed in a tight PTFE holder to avoid evaporation. Using a temperature control system, the sample was cooled from 40 ◦ C to −8 ◦ C
at 0.13 ◦ C/min and heated back to the initial temperature. The moisture content and
sodium concentration were continuously measured in the center of the sample to determine the concentration of the pore solution. The signal to noise (S/N) ratio of these
NMR measurements is about 35. The reproducibility of the results (i.e., the fraction of
experiments that was successful) was found to be of the order of 95 %. Here, successful
means that hepta, rather than mirabilite, precipitated ﬁrst from the solution.
5.2.3 Data analysis
The sodium concentration measured by NMR can be converted into the volume fraction
of precipitated salt in the porous material. The volume fraction of the crystals, ϕc , can
be expressed in the precipitated amount of moles of salt nc :
nc Vm
ϕc =
,
(5.1)
V
where Vm is the molar volume of the crystal (175.3 cm3 /mol for hepta [28]), and V is the
volume of the sample. The amount of moles of precipitated salt at every moment in time
is given by:
(c0 − c)Mw n0w
nc =
,
(5.2)
1 − cνw Mw
where c is the current molality of the in-pore solution, c0 the initial molality of the sodium
sulfate solution (in our case, 3 M), νw the numer of moles of crystalline water per mole of
salt (viz., νw = 7 for hepta), Mw the molar mass of water, and n0w the initial amount of
moles of water in the solution.
The initial mass of the solution m0L is given by:
m0L = ρ0L VL0 = ρ0L θV ,

(5.3)

where ρ0L is the initial density of the solution (at 40 ◦ C and 3 M) and θ is the volume
fraction of solution in the sample after vacuum saturation (i.e., porosity). The mass of
the solution during the experiment is given by the mass of water and dissolved salt:
mL = Mw nw + Ms ns = nw Mw (1 + cMs ) ,

(5.4)

where Ms and ns are the molar mass and the initial amount of moles of the dissolved salt,
respectively. Then, the initial amount of moles of water is found from:
n0w =

m0L
.
Mw (1 + cMs )

(5.5)

Combining equations (5.1), (5.2) and (5.5), one obtains the volume fraction of crystals as
a function of the measured concentration, c:
ϕc =

m0L (c0 − c)
Vm
,
V (1 + cMs )(1 − νw cMw )

(5.6)

where m0L is given by equation (5.3). According to Steiger and Asmussen [34], the Pitzer
model is used to calculate the density, ρL , of the solution as a function of temperature
and concentration during crystallization.
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5.3 Results
The results of the cooling experiments are presented in ﬁgure 5.3. As cooling starts (from
around 40 ◦ C), the measured concentration remains constant until the supersolubility line
of hepta is reached (at around 8.5 ◦ C). From that moment on, the concentration decreases,
indicating that crystallization is taking place. The same has been observed in droplets of
bulk solution [22] and in mixtures of solution with quartz and calcite particles [60]. In
those systems, hepta crystals precipitate from a supersaturated solution.

4.0
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Fig. 5.3: Measured concentration of the pore solution in the four selected materials during a
cooling-heating cycle. The samples were initially capillary saturated with a 3 M sodium
sulfate solution. Starting from 40 ◦ C the samples are cooled down at a cooling rate of
0.13 ◦ C/min to −8 ◦ C. At this temperature the cooling is stopped and the temperature
is kept constant until the concentration remains constant. Next the system is heated
up to 40 ◦ C at a rate of 0.13 ◦ C/min.

After the temperature of −8 ◦ C was reached, the cooling was stopped and the temperature was kept constant. The concentration decreased gradually to the solubility of
heptahydrate. Next the system was heated up to 40 ◦ C at a rate of about 0.13 ◦ C/min.
During heating, the concentration follows the hepta solubility line (within the experimental error of the NMR measurements, viz., ±0.2 M). These results demonstrate that hepta
precipitates in the pores of the materials upon cooling and also that the dissolution of
the hepta crystals in the pores is fast enough to preserve equilibrium at this heating rate
(otherwise, the concentration of the solution would be smaller than the solubility of hepta
at each temperature). This might be explained by the small size of hepta crystals conﬁned
within the pores. The reproducibility of these experiments is 95 %.
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Isothermal crystallization of hepta was investigated in calcium hydrosilicate brick,
yielding the results shown in ﬁgure 5.4. Initially the system was cooled at a rate of
0.13 ◦ C/min from 40 ◦ C to 7.5 ◦ C, after which the temperature was kept constant. From
this moment on, the measured concentration decreases until the solubility of hepta at
7.5 ◦ C is reached and next it remains constant, which demonstrates that hepta has precipitated in the pores of this material. Upon heating, the concentration again follows the
solubility line of hepta.
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Fig. 5.4: Measured concentration of the pore solution during crystallization and dissolution of
heptahydrate in the pores of calcium hydrosilicate. Crystallization was induced by
cooling to 7.5 ◦ C. Isothermal formation of heptahydrate is observed at about 7.5 ◦ C
(circles) and during continuous cooling to −5 ◦ C at a rate of 0.13 ◦ C/min (squares).
After reaching equilibrium, the sample was heated to 40 ◦ C at a rate of 13 ◦ C/min.

Although the in-pore solution is highly supersaturated with respect to mirabilite,
the spontaneous crystallization of mirabilite (instead of hepta) was only observed in 5 % of
the measurements. As shown in ﬁgure 5.5, hepta transforms into mirabilite at lower temperature (below −8 ◦ C). During reheating to the initial temperature, the concentration
increases along the solubility line of mirabilite, indicating that mirabilite also dissolves
fast enough to preserve equilibrium as the temperature increases.

5.4 Discussion and conclusion
It is the metastable sodium sulfate heptahydrate phase that forms upon cooling in the four
selected porous materials. The pore surface and pore network may inﬂuence the kinetics
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Fig. 5.5: Measured concentration of the pore solution during crystallization of heptahydrate and
mirabilite (by cooling) and dissolution of mirabilite (by heating). The crystallization
of heptahydrate starts close to the supersolubility line of heptahydrate and continues
during continuous cooling to −8 ◦ C (cooling rate 0.13 ◦ C/min). In this example, a
transformation of heptahydrate into mirabilite takes place near −8 ◦ C, as indicated
by the decrease of the concentration until the solubility line of mirabilite is reached.
After reaching equilibrium, the system is heated up at about 13 ◦ C/min to the initial
temperature.

of nucleation, but obviously not the crystalline phase. Mirabilite was only observed as a
transformation product of hepta at very low temperatures, within the stability region of
ice in the phase diagram of sodium sulfate. This observation is in agreement with DSC
experiments previously reported in [30].
Figure 5.6 shows the time evolution of the volume fraction, ϕc , of hepta in the porous
material, determined from the measured concentration according to equation (5.6) during
continuous cooling. If the pore matrix does not react chemically with the solution, the
ﬁnal volume fraction of precipitated salt must depend linearly on the initial volume of
pore solution (i.e., on the capillary porosity of the material). This is shown in the inset
of ﬁgure 5.6. The inﬂuence of pore size and tortuosity of the pore network cannot be
identiﬁed in these results.
In ﬁgure 5.7 the volume fraction of hepta in the body is presented as a function of
temperature. The nucleation temperature of hepta in the ﬁred-clayed brick is 6±1 ◦ C. The
nucleation temperature for the two limestones is the highest (8 ± 1 ◦ C). The limestones
are composed by over 98 % calcite, whereas the main component of the brick is quartz.
Therefore, these results are in agreement with the lower supersaturation required for the
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Fig. 5.6: Volume fraction of sodium sulfate heptahydrate determined from the measured concentration according to equation (5.6). In the inset the ﬁnal volume fraction of heptahydrate is given as a function of the initial volume fraction of solution, θ.

nucleation of hepta on a substrate of calcite particles compared to that required for the
nucleation on quartz particles, as reported in [60]. This is an important result from
the point of view of damage of porous materials by salts, since higher supersaturation
ratios can be expected in the pores of quartzitic materials and, accordingly, a higher
crystallization pressure. Deformation and stress in the four porous building materials due
to the crystallization of hepta will be reported in a forthcoming chapter.
The present study of the in-pore crystallization of sodium sulfate salts by NMR
shows that the thermodynamically metastable sodium sulfate heptahydrate spontaneously
precipitates upon cooling in four diﬀerent porous materials, instead of the thermodynamically stable mirabilite. The crystallization of mirabilite upon cooling was only observed
upon transformation of the heptahydrate into the decahydrate at very low temperatures,
within the stability region of ice in the phase diagram of sodium sulfate
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Fig. 5.7: Volume fraction of sodium sulfate heptahydrate determined from the measured concentration during cooling as a function of temperature. The time evolves from left to
right.
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6. CRYSTALLIZATION OF SODIUM SULFATE IN POROUS MEDIA
BY DRYING
Sodium sulfate is generally considered as one of the most destructive salts in the weathering of historical objects. The crystallization which causes the damage can be induced
either by drying and/or by cooling of the salt solution in a porous material. In this study
the crystallization of sodium sulfate during drying of various porous materials was measured at diﬀerent temperatures. Most experiments were conducted such that the Peclet
number was smaller than one, i.e., the salt transport in the porous material is dominated by diﬀusion. The results show that during drying at temperatures below 22 ◦ C the
metastable sodium sulfate heptahydrate is being formed rather than the stable mirabilite
(Na2 SO4 ·10H2 O). Above 22 ◦ C thenardite (Na2 SO4 ), which is supersaturated with respect
to mirabilite, is formed rather than the mirabilite itself. The observed initial crystallization of a crystal which is supersurated is in accordance with Ostwald’s rule of successive
crystallization, which was already formulated in 1897.

