
 

Crystallization behavior of NaCI droplet during repeated
crystallization and dissolution cycles : An NMR study
Citation for published version (APA):
Gupta, S., Pel, L., & Kopinga, K. (2014). Crystallization behavior of NaCI droplet during repeated crystallization
and dissolution cycles : An NMR study. Journal of Crystal Growth, 391, 64-71.
https://doi.org/doi:10.1016/j.jcrysgro.2014.01.016, https://doi.org/10.1016/j.jcrysgro.2014.01.016

DOI:
doi:10.1016/j.jcrysgro.2014.01.016
10.1016/j.jcrysgro.2014.01.016

Document status and date:
Published: 01/01/2014

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/doi:10.1016/j.jcrysgro.2014.01.016
https://doi.org/10.1016/j.jcrysgro.2014.01.016
https://doi.org/doi:10.1016/j.jcrysgro.2014.01.016
https://doi.org/10.1016/j.jcrysgro.2014.01.016
https://research.tue.nl/en/publications/2e3603dc-03cc-40ce-817f-a03108c57568


Crystallization behavior of NaCl droplet during repeated crystallization
and dissolution cycles: An NMR study

Sonia Gupta, Leo Pel n, Klaas Kopinga
Transport in Permeable Media, Department of Applied Physics, Eindhoven University of Technology, PO Box 513, 5600 MB Eindhoven, The Netherlands

a r t i c l e i n f o

Article history:
Received 28 October 2013
Received in revised form
22 December 2013
Accepted 13 January 2014
Communicated by: T. Nishinaga
Available online 22 January 2014

Keywords:
A1. Crystallization
A2. Nucleation
A3. Supersaturation
B1. Drying
C1. NaCl
D1. NMR

a b s t r a c t

Repeated cycles of crystallization and dissolution of the salt crystals inside the pores of a building
material can provoke damage to that material. To find effective treatment methods against this damage, a
better understanding of the crystallization process is required. For this purpose, a microscopic study on a
sodium chloride (NaCl) solution droplet is performed. The crystallization behavior of NaCl during
repeated crystallization and dissolution cycles is studied using time lapse microscopy along with Nuclear
Magnetic Resonance (NMR). Using NMR non-destructive and simultaneous measurements of hydrogen
and dissolved sodium ions were made. The results show that with repeated cycles the number of
available foreign nucleation sites for salt crystallization decreases. The resulting decrease of the number
of crystals leads to an increase in crystal size. A maximum supersaturation up to 1.16770.08 was
observed.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

It has been known for a long time that the presence of salts
inside the pores of building materials can give rise to damage [1].
Among the various salts present in building materials sodium
chloride (NaCl) is one of the most widely distributed. Sea salt
spray, deicing salts and salinization of soil are possible sources of
NaCl. Until now, the mechanisms that control the development of
damage by the crystal growth are poorly understood. The major
mechanisms generally assumed to be responsible for the damage
including crystallization pressure [2,3].

According to this mechanism, the damage is caused by the
growth of salt crystals in a confined space, e.g., a pore. These
crystals exert a pressure on the pore walls, which can exceed the
tensile strength of the material and therefore lead to damage [2,3].
In natural stones with pore sizes in the range of micrometers, the
crystallization pressure exerted by a crystal growing from a
supersaturated solution of an electrolyte is given by [3]:

Pc ¼
νRT
Vm

ln
C
Co

þ ln
γ7
γ7 ;o

þνo
ν
ln

aw
aw;o

� �
ð1Þ

In this equation, Pc is the crystallization pressure, ν is the total
number of ions released upon dissociation of the salt (e.g. for NaCl,
ν¼¼2), R is the universal gas constant, T is the absolute

temperature and Vm is the molar volume of the salt crystal,
C and Co are the actual concentration and the saturation concen-
tration of NaCl (6.14 m) respectively, γ7 ,o and aw,o refer to the
mean activity coefficient and the water activity of the saturated
solution respectively and νo is the number of water molecules. For
anhydrous salts like NaCl, νo¼¼0, and therefore the last term
within the parenthesis vanishes. Considering ideal behavior, the
second term in the parenthesis also vanishes as γ7¼¼1 for an
ideal solution. So, Eq. (1) can be rewritten as:

