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Hygroscopic materials which possess high moisture adsorption capacity were successfully upgraded by the functionalization of
sodium chloride (NaCl) using two nuances of oxides. A procedure was developed to ﬁrst prepare submicron-sized NaCl crystals;
thereafter, these crystals were coated by choice of either titanium dioxide (TiO2) or silica (SiO2) to enhance the hygroscopic
properties of NaCl and prevent its premature deliquescence. After coating, several analytical techniques were employed to evaluate
the obtained composite materials. Our ﬁndings revealed that both composites NaCl-TiO2 and NaCl-SiO2 gave excellent performances by exhibiting interesting hydrophilic properties, compared to the sole NaCl. This was demonstrated by both environmental scanning electron microscope (ESEM) and water vapor adsorption experiments. In particular, NaCl-TiO2 composite
showed the highest water adsorption capacity at low relative humidity and at a faster adsorption rate, induced by the high surface
energy owing to the presence of TiO2. This result was also conﬁrmed by the kinetics of adsorption, which revealed that not only
does NaCl-TiO2 adsorb more water vapor than NaCl-SiO2 or sole NaCl but also the adsorption occurred at a much higher rate.
While at room temperature and high relative humidity, the NaCl-SiO2 composite showed the best adsorption properties making it
ideal to be used as a hygroscopic material, showing maximum adsorption performance compared to NaCl-TiO2 or sole NaCl.
Therefore, NaCl-TiO2 and NaCl-SiO2 composites could be considered as promising hygroscopic materials and potential candidates to replace the existing salt seeding agents.

1. Introduction
Hygroscopic materials are characterized for their ability to
attract and hold water molecules from their surrounding
environment. This property has led to numerous applications such as drying agents for moisture-sensitive products
(e.g., electronic devices, food, and pharmaceutical products),
dehumidiﬁers, humectants for cosmetic products, adsorbents for industrial adsorption processes [1–4], and aerosols
for rain enhancement and water harvesting [5–9]. Sodium
chloride (NaCl) is a well-known hygroscopic material which
is commonly used as an adsorbent. It is also used as a cloud
seeding agent for warm clouds, i.e., hygroscopic cloud
seeding, to enhance precipitation due to its aﬃnity towards

water [10–13]. Although NaCl and other natural materials
are widely used for their good adsorption properties, it
remains a challenge to advance the fabrication of new
materials with better performances than conventional ones,
in terms of two main criteria, namely, higher water uptake
and optimum adsorption kinetics at variable conditions of
temperature and relative pressure.
In this regard, several complex hygroscopic materials
have been developed based on porous materials such as
metal-organic framework. For instance, MOF-801 and
MOF-841 achieved water adsorption as high as 380 cm3 g− 1
and 550 cm3 g− 1, respectively, at low relative pressure of 0.3,
and this performance was evaluated in the temperature
range of 15°C to 55°C [14, 15]. Polyacrylamide (PAM) and
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sodium polyacrylate (PAAS) are known as superhygroscopic
porous materials. They were found to act as a catalyst powder
to enhance precipitations with a lower eﬃciency for PAAS
[16]. While other composite adsorbents such as crystalline
MCM-41 and calcium chloride (CaCl2) have revealed a high
water adsorption capacity of 1.75 kg kg− 1 in the temperature
range of 10–15°C and at 78–92% relative humidity (RH)
[17, 18]. Although these materials have very good hygroscopic properties, several factors such as their complex
processing routes and their water stability at diﬀerent
conditions of pressure and temperature limit their use especially in cloud seeding.
For cloud seeding applications, the hygroscopic materials need to meet the particle size requirement criterion.
According to earlier studies [19–22] based on numerical
correlations, modelling, and simulations, the optimum size
of seeding materials is in the range of 0.5 to 10 μm in diameter. This particle size range ensures an eﬃcient collisioncoalescence process of the cloud condensation nuclei
(CCN). This process initiates the water droplet nucleation
and enables their growth until they reach the raindrop
critical size of about 24 μm in diameter [23]. At this stage, the
raindrops may overcome the updraft velocity inside the
clouds and be dragged downwards by their own weight to
fall as rain [24, 25].
This study concerns the characterization of novel
composite materials which were developed through relatively simple mechanisms and using aﬀordable and
abundant materials in nature. Here, commercial salt (NaCl)
as a raw material was optimized, in terms of size as per
cloud seeding requirement, to yield to NaCl crystals with
sub-micrometric size. Thereafter, they were coated with
thin layers of oxides, either TiO2 or SiO2, which have good
aﬃnity towards water, i.e., hydrophilicity [26–29], water
adsorption [30, 31], and solubility [32–36]. A characterization of the benchmark NaCl particles was carried out to
have a baseline reference to be compared to the NaCl-TiO2
and NaCl-SiO2 composites obtained after the coating
process.
1.1. Hygroscopicity. A hygroscopic solid material can be
identiﬁed through its hygroscopic point and water uptake
capacity. The hygroscopic point (hg.p.) represents the
threshold value of the relative humidity in the air above
which the solid substance starts adsorbing water vapor [37].
It describes the relationship at equilibrium between the
water vapor pressure (Psol) and its surrounding environment
with respect to the partial pressure of the water vapor in the
air (PH2O) at a speciﬁc temperature. hg.p. is generated as a
percentage given by
hg.p. � 