6.1 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, 35, 71]. The damage caused by soluble salts
is generally due to their accumulation at the surface by drying and a phase transition.
These salts are observed at the surface, i.e., as eﬄorescence, or just below the surface,
i.e, as sub-ﬂorescence. 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 form. Generally, 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 considered as one of the most destructive salts in the
weathering of historical objects. In solution sodium sulfate can be easily supersaturated
with respect to mirabilite (Na2 SO4 ·10H2 O) [69]. As shown by Correns, a salt in contact
with its supersaturated solution can produce a crystallization pressure which can give rise
to mechanical damage [41, 72].
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o

Fig. 6.1: Phase diagram of sodium sulfate. The equilibrium solubility is given for mirabilite
(Na2 SO4 ·10H2 O), thenardite (Na2 SO4 ), and the metastable form, i.e., heptahydrate
(Na2 SO4 ·7H2 O). The dashed line indicates the supersolubility curve for heptahydrate,
i.e., an upper bound for the supersaturation. The combination of horizontal and vertical arrows indicate the cooling (solid lines) and the drying stage (dashed lines) of the
experiments.

The phase diagram of sodium sulfate is given in ﬁgure 6.1. Two well-known phases
are mirabilite (Na2 SO4 ·10H2 O) and thenardite (Na2 SO4 ), the anhydrous form. There
is also a metastable form, the heptahydrate (Na2 SO4 ·7H2 O), which is often forgotten.
Indeed, in 1850 Lövel already observed that from a supersaturated solution obtained
by cooling the metastable heptahydrate rather than stable decahydrate will crystallize
out [17]. His observations are in accordance with Ostwald’s rule [73]. In 1915 Hartley
et al. [22] showed that in 90 % of the cooling experiments heptahydrate was formed,
which conﬁrmed the earlier observations by Lövel [17] and also Coppet [74]. In 2004
Rijniers et al. [29] were the ﬁrst to show that heptahydrate can also be formed in porous
materials during cooling. It was shown by Lövel [17], Liversige [75], and more recently
by Saidov et al. [76], as part of a general study on the behavior of sodium sulfate in
porous media [40,59,60,77], that heptahydrate will also be formed upon crystallization by
evaporation of a bulk solution, i.e., by creating a supersaturation by removal of water. In
this chapter the crystallization of sodium sulfate in porous materials is analyzed by drying
at a constant temperature. First, a short introduction to ion transport and accumulation
during drying is given, followed by a description of the NMR setup used for the nondestructive measurements of the moisture and salt transport during drying. Next, the
results of the drying experiments will be discussed, followed by conclusions.
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6.2 Drying experiments
During drying liquid moisture is transported to the surface where it can leave the material by evaporation. 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, which transports ions towards the surface, and diﬀusion,
which will try to level oﬀ the gradients in the ion concentration. For ion transport the
molar ﬂux J (mol m−2 s−1 ) is given by [59, 78–80]:
(

)

∂c
J = 10 θ cU − D
,
∂x
3

(6.1)

Here, c is the concentration in mol/l instead of mol/m3 (accounted for by the factor 103 ),
θ [m3 m−3 ] is the moisture content, D [m2 /s] the diﬀusion coeﬃcient of the salt ions in a
porous material, which is given by D = Dbulk T ∗ , where T ∗ is tortuosity and Dbulk is the
bulk diﬀusion coeﬃcient of the salt ions, t [s] is the time, x [m] the position and U [m/s]
the ﬂuid velocity. The change in salt content is given by law of mass conservation as:
103

∂cθ
∂J
=−
.
∂t
∂x

(6.2)

By combining equations (6.1) and (6.2) the ion transport can be described by the following
advection-diﬀusion equation [78]:
[ (

∂cθ
∂c
∂
θ D
=
− cU
∂t
∂x
∂x

)]

.

(6.3)

This equation shows that there is a competition between advection and diﬀusion. The
ﬁrst term on the right hand side represents the diﬀusion process and the second term
represents the advection process. The competition between the two processes can be
characterized by a Peclet number (P e). On a macroscopic level, for instance in a porous
material, P e is given by [81]:
|U |L
Pe ≡
,
(6.4)
D
where L [m] is the length of the sample. Hence, for P e < 1 diﬀusion dominates and the
ion concentration proﬁles will be uniform, whereas for P e > 1 advection dominates and
ions will accumulate at the drying surface.
As soon as the concentration in the porous material reaches the maximum solubility
saturation of a certain crystal phase, crystallization will start. By measuring the concentration in a porous material one can identify which crystalline phase of sodium sulfate is
being formed.

6.3 Materials and Methods
Nuclear Magnetic Resonance (NMR) has been used to measure the spatial distribution of
the salt and moisture concentrations inside a porous material. With NMR it is possible to
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image speciﬁc nuclei, e.g., 1 H and 23 Na. The apparatus used in this study is schematically
presented in ﬁgure 6.2. An iron-cored electromagnet is used to generate a static magnetic
ﬁeld of 0.73 T. An extensive description of the setup can be found in [29,59]. In this setup
Anderson gradient coils are used to generate a constant gradient of 0.3 T/m, resulting in
a one-dimensional spatial resolution of the order of 1 mm for for 1 H and a few millimeters
for 23 Na. A Faraday shield has been added to suppress the eﬀect of dielectric changes of
the sample [82]. By an electrically operated switch the LC circuit of the insert can be
tuned to 30.8 MHz for 1 H or to 8.1 MHz for 23 Na imaging.
step motor

airflow RH 5 %

∆
RF coil
sample
x=0

main magnetic field

Faraday shield
secondary cooling circuit:
Galden
pump
Lauda
temperature
controller
bath

Fig. 6.2: 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.

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 for
the top, over which air with a relative humidity of 5 % is blown. In this way a onedimensional drying process is created. The temperature of the sample holder can be
c , through a heat
accurately controlled by ﬂowing a ﬂuorinated cooling liquid, Galden⃝
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exchanger in the wall of the sample holder. Since this ﬂuid contains no 1 H or 23 Na, it
yields no unwanted background signal in our NMR measurements. The temperature of
the air ﬂow is not controlled.
It takes 60 seconds to determine the moisture content at one position. Due to the
lower relative NMR sensitivity of 23 Na it takes about 4 minutes to measure the sodium
content with a comparable signal to noise ratio. Because of the NMR spin-echo times
used in the experiments (TE = 340 µs) only the 23 Na nuclei in the solution are measured,
i.e., no signal is obtained from sodium sulfate crystals. Hence, from the 23 Na signal
and the moisture (1 H) 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 hours. Since the typical time of a drying experiment is several days, the variation of
the concentration proﬁle during a single scan can be neglected.
The experiments were performed on three types of common building materials with
diﬀerent pore-size distributions: ﬁred-cay brick (porosity 35 %), Indiana lime stone (porosity 12 %) and Cordova Cream lime stone (porosity 16 %). In order to study the crystallization in the case that either one, two, or three crystalline phases (corresponding to
thenardite, mirabilite, and heptahydrate) can be formed, the experiments were performed
at temperatures of 35 ◦ C, 25 ◦ C, and 7.5 ◦ C (see also ﬁgure 6.1). The samples, initially
saturated with a 1.5 M [M ≡ mol/kg] sodium sulfate solution at 40 ◦ C, were placed in
the NMR setup and cooled to the desired temperature at which drying experiments were
performed. At that moment measurements were started with a small airﬂow of 5 % relative humidity, in order to create experiments in the drying regime where P e < 1, i.e.,
ensuring that no large concentration gradients are present in the sample. In addition an
experiment was conducted with P e > 1 using ﬁred-clay brick at 10 ◦ C and a solution of
0.5 M to study the eﬀects of large concentration gradients on the crystallization behavior.

6.4 Results and discussion
The ﬁrst drying experiments were performed at a temperature of 35 ◦ C. According to
the phase diagram (see Fig. 6.1), at this temperature only one phase can be formed, i.e.,
thenardite. As an example, the results of the measured moisture and ion concentration
proﬁles for the drying of ﬁred-clay brick are given in ﬁgure 6.3. The time between two
subsequent moisture and ion proﬁles is 2 hours. This ﬁgure shows that after the drying has
started the water content slowly decreases homogeneously and no drying front is present.
At the same time the concentration slowly increases to approximately 3.4 M, which is
the maximum solubility, as can be seen form the phase diagram for T = 35 ◦ C (see ﬁgure
6.1), indicating that thenardite is being formed. The ion proﬁles are also homogeneous,
indicating that diﬀusion is dominant and hence P e < 1.
The same data is also plotted in a so-called eﬄorescence pathway diagram (EPD) in
ﬁgure 6.4 [68]. In an EPD, the total amount of sodium sulfate that is actually present in
the solution, c (in moles/kg), is plotted against the average moisture content. The total
amount of Na2 SO4 ions present in the solution, cθ, and the average saturation, θ, were
obtained by integrating the Na proﬁles and the H proﬁles measured by NMR, respectively.
One should note that in our experiments, no hydrogen or sodium NMR signal is obtained
from the sodium sulfate crystals.

6. Crystallization of sodium sulfate in porous media by drying

66

5

4

thenardite

3

c [ M ]

bottom

2

initial concentration
1

time evolution

0
0.0

0.2

0.4

0.6

0.8

1.0

x/L [m/m]

time evolution

1.00

m

-3

]

0.75

[ m

3

bottom

0.50

0.25

0.00
0.0

0.2

0.4

0.6

0.8

1.0

x/L [m/m]

Fig. 6.3: Measured moisture (bottom) and salt concentration proﬁles (top) for a ﬁred-clay brick
sample of L = 50 mm, initially saturated with 1.5 M sodium sulfate solution at 35 ◦ C.
The time between subsequent proﬁles is 2 hours. The arrows indicate the evolution in
time.The horizontal dashed line indicates the maximum solubility.
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Fig. 6.4: Eﬄorescence pathway diagram for the drying of the three samples initially saturated
with a 1.5 M sodium sulfate solution at a temperature of 35 ◦ C. The total amount of
dissolved salt in the solution, cθ (in moles) is plotted against the average moisture content θ. The data presented for ﬁred-clay brick (o) corresponds to the drying experiment
presented in ﬁgure 6.3.

