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Abstract

Salt crystallization is a major agent of deterioration in buildings, especially important when belonging to a city’s
cultural heritage. The study of this process is therefore essential to understand the decay evolution and to establish
a correct preservation protocol to avoid future interventions. KNOs is a salt found commonly associated to other
salts in weathered areas of buildings. In order to recognize the presence of this salt without sampling, the
crystallization of KNO5 was assessed by means of a new non-destructive tool, the infrared thermography. The
supersaturation necessary for the nucleation of crystals was obtained by evaporation of solution droplets that
allowed the recording of all the processes with an infrared thermography camera. The droplets were tested at
different temperatures by placing them on an electric plate at 20 °C and 50 °C to simulate real conditions of
building stones placed outdoors and also at 75 °C to emulate extreme situations of stones in arid environments.
The droplets evaporated from four different substrates all of them with different interstitial properties: a black 3M
tape frequently used as a reference substrate in similar works, a glass slide, and a marble plate with two different
artificial finishes, polished and sawed. Thus, the contact angle was around 30° on the glass substrate, over 60° on
the 3M tape and the polished marble, and close to 90° in the case of the sawed marble. Results highlighted the
usefulness of the infrared thermography in the study of crystallization processes. The exothermic reaction
associated to crystallization was too low to be observed, and only punctual heat release spots were recorded.
However, a creeping process that creates efflorescence crystallization was clearly observed as an intermittent
decrease in the thermographic signal preferentially at high temperatures. The contact angle of the droplet with the
surface played an important role in the crystallization type (crystal shape, location, spreading length) when
comparing different substrates (i.e, glass and black tape). The different test temperatures revealed different
behaviors related to the substrate. The solution spread more at 20 °C on the black tape creating efflorescences
while at 50 °C this kind of crystals formed on the stone with both finishes. At 75 °C, the solution spread uniformly
over the surface of the glass slide while crystals grew on the top of preexisting ones for the three other substrates
with higher contact angle.
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Introduction

The understanding of salt behavior is an essential topic
in the past and current research due to their contribu-
tion in several phenomena affecting everyday life. Thus,
the knowledge of salt crystallization and phase change
are essential for many fields such as catalysis, energy
storage, food research, building stability, and durability
and artwork conservation (Telkes 1980; Barta et al.
1986; Graber et al. 1999; Benavente et al. 2004; Aquilano
et al. 2016). Several salts such as sodium chloride, so-
dium sulfate, magnesium sulfate, or gypsum are the cen-
ter of current researches due to their interest for the
society in the mentioned fields. Nevertheless, the intri-
cate processes associated to their formation make neces-
sary the use of complex and high-resolution techniques
to achieve further knowledge (Hamilton and Menzies
2010; Saidov et al. 2012; Derluyn et al. 2014; Vazquez et
al. 2015). Nitrates are associated to the damage observed
in cultural heritage although their studies are less spread
(Maguregui et al. 2008). Regarding the current environ-
ment and the salt distribution in stone buildings and art-
works, nitrate sources are related to pollution
(Maguregui et al. 2008; Gibeaux et al. 2018) as industry
and diesel shoots affecting mainly areas of high traffic
concentration (Lebret et al. 2000). Another nitrate
source in buildings is the capillary rising water, especially
in an agricultural environment, with fertilizers and ani-
mal fecal rests rich in this substance (Curt et al. 2004).
Due to the high solubility of nitrates and the fact that
KNOj; crystallizes in high relative humidity (up to 95%
at 20 °C and up to 75% at 75 °C), this salt can be found
not only in the surface but also within the porous net-
work, independently of the total porosity, the pore size,
and distribution in the rocks. Even very compact stones
can be affected by the damage caused by nitrate
crystallization, as the case of basalt, granite, or marble
(Dei et al. 1999).

The thermodynamic conditions vary in relation to the
porous media. Crystallization of potassium nitrate in
porous stones results in an exothermic reaction, while
thermal reaction was not observed in calcareous com-
pacted stones such as marble (Dei et al. 1999). Even
within porous stones, the thermal behavior differs from
the porous network. The study on cooling solutions also
reported temperature variations during crystallization
(Barta et al. 1986). Therefore, the study of single droplets
becomes necessary in order to understand the
crystallization processes without medium constraints
and in stable conditions.