Pc ¼
νRT
Vm

ln
C
Co

� �
ð2Þ

In particular for NaCl, the damage mechanism is controversial.
Several experiments have been done to show that NaCl has a low
tendency to supersaturate [4] inside building materials and to
develop a high crystallization pressure to generate damage. In
addition, it is known that NaCl has a tendency to crystallize on
foreign nucleation sites, e.g., impurities on the pore walls [5].
Therefore, crystallization is more likely to occur at low values of
supersaturation. Rijniers [6], has shown that relevant crystalliza-
tion pressures will develop in nm pore sizes, which are usually
absent in traditional building materials, e.g., in fired-clay brick,
mortar and limestone. Nevertheless, serious decay occurs in the
building materials in the presence of NaCl, leaving an open
question with respect to the NaCl damage mechanism. Thus, the
actual NaCl damage mechanism is still not clear.

In lieu of this, in the present study, we have investigated crystal-
lization of NaCl induced by drying of a solution with repeated
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crystallization and dissolution cycles. The crystallization of NaCl in
droplets with repeated crystallization and dissolution cycles has been
studied previously by Desarnaud et al. [7]. They have shown that with
repeated cycles of crystallization and dissolution a small number of
nuclei form which grow to bigger sizes. Also, they have reported that
with more cycles higher supersaturation can be reached before
nucleation and growth. The salt ion concentration was calculated
indirectly. For this purpose the evaporation rate was calculated from
the measured radius of the droplet using microscopic images. Know-
ing the time before nucleation and amount of salt, the salt ion
concentration was calculated. However, with the help of a specially
designed NMR set-up we can measure the salt ion concentration
directly during dynamic drying experiments. In this article, by
combining time-lapse microscopy with NMR measurements, we are
able to follow the dynamics of crystallization and to measure the
dissolved salt ion concentration simultaneously.

2. Experiments

Nuclear Magnetic Resonance (NMR) is used for carrying out
non-destructive, quantitative and simultaneous measurements of
both the hydrogen and sodium ion content in a sample. NMR is
based on the principle that in a magnetic field, nuclei have a
specific resonance frequency and can be excited by a radio
frequency field. The resonance frequency f (Hz) depends linearly
on the magnitude of the magnetic field:

f ¼ γ

2π
Bo ð3Þ

where γ/2π (HzT�1) is the gyromagnetic ratio, B0 (T) is the
main magnetic field. For 1H γ/2π¼¼42.58 MHzT�1 and for

23Na γ/2π¼¼11.26 MHzT�1. Therefore, by using a specific frequency
the method can be made sensitive to a particular type of nucleus, in
this case either hydrogen or sodium. The intensity of a spin-echo
signal (S) as used in our experiments is given by:

S¼ kρ 1�exp � Tr

T1

� �
exp �Te

T2

� �� �
ð4Þ

where, k is the sensitivity of the nuclei relative to hydrogen, ρ is the
density of the nuclei, Tr and T1 are the repetition time of the pulse
sequence and the spin-lattice relaxation time, Te and T2 are the spin-
echo time and spin–spin relaxation time. As the sensitivity of 23Na
nuclei is low relative to hydrogen (kH¼¼1, kNa¼¼0.1), 256 averages
of the spin–echo measurements are taken for Na nuclei and four
averages for hydrogen nuclei, thereby giving the possibility to obtain
a sufficient signal-to-noise ratio. Since the relaxation time for Na in
NaCl crystals is of order of 10 ms [8] only dissolved Na ions are
measured using the NMR set-up. For the experiments presented
here, a home-built NMR scanner with a static magnetic field of
0.78 T and a magnetic field gradient up to 0.16 T/m is used. To
perform quantitative measurements a Faraday shield is placed
between the coil and the sample [9]. The measurements were done
at room temperature. A schematic diagram of the set-up is pre-
sented in Fig. 1.