In such a diagram two limiting situations can be distinguished:
- Very slow drying, i.e., P e ≪ 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 complete sample has reached the solubility of
thenardite, 3.4 M. From this point on any additional drying will result in crystallization
(line BC).
- Very fast drying, i.e., P e ≫ 1. In this case (line AC), ions are directly advected with
the moisture to the top of the sample and a concentration peak with a very small width will
build up. If the rate of crystallization is high enough, i.e., if there are enough nucleation
sites at the top to form crystals, the average Na2 SO4 concentration in the solution in the
sample itself will remain almost constant at nearly at 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 Na2 SO4 concentration. A decrease of c can only take
place by crystallization. This requires that ions are transported to a region with a local
concentration of 3.4 M, that is, the drying surface in our experiments. Because the transport is driven by evaporation, crystallization always involves a (small) change of θ. The
EPD indicates that for this experiment initially P e ≪ 1 and it conﬁrms that thenardite
is being formed. In this diagram also the data is plotted for the drying experiments on
both Indiana limestone and Cordova Cream lime stone. It can be seen that also in these
cases thenardite is formed.
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Fig. 6.5: Eﬄorescence pathway diagram for the drying of samples initially saturated with a 1.5 M
sodium sulfate solution of 25 ◦ C. The total amount of dissolved salt in the solution,
cθ (in moles) is plotted against the average moisture content θ. The two possible salt
phases at 25 ◦ C which can be formed are indicated by c = 3.5 M for thenardite and
c = 2.1 M for mirabilite.

In the next set of experiments the drying of samples saturated with a 1.5 M sodium
sulfate solution was studied at 25 ◦ C. As can be seen from the phase diagram (Fig. 6.1),
two crystalline phases are possible at this temperature: hydrated mirabilite at 2.1 M and
anhydrous thenardite at 3.5 M. The results of the drying experiments are plotted in the
EPD presented in ﬁgure 6.5. At this temperature two boundary lines are present in this
diagram, one for mirabilite and one for thenardite. As can be seen from the experimental
data, also during these drying experiments P e ≪ 1 for all materials. The measurements
also indicate that in this case for all these materials thenardite, which is supersaturated
with respect to mirabilite, is formed instead of mirabilite itself. Although this observation
may seem somewhat counter intuitive, it can be explained by Ostwald’s rule of successive
crystallization, which states that the thermodynamically least favorable crystalline form
will appear ﬁrst [73].
Next, drying experiments of samples saturated with a 1.5 M sodium sulfate solution were carried out at a temperature of 7.5 ◦ C. At this temperature three crystalline
phases can possibly be formed: mirabilite, heptahydrate, and thenardite. When the samples are cooled down initially from 40 ◦ C to 7.5 ◦ C, they slowly get supersaturated with
respect to mirabilite. In all cases the drying experiments were started with an already
supersaturated sample, in which no crystallization had taken place yet. The results of
the drying experiments are plotted in the EPD presented in ﬁgure 6.6. This ﬁgure shows
that as soon as the drying is started, the concentration in the samples increases slowly
up to the heptahydrate solubility line, indicating the formation of heptahydrate, which is
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Fig. 6.6: Eﬄorescence pathway diagram for the drying of samples initially saturated with a 1.5 M
sodium sulfate solution initially saturated at 40 ◦ C and cooled down to 7.5 ◦ C. The total
amount of dissolved salt in the solution, cθ (in moles) is plotted against the average
moisture content θ. The three possible salt phases at 7.5 ◦ C which can be formed are
indicated by c = 4.2 M for thenardite, c = 1.85 M for heptahydrate, and c = 0.5 M
for mirabilite. Also indicated is the hepta supersolubility line, which indicates the
maximum concentration before crystallization of heptahydrate. Because of the cooling
to 7.5 ◦ C the experiment is started with a sample that is initially supersaturated with
respect to mirabilite.

In order to assess whether concentration gradients could inﬂuence the crystalline
phase being formed an additional drying experiment with P e > 1 was done for ﬁredclay brick at 10 ◦ C for a solution of 0.5 M. In ﬁgure 6.7, the measured moisture and salt
concentration proﬁles are plotted. This ﬁgure shows that initially the ﬁred-clay brick
dries homogeneously, 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, salt ions are transported towards the surface and start to accumulate. Near the
surface the concentration slowly increases and gradually supersaturates with respect to
mirabilite. The maximum concentration that is reached clearly indicates that also in this
experiment heptahydrate is being formed. This experiment indicates that the drying rate
and also the salt concentration gradient do not inﬂuence the salt phase which is formed.
In ﬁgure 6.8 the EPD corresponding to this experiment is presented. Here, it can be
clearly seen that in this experiment P e > 1. Moreover, this ﬁgure also indicates that the
crystallization rate of heptahydrate is fast enough in comparison to the salt ﬂux towards
the surface, as the data is close to the line indicated by P e > 1.
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Fig. 6.7: Measured moisture (bottom) and salt (top) concentration proﬁles for a ﬁred-clay brick
sample initially saturated with a 0.5 M sodium sulfate solution at 10 ◦ C. The time
between subsequent proﬁles is 2 hours. The arrows indicate the evolution in time.
The maximum solubility for mirabilite and heptahydrate at 10 ◦ C are indicated by
horizontal dashed lines.

6.5 Conclusion
In this study it is shown that during drying of a porous material saturated with a sodium
sulfate solution the metastable sodium sulfate heptahydrate is being formed rather than

M
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Fig. 6.8: Eﬄorescence pathway diagram for the drying of a ﬁred-clay brick performed at a temperature of 10 ◦ C. Fast drying is taking place (P e ≫ 1).

the stable crystal form at temperatures below 22 ◦ C. Above 22 ◦ C thenardite, which is
supersaturated with respect to mirabilite, is formed rather than the mirabilite itself. The
crystallization of a crystal, which is initially supersaturated with respect to the equilibrium
form, is in accordance with Ostwald’s rule of successive crystallization, already formulated
in 1897.
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 materials is most likely created by mirabilite, it must be noted
that this crystalline form seems not to be formed directly during drying. However, in
order to create damage, there needs to be a transformation to mirabilite. This additional
transformation from already crystallized heptahydrate (or thenardite) has to be taken
into account, but is at this moment missing in studies on salt crystallization [72, 79, 83].
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7. THERMODYNAMIC AND POROMECHANIC
CRYSTALLIZATION PRESSURE OF SODIUM SULFATE
HEPTAHYDRATE
Sodium sulfate is known as one of the most destructive salts leading to the deterioration
of objects made of porous materials, such as monuments, sculptures, and civil engineering
structures. While sodium sulfate crystals are growing in a porous material, a crystallization pressure will develop. In the present study we compare two approaches of crystallization pressure, i.e., the thermodynamic and poromechanic crystallization pressure. The
thermodynamic pressure is related to the supersaturation of the solution during crystal
growth in the material, whereas the poromechanic pressure is related to the expansion of
the material in reaction to the crystal growth. In this study two experimental techniques
are combined, the non-destructive measurement of the concentration of the pore solution
in a material by Nuclear Magnetic Resonance (NMR), and an optical measurement of
the dilation of the material during crystallization. The study is focused on the crystallization induced by cooling for three diﬀerent materials: ﬁred-clay brick, Cordova Cream
limestone, and Indiana limestone. It was observed that in all these materials thermodynamically metastable sodium sulfate heptahydrate crystals are formed. The results of
this study show that for more rigid materials, like Cordova Cream and Indiana limestone,
the poromechanic and thermodynamic pressures for heptahydrate are of the same order
throughout the crystallization process. For a more compressible material like ﬁred clay
brick the poromechanic pressure is smaller than the crystallization pressure throughout
the crystallization process.

7.1 Introduction
Salt crystallization in the pores during weathering is known as one of the main reasons
for the deterioration of porous materials. Among the salts present in nature, sodium
sulfate is considered as one of the most damaging. The phase diagram of sodium sulfate is presented in ﬁgure 7.1. This salt has three crystalline phases [22, 28]: thenardite
(Na2 SO4 , anhydrous), decahydrate (mirabilite, Na2 SO4 · 10H2 O) and thermodynamically
metastable heptahydrate (Na2 SO4 · 7H2 O). Which crystalline phase is formed and the induced crystallization pressure are of major importance for understanding the salt damage
mechanisms.
In recent work [29,30,59–61,77,84,85] the preferred formation of sodium sulfate heptahydrate during cooling of bulk solutions of sodium sulfate was reported. An analysis
showed that the growth of sodium sulfate heptahydrate in a bulk solution is interfacecontrolled. A linear dependence between the growth rate of heptahydrate and the super-
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Fig. 7.1: The sodium sulfate phase diagram [22]. The thenardite (t), Na2SO4, anhydrous salt,
mirabilite (decahydrate) (m), N a2 SO4 · 10H2 O and the heptahydrate (h), N a2 SO4 ·
7H2 O, solubility lines are presented together with the heptahydrate supersolubility and
ice line. The regions in-between the certain solubility lines allow the coexistence of a
solution with a certain crystalline phases.
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saturation of the solution was found; the growth rate being in the range between 1 and
6 × 10−6 m/s [59].
The inﬂuence of nucleation sites on the crystallization dynamics of sodium sulfate
heptahydrate was studied by adding diﬀerent amounts of chemically neutral silica and
calcite powders into a solution. The crystallization rate of heptahydrate was found to be
enhanced by an increase of nucleation surface [60]. Sodium sulfate heptahydrate was also
reported to form during cooling of porous building materials saturated with a sodium
sulfate solution [77].
In the present chapter the development of stress during the crystallization of sodium
sulfate salts is studied by cooling of a solution in porous materials. To this end a nondestructive measurement of the concentration of the pore solution in a sample by Nuclear
Magnetic Resonance (NMR) is combined with an optical measurement of the dilation
of the sample during crystallization. First, the theory of cooling-induced crystallization
in a sample and the expansion of the sample resulting from crystallization pressure is
discussed. In particular, the concept of thermodynamic and poromechanic crystallization
pressure and the relation between these two is considered. Next, the experimental setup
and the selected materials will be described. Finally the results of the experiments will
be discussed.