The use of infrared thermography (IRT) has been widely
adopted over the last several years in many fields such as
medicine, chemistry, and security, and it is a basic tool in
civil engineering which works even for those requiring
special attention as in the case of cultural heritage due to
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its non-destructive character (Avdelidis and Moropoulou
2004; Bodnar et al. 2013; Bagavathiappan et al. 2013). One
of the last applications of this technique was laboratory
detection of moisture and salts (Gomez-Heras et al. 2013;
Thomachot-Schneider et al. 2016; Lelarge et al. 2017) and
the study of salt crystallization from evaporation droplets
(Parsa et al. 2015; Vazquez et al. 2014; Vazquez et al.
2015; Vazquez et al. 2018; Sartor et al. 2017) and also in
buildings of cultural heritage (Lerma et al. 2014).

Vézquez et al. (2015) presented the study by IRT of so-
dium chloride from an evaporating droplet, with the dif-
ferentiation of three phases in relation to the
thermosignal variation. Some chemical processes trigger
heat exchange reactions such as water evaporation
(endothermic reaction) or crystallization (exothermic re-
action). Nevertheless, this energy is not always strong
enough to be detected by the IRT camera. The
crystallization from a droplet entails a variation in shape
and consequently in emissivity which allows observing
other phenomena of the crystallization process (Vazquez
et al. 2014; Véazquez et al. 2015; Vazquez et al. 2018).
The variation in shape during evaporation is strongly re-
lated to the interface droplet substrate and may condi-
tion the evaporation and crystallization process
(Shahidzadeh-Bonn et al. 2008).

The aim of this research is to deepen the understand-
ing of the crystallization process of KNO3 which con-
ducts material deterioration of cultural heritages
preferentially in urban areas. For this purpose, the evap-
oration of single droplets was assessed by IRT at differ-
ent temperatures and on different substrates.

Methods/experimental

The experimental setup is shown in Fig. 1. In this study,
the crystallization of KNOj3 droplets was analyzed by
means of a FLIR SC655 long-wave infrared thermog-
raphy camera operating in the wavelengths 7.5-14 pm
and with a detection temperature ranging from —40 to
150 °C with a sensitivity of 0.1 °C. The detector is an un-
cooled array of microbolometers. The image size is
640 x 480 pixels, and the noise signal is approximately
40 mK. As in previous works (Vdzquez et al. 2015), the
recorded signal is called thermosignal (TS). The TS de-
pends on the temperature and emissivity and is
expressed in isothermal units (IU). All measurements
were undertaken using the passive IRT mode, ie.,
without external changing stimulus. All the processes
experimented by the droplets were recorded at con-
stant temperature. Prior tests concluded that the opti-
mal recording speed (frame rate) was one image per
second throughout the test for the conditions used.
The images were treated and analyzed with the
ResearchIR software (FLIR).
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Camera IRT

Cooling plate

Evaporated droplets on
a black tape support

Fig. 1 Experimental setup

The supersaturation needed for the crystallization was
obtained by the evaporation of the solvent. Six droplets
were dropped in a determinate substrate with a micro-
pipette (5 pL) in each test. KNOj3 solutions were pre-
pared with distilled water at saturations of 80% at three
different temperatures of 20 °C, 50 °C, and 75 °C (purity
of >99%, Sigma Aldrich). These solutions were prepared
at the same temperature than the substrates, and the
80% saturation was chosen to avoid the possible nucle-
ation by cooling during the process of placing the drop-
let on the support.