Time lapse microscopy of the crystallization was done using a
Dino-lite digital microscope©, with four LED0s placed below the
substrate as a lighting source for imaging within the NMR setup.
Capturing the photomicrograph along with the NMR measure-
ments gives the possibility to visualize drying droplets while
simultaneously obtaining information about the NaCl concentra-
tion of the droplets. From the ratio of the sodium (Na) and
hydrogen (H) signals (Na/H) the concentration of Na in a solution

Faraday 
shield 

B0

Digital microscope 

Air flow 
RH chamber 

RF coil 

LED Sample holder 
(quartz) 

4× 

Fig. 1. Schematic diagram of NMR set-up used for non-destructively measuring the salt ion concentration during droplet drying experiments. A 300 ml droplet of 5 m NaCl
was placed on a quartz glass holder. Time lapse microscopy of the drying droplet was done by incorporating a digital microscope in the set-up. Using a Perspex chamber the
desired humidity was maintained around the droplet.
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droplet is calculated. Using NMR the average concentration i.e.,
Cavg at a given time t is determined as:

CavgðtÞ ¼ Ri

Ci
� RðtÞ ð5Þ

In this equation, Ri is the ratio of the average sodium signal to
the average hydrogen signal at time t¼0, Ci is the initial known
concentration (5 m) and R (t) is the ratio of the average sodium
signal to average hydrogen signal at time t¼t. Using simultaneous
time lapse microscopy, we can see exactly at which concentration
the salt crystal appears. Hence, we can relate the onset of crystal-
lization with the Na concentration in the drop. A cylindrical quartz
glass sample holder with an inner diameter of 16 mm was used.
Droplets of 300 ml salt solutions (5 m NaCl) were dried at room
temperature using an air flow of about 1 l min�1 to maintain the
humidity in the chamber. Using a Perspex chamber the humidity
around the droplet was controlled (see Fig. 1).

Crystallized salt in a building material can dissolve by two
possible ways; either by uptake of water vapor, e.g., in high
humidity regions or by uptake of pure water, e.g., by capillary rise
of ground water and infiltration by rain water. To see the effect of
both these dissolution conditions on the dynamics of NaCl crystal-
lization, two series of experiments were performed: dissolution
using water vapor and dissolution using pure water. Dissolution
using water vapor was done by applying a high RH (98%) in the
chamber and dissolution using pure water was done by adding
300 μl of water. For both the experiments three cycles of crystal-
lization and dissolution were performed.

3. Results and discussion

We have studied the drying of a droplet of salt 5 m NaCl
(mol/kg) solution on a quartz glass substrate. Repeated crystal-
lization and dissolution cycles using water vapor (Section 3.1) and
using liquid water (Section 3.2) have been performed at room
temperature. Initially, the results from the dissolution using water
vapor followed by dissolution using liquid water and then advec-
tion diffusion diagram for the droplets will be discussed.

3.1. Dissolution using water vapor

In cycle 1, a 5 m salt solution droplet was dried by maintaining
45% RH in the sample chamber. The measured normalized sodium
and hydrogen content of the droplet as a function of time are given
in Fig. 2a, whereas the calculated dissolved salt ion concentration
is given in Fig. 2b. Immediately after the drying starts the moisture
content decreases whereas the dissolved sodium content remains
constant (see Fig. 2a). As a result the concentration in the droplet
increases (see Fig. 2b). After about 1 h a decrease in the sodium
content occurs, indicating crystallization. This onset of crystal-
lization is also observed by direct visualization (see Fig. 2c) where
a large numbers of small cubic crystals are seen near the boundary
of the droplet and a few small crystals in the center of droplet. At
this time (�1 h), the average concentration was 5.8 m (see
Fig. 2b). Near the end of the drying cycle, a few bigger NaCl
crystals, surrounded by small cubic crystal were seen at the center
of the substrate (see Fig. 2d).

From the microscopic images the crystal size was determined.
The results are shown in Fig. 3a. The average crystal size was
1.4770.3 mm (see Fig. 3a). The crystal growth rate was also
evaluated from the images taken after the first crystal was seen.
For the growth rate calculations the crystal size was determined
as a function of time. This was done for four crystals (see Fig. 3b).
The reported growth rate is the average growth rate of the
four crystals measured during initial growth rate period (indicated

by dotted lines in Fig. 3b). The growth rate was found to be
0.26770.03 μm s�1 (see Fig. 3c).