Psol
 × 100%.
PH 2 O

(1)

If the solid is a water-soluble material such as soluble
salts, then Psol represents the water vapor pressure in the
solid saturated solution since it already contains a certain
amount of moisture at equilibrium prior to saturation. In
this case, at the hygroscopic point, the solid material starts

experiencing the deliquescence process while adsorbing
water vapor from the atmosphere until it starts dissolving
rapidly at quasi-constant RH, generally represented by the
quasi-vertical line in the isotherm at high RH. This deliquescence property is a characteristic of certain hygroscopic
solid compounds, e.g., water-soluble salts, which experience
a phase transition from a solid particle to a liquid drop, i.e.,
to form a solution [38, 39]. Hence, the hygroscopic point of
this type of materials at which the deliquescence process
occurs is also called deliquescence point or deliquescence
relative humidity (DRH) [40–42].

2. Materials and Methods
2.1. Material Synthesis. The chemical compounds were
purchased from Sigma-Aldrich with analytical grade. Three
types of samples were prepared: (i) optimized neat NaCl
with submicron-range particles, (ii) NaCl coated either with
titanium dioxide (NaCl-TiO2), or (iii) silicon dioxide (NaClSiO2). Here, the optimization of NaCl consists of achieving a
particle size reduction of commercial NaCl to match the
aforementioned size requirements (0.5 to 10 μm) for seeding
materials. Herein, an aqueous solution was prepared using
commercial salt, and then 1 ml of this solution was added to
50 ml of 2-propanol while stirring. Once a white precipitate
is observed, the NaCl crystals were extracted by either
centrifugation or ﬁltration, followed by drying in the oven at
80°C. For the synthesis of NaCl-TiO2 core-shell composite,
similar to what was reported by our previous work [43], ﬁrst
TiO2 solution was prepared by hydrolysis of titanium (IV)
butoxide solution as the ﬁrst step. Solution A was prepared
by dispersing 5 ml titanium (IV) butoxide in 40 ml of 2propanol. Then, solution B was prepared by mixing 50 ml of
deionized water and 1 ml of nitric acid. Subsequently, solution B was added dropwise into solution A under vigorous
stirring until the formation of a semitransparent TiO2 solution. A pH control below 2 is crucial to ensure the overall
NaCl-TiO2 particle size in the submicron range. To prepare
NaCl-TiO2 composite, a solution of 50 mg of optimized
NaCl and 10 ml of 2-propanol was needed. Then, 1 ml of the
above-prepared TiO2 solution was poured dropwise into this
NaCl solution. The new NaCl-TiO2 solution was stirred
vigorously for 60 minutes to be ready for the separation
process by centrifugation, drying at 80°C overnight and
calcination at 250°C during 3 hours.
For the synthesis of NaCl-SiO2 core-shell composite, ﬁrst
SiO2 solution was prepared by the hydrolysis of the tetraethyl orthosilicate (TEOS) solution. An acid solution was
prepared by mixing 1.6 ml of hydrochloric acid with 20 ml of
ethanol and 20 ml of deionized water. Then, 4.6 ml of TEOS
solution was added dropwise into the acidic solution under
vigorous stirring. pH was kept at 2 while stirring at 250 rpm
for 2 hours. To prepare NaCl-SiO2 composite, a solution of
50 mg of optimized NaCl and 2 ml of 2-propanol was
needed. Then, 1 ml of the above-prepared SiO2 solution was
poured dropwise into this NaCl solution. The new NaClSiO2 solution was stirred vigorously for 60 minutes to be
ready for the separation process by centrifugation, drying at