Twelve different tests were conducted combining three
temperatures of 20 °C, 50 °C, and 75 °C and four sub-
strates: industrial black tape (3M), microscopy glass
slide, polished Amarillo Triana marble, and sawed Ama-
rillo Triana marble. The black adhesive tape was stuck
on a microscopy glass slide, and the droplets were
dropped on it. This material served as a reference (Véz-
quez et al. 2015) since its emissivity was determined to
be 0.96 in the wavelength analyzed by the camera. On
the other three substrates, a small piece of this 3M tape
was also stuck to serve as reference point. The glass
slide was the one used to make microscope thin sec-
tions. The Amarillo Triana marble is a yellow marble
with < 1% porosity (Vazquez et al. 2013). Samples were
2x2x0.1 mm, with the same thickness than the glass
slide for glass and 3M tests and showed two artificial
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finishes (saw and polish). All the supports were cleaned
with alcohol before each test to minimize the presence
of impurities.

The use of four different substrates, among them also
stone, had the purpose of determining the differences in
solution spreading and crystallization processes between
reference materials (black tape and glass) and real stone
used in buildings (marble). The different surface rough-
ness and the character more or less hydrophilic or
hydrophobic of the materials lead to a different contact
angle between the droplet and the substrate. This angle
seems to condition the crystallization process and the
crystal patterns (Shahidzadeh-Bonn et al. 2008). For that
reason, the contact angle between the droplets and the
four substrates was measured at room conditions (20 °C)
on 10 droplets for each substrate.

Test temperatures were set constant with the help of
cooling plate Tetech CP-061 with a precision of 0.01 °C.
The substrates were placed on the cooling plate until
they reached the equilibrium with the environment at
the set temperature (20 °C, 50 °C, and 75 °C). The sam-
ple temperature was measured with thermocouples with
a precision of 0.05 °C. In the experimental setup, the
risks associated to environmental variations were mini-
mized (control of temperature, humidity, and light).
Nevertheless, some variables were introduced due to the
human factor of some tasks such as the deposition of
the droplets.

Once the droplets crystallized, the crystal morphology
and distribution were assessed by optical microscopy
with the aid of an Olympus SZH-ILLB stereomicroscope
with a digital Tri-CCD camera (Sony, DXP 930) and
image analysis software Saisam from Microvision
Instruments.

Results

Contact angle measurements

Average and standard deviation of 10 contact angle mea-
surements are shown in Table 1.

The lowest value corresponded to the glass support,
i.e., the most hydrophilic, with a wide difference with the
rest of materials. The black tape, used as reference in
some related studies (Vdzquez et al. 2014, Vézquez et al.
2015), showed higher values but slightly lower than the
marble whatever its surface finish. Dei et al. (1999)

Table 1 Average and standard deviation of contact angle of
KNO3 droplets in four different supports. N= 10

Support Average St. Dev.
Black tape 68 3

Glass 33

Saw marble 89 9
Polished marble 74 5
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measured contact angles of 30° for sandstones and 50°
for calcareous stones. That can be interpreted as the
black tape having similar values to a slightly porous
stone. The sawed sample showed an almost vertical
angle with the support while the polished marble with
softer and flatter surface presented lower values.

Droplet shape

After crystallization, four different zones were detected.
Figure 2 shows the thermal image of the droplet and the
visible photograph with the different zones. From the in-
side to outside, the first one was the inner circle (A), in
which the crystals were well-formed due to the longer
permanence of the solution. They showed mainly acicu-
lar or needle shape. This habitus is typical when salt
crystallizes in a non-porous system (Dei et al. 1999) and
is known as the stable phase of KNO3 which in this case
were all the supports. The second visible zone corre-
sponded to the liquid droplet edge, and in this area (B),
the crystals precipitated as a crown of higher relief that
surrounds the crystals. The third area was the efflores-
cence area (C) that exhibited visible crystals with vari-
able shape formed by the solution spreading out of the
droplet edge. The last zone, not always observable, cor-
responded to the halo (D), in which no crystals were vis-
ible through a binocular microscope but show a shadow
that indicated crystal formation. The halo spread further
than the efflorescences.

The dimensions of these four zones have been mea-
sured to compare the droplet behavior related to the dif-
ferent substrates and temperatures (Fig. 3). The number
of measurements was variable in relation to the droplet
though a minimum of three values was required for each
zone in each of the six droplets. The results are shown
in Table 2.