The onset of crystallization was observed at an average con-
centration of 5.8 m, whereas the saturation concentration of NaCl
is 6.14 m. This difference may be caused by the fact that with NMR
we measure the average concentration (Cavg) over the whole
volume of the droplet. Close to the saturation concentration a
large number of small cubic crystals were formed near the edge of
the droplet (see Fig. 2c). This is due to the pinning of the contact
line near the edge of the droplet [10]. If the contact line is pinned
during evaporation process, evaporation drives capillary flow that
transports water from the center towards the periphery, the well-
known coffee–stain effect [10]. This causes a higher salt ion
concentration near the edges than in the bulk, causing the first
crystals to appear near the edges. Due to this reason the reported
average concentration was less than 6.14 m.

After complete drying, the crystals were dissolved by main-
taining 98% RH in the sample chamber. As the equilibrium relative
humidity for NaCl is 75%, the salt crystals will capture the water
vapor from the surrounding air followed by their complete
dissolution with time. The measured sodium and hydrogen con-
tent during dissolution is shown in Fig. 4a and the calculated
concentration is shown in Fig. 4b. During dissolution a constant
increase in the moisture content and the dissolved sodium content
was observed and the concentration in the droplet remained
constant nearly at the saturation concentration, i.e., 6.14 m.
After�40 h, the sodium content became constant indicating the
complete dissolution of the salt crystals. However, the moisture
content was still increasing at this time. This is due to the relative
humidity gradient between the surface of the droplet (75%) and in
the surrounding environment (98%). So, the water vapor will
condense on the surface of the droplet. Due to this fact, the
moisture content was still increasing (see Fig. 4a) and a slight
decrease in the salt ion concentration is seen (see Fig. 4b).

By this time, as all NaCl crystals have dissolved, the second
cycle (cycle 2) of drying was started. It should be noted that in
cycle 2 the starting salt ion concentration is higher (�5.6 m) than
that of cycle 1 (5 m). For drying of the droplet, the procedure of
cycle 1 was repeated. The droplet formed by deliquescence of
crystals was dried again at 45% RH. In cycle 2, the droplet-
substrate contact area was smaller (seen from images) compared
to cycle 1, where droplet was introduced on the substrate using a
micro pipette. So in cycle 2, lesser no. of surface imperfections and
impurities sticking to the substrate (e.g. dust particles) will be
available for nucleation compared to cycle 1. This might also
reduce the number of available foreign nucleation sites per unit
volume of the droplet. During drying, a single crystal was seen
growing. With time, as it grew bigger in size, a lot of small
particles/impurities were seen sticking on the surface of the
crystal (see Fig. 5a). This will also decrease the number of available
foreign nucleation sites (e.g. dust particles) in the droplet itself for
the crystals to grow. Furthermore, during drying contraction of the
droplet contact line was seen and the impurities will be left
behind on the surface of the substrate [7]. A significant decrease
in the number of crystals was seen in cycle 2. Only 3 crystals were
observed at the end of the drying cycle (see Fig. 5a). Due to the
formation of fewer nuclei, the crystals formed in this case were
much bigger in size (see Fig. 5a), because the same amount of salt
ions has to be consumed by less number of nuclei. The average
crystal size in cycle 2 was found to be approx. 4.5770.5 mm,
which is more than twice the crystal size in cycle 1 (see Fig. 3a).
The average growth rate of the crystals was 0.6770.04 μm s�1

(see Fig. 3c). The onset of crystallization was observed at an
average concentration of 6.8770.5 m giving a supersaturation
of 1.10770.08 (see Fig. 3d). After complete drying the crystals
were dissolved by applying 98% RH in the sample chamber.

S. Gupta et al. / Journal of Crystal Growth 391 (2014) 64–7166



The complete dissolution in this case took a longer time than in
cycle 1. This is due to the bigger size of the crystals and is in
agreement with previous work [7].