80°C overnight and calcination at 550°C during 3 hours.
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2.2. Characterization. Morphology and the size of the
synthesized samples were characterized by scanning electron
microscopy (SEM), FEI Quanta 250, operating at 5 KV,
and their elemental composition analysis was determined
using energy dispersive X-ray spectroscopy (EDS) from
EDAX . Additional composition analysis was performed
using Fourier-transform infrared spectroscopy (FTIR) using
a Bruker Optics VERTEX system recorded at a wavenumber range of 4000–400 cm− 1 and Raman spectroscopy
from WiTec with a laser source of 532 nm. The thin layers
of TiO2 and SiO2 coating NaCl crystals were revealed by
energy-ﬁltered transmission electron microscopy (EFTEM)
using GATAN and electron energy loss spectroscopy
(EELS), energy ﬁlter mounted on Titan FEI transmission
electron microscope (TEM) operating at 300 KV. TEM
samples were prepared by dispersion in isopropanol solvent
of a powder made of particles and applied to 3 mm Cu grids
coated with carbon ﬁlm.
In situ water vapor condensation was performed by
environmental scanning electron microscopy (ESEM)
consisting of SEM operating at variable pressure and a
gaseous secondary electron detector (GSED) designed for
general wet imaging. The in situ water condensation setup is
shown in Figure 1(a). The condensation experiments were
conducted for each sample separately at 10 KV, at variable
pressure and at constant temperature of 1°C. To ensure
thermal stability on the surface of the sample, cooling at 1°C
for a dwell time of 30 minutes was required [44, 45];
thereafter, vapor pressure inside the chamber was increased
gradually until the dew point was reached, i.e., formation of
water droplets, as per the path shown in the water phase
diagram in Figure 1(b). The experimental setup allowed
observation of the water droplet nucleation, formation, and
growth. The entire water droplet process was then recorded
and analyzed frame by frame. The evaluation of the surface
wettability and deliquescence of the samples was carried out
by the comparison between the diameter of the dried particles under high vacuum and the wet particles during
condensation, along with the examination of the altered
solid particles after condensation.
A Quantachrome Instruments’ VSTAR vapor sorption
volumetric analyzer was used to record the water adsorption-desorption isotherms, water adsorption capacity, and
kinetics of adsorption. The relative pressure (P/P0) was
varied within a range 0–1 equivalent to 0–99% RH. The
isosteric heat of adsorption was deduced for each sample
from the adsorption isotherms obtained at temperatures of
25°C, 35°C, and 45°C. TA Instruments DMA Q800 Dynamic Mechanical Analysis (DMA) in conjunction with a
DMA-RH accessory was used to compare qualitatively the
mechanical integrity which represents the water adsorption
capacity and the deliquescence of the materials. The samples
were prepared by compacting the powder samples into a
circular disc shape. Water vapor at controlled RH and at
equilibrium state was introduced gradually, while the DMA
clamp was maintained at a constant compression load of
0.1 N at a room temperature. The result is given as displacements of the clamp in contact with the sample versus
RH. The DMA-RH operates from 5 to 90% RH using Peltier
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elements allowing a precise temperature and RH control of
±0.1°C and ±3% RH, respectively.