The tests at different temperatures revealed variations
in crystal shape and spreading. As observed in Figure 3
and corroborated by the results in Table 2, at low tem-
peratures, the crystals in the droplet center (A) were
longer. Due to the big size of these crystals and the fact
that the rest of the solution tended to flow out of the
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edge, zone B appeared deformed and its dimension was
difficult to observe and measure. The efflorescences
spread through the support at low temperatures while
they grew preferentially in height at high temperatures
except for the glass. Evaporation was faster at 50 °C and
75 °C and produced the crystallization of efflorescences
on the top of pre-existent crystals (zone B). The halo
was hardly visible at low temperatures as the residual so-
lution precipitated as efflorescences while at high tem-
peratures the evaporation was too fast to produce visible
crystals.

Regarding the substrate, the black tape showed the
most homogeneous precipitations while in the glass sup-
port the solution spread considerably through the sur-
face, which made difficult to recognize the crystallization
pattern, even impossible at 75 °C. The two stone finishes
showed similar precipitation shapes, slightly more spread
in the polished finish. In both cases, the center ring
looked deformed with respect to the black tape and the
stone color made it difficult in some occasions to ob-
serve and measure the halo.

Thermal response
The image of the droplets just after their deposition re-
vealed a lower TS than the support (Fig. 2a). These dif-
ferences were due to two factors: temperature and
emissivity. Since the laboratory room was set at 20 °C, in
the test at 20 °C, no temperature variations existed be-
tween the substrates, the droplet edge, and the droplet
top. Thus, the lower signal emitted by the droplet was
due to emissivity variations. These variations could be
due to the shape effect, for which emissions with angles
higher than 45 °C were not received by the camera, and
thus, the total signal was lower than a flat shape solu-
tion. During the test at 50 °C and 75 °C, the substrate
was hotter than the environment and this introduced a
temperature gradient within the droplet in which the
top had lower temperature than the bottom and the
edges.

During the process of crystallization from a droplet,
different phases could be determined as observed by

Fig. 2 Droplets observed by IRT and binocular microscope. (a) Infrared image of a droplet at the beginning of the test. (b) Infrared image of the
same droplet after complete evaporation. (c) Visual image of the evaporated droplet with the four studied zones
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20°C

50°C

75°C

BLACK TAPE

GLASS

SAWED MARBLE

POLISHED MARBLE

Fig. 3 Evaporated droplets. Pictures of a representative evaporated droplet for each substrate and temperature
.

IRT. As explained in Vzquez et al. 2015, the thermosignal
differences between the droplet and the reference black

tape profiles (ATS) could be divided into three phases:

Phase I: Homogeneous evaporation of the droplet. The
difference of TS between the droplet and the substrate
reduced homogeneously and was more evident in the
droplet center (Fig. 4a). The droplet became flatter,

reducing the emissivity losses, and also thinner, reducing

the temperature gradient and approaching the support

temperatures. During this phase, some nucleation in the

center of the droplet could occur, although the TS

emitted was too low to be observed by the IRT.

Phase II: Crystallization. The crystals’ shape became

visible with or without visible thermal reactions. The
TS was still slightly lower than the support due mainly
to the relief (Fig. 4) and allows to observe the shape

occasionally.
Phase III: Creeping. This phase corresponded to

efflorescence growth, and it was easily identified by an

Table 2 Measurements carried out in the four zones of the droplets. Average values from six droplets with at least three

measurements for zone and droplet

Black tape (mm) Glass (mm) Sawed marble (mm) Polished marble (mm)
Zone 20 °C 50 °C 75°C 20 °C 50 °C 75 °C 20 °C 50 °C 75 °C 20 °C 50 °C 75°C
A 22 12 0.6 33 1.0 / 16 08 / 21 1.1 /
B 37 39 36 6.6 28* / 58 32 28 48 4.0% 26
C 1.6 0.8 1.1 22% 17 11.4% / 09 0.8 24 2.1 06
D 0.1* 1.0 0.8 0.2* 04* 1.2% / / / 0.5% / 16

A, average of acicular crystals; B, circle diameter; C, average of efflorescence ratio; D, average of halo ratio; * not visible in all the droplets
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intermittent decrease of the TS. Depending on the salt
and the temperature, this process may vary in intensity
and duration.