After complete dissolution, cycle 3 was started. For this cycle, the
same procedure of crystallization and dissolution was performed

again. The results show that the system behaves about the same in
cycle 2 and cycle 3. The average crystal size observed here was
nearly 4.3770.6 mm which is approx. the same order that was
observed in cycle 2 (see Fig. 3a). The onset of crystallization
occurred at an average concentration of 6.58770.5 m, giving a
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Fig. 2. Results from deliquescence experiments during drying cycle 1. In Fig. 2a, the measured normalized moisture (H) content (o) and normalized sodium (Na) content (Δ)
are plotted as a function of time during drying of the droplet. In Fig. 2b the calculated NaCl concentration ( ⎕ ) is plotted as a function of time during drying of the droplet.
Fig. 2c shows the onset of crystallization, where small cubic crystals were seen near the boundary of the droplet, whereas, Fig. 2d shows the crystals at the end of the
drying cycle.
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supersaturation of 1.07770.08 (see Fig. 3d), and the growth rate
was found to be 0.41770.05 μm s�1 (see Fig. 3c). After cycle 3, the
drying behavior was found to remain the same.

Our observations are in good agreement with a previous study
[7]. The authors have reported that with repeated cycles the
number of crystals decreases and the growth rate increases. The

retraction of the droplet seen during cycle 2 of our experiment has
also been observed by the previous authors [7]. In cycle 2, a larger
number of impurities were sticking on the surface of crystal,
thereby reducing the available nucleation sites in the droplet. Also
retraction of the droplet in cycle 2 shows that the contact line was
not pinned in repeated cycles. As a consequence of this we did not
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observe small cubic crystals growing near the edge of the droplet
in cycle 2. A decrease of the number of crystals leads to an increase
in the crystal size. Since, the droplet is drying under same external
conditions a decrease in the number of crystals leads to an
increase of the growth rate of the individual crystal. The increase
of the growth rate is only possible when supersaturation is
present, as was seen observed in cycle 2 and cycle 3 [7].

3.2. Dissolution using pure water

For this series of experiments, three cycles of crystallization
and dissolution were performed. For this purpose, pure water was
added to dissolve the crystals instead of water vapor. In cycle 1 we
started with the drying of a 5 m salt solution droplet by main-
taining 45% RH in the sample chamber. Once the salt crystals were
formed, 300 μl of pure water was added on top of the crystals
using a micropipette to dissolve the crystals. This will dilute the
droplet more in cycle 2 and cycle 3 compared to cycle 1, where the
initial total volume of the droplet was 300 μl, i.e., volume of
waterþvolume of salt. Therefore, the initial dissolved salt ion
concentration will be less in cycle 2 and cycle 3 than in cycle 1.
After dissolution of crystals, cycle 2 of drying was started by
maintaining 45% RH in the sample chamber. This way, three cycles
of wetting and drying were performed.

The dissolution of the crystals using pure water was much faster
than with water vapor. Immediately after addition of water, a water
film was seen spreading initially on the top of the crystals and later
filling the space in between the crystals. The crystal size, growth rate
and the supersaturation for all three cycles are shown in Fig. 3a, c and
d respectively. The results show that with repeated cycles the number
of crystals decreases and the size of the crystals increases (see Fig. 3a).
The average crystal sizes at the end of the drying cycles were
1.6770.6 mm, 4.7771.3 mm and 3.7770.6 mm. The growth
rate of the crystals for cycle 2 and cycle 3 was found to be
0.7770.05 μm s�1 and 0.67770.08 μm s�1 (see Fig. 3c) and the

onset of crystallization occurs at 7770.5 m giving a supersaturation
of 1.14770.08 in cycle 2 and at 7.1770.5 m giving a supersatura-
tion of 1.16770.08 in cycle 3 (see Fig. 3d). In our results for the
deliquescence and dissolution cycles, almost similar behavior was
seen in terms of number and size of crystals and in terms of
supersaturation.