7.2 Crystallization pressure
Let us consider a sample of a porous material initially saturated with a sodium sulfate
solution which is unsaturated with respect to thenardite (point A in Figs. 7.1 and 7.2).
If one cools down the sample, the pore solution will ﬁrst supersaturate with respect to
mirabilite and later on also with respect to heptahydrate [59, 60] (curve AB in Fig. 7.1).
Since there is no crystallization, the sample will change length only as a result of the
thermal dilatation, as shown schematically in ﬁgure 7.2. In that case, the length of the
sample is given by:
∫
l = l0 −

T

αdT ,

(7.1)

T0

where l and l0 are the actual and initial length of the sample, respectively, T and T0
the actual and initial temperature, and α the linear thermal-expansion coeﬃcient of the
material. Hence, the linear deformation or strain of the sample, dε, is proportional to the
temperature change dT :
)
(
l − l0
= αdT .
(7.2)
dε = d
l0
As soon as the concentration of the solution in the sample reaches the supersolubility of
heptahydrate, the crystallization will start in the pores (point B in Figs. 7.1 and 7.2). If
the temperature is kept constant, isothermal crystallization will occur [60]. Heptahydrate
crystals will be formed in the porous material until the concentration of the pore solution
reaches the heptahydrate solubility at the given temperature (point C in Fig. 7.1) and
no supersaturation is present anymore. As soon as the crystallization process starts, the
crystals will start to ﬁll up the pores of the material. A short time later, the crystals will
completely ﬁll up a pore and a crystallization pressure will start to develop. The exerted
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Expansion, temperature, crystal volume

crystallization pressure will lead to an expansion of the sample. If, after the isothermal
crystallization process has stopped, the solution is cooled down further, the sample will
change its length because of a combination of thermal contraction and crystallization
pressure. Depending on whether the thermal dilatation or the crystallization pressure is
dominant, the sample will either shrink (curve CE in Fig. 7.2) or expand (curve CD in
Fig. 7.2). If the sample is cooled further, the region of so-called cryohydrates ”h + ice” (see
Fig. 7.1) will be reached, where heptahydrate can coexist with ice. Any additional cooling
will initiate, at a certain moment, the exothermal transformation from heptahydrate into
decahydrate (mirabilite) and a crystallization pressure resulting from decahydrate will
develop [77].
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Fig. 7.2: Schematic representation of the expansion, temperature of and volume of crystals in a
sample saturated with a sodium sulfate solution during a cooling. Four experimental
phases can be distinguished: Stage I - cooling of a sample; Stage II - isothermal crystallization of heptahydrate; Stage III - non-isothermal crystallization of heptahydrate,
Stage IV - transformation from heptahydrate to dehydrate.
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7.3 Thermodynamic crystallization pressure
From a thermodynamic point of view, the crystallization pressure exerted by a conﬁned
crystal is given by [42]:
RT
Pc =
ln
Vm

[(

c
cs

)N (

1 − (N − 1)cMH2 O 1 + cMH2 O
·
1 − (N − 1)cs MH2 O 1 + cs MH2 O

)νw ]

,

(7.3)

where MH2 O is the molar mass of water, N is the number of diﬀerent ion groups in a
crystal (for sodium sulfate N = 3), R is the gas constant, T is the temperature, Vm is
the molar volume of the hydrated crystal, c is the actual concentration of the solution in
a pore, cs is the equilibrium concentration at the given temperature, νw is the hydration
factor (for heptahydrate νw = 7 and for decahydrate νw = 10, i.e., the amount of water
molecules incorporated into one crystal molecule). Using this equation, the thermodynamic crystallization pressure can be evaluated directly from the measured supersaturated
concentration of the solution in a sample. For an anhydrous salt (νw = 0 ) equation 7.3
reduces to the well-known Corren’s law [41]:
(

)

N RT
c
Pc =
ln
.
Vm
cs

(7.4)

7.4 Poromechanic crystallization pressure
In a thermodynamic approach of the crystallization pressure the poromechanic properties
of the material are not taken into account. In an alternative poromechanic approach the
expansion of the material is considered to be caused by a poromechanical pressure, Pm ,
which represents the pressure induced by the salt crystals in the material.
If one assumes that the crystals are uniformly distributed in pores with a uniform
size and there is no preferred direction of crystal growth in the pores, the poromechanic
crystallization pressure can be evaluated according to thermoporoelasticity [42]:
dPm =

3K
(dε − αdT ) ,
bSc

(7.5)

where Pm is the pore pressure pressured exerted by conﬁned crystals in the porous material, ε [µm] is the expansion of a sample resulting from salt crystallization, K [GPa] is the
bulk modulus, b is the Biot-coeﬃcient, and Sc (0 < Sc < 1) is the volume fraction of the
crystals. We will show below how this fraction can be deduced from our measurements.
The volume fraction of the sodium sulfate crystals in a supersaturated solution in a
porous material at a given temperature is deﬁned as the ratio between the volume of the
crystals that are formed, Vc , and the initial volume of pores, V0 :
Sc =

Vc
Vm ncs
=
,
V0
V0

(7.6)

where Vm is the molar volume of the crystals (for heptahydrate Vm = 175.3×10−6 m3 /mole
[28]) and ncs is the amount of formed crystals in moles. When a crystallization process is
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started, at any moment in time the actual concentration of salt solution, c [M], can be
found from:
ns
n0s − ncs
c=
=
,
(7.7)
mw
Mw (n0w − νw ncs )
where ns and n0s are the actual and initial amount in moles of sodium sulfate in the
solution, mw is the actual mass of water in the salt solution, n0w is the initial amount in
moles of water in the solution, νw is the hydration factor of the crystals, and Mw is the
molar mass of water. From equation (7.7) the amount of precipitated salt, ncs , can be
found as:
n0 − n0w Mw c
n0 Mw (c0 − c)
ncs = s
,
(7.8)
= w
1 − νw Mw c
1 − cνw Mw
where c0 is the initial concentration of the sodium sulfate solution (in our case 3.4 mole/kg).
The initial mass of the salt solution, m0sol , is the sum of the initial masses of water, m0w ,
and sodium sulfate, m0s :
0
0
0
0
0
msol
0 = mw + ms = nw Mw + ns Ms ⇒ nw Mw =

m0sol
.
1 + c0 M s

(7.9)

If we assume that initially the sample is completely saturated, the initial mass of the
sodium sulfate solution can be written as m0sol = ρsol V0 , where ρsol is the density of the
solution. By substituting equations 7.8 and 7.9 in equation 7.6, the volume fraction can
be written as
ρsol Vm
c − c0
Sc =
.
(7.10)
(1 + c0 MN a2 SO4 ) (cνw MH2 O − 1)
Using the relations presented in this section, the poromechanic crystallization pressure can
be obtained from measurements of the the expansion of the sample and the concentration.

7.5 Thermodynamic vs. poromechanic crystallization pressure
In our case the expansion, ε, is a function of time and will depend on both the material
properties and the crystallization pressure Pc . If a material has no viscoelastic properties,
i.e., if there is no delay between the exerted pressure and the mechanical reaction of the
material, according to Coussy [42] the poromechanical and thermomechanical approaches
become equivalent. Therefore, for linear elastic materials Pm = Pc .
For most materials the situation is more complicated. The poromechanical pressure,
Pm , represents the reaction of the system on the crystallization pressure. In general, it
will increase with the crystallization pressure, and when crystallization pressure decreases,
the poromechanical pressure will decrease too. However, the crystallization is a dynamic
process, slowly ﬁlling up the pores in a material. Moreover, as a result of the crystallization
in the pores the material of the pore matrix can be compressed and viscoelastic behavior
may inﬂuence the expansion. Hence, in general Pm < Pc . In the ﬁnal situation, if there are
no irreversible changes in the material, e.g., cracks, and an equilibrium has been reached,
it is expected that Pm = Pc .
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7.6 Setup for measuring combined supersaturation and expansion
For the simultaneous measurements of both the concentration in a sample and the expansion of the sample a Nuclear Magnetic Resonance (NMR) setup is used in combination
with a ﬁber-optic displacement sensor. The experimental setup is given in ﬁgure 7.3. A
cylindrical sample with a diameter of 10 mm and length of 50 mm is used. Initially the
sample is vacuum saturated with a 3.4 M [mole/kg] sodium sulfate solution at a temperature T = 40 ◦ C. The sample is immersed in kerosene in order to provide heat transport
from the sample to the wall of the sample holder and to avoid evaporation of the solution. Kerosene was chosen because it has a high heat conductivity, is not miscible with a
sodium sulfate solution, and has a high transparency for light, which is required for the
ﬁber-optic displacement measurement. The sample is centered with PTFE rings, which
allow the sample to expand freely without friction.

optical fiber displacement sensor

thermocouple
kerosene

sample

gold

Main magnetic field

RF coil

Teflon ring

Faraday shield

Galden ©

pump

temperature

controller

Fig. 7.3: The experimental setup for measuring the expansion of a sample using an optical ﬁber
sensor and the concentration in the sample using Nuclear Magnetic Resonance during
salt crystallization. The temperature controlled sample holder is ﬁlled with kerosene
to avoid evaporation of solution and for optimal heat contact.