Depending on where the TS was recorded, the order
of phases may be different from the succession of phase
described above for the center of the droplet. For ex-
ample, in the edge of efflorescence area (zone B), phase I
could be missing or creeping (phase III) could occur be-
fore crystallization (phase II) (Fig. 4b).

Regarding the zones corresponding to the efflores-
cence (zone C) and halo area (zone D), at the beginning
of the evaporation, the measurement point was placed
outside the droplet, on the substrate, and ATS was equal
or close to zero. When the solution reached the meas-
urement point, the TS became negative since the signal
was lower than the black tape. Then, the thermosignal
varied. It could show creeping (phase III), an evapor-
ation of the solution ATS =0, a crystallization ATS <0,
or even the three processes.

Discussion

The differences in the final shape of the crystallized
droplets in relation to the temperature and the support
indicated that the formation processes were also differ-
ent (Gomez-Heras and Fort 2007; Shahidzadeh-Bonn et
al. 2008). The thermal response probed these behaviors.

The thermal response was similar for the six droplets
of each test. The representative profiles obtained from
each temperature, on each support, and for three zones
(center, edge, and halo) were drawn in Figs. 5, 6, and 7.

Concerning the profiles measured in the droplet center,
the first remark was focused on the starting point. As men-
tioned above, the top of the droplet had a lower TS than
the reference material. This difference was higher with hot-
ter temperature due mainly to the temperature gradient in-
side the droplet. In all the cases, two stages could be
observed in the homogeneous evaporation part (phase I)
that corresponded to the slope from the initial point to the
stabilization. Within this line, there was a first part in which
the ATS decreased uniformly (slope ascendant) that corre-
sponded to the homogeneous evaporation of the solution
with time. This was followed by the second stage expressed
as a sudden decrease (slope ascended almost vertically)
followed by a horizontal stabilization, which indicated a
final evaporation leading to a crystal (ATS <0) or the sub-
strate (ATS =0). In some of the cases, the ATS increased
again after a great time interval (slope descendant in Fig. 5,
polished). That could be due to the intrusion of a growing
crystal in the measuring point in which the solution evapo-
rated and the measurement was done on the support until
the intrusion. This phenomenon was not observed at 20 °C
due to the long duration of the test in these conditions but
it was clearly observed in the 50 °C and 75 °C tests.
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Fig. 5 IRT profiles of each droplet zone at 20 °C for each substrate

The efflorescence and halo areas were sometimes eas-
ier to observe on the IRT images than on the visible
light ones as in the case of marbles. However, in the IRT
image, when the halo was very thin, it could be con-
founded with the efflorescence area due to energy irradi-
ance of the signal. The thermosignal profiles for the
edge and halo measurement points varied in relation to
temperature. At 20 °C, the profiles were more or less
stable with small irregularities that indicated the arrival
of the solution and the crystallization of a layer of crys-
tals that did not interfere too much in the TS. At 50 °C
and 75 °C, the signals’ amplitude was wider and gave
place to interpretation. As in the droplet center, the
differences of ATS were higher at 75 °C due to the
temperature change from the environment to the sup-
port. The TS could start in the substrate or in the edge
of the droplet since the heat emission close to the
edge made it difficult to delimitate the real threshold.
If the measurement point was placed on the support
(ATS =0), a descent of the profile line was measured
due to the arrival of the solution. Then, a fast increase
with or without previous creeping was observed until
stabilization below ATS =0, which indicated crystal
formation.

Regarding temperature, at 20 °C, the TS amplitude
was very small and the different phases were less evi-
dent. However, phases I and II were recognizable. No
creeping was observed at this temperature.

At 50 °C, the droplets tested on the black tape showed
clearly all the phases described above, and both stones
showed similar behavior despite their different finish
and contact angle. The droplets tested on the glass
had an erratic behavior explained by the low contact
angle and the wide spread of the solution. A flash
that corresponded to crystallization energy release
was observed punctually at 50 °C; however, due the
lack of repeatability in this study, no information was
provided.