3.3. Analysis of advection-diffusion processes in a droplet

In order to identify the ion transport mechanism in a salt
solution droplet the data is plotted in an Advection Diffusion
Diagram (ADD) that is somewhat similar to the so-called Efflores-
cence Pathway D1iagram (EPD) [11,12]. As the droplets geometry
is dynamically changing because of the de pinning of the contact
line during drying, a direct calculation of the Peclet number is
rather complicated. However, an estimation of the Peclet number
can be obtained from the experimental data by using ADD. In this
diagram, the dissolved sodium content of the droplet is plotted as
a function of the water content of the droplet, normalized with
respect to the initial content. The relative sodium content gives a
direct indication of the amount of dissolved salt ions in the
solution. Therefore, a decrease can only take place when crystal-
lization occurs. On the other hand, the relative water content is
directly related to the drying behavior of the system. Hence by
plotting the relative sodium content as a function of the relative
water content gives us a direct relation between the crystallization
and the drying. The results for dissolution using water vapor are
given in Fig. 6a, and for dissolution using liquid water in Fig. 6b. In
this diagram, the competition between advection and diffusion
is shown.

Two extreme situations can be distinguished. If diffusion
dominates (Peo1), it will result in a homogeneous distribution
of ions throughout the droplet. Hence during drying the volume of
the droplet will decrease and the concentration will increase
homogenously, till the saturation concentration 6.14 m is achieved.

Impurities 

Crystal 

Fig. 5. Dissolution using water vapor: NaCl crystals observed at the end of drying cycle 2 (Fig. 5a) and cycle 3 (Fig. 5b), Dissolution using liquid water: NaCl crystals observed
at the end of drying cycle 2 (Fig. 5c) and cycle 3 (Fig. 5d).
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From this moment onwards any further drying will cause crystal-
lization and the concentration will stay constant at 6.14 m. If
advection dominates (Pe41), it will result in the concentration
gradients in the droplet, e.g., convective flow of the ions towards
the periphery, resulting in crystallization patterns somewhat
similar to coffee–stain effects. In this case, as soon as the volume
of the droplet decreases immediate crystallization of salt will
occur if there are enough nucleation sites (e.g. near the periphery).
In this case, the ratio of dissolved salt to water and hence the
concentration remains almost constant.

3.3.1. Water vapor dissolution
In Fig. 6a, the data for the dissolution using water vapor for all

the three cycles have been plotted. In cycle 1, where we observed
something similar to the coffee–stain effect, we expect advection
to be the governing process. As can be seen in Fig. 6a, near the

crystallization point a path in between two extreme situations is
followed. This indicates that advection was the governing process
near the crystallization point. Towards the end of drying, the
concentration gradients vanish and the concentration stays con-
stant at the saturation concentration.

In cycle 2 and cycle 3, the starting concentration is higher than
the starting concentration in cycle 1. The second cycle of drying
was started once all the salt crystals had dissolved. The results
show that initially the dissolved salt ion concentration increases
up to the saturation concentration. The droplet then supersatu-
rates in cycle 2 and cycle 3, reaching a maximum concentration
in the order of 6.8 m. From this moment onwards further
drying causes salt crystallization and the dissolved sodium
content decreases. After a certain time a path corresponding to
Peo1 is followed, indicating that diffusion is dominant thus, the
salt ion concentration remains homogenous throughout the
droplet.
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Fig. 6. In Fig. 6a, advection-diffusion analysis diagram for the droplet wetted using water vapor (deliquescence) and in Fig. 6b, advection-diffusion analysis diagram for the
droplet wetted using liquid water (wetting) is given. The total amount of dissolved sodium in the droplet is plotted as a function of the volume of the droplet (V). Both the
axes are normalized with respect to the initial volume of the droplet (Vinitial).
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3.3.2. Liquid water dissolution
In Fig. 6b, the data for dissolution using liquid water for all the

three cycles has been plotted. Cycle 1 was the same as for water
vapor dissolution. In cycle 2 and cycle 3, the starting concentration
was lower than the starting concentration in cycle 1. This is due to
the fact that initially the droplet of 300 μl containing 88 vol% (i.e.
264 μl) of water and 12 vol% (i.e. 36 μl) of salt, giving a concentra-
tion of 5 m. For the dissolution 300 μl of water was added instead
of 264 μl. This diluted the solution a bit more than in cycle 1, giving
an average concentration of 4.6 m instead of 5 m. Therefore, the
initial dissolved salt ion concentration was less in cycle 2 and cycle
3 than in cycle 1. In cycle 2 and cycle 3, initially the dissolved salt
ion concentration remains homogenous and increases up to the
saturation concentration. The droplet then supersaturates, reach-
ing a maximum concentration of 7.1 m. Due to crystallization the
dissolved sodium content decreases. After a certain time a path
with Peo1 is followed. Consequently, we observed more or less
the same behavior as for water vapor dissolution.