The NMR setup used in this study contains an electromagnet generating a magnetic
ﬁeld of 0.78 T. This setup has the possibility to measure quantitatively both the amount
of H and Na in a sample. With the NMR settings used in our experiments, no signal from
Na and H nuclei incorporated in the crystals is obtained. Hence the measured signal can
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be directly related to the water and sodium content of a solution in the sample, giving
the possibility to non-destructively measure the concentration of the solution within the
pores. A more detailed explanation of the NMR setup can be found in [59].
A ﬁber-optic displacement sensor is used to measure the length change of the sample.
For this purpose the PTFE ring on the top of the sample is coated with gold to act as
optical reﬂector for the displacement sensor. In addition, to avoid eﬀects of reﬂection of
light on the air/kerosene interface, the ﬁber 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 ±1 µm.
A complication in the interpretation of the NMR data is that kerosene contains a
lot of hydrogen nuclei, which cause a large background signal. Fortunately, in the present
crystallization experiments, where no water can escape from the sample, it is possible to
determine the evolution of the concentration of the solution from measurements of the
Na signal only. This will be explained below.
From quantitative NMR measurements the sodium content in the solution normalized to the initial sodium content can be obtained, N ∈ [0, 1]. Hence, the measured
concentration is given by
n0
cmeas = c0 N = s0 N ,
(7.11)
mw
where n0s is the initial amount of sodium sulfate (in moles) and m0w is the initial amount
of water (in kg). If only anhydrous crystals are formed in an isolated system, the real
concentration, creal , is equal to the measured one (the concentration deduced from the
Na content of the solution), i.e., creal = cmeas . However, if hydrated crystals are being
formed, the real concentration will increase with respect to the measured one, due to
incorporation of water molecules into the crystals.
By deﬁnition the real concentration in a solution is given by:
ns
creal =
;
(7.12)
mw
where ns is the actual amount of sodium sulfate (in moles) in a solution and m0w is the
actual mass of water in that solution. Consequently
ns
ns
ns
=
=
creal =
;
(7.13)
mw
nw Mw
Mw (n0w − νw (n0s − ns ))
where n0w is the initial amount of water (in moles) in the solution, Mw is the water molar
mass, νw is the hydration factor (amount of water incorporated into one mole of hydrated
crystals). Combining (7.11) and (7.13), we obtain:
creal =

c0 N
.
1 − νw Mw c0 (1 − N )

(7.14)

Expression (7.14) allows to deduce the real concentration of a solution in an isolated
sample from measurements of the relative sodium content only. In general, the diﬀerence
between the calculated values of creal for νw = 7 and νw = 10 is less than 0.35 M, see ﬁgure
7.4. Therefore, it does not inﬂuence the conclusion which crystalline phase is formed, i.e.,
if by mistake we assume νw = 10 (decahdyrate) while heptahydrate is forming, we will
anyway observe the concentration at the heptahydrate solubility.
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Tab. 7.1: The poromechanical properties of the materials used in the study [40, 86–88].

Porosity, θ, [m3 /m3 ]
Bulk modulus, K, [GP a]
Compressibility, [1/GP a]
Lin. therm. exp., α[µm/(m0 C)]
literature
measured
Biot-coeﬃcient, b
Mean pore-size, [µm]

Fired-clay Indiana
brick
limestone
0.35
0.12
2.54
18.2
0.393
0.055
6.79
6.79
0.887
40

10.8
10.8
0.857
60

Cordova Cream
limestone
0.16
11
0.091
5.76
5.76
0.759
0.6 and 50

7.7 Results and Discussion
7.7.1 Crystal growth and expansion
In this study three kinds of porous materials are investigated: ﬁred-clay brick, Cordova
Cream limestone, and Indiana limestone. Fired-clay brick and Indiana limestone have a
unimodal pore size distribution, with a mean pore size of 40 µm and 60 µm, respectively,
whereas Cordova Cream limestone (as measured by mercury intrusion) has a bimodal pore
size distribution, with maxima at 0.6 µm and 50 µm. The (poro-) mechanical properties
of the materials are listed in table 7.1.
The measured concentrations of the pore solution in the samples as a function of
temperature are shown in the phase diagram in ﬁgure 7.5, whereas the measured expansion, temperature, and calculated crystal volume fractions are shown as a function of
time in ﬁgure 7.6. Here the expansion resulting from crystallization only is given, i.e., the
measured expansion compensated for the thermal expansion of the material.
Stage I. Cooling
Starting from a concentration of 3.4 M and T = 40 ◦ C, the samples were cooled
down at a constant rate to about 13 ◦ C. During the cooling the concentration in the
sample remains constant. Around 30 ◦ C no change of the concentration is observed,
indicating supersaturation of the solution in the pores with respect to decahydrate, see
ﬁgure 7.5. Later on, also supersaturation with respect to heptahydrate occurs, i.e., again
no concentration decrease is observed (at about 21 ◦ C). A concentration decrease occurs
only after the system has been cooled down till the heptahydrate supersolubility line
at a temperature of about 13 ◦ C, indicating that heptahydrate crystals are being formed.
During this cooling stage the sample will only change length because of thermal expansion.
The linear expansion coeﬃcients were found to be of the same order as reported in the
literature (see table 7.1).
Stage II. Isothermal crystallization
When a temperature of 13 ◦ C is reached and heptahydrate crystallization has started,
the cooling is stopped and the temperature is kept constant (see ﬁgure 7.5). During the
isothermal crystallization of heptahydrate the samples start to expand (ﬁgure 7.6) as a
result of the crystallization pressure induced in the pores.
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Within the experimental accuracy no delay between the start of the crystallization
and the start of the sample expansion is observed. The time for one measurement of the
concentration by NMR is about 300 s. The average pore size of the studied materials is
around 50 µm. With a growth rate for heptahydrate in the order of 1 − 6 µm/s [59], the
time required for a crystal to grow to the size of a pore is about 8−50 s, and, consequently,
no delay can be observed with our setup.
Because of the crystallization pressure the sample initially starts to expand. As the
isothermal crystallization proceeds, the concentration of the solution is slowly decreasing
and as a result the supersaturation and crystallization pressure decrease (see equation 7.4)
and the sample shrinks back to its original length. For ﬁred-clay brick, which has the
highest bulk compressibility, during this stage the highest expansion is measured, as
expected.
Stage III. Non-isothermal crystallization:
When the isothermal formation of heptahydrate has stopped, the samples are cooled
further, (see Fig. 7.5). From this moment on, non-isothermal formation of heptahydrate
starts and the samples changes length by two competing mechanisms: shrinkage by cooling
and expansion by heptahydrate crystallization pressure. Figure 7.5 shows that for all
materials an expansion is measured, indicating that the eﬀect of crystallization pressure
is dominant. This ﬁgure also shows that during this non-isothermal crystallization a more
or less constant supersaturation is present in the materials. Hence a more or less constant
crystallization pressure will be present. During the continuous cooling more and more
pores in the samples are ﬁlled with crystals, and as a result a continuous increase of the
expansion is measured. This eﬀect is especially pronounced for ﬁred-clay brick, which has
the highest porosity.
Stage IV. Transformation to decahydrate:
The crystallization of sodium sulfate heptahydrate is observed in all three types of
porous materials in both the isothermal and non-isothermal regimes of crystallization. No
spontaneous formation of decahydrate was observed. Nevertheless, in order to study the
crystallization pressure of decahydrate, the samples were cooled further into the ice region.
At a certain moment the transformation from heptahydrate to decahydrate will occur.
It appears that this strongly exothermal transformation causes a slight temperature increase of the sample, even in this temperature controlled setup. The transformation from
heptahydrate to decahydrate (Fig. 7.6) is accompanied by a dramatic increase of the expansion. In the case of ﬁred-clay brick it can be observed that this transformation almost
doubles the expansion, whereas for both limestones a dramatic increase of the expansion
occurs. For ﬁred-clay brick it is observed that after the initial expansion the sample
slowly starts to shrink again as the concentration of the solution decreases. However, for
both limestones almost no shrinkage is observed after the transformation, indicating a
disintegration of the samples, i.e., cracking of the sample. In these cases the measured
expansions (after cracking) do not result from crystallization pressure only and therefore
cannot be used for calculating the poromechanic pressure.
In order to check the inﬂuence of ice crystals on the expansion during this stage,
the expansion resulting from ice formation is studied for samples saturated with pure
water. The results of these measurements showed that the expansion caused by ice is
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much smaller than the expansion caused by decahydrate and therefore will not be taken
into account in our discussion of the results.
7.7.2 Thermodynamic crystallization and poromechanical pressure
The measured concentration of the sodium sulfate solution in the sample and the expansion of the sample allow us to calculate both the poromechanic and the thermodynamic
crystallization pressure and hence to obtain a relation between these two. In ﬁgure 7.7
the poromechanic pressure Pm calculated using equation 7.5 is given as a function of the
thermodynamic crystallization pressure Pc calculated using equation 7.3. In this ﬁgure
the four stages of the experiment are indicated.
As can be seen from this ﬁgure, for all materials the thermodynamic crystallization
pressure is generally larger than the poromechanic pressure, as expected. Only in the
stage IV, after the exothermal transformation, the poromechanic pressure can be larger
due to cracking of the sample, i.e., in this case the calculated poromechanic pressure does
not only result from crystallization.
As can be seen in table 7.1, Indiana and Cordova Cream lime stone have a low
porosity (0.12 and 0.16, respectively) compared to ﬁred-clay brick (0.35) and a relatively
high bulk modulus (low compressibility). From ﬁgure 7.7 it can be deduced that, for the
present materials, deviations from the equilibrium line (Pm = Pc ) towards higher values of
Pc in general become larger with an increase of compressibility and porosity. In stage II,
the ratio of the maximum value of the poromechanic and thermodynamic pressure, Pm /Pc ,
is of the order of unity for Indiana limestone, about 2.75 for Cordova Cream limestone,
and about 6.5 for ﬁred-clay brick. Although ﬁred-clay brick has a high porosity (0.35)
and a high compressibility, most of the time Pm is substantially smaller than Pc , even
during the transformation of heptahydrate to decahydrate.
Because more pores are ﬁlled with crystals as time proceeds, the same thermodynamic crystallization pressure can correspond to two fully diﬀerent poromechanic crystallization pressures, e.g., Pc ∼ 12 MPa can give either Pm ∼ 2 MPa or Pm ∼ 4 MPa,
(see the dashed vertical line in ﬁgure 7.7a). For all samples it is observed that close to an
equilibrium situation with no dynamic crystallization and a constant concentration (for
instance, the end of stage II), Pc = Pm , as predicted by Coussy [42, 45].

7.8 Conclusion
In this study the crystallization pressure of sodium sulfate was determined using two
approaches: thermodynamic and poromechanic. No spontaneous crystallization of decahydrate is found in the materials that were studied. First heptahydrate is formed, which
is supersaturated with respect to decahydrate, and a transformation from heptahydrate
to decahydrate has to be induced by cooling into the ice region. For the rigid materials
studied here, the thermodynamic crystallization pressure and the poromechanic crystallization pressure are of comparable magnitude throughout the dynamic crystallization
process. For a material with a higher compressibility and porosity the thermodynamic
crystallization pressure is larger than the poromechanic crystallization pressure. In an
equilibrium situation with no dynamical crystallization and a constant concentration the
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thermodynamic and poromechanic crystallization pressure are equal for all materials. The
highest crystallization pressure of sodium sulfate is obtained just after the transformation
from heptahydrate to decahydrate.