For all the droplet measured points at 75 °C, the
stabilization was not the final stage. The reactions con-
tinued in the whole droplet due to the ascension of the
solution and the precipitation on the top of preexistent
crystals (Vazquez et al. 2015). Due to that, the measur-
ing point can be stable on a crystal during a time inter-
val followed by a new decrease when a new crystal
precipitated on it. Thus, in the black tape and the glass,
more than one phenomenon of crystallization was mea-
sured as confirmed by three steps in the descending
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Fig. 6 IRT profiles of each droplet zone at 50 °C for each substrate

J

slope. The halo TS followed the same pattern than the
efflorescence, also with some associated creeping.

Regarding the substrate, the glass and the polished
marble had a hydrophilic surface that entailed a higher
spreading of the solution. Due to that, creeping was ob-
served even in the droplet center, with crystallization of
a very thin film of solution.

The most important observation in the crystallization of
KNO; was the presence of a large and fast evaporation
stage in most of the droplets, independent of the zones
and the temperatures. Before stabilization, with or without
previous creeping, a final decrease in the slope followed
by a rapid increase preceded the crystal formation. This
evaporation was not localized punctually but experimen-
ted by the whole droplet. This phenomenon was not ob-
served in other salts (Vazquez et al. 2015, Sartor et al.
2017, Vazquez et al. 2018) and requires further research.

Another difference regarding other salts was the
visualization of the creeping in the outer efflorescences
and the halo. In other salts such as NaCl (Vazquez et al.
2015), the creeping phenomenon was observed only at
high temperatures, when efflorescences grow on the top
of preexistent crystals on the droplet edge. In KNO3
droplets, the creeping was clearly observed and strong
TS was measured on the spread solution out of the
droplet and also in the halo zone, which may indicate

that the energy absorption for the evaporation needed to
form the crystals is bigger than for other salts.

Conclusions

IRT probed to be an efficient tool to study salt
crystallization. The study of KNOj evaporation at differ-
ent temperatures and substrates revealed essential infor-
mation to understand this salt behavior. Thus, the
thermal response of salt crystallization could be studied
in situ and, thus, according to the substrate type (poros-
ity, artificial finish, treatments), to determine the type of
salt that appeared on the stone.

For KNOs, the thermosignal and thermal phenomena
were more intense with higher temperatures. The differ-
ent phases of crystallization, i.e., homogeneous evapor-
ation, crystal formation, and creeping, were clearly
observed. The latter was measured from the solution
that spread out from the droplet edge. In addition, a big
evaporation before signal stabilization was observed in
the whole droplet for a representative number of sam-
ples and for all temperatures and substrates. This evap-
oration phenomenon can be considered as a special
thermal signature of KNO; that will allow to recognize
this salt crystallization in situ. Efflorescences were found
out of the edge for all the droplets but also on the top of
preexistent crystals for the high-temperature tests. The
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Fig. 7 IRT profiles of each droplet zone at 75 °C for each substrate

heat release due to crystallization was punctually ob-
served though it was not repeatable.

The contact angle of the droplet with the surface
played an important role especially if data are compared
to contrasted substrates (i.e., glass and black tape).
Among narrow contact angles (i.e., black tape and mar-
ble), the crystallization was more dependent on the sub-
strate properties than on the angle values.

Temperature revealed different behaviors related to
the substrate. The solution spread more at 20 °C in the
black tape that led to efflorescence apparition while at
50 °C they were visible on the stone surfaces. At 75 °C,
crystals grew on the top of preexistent ones for the three
supports with a higher contact angle, while for the glass
the solution spread uniformly through the surface.

The study of the KNOj thermal response revealed that
the crystallization as efflorescence and the crystal
spreading through the surface, one of the main problems
related to this salt in stone building decay, depends on
the specific surface, the stone properties, and the
temperature. Low temperature entails a wider spreading
of the efflorescences while higher temperature leads to
thicker and concentrated ones.
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