3. Results and Discussion
3.1. Morphology and Chemical Composition. Commercial
NaCl exhibits random particle sizes mostly greater than
100 μm (Figure 2(a)). To optimize the particle size and to
obtain cubic-shaped NaCl particles, a systematic analysis of
the agglomerated particles was performed. As a result, a
remarkable particle size reduction and individual cubicshaped NaCl particles arose as an eﬀect of 2-propanol
(Figure 2(b)). The optimized NaCl particles obtained by
centrifugation have a size ranging from 1 to 6 μm with an
average size of 2.3 ± 0.9 μm in length (Figure 2(c)), whereas
the ones obtained by ﬁltration have a signiﬁcantly reduced
size ranging from 0.5 and 1.3 μm, with an average size of
0.8 ± 0.2 μm in length (Figure 2(d)). The resultant particle
size distribution of the optimized NaCl then appeared to fall
within the aforementioned optimum size range for hygroscopic cloud seeding agents as described in the literature
[19–22]. Hence, these optimized NaCl particles were used
for the coating process.
After the coating process, the morphology and composition of the NaCl-TiO2 and NaCl-SiO2 composites were
analyzed. SEM micrographs showed uniform particles, i.e.,
mostly cubic shape and homogeneous size. NaCl-TiO2 particle
sizes ranging from 0.3 to 1.1 μm with an average size of
0.566 ± 0.152 μm in length are the smallest particles achieved
(Figure 3(a)). Similarly, an optimum size for NaCl-SiO2 was
obtained with a particle size range between 0.9–6.9 μm and an
average of 2.8 ± 1.2 μm in length (Figure 3(b). Furthermore,
both composites, NaCl-TiO2 and NaCl-SiO2, showed that,
during the coating process, the cubic-shaped particles were not
destroyed, and they fulﬁlled the criterion related to the particle
size distribution for seeding agents.
EDS elemental composition analysis for the studied
samples is represented in Figure 4. A reference EDS spectrum obtained from the optimized NaCl showed Na and Cl
peaks (Figure 4(a)), which indicates no contamination
during the optimization process. NaCl-TiO2 composite
showed EDS spectra of high peaks of Na and Cl and very
small peaks of Ti and O2 (Figure 4(b)). Likewise, NaCl-SiO2
composite showed EDS spectra of high peaks of Na and Cl
and small peaks of Si and O2 (Figure 4(c)). In both cases, the
EDS composition quantiﬁcation results indicate that the
approximate weight percentage of the oxides in both
composites is below 5%.
FTIR analysis revealed the composition of both composites NaCl-TiO2 and NaCl-SiO2 (Figure 5). Sole TiO2
showed FTIR spectra of high absorbance band in the region
500–1000 cm− 1, which is certainly due to the bonds between
the titanium and the oxygen Ti-O. This is conﬁrmed by the
FTIR spectra of the NaCl-TiO2 composite where the bond
Ti-O is present. However, due to the amount of TiO2 coating
in the composite sample (≤5%), the absorbance band observed is signiﬁcantly low as expected (Figure 5(a)). Similarly, the FTIR spectra of the NaCl-SiO2 composite showed
the presence of three distinctive peaks of low intensity at
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Figure 1: (a) Experimental setup for in situ water condensation (ESEM) [42]; (b) water condensation was achieved at a temperature of 1°C
and increasing the pressure above 500 Pa.
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Figure 2: SEM micrographs showing diﬀerent obtained sizes of NaCl. Sequence 1: (a) commercial NaCl; (b) NaCl after using 2-propanol;
and (c) NaCl obtained by centrifugation. Sequence 2: (a) and (b) followed by (d) NaCl obtained after ﬁltration.
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Figure 3: SEM micrographs of (a) NaCl-TiO2 and (b) NaCl-SiO2.