8. NMR COMBINED WITH ACCELERATED WEATHERING
Sodium sulfate is known as one of the most destructive salts in weathering processes.
Many accelerated weathering tests show that major deterioration eﬀects by weathering
are caused by drying and wetting cycles of porous materials saturated with a salt solution.
In the study presented in this chapter we have performed accelerated weathering tests
on common building materials (ﬁred-clay brick, Indiana lime stone and Cordova lime
stone) containing sodium sulfate, by measuring the sodium sulfate concentration in the
materials simultaneously with the expansion of these materials. The concentration of the
sodium sulfate solution is measured non-destructively using Nuclear Magnetic Resonance,
while the expansion of a sample induced by crystal growth is measured with a ﬁber-optic
displacement sensor. This oﬀers the possibility to assess the crystallization pathways
which generate most damage during weathering, i.e., cycles of wetting and drying.

8.1 Introduction
Salt weathering is the most common reason for deterioration of porous building materials.
The damage is caused by the crystallization pressure originating from salts being formed
during weathering. Salts will crystallize in the material during drying/wetting cycles, but
also during temperature cycles. These cycles depend on the weather and therefore the
durability of a material will depend on the climate it is used in [7, 34, 89–92]. In order to
assess the durability of materials with respect to salt weathering often accelerated test are
used. Salt crystallization tests have been established already for a long time to test the
relative quality of porous building materials. Indeed, well before the well-known work on
crystallization pressure by Correns in 1949 [41], weathering tests were already routinely
used, for example by de Thury in 1828 [38].
A salt which is well known for its damage potential is sodium sulfate. The phase
diagram of sodium sulfate is presented in ﬁgure 8.1. This salt has three crystalline
phases [22,28]: thenardite (Na2 SO4 , anhydrous), decahydrate (mirabilite, Na2 SO4 ·10H2 O)
and thermodynamically metastable heptahydrate (Na2 SO4 · 7H2 O). A well-known test for
assessing the salt weathering durability for sodium sulfate is DIN 52 111, which was developed in Germany in 1976 by Knofel et al. [33]. It consists of immersion of the material
to be tested in a sodium sulfate solution saturated at 25 ◦ C (i.e., the concentration is
about 1.8 mole/kg) for 7 hours, drying of the sample at 105 ◦ C for another 7 hours, and
then immersing it again into a sodium sulfate solution saturated at 25 ◦ C. This procedure is repeated and the weight loss of the sample is measured during every cycle, which
represents the durability of the sample for sodium sulfate weathering.
As an example we have given the results of such a test for a ﬁred-clay brick in ﬁgure
8.2. As can be seen from this ﬁgure, already after 6 cycles a complete disintegration of
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the sample occurs. During cycling, damage can both be induced by drying, when the
anhydrous form of sodium sulfate (thenardite) is crystallizing out, or during re-wetting
of the dry sample, when crystallization of decahydrate is expected [29, 34, 39, 40] (see also
the phase diagram in ﬁgure 8.1). In general, the most severe damage is observed during
wetting of the test specimens [34]. In order to ﬁnd out which crystallization pathway
in sodium sulfate weathering generates most damage, we have measured directly the
concentration in a sample, indicating which crystal phase is formed, in combination with
the expansion, indicating the damage potential.
We will ﬁrst discuss the crystallization pressure in this weathering test. Next, the
test setup for simultaneous measurements of the sodium sulfate concentration in a sample
and the expansion of that sample will be described. Finally, we will discuss the results of
the experiments.
then
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Fig. 8.1: Phase diagram of sodium sulfate. The equilibrium solubility is given for decahydrate
(mirabilite, Na2 SO4 · 10H2 O), thenardite (Na2 SO4 ), and the metastable form, i.e.,
heptahydrate (Na2 SO4 · 7H2 O), together with heptahydrate supersolubility and the ice
line. The regions in-between the solubility lines allow the coexistence of the solution
with the corresponding crystalline phases.

8.2 Crystallization pressure during cycling
In an accelerated weathering test a sample of a porous material is subjected to cycles of
wetting with a salt solution, drying, and re-wetting. Both processes can initiate crystallization, i.e., by drying the salt solution in the porous material or by transformation of
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Fig. 8.2: Results of the DIN 52 111 weathering test performed on three ﬁred-clay brick cubes
of 50 × 50 × 50 mm. The relative mass of the samples as a function of the number of
cycles and the corresponding pictures of one sample after each cycle are given.

a crystalline phase by rewetting. As a result of both processes a crystallization pressure
can be generated in the pores. One can distinguish between the thermodynamic and the
poromechanic crystallization pressure. The thermodynamic crystallization pressure reﬂects the crystal growth and the induced pressure on a microscopic scale, i.e., the growth
of the crystal within the pore and the local pressure. In this thermodynamic approach the
poromechanical properties of the material are not taken into account. In an alternative
poromechanical approach also the expansion is considered and resulting eﬀects like cracks
and disintegration of the material, caused by a poromechanical pressure, which represents
the pressure generated by the salt crystals in the material.
According to the thermodynamic Correns model of crystallization, the thermodynamic crystallization pressure, Pc , of an anhydrous crystal on a microscopic level can be
expressed as a function of the supersaturation by [41, 42, 57]:
(

)

N RT
c
ln
,
Pc =
Vm
cs

(8.1)

where N is the number of diﬀerent ions in a crystal (for sodium sulfate N = 3), R is
the gas constant, T is the temperature, Vm is the molar mass of the crystal, c is the
actual concentration of the solution in a pore in equilibrium with the crystal, and cs is
the equilibrium concentration at a given temperature.

8. NMR combined with accelerated weathering

94

In case of hydrated crystals, the crystallization pressure has to be corrected and is
given by [42]:
RT
Pc =
ln
Vm

[(

c
cs

)N (

1 − (N − 1)cMH2 O 1 + cMH2 O
·
1 − (N − 1)cs MH2 O 1 + cs MH2 O

)νw ]

,

(8.2)

where MH2 O is the molar mass of water, νw is the hydration factor (for heptahydrate
νw = 7 and for decahydrate νw = 10, i.e., the amount of water molecules incorporated
into one chemical unit of the crystal). Here the additional term takes into account the
excess of supersaturation caused by consumption of water from a solution by the growth
of a hydrated crystal.
The crystallization pressure is determined directly by the crystalline phase that is
formed via cs . For example, according to the phase diagram given in ﬁgure 8.1, for a temperature of 22 ◦ C the ratio cts /cds ≈ 2.37, where cts and cds are the solubility concentrations
for thenardite and decahydrate, respectively. Hence, if a transformation from thenardite
to decahydrate occurs, the ratio c/cs will increase and as a result a thermodynamic crystallization pressure will be generated.
The macroscopic poromechanical crystallization pressure can be evaluated by analyzing the actual expansion of a sample induced by salt crystallization. Assuming that
the crystals are uniformly distributed within the porous material and there is no preferred
direction of crystal growth in the pores, the poromechanic crystallization pressure, Pm ,
for a saturated sample in the isothermal case, is given by [42],:
∫

Pm =

3K
dε,
bϕ

(8.3)

where Pm is the pore pressure exerted by conﬁned crystals in the porous material, ε [µm] is
the expansion of a sample resulting from salt crystallization, K [GPa] is the bulk modulus,
b is the Biot-coeﬃcient, and ϕ (0 < ϕ < 1) is the pore ﬁlling coeﬃcient. This pore ﬁlling
coeﬃcient can be directly evaluated from the concentration (see the appendix).

8.3 Experimental setup
In order to ﬁnd out which crystallization pathway in sodium sulfate weathering generates
most damage we have performed a weathering experiment in a Nuclear Magnetic Resonance (NMR) setup. We use NMR in combination with an optical displacement sensor
for measuring simultaneously both the concentration of the solution in the samples and
the expansion of samples caused by crystallization. The experimental setup is presented
in ﬁgure 8.3. The NMR system used in this study contains an electromagnet generating
a static magnetic ﬁeld of 0.78 T. This setup has the possibility to measure quantitatively
both the amount of H and Na nuclei in a sample. No signal from Na and H nuclei incorporated into the crystals or the porous material itself is obtained. Hence the measured
signal can be directly related to the concentration of a solution in the material, giving the
possibility to measure this concentration non-destructively. A more detailed explanation
of the NMR setup can be found in [40] and [57].
The sample is centered with PTFE rings, which allow the sample to expand almost
frictionless. A ﬁber-optic displacement sensor is used to measure the length of the sample.
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For this purpose the PTFE ring on top of the sample is coated with gold to act as optical
reﬂector. The resolution of the displacement sensor was determined by measuring the
expansion of aluminum and was found to be better than 1 µm.
Due to experimental limitations of the NMR set-up (the sample can only be temperature controlled over a limited temperature range up to 40 ◦ C) we have used an adapted
weathering cycle. Using the temperature control system the temperature is ﬁxed at 22 ◦ C,
i.e, close to room temperature. Initially the sample is vacuum saturated with a 3.4 M
[mole/kg] sodium sulfate solution at a temperature of 40 ◦ C and slowly cooled down to
22 ◦ C, after which the drying is started. The drying is induced by an 0.2 l/min 5 % RH
airﬂow over the upper PTFE ring. The spacing between this ring and the sample holder
appeared to be large enough to let the sample dry. After reaching a constant concentration in the sample it is re-wetted from the bottom using a ﬁxed amount of 0.2 ml of
a 0.1 M Na2 SO4 solution, in order to to compensate for salts falling oﬀ by eﬄorescence
during drying.
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displacement
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sample

PTFE ring

main magnetic field

PTFE ring
Faraday shield
0.1 M Na2SO4
solution supply

secondary cooling circuit:
Galden
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Fig. 8.3: Schematic representation of the experimental setup for simultaneously measuring both
the concentration in a sample with NMR and the expansion of the sample with an
optical displacement sensor. The cylindrical sample of 10 mm diameter and 40 mm
length is placed in a temperature controlled sample holder. Using a 5 % RH airﬂow of
0.2 l/min the sample can be dried, whereas it can be re-wetted with a 0.1 M sodium
sulfate solution by a tube from the bottom.
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Tab. 8.1: Poromechanical properties of the materials used in the present study [40, 86–88] and
pore ﬁlling coeﬃcients after the ﬁrst re-wetting, calculated using equations (9.1)–(9.8)
in the appendix.