For both cases (deliquescence and dissolution) we found that
with repeated cycles the number of crystals reduces and the size of
the crystals increases. Our results are in good agreement with a
previously reported study. However, we could never reach a
supersaturation as high as S¼¼3, as was reported [7]. The
maximum supersaturation in our experiments was around
1.16770.08. In the previous study it was reported that the
process of making less crystals with a bigger size is more efficient
by deliquescence cycling than by rewetting using liquid water.
However, we observed about the same behavior in terms of
number and size of crystals and also in terms of supersaturation
for both deliquescence and dissolution cycles. A possible explana-
tion for this difference may originate from the different experi-
mental conditions. In our experiments, we used a volume of 300 ml
compared to the volume of 0.1 ml used in [7]. Because of the bigger
volume (3000 times) in our case the probability of heterogeneous
nucleation on the dust particles or impurities is also higher. This
will prevent the system from being highly supersaturated. In order
to check this effect a droplet drying experiment was performed on
a smaller volume of the droplet. A droplet of 100 ml was dried
under the same conditions as were used for 300 ml droplet.
Repeated humidity cycles were given. However, in this case also,
we saw approx. the same supersaturation behavior as was seen in
case of 300 ml droplet. We could never reach a supersaturation
higher than 1.16 in our experimental conditions. It should be noted
that the droplet volume was still significantly bigger (1000 times)
than the volume used in [7]. Besides, dust particles in the air flow
in our experiments may act as a source of nucleation sites. Note
that using NMR an average concentration over the whole volume
of the droplet is reported. At the crystallization moment, concen-
tration gradients might evolve in the droplet because salt ion
concentration can be much higher in the vicinity of crystal than in
bulk of the droplet. For such a case, the actual supersaturation at
which crystallization occurred can be higher than the one reported
on the basis of average concentration.

From the known value of supersaturation in our experiments,
assuming ideal behavior, the crystallization pressure (Pc) is calculated
using Eq. (2). For a maximum supersaturation of 1.16 seen in our case,
the calculated value of Pc¼¼27.15 MPa (Co is 6.14 mol kg�1 at
298.15 K, ν¼¼2 for NaCl, Vm¼¼27.02 cm3mol�1). However, the
intermolecular interactions between liquids are stronger than gases
and cannot be simply neglected. Therefore, the assumption of ideal
behavior can introduce significant errors in the calculation of crystal-
lization pressure. For example, accounting non-ideal behavior, for a
supersaturation of 1.16 the crystallization pressure (Pc) is calculated
using Eq. (1). It is found to be 50.09 MPa (the values of mean activity

coefficient for NaCl were taken from reference [13]), which is �1.84
times higher than the one calculated assuming ideal behavior. If this
value of Pc exceeds the critical failure strength of the building material,
the damage will occur. However, it must be kept in mind that inside a
building material enough surface area is available in the form of pore
walls for the heterogeneous nucleation to take place. This may be
reason in some studies supersaturation of NaCl inside building
materials is never observed [4].

4. Conclusions

Repeated cycles of crystallization and dissolution were per-
formed on a NaCl solution droplet. The crystallized salt was
rewetted either with water vapor (deliquescence) or with liquid
water (wetting). Almost similar behavior in terms of number and
size of crystals and in terms of supersaturation was seen for the
deliquescence and dissolution cycles. With repeated cycles, larger
numbers of impurities were seen sticking on the surface of crystal,
thereby reducing the available nucleation sites in the droplet. This
leads to a significant decrease of the number of crystals in the later
cycles. A decrease of the number of crystals leads to an increase of
the growth rate of the individual crystals, since the droplet is
drying at the same external conditions and therefore the evapora-
tion rate is the same. The increase of the growth rate is only
possible when supersaturation is present, as was seen in cycle
2 and cycle 3. With progression of cycles, an increase of the
supersaturation up to 1.16770.08 was found. If such a high
supersaturation can be achieved inside a building material, the
resulting crystallization pressure can be harmful.
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