1050 cm− 1, 790 cm− 1, and 430 cm− 1 compared to the high
absorbance peaks observed for the sole SiO2 at the same
wavenumber (Figure 5(b)).
Additionally, Raman spectroscopy was also used to
conﬁrm the characteristic structural ﬁngerprint of the
samples NaCl, NaCl-TiO2, and TiO2 (Figure 6). As expected,
due to the symmetry of NaCl crystals, no Raman signal was
detected for NaCl; however, TiO2 revealed Raman spectra
with several peaks in 0–1000 cm− 1 range and a prominent
peak at 152 cm− 1. This is a characteristic peak of the anatase
phase of TiO2 [46, 47]. A zoomed-in (inset) ﬁgure shows that
NaCl-TiO2 possesses a peak at a Raman shift of 152 cm− 1,
approximately, which conﬁrms the presence of TiO2 in the
composite material.
Undoubtedly, the oxides TiO2 and SiO2 are present in
the NaCl-TiO2 and NaCl-SiO2 composites, respectively.
Hence, in order to verify the quality of TiO2 and SiO2
coatings in terms of dispersion and homogeneity, EFTEM
and EELS observations were conducted. As a result, an
evenly distributed thin layer of TiO2 on the surface of the
NaCl-TiO2 composite was observed. The TiO2 coating
thickness is approximately 8 nm, which varies slightly from
one particle to another (Figure 7).
Likewise, an evenly distributed thin layer of SiO2 was observed on the surface of the NaCl-SiO2 composite (Figure 8).
The thickness of the coating of SiO2 surrounding the NaCl
particle seems to vary approximately between 8 nm and 12 nm.
For both EFTEM-EELS images, the interaction of the
electron beam and the sample creates a shadow eﬀect observed in both images, where the intensity of the thin layer,
either Ti or Si, seems to be concentrated in some edges of the
particle.
3.2. Water Sorption Analysis. A solid substance is considered
as an eﬃcient hygroscopic material when it shows high water
adsorption capacity and high rate of adsorption. This is
generally the case for porous material possessing high
speciﬁc surface area or micropore volume, as well as a large
pore network [48]. These characteristics can be estimated

through the isotherms obtained during the sorption analysis.
Besides, the hygroscopic materials being considered as cloud
seeding agents are required to exhibit a high-water adsorption capacity especially at low RH and low temperature.
Hence, both water adsorption capacity and kinetics of adsorption along with deliquescence are essential parameters
to determine the best seeding agent.
In this sense, the hygroscopic properties of the successfully synthesized NaCl-TiO2 and NaCl-SiO2 composites
compared to neat NaCl were studied to determine their
performances under speciﬁc conditions. Adsorption isotherms of these materials were obtained at three diﬀerent
temperatures: 25°C, 35°C, and 45°C (Figure 9). The adsorption isotherms exhibited particular performances for all
samples in two diﬀerent stages: at low relative pressure (stage
1), from 0 to 0.6 of relative pressure (i.e., 0 to 60% RH), and
at high relative pressure (stage 2), from 0.6 to 1 of relative
pressure (i.e., 60 to 99% RH).
At stage 2, multilayer adsorption mechanism and
subsequently full deliquescence of the solid adsorbents are
reﬂected on the very steep lines against a very slight increase in relative pressure. The optimized NaCl has comparable water uptakes at all temperatures and a hygroscopic
point at approximately 75% RH, which are in accordance
with the Extended Aerosol Inorganics Model IV (E-AIM)
[49–51] and previous studies [52–56]. The water uptake of
neat NaCl above the hygroscopic point at 25°C (3 data
points) was correlated to E-AIM as it showed an experimental deviation (Figure 9(a)). Several studies have examined that anatase TiO2 [27] and amorphous SiO2
[57–59] exhibit a moderate water uptake as the relative
pressure increases. Thus, the steep isotherms of the NaClTiO2 and NaCl-SiO2 composites at high relative pressure
imply that they were boosted by the deliquescence of NaCl
(Figures 9(b) and 9(c)).
At stage 1, new graphs were obtained from the full range
of relative pressure. These graphs were plotted separately in
order to comprehend the adsorption process behavior
(Figures 9(d)–9(f )). Here, the temperature seems to be an
active kinetics parameter inﬂuencing the water uptake at low
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Figure 4: EDS spectra of (a) reduced size NaCl, (b) NaCl-TiO2, and (c) NaCl-SiO2.

relatively pressure, even though this stage is related to a
monolayer adsorption mechanism. Nevertheless, a similar
trend among the samples was observed, i.e., the higher the
temperature, the higher the water uptake across the adsorption isotherms. As expected, a slight change in water
uptake for NaCl was observed as the relative pressure increases [60–62]. Thus, a nonsigniﬁcant inﬂuence of NaCl can
be inferred on the NaCl-TiO2 and NaCl-SiO2 composites at
low relative pressure.