Porosity, ρpore [m3 /m3 ]
Bulk modulus, K [GPa]
Compressibility [1/GPa]
Mean pore-size [µm]
Biot-coeﬃcient, b
Initial pore volume, V0 [cm3 ]
Pore ﬁlling by thenardite
before ﬁrst re-wetting, ϕt
Actual pore ﬁlling by decahydrate
after ﬁrst re-wetting, ϕd
Maximum transformation ratio
after ﬁrst re-wetting (%)
Measured transformation ratio
after ﬁrst re-wetting (%)

Fired-clay Indiana Cordova Cream
brick
limestone
limestone
0.35
0.12
0.16
2.54
18.2
11
0.393
0.055
0.091
40
60
0.6 and 50
0.887
0.857
0.759
1.1
0.38
0.5
0.13
0.14
0.14
0.159

0.195

0.232

35

100

77

31

36

27

8.4 Weathering experiments within an NMR setup
The weathering experiments in this study were performed on three porous materials,
i.e., ﬁred-clay brick, Cordova lime stone, and Indiana lime stone. Both ﬁred-clay brick
and Indiana limestone have a unimodal pore size distribution, with a mean pore size of
40 µm and 60 µm, respectively, whereas Cordova Cream limestone has a bimodal poresize distribution with maxima at 0.6 µm and 50 µm [40]. The material properties are
presented in table 8.1.
8.4.1 Cycle one
Initially the samples were vacuum saturated with a 3 M sodium sulfate solution at 40 ◦ C,
after which the samples were cooled down to 22 ◦ C. From that moment on the drying
was started. The measured moisture content and concentration of the solution in the
sample and the expansion of the sample during wetting and drying are shown in ﬁgure 8.4
as a function of time. As can be seen from this ﬁgure, initially the solution in the
sample is supersaturated with respect to decahydrate after the sample is cooled down
from 40 ◦ C, indicating that the porous substrate is not acting as a nucleation site for
decahydrate formation, as was also found for powders [60]. As soon as the drying is
started (point A in ﬁgure 8.4a) the water content decreases and the concentration of the
sodium sulfate solution in the samples goes up to the thenardite concentration, indicating
that thenardite crystals are being formed, in accordance with Ostwald’s rule of successive
crystallization [22]. Figure 8.4 also shows that a small supersaturation in the order of
1.1 M develops in the sample. From the moment that a supersaturation is present (region
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B), an expansion of the sample can be observed, i.e., from about 2 µm for ﬁred-clay brick
up to 4 µm for Cordova Cream limestone.

c) Cordova cream limestone
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Fig. 8.4: Measured moisture content, concentration, and expansion as a function of time for a)
ﬁred-clay brick, b) Cordova cream limestone, and c) Indiana limestone. Initially all
sample are saturated with a 3 M sodium sulfate solution at 40 ◦ C, after which the
samples are cooled down to 22 ◦ C and the experiment is started.

In order to obtain more information on the salt transport during drying, we have
plotted the same data in a so-called eﬄorescence pathway diagram (EPD) in ﬁgure 8.5 [68].
In an EPD, the total amount of sodium sulfate present in the solution, cθ (in mole/kg), is
plotted against the moisture content θ. In such a diagram two limiting situations can be
distinguished. First, very slow drying, in which case salt transport by diﬀusion dominates,
i.e., P e ≪ 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
until the complete sample has reached the solubility of thenardite (3.4 M). From this
point on any additional drying will result in crystallization. Second, very fast drying,
i.e., P e ≫ 1. In this case, ions are directly advected with the moisture to the top of the
sample, where a concentration peak with a very small width will develop. If the rate of
crystallization is high enough, i.e., if there are enough nucleation sites at the top to form
crystals, the average Na2 SO4 concentration in the solution in the sample itself will remain
almost constant at nearly at the initial concentration.
Figure 8.5 shows that for all these experiments P e ≪ 1 during the initial drying in
the ﬁrst cycle, indicating that diﬀusion is dominant. In this case we expect a homogeneous
crystallization behavior throughout the sample and the expansion will be representative
for the crystallization in the material. We like to note that these EPDs conﬁrm that
thenardite is being formed in the samples.
When the relative moisture content in the samples has dropped to about 25 %, the
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samples are re-wetted slowly by injecting 0.2 ml of 0.1 M sodium sulfate solution from
the bottom. During this re-wetting an immediate decrease of the concentration can be
observed (C in ﬁgure 8.4). The ﬁnal concentration after re-wetting is in-between the
equilibrium concentration of decahydrate and thenardite. This indicates that only a part
of the thenardite transforms into mirabilite.
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Fig. 8.5: Eﬄorescence pathway diagram for the drying part of the weathering cycles (see also
ﬁgure 8.4). The total amount of salt in the solution, cθ (in moles per kg) is plotted
against the moisture content θ. The two possible salt phases which can be formed at
22 ◦ C are indicated by c = 3.6 M for thenardite and c = 1.6 M for mirabilite.

For the ﬁxed amount of 0.2 ml solution used in these experiments, in the case of the
Indiana limestone all the water would have been taken up in the crystals if there would
have been a complete transformation (see table 8.1). The only partial transformation
is most probably caused by a competition between the thenardite dissolution rate and
the transformation rate. As a result in the pores a mixture of thenardite and decahydrate will be present, as was also observed by Rodriguez-Navarro et al. [89]. From the
initial amount of thenardite formed during drying and the measured concentration immediately after rewetting we can estimate the transformation ratio (for a calculation see
the appendix). The resulting values are included in table 8.1. As can be seen from this
table our measurements indicate that only up to about 30 % of the thenardite is directly
transformed into mirabilite.
Because of the competition between dissolution of thenardite and formation of decahydrate the solution remains highly supersaturated with respect to decahydrate. Therefore a high crystallization pressure is induced as soon as the sample is re-wetted and a
rapid expansion of the sample is observed. Based on the measured concentration we can
estimate the crystallization pressure using equation 8.1 or 8.2. The results are plotted in
ﬁgure 8.6, which shows that upon re-wetting the crystallization pressure increases by a
factor of 2 to 3.
By inserting the measured expansion in equation 8.3 we can obtain an indication of
the poromechanical pressure. In ﬁgure 8.6, the poromechanical pressures calculated before
and after re-wetting are presented as horizontal lines. The point after re-wetting represents
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normalized time [ - ]
Fig. 8.6: Calculated thermodynamic and poromechanic crystallization pressures as a function
of the time normalized with respect to the moment of re-wetting. Horizontal lines
represent the calculated poromechanical pressure, Pm , just before and after rewetting.

the poromechanical pressure, whereas the point at the end of the drying period is only
a rough estimate, since at that time the sample is no longer saturated. As can be seen
from this ﬁgure, after re-wetting Pm ≤ Pc for both ﬁred-clay brick and Indiana limestone,
whereas for Cordova Cream limestone Pm > Pc , indicating disintegration, which is also
apparent from visual inspection of the sample, see ﬁgure 8.7. For Indiana limestone Pm ≈
Pc , whereas for ﬁred-clay brick, which has a more viscoelastic behavior, Pm ≤ Pc . These
observations nicely agree with the results presented for the same materials in chapter
7, in particular the relation between thermodynamic and poromechanic pressures during
crystallization of decahydrate induced by cooling.
8.4.2 Cycles two and three
Because of the disintegration of the Cordova cream limestone sample during the ﬁrst
cycle, the weathering experiments were only continued for Indiana limestone and ﬁredclay brick. After the ﬁrst re-wetting, the drying is continued (second cycle, C-D in ﬁgure
8.4). During the second cycle, a decrease of the moisture content and an increase of the
concentration up to the thenardite solubility is observed. At the same time an expansion
of the material can be observed. We have included the drying process during this cycle
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in the EPD diagrams presented in ﬁgure 8.5. These diagrams reveal that during the
drying stage of the second cycle P e ≫ 1, indicating inhomogeneous salt concentration
proﬁles. Hence the measured concentration should only be considered as indicative and
most probably a mix of thenardite and decahydrate is still present in the sample.
Similar to the ﬁrst cycle, when the water content in the sample has decreased to 0.25,
another 0.2 ml sodium sulfate solution of 0.1 M was injected (D in ﬁgure 8.4). Again a
rapid decrease of the concentration is observed, indicating a transformation of thenardite
to decahydrate, together with a simultaneous expansion of the sample. This time the
expansion is larger, e.g., for ﬁred clay brick about 19 µm compared to 4 µm during the
ﬁrst injection. This is probably caused by the inhomogeneous drying and therefore the
crystallization will occur predominantly at or near the drying surface, giving a higher pore
ﬁlling. This locally higher pore ﬁlling near the surface will give rise to a higher expansion
when thenardite transforms to decahydrate. After the second cycle a crack is observed in
the Indiana limestone and the experiment was only continued for the ﬁred-clay brick, see
ﬁgure 8.7.
When during the third cycle the water content of the ﬁred-clay brick has decreased
to 0.25 as a result of to drying, again 0.2 ml sodium sulfate solution of 0.1 M was injected.
After this injection an expansion of 320 µm is observed (E in ﬁgure 8.4a), indicating the
disintegration of the ﬁred-clay brick sample due to crack formation.

Fig. 8.7: Pictures of the samples at the end of the accelerated weathering test within the NMR
setup: from left-to-right: ﬁred-clay brick, Indiana limestone, and Cordova cream limestone. The visual observable cracks are indicated by arrows.