The best hygroscopic materials for cloud seeding applications are those capable of adsorbing high amounts of
moisture especially at very low relative pressure, i.e., low RH.
This is in consideration of the variable pressure proﬁle in the
atmosphere and low relative RH, especially in low cloud
cover conditions [63, 64]. Accordingly, special attention was
given to the analysis of the isotherms at stage 1 (low relative
pressure) to evaluate the performances of the samples.
Therefore, a comparison of the adsorption isotherms of the

7

Absorbance (a.u.)

Absorbance (a.u.)

Journal of Nanotechnology

0

1000
2000
3000
Wavenumber (cm–1)

4000

NaCl-TiO2
TiO2
NaCl

0

1000
2000
3000
Wavenumber (cm–1)

4000

NaCl-SiO2
SiO2
NaCl
(a)

(b)
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Figure 6: Raman spectra of NaCl, TiO2, and NaCl-TiO2. The inert
(0 to 500 cm− 1) highlights the peak at 152 cm− 1 approximately,
which is the characteristic of TiO2.

samples were plotted at stage 1 at temperatures of 25°C, 35°C,
and 45°C (Figure 10).
According to the IUPAC classiﬁcation for the adsorption
isotherms for gas-solid equilibria [61], at low relative
pressure, NaCl-TiO2 composite followed a sigmoid-shaped
isotherm curve, thus reﬂecting a type IV isotherm. Monolayer-multilayer adsorption attributed to high energy of
adsorption is the characteristic of this isotherm [65, 66].
Undoubtedly, NaCl-TiO2 exhibited the highest water uptake
due to the contribution of TiO2. The surface energy of this
oxide facilitates the interaction between the water vapor
molecules and the surface of the NaCl-TiO2. Similarly, NaClSiO2 and NaCl followed the type IV isotherm, but with lower
water uptake which indicates less interaction of water
molecules with these samples attributed to a minor surface

energy of SiO2 and NaCl, respectively. Overall and for all
temperatures, NaCl-TiO2 shows the highest performance in
comparison with NaCl and NaCl-SiO2. At 25°C, NaCl-TiO2
showed an increase of water uptake up to 360% with respect
to NaCl or NaCl-SiO2. At 35°C and 45°C, the increase of
water uptake reached more than 1000%. Moreover, by increasing the temperature, the water uptake for NaCl-TiO2
increased from 34.7 mg g− 1 at 25°C to 140.1 mg g− 1at 45°C.
These results indicate that TiO2 signiﬁcantly enhances the
hygroscopicity of the NaCl-TiO2 composite promoting it as
potential candidate for cloud seeding.
At stage 2 (high relative pressure), the eﬀect of the
coating on hygroscopicity was not conclusive as it gave
mixed results (Figure 11).
It is important to point out that the highest relative
pressure at which the maximum water uptake was measured
is not accurately 1 (100% RH) for all the samples. The highest
relative pressures oscillate in the range of (0.9768–0.9832).
As a result, the diﬀerence between water uptake at both
extreme values of relative pressure may be signiﬁcant. For
example, as per the E-AIM model, NaCl at 25°C (298.15 K)
has a water uptake of 24349 mg g− 1 at 97.68% RH, and
33555 mg g− 1 at 98.32% RH. Therefore, for close values of
water uptake among the samples, the diﬀerence may be
negligible. At 25°C and 35°C NaCl-SiO2 and NaCl exhibited
higher water uptake than NaCl-TiO2. At 45°C, an interesting
phenomenon occurs. At relative pressure between 0.75 and
0.9, all isotherms overlap; however, above 0.9 relative
pressure NaCl-TiO2 registered the highest water uptake
which was above 45000 mg g− 1 with a clear tendency of
increased water uptake with temperature. These results
suggest that NaCl-TiO2 may also be attractive for applications requiring high temperature and high relative pressure.
Moreover, although the water uptake of NaCl-SiO2 has
decreased at high temperature, it still reached 30000 mg· g− 1,
this indicates that NaCl-SiO2 could be a more suitable
hygroscopic material at moderate temperature and high
relative pressure, as it reaches its best performance at room
temperature.
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Figure 7: EFTEM-EELS high-resolution images of NaCl-TiO2: (a, b) one particle of NaCl-TiO2; (c, d) inset shows the detail of the thickness
of TiO2 surrounding the NaCl particle.