8.5 Conclusion
During drying at 22 ◦ C of porous materials which are initially saturated with a sodium
sulfate solution thenardite is formed. Upon re-wetting of the samples, an instant but
partial transformation of thenardite to decahydrate occurs. After this transformation the
pores are ﬁlled with a mix of thenardite and decahydrate. As a result of this partial
transformation a constant supersaturation is maintained in the sample, yielding a relatively high crystallization pressure. Not the direct crystallization of decahydrate from a
sodium sulfate solution during drying, but rather the instant transformation of thenardite
to decahydrate by re-wetting is the cause of expansion and can lead to disintegration of
materials. Therefore, the transformation of thenardite to decahydrate by re-wetting is
the main cause of damage by weathering of materials contaminated with sodium sulfate
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solutions within the temperature range from 22–25 ◦ C. In future studies it may be worthwhile to investigate the weathering in the region of 0–22 ◦ C, where also heptahydrate can
be formed.
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9. CONCLUSIONS AND OUTLOOK
This chapter contains an overview of the main results of the study reported in this thesis.
In the outlook, the questions requiring future analysis and assessment are discussed.

9.1 Conclusions
In this thesis we studied the crystallization of sodium sulfate in pure bulk solutions, in
bulk solutions containing mineral powders, and in porous materials. The crystallization
of sodium sulfate can be induced by increasing the supersaturation either by drying or
by cooling. Therefore, this study has been divided in two main parts: a study of sodium
sulfate crystallization during cooling of isolated samples (no drying) and during drying (at
a ﬁxed temperature). Finally, accelerated weathering tests with both drying and cooling
were performed and the damage mechanisms of porous materials were studied.
Crystallization in pure bulk solutions:
To study the crystallization in bulk solutions NMR was combined with time lapse
digital microscopy. This gives the possibility to measure the supersaturation in a droplet
of sodium sulfate solution simultaneously with the crystal growth. By cooling of droplets
(chapter 2), two crystal growth mechanisms were tested: diﬀusion-controlled and adsorption-controlled growth. Sodium sulfate heptahydrate was found to be the preferred crystal
phase that was formed with a so-called adsorption-controlled growth and an average
crystal growth speed in the range of 1 to 6 µm per second. In droplet drying experiments
(chapter 3), the inﬂuence of a wetting / non-wetting surface on the type of crystalline
phase that precipitated was studied. In the non-wetting case one crystalline phase is
formed, i.e., heptahydrate, whereas in the wetting case two crystalline phases are formed
which co-exist: heptahydrate and thenardite.
Crystallization in the presence of mineral substrates:
To investigate the eﬀect of nucleation sites on the crystallization, mineral powders
have been added to sodium sulfate solutions (chapter 4). This allowed studying the transition from in-bulk to in-pore crystallization. These mineral powders act as additional
nucleation centers which accelerate the precipitation of crystals from a solution, but appear to have no eﬀect on the type of crystalline phase that is growing.
Crystallization in porous materials:
First, experiments were performed by cooling of isolated samples of porous materials saturated with a sodium sulfate solution (chapter 5). The preferred formation of
heptahydrate was observed in all samples with a reproducibility of 95 %. In this case
the porous matrix provides a surface for nucleation, in agreement with grain-boundary
crystallization theory, but does not determine which crystalline phase will precipitate.
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This phenomenon is also observed in the experiments with mineral powders. By drying
of porous materials (chapter 6) sodium sulfate heptahydrate will be formed below 22.7 ◦ C
(highest temperature at which heptahydrate exists), whereas above 22.7 ◦ C thenardite
will be formed. This is in accordance with Ostwald’s rule of successive crystallization.

Sodium sulfate crystallization phases
Cooling

Drying
Media
o

T < 22 C

o

T > 22 C

o

o

T < 22 C

T > 22 C

heptahydrate

thernardite
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+ thernardite
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thernardite

non-wetting:
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---

---
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thernardite
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thernardite
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Sodium sulfate crystallization pathway diagram

cooling / drying
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interaction with another
decahydrate crystal
chemical pollution

cooling / drying
dehydration
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cooling to cryohydrates
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Fig. 9.1: Summary of the results on the crystallization behavior of sodium sulfate described in
this thesis.

Crystallization pressure and accelerated weathering:
Finally, damage induced by crystallization is described in chapter 7. The pressures
exerted by crystallization have been estimated using a thermoporoelastic and thermodynamic approach for the crystallization pressure. It appears that sodium sulfate decahydrate can develop a crystallization pressure capable to disintegrate porous materials.
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Softer materials with a higher porosity are found to be more susceptible to damage from
crystallization than harder materials with a relatively lower porosity. Series of accelerated
weathering tests (chapter 8) show two ways for mirabilite formation: cooling of a sodium
sulfate solution to cryohydrates and re-wetting of previously formed thenardite. A survey
of the results obtained in the study described in this thesis is presented in ﬁgure 9.1.

9.2 Outlook
This thesis focused on the investigation of the role of sodium sulfate crystallization in
weathering phenomena. Although many aspects of the crystal growth have been revealed,
there still remain some issues which are still not fully understood.
It has been found that formation of decahydrate (mirabilite) is taking place indirectly, i.e., in the form of a transformation from heptahydrate by cooling to cryohydrates,
or from thenardite by re-wetting. In the last case a mix of thenardite and dehydrate will
be present, which could maintain a supersaturation over a longer time. Both heptahydrate
and thenardite have a higher saturation than decahydrate and the supersaturation ratio
will determine the crystallization pressure and thereby the expansion. In order to check
which crystallization pathway will give more damage, a comparative study is needed, in
which crystallization pressure and damage are investigated both by recrystallization and
by direct formation of decahydrate. Direct formation of decahydrate from a salt solution can be invoked chemically (for instance by sodium tetra-borate) or by seeding with
mirabilite crystals.
In this thesis, an experimental setup has been described which is capable of measuring non-destructively the concentration of a salt solution within a porous medium simultaneously with the expansion, caused by salt crystallization. This allowed for the ﬁrst
time testing of the reaction of porous materials with certain poromechanical properties on
in-pore crystallization. To check various poromechanical models proposed in literature,
more tests are needed with well deﬁned porous materials with selected properties, e.g.,
pore size, tortuosity, and visco-elasticity.
Finally, the deterioration of porous materials in nature is usually caused by a mix
of diﬀerent salts. In this thesis, one of the most damaging compounds, sodium sulfate,
was studied. Research on damage from salt mixes, mimicking natural ones, is the next
step required in research on salt weathering. In this case the phase diagram will not only
depend on the temperature and concentration of a particular salt, but also on the relative
concentration of the compounds. In this respect, it would be interesting to study the
inﬂuence of crystallization inhibitors on the crystallization behavior of salt mixes. These
inhibitors are able to alter the phase diagrams of salt solutions, but usually do not act
themselves as a source of damage. Therefore, they are often proposed as a way to mitigate
weathering eﬀects.
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APPENDIX: CALCULATION OF SALT CRYSTAL VOLUME
DURING DRYING
We will estimate the pore ﬁlling coeﬃcient, i.e., the relative volume occupied by salt
crystals (thenardite and/or decahydrate) with respect to the pore volume, initially ﬁlled
with a solution. The pore ﬁlling coeﬃcient of a particular salt varies from 0 – no ﬁlling –
to 1 – complete ﬁlling – and can be written in the form:
Vt
,
V0

(9.1)

Vd
ϕd =
,
V0

(9.2)

ϕt =

where ϕt and ϕt are the pore ﬁlling coeﬃcients, and V t and V d are the crystal volumes
of thenardite and decahydrate, respectively. The crystal volume of the thenardite that
is formed is given by V t = Vmt ∆n, where Vmt = 53 cm3 /mole is the molar volume of
thenardite and ∆n is the amount (in moles) of thenardite precipitated by drying. If by
rewetting all thenardite transforms to decahydrate, the volume of decahydrate is given by
V d = Vmd ∆n, where Vmt = 220 cm3 /mole.
The amount of thenardite precipitated by drying can be found from the diﬀerence
between the initial (n0 ) and actual (n) amounts of sodium sulfate in a solution:
∆n = n0 − n =

msalt
− msalt
0
,
Msalt

(9.3)

where msalt
and msalt are the initial and actual masses of thenardite in a solution. The
0
mass of the solution, msol , can be expressed as a sum of the mass of water, mw , and that
of the sodium sulfate dissolved in the solution, msalt :
msol = mw + msalt = nw Mw + nsalt Msalt ,

(9.4)

where nw and nsalt are the actual amounts (in moles) of water and salt in the solution,
respectively, Mw and Msalt are the molar masses of water and salt (in our case respectively
18 g/mole and 142.04 g/mole – thenardite). The concentration of a solution during drying
is:
nsalt
nsalt
,
(9.5)
c= w =
m
θmw
0
where θ is the moisture content and mw
0 is the initial mass of water in the solution. For
salt
θ = 1, when n is equal to the initial amount of salt in the solution (i.e., nsalt = nsalt
0 ), the
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initial concentration of the solution, c0 , can be obtained from equation (9.3). Therefore,
the initial mass of water can be found from equations (9.4) and (9.5) by the expression:
mw
0 =

msol
0
,
(1 + c0 Msalt )

(9.6)

sol
where the mass of initial solution msol
0 = V0 ρ0 . The density of a sodium sulfate solution
3
of 3 M is given by ρsol
0 = 1.34 gr/cm . The inner pore volume is the sample volume times
the porosity, hence V0 = ρpore Vsample , where Vsample = 3.14 cm3 for the samples used in
chapter 7.
Combining equations (9.3)–(9.6), the amount of thenardite precipitated by drying
can be written as:
(
)
c0 − cθ
sol
,
(9.7)
∆n = ρpore Vsample ρ
1 + c0 Msalt

where c is the actual concentration of the solution which is measured by our NMR setup.
If the re-wetting is performed during drying and not all thenardite is transformed to
decahydrate, the concentration of the solution is expected to be in-between the solubilities
of thenardite and decahydrate. The pore ﬁlling ratio of the actually formed decahydrate
(assuming a homogenous distribution of salt in the sample, i.e., P e ≪ 1) can be estimated
in ﬁrst order from the relation of actual concentration of the solution and the solubility
concentrations of thenardite and decahydrate:
(

ϕact
d

)

c − cds
≈ 1− t
ϕd ,
cs − cds

(9.8)

In the case that all thenardite has transformed to decahydrate, we return to the
initial expression (9.1).
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