According to the hygroscopicity classiﬁcation described by Callahan et al. [67] using the concept of
equilibrium moisture content (EMC) introduced earlier by
Scot et al. [68], the isotherms showed that NaCl-TiO2 is a
very good hygroscopic material, as the water uptake, i.e.,
equilibrium moisture content or EMC, occurs from very
low relative humidity, even below 40% RH, as mentioned
in the classiﬁcation. Although NaCl and NaCl-SiO2
showed lower water uptake at relative humidity below 70%
RH, they are classiﬁed as very hygroscopic materials as well
because the increase in the EMC is higher than 5% occurring below 60% RH. Another recent classiﬁcation described by Murikipudi et al. [69] using a diﬀerent method
based on the sorption analysis lead to the same conclusions
about these materials classifying them as very good hygroscopic materials.
Additionally, a per the adsorption isotherms at very low
relative pressure, the speciﬁc surface area for each sample
was determined (Table 1). NaCl-TiO2 exhibited the highest
speciﬁc surface area which is coherent with its adsorption
capacity compared to the other samples. NaCl and NaClSiO2 exhibited similar speciﬁc surface areas, which is also
consistent with their respective adsorption capacity.

To study the kinetics of water adsorption, the water
uptake as a function of time was recorded for each RH
(Figure 12). Each point of the plots represents the time that a
sample took to reach a maximum water uptake, i.e., water
adsorption at equilibrium, at a ﬁxed relative pressure.
The early stages of the water adsorption process are of a
major interest because they allow identifying not only the
ability of the material to adsorb high quantity of water
molecules, but also indicate at which rate the adsorption has
occurred. At all temperatures, NaCl-TiO2 registered faster
rate of adsorption and higher water uptake, especially for the
ﬁrst 60 minutes, which is critical for cloud seeding application. It is certain that once the clouds are seeded, rain is
expected to fall within the ﬁrst hour [70]. This interesting
characteristic exhibited by NaCl-TiO2 is attributed to the
high energy interaction between the solid adsorbent and
water vapor in the presence of TiO2. For NaCl and NaClSiO2, the kinetics of water adsorption is quite similar, and
the adsorption rate is slower in comparison with NaCl-TiO2.
Moreover, the kinetics of adsorption indicates that it depends on temperature. In fact, the water uptake recorded for
an equivalent time at equilibrium is higher at 45°C compared
to the respective ones at 35°C and 25°C.
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Figure 8: EFTEM-EELS high resolution images of NaCl-SiO2: (a, b) one particle of NaCl-SiO2; (c, d) inset shows the detail of the thickness
of SiO2 surrounding the NaCl particle.

In addition, using the adsorption isotherms at various
temperatures, the isosteric heat of adsorption can be determined. The isosteric heat of adsorption, also called enthalpy of adsorption (ΔHads), indicates the strength of the
interaction (bond) between the adsorbate (water molecules)
and the solid adsorbent [71, 72]. This parameter represents
the energy necessary for the heat of vaporization of moisture
in a material during the adsorption process to exceed the
latent heat of vaporization of pure water at a certain temperature [73]. It is derived from the Clausius–Clapeyron
equation [48]:
δ ln P (ΔH)
(2)
�
,
δ(1/T)
R
where P is the absolute pressure, T is the temperature, ∆H is
the enthalpy of adsorption, and R is the ideal gas constant.
The values of ΔHads were deduced from the data of
pressure and temperature in equilibrium conditions represented by the three isotherms. The results are given as a
slope ΔHads/R of the plot ln (P) versus (T − 1) (Figure 13).
ΔHads extracted from the plots of Figure 13 is shown in
Figure 14. A particular variation of the NaCl-TiO2 composite

was observed. At the beginning of water adsorption, ΔHads is
high around 45.2 kJ·mol− 1, and then it drops to
41.4 kJ·mol− 1, approximately.
This indicates that the high activity of polar sites on the
surface of the solid adsorbent (i.e., high energy interaction)
are covered with water molecules to form a monomolecular
layer [74, 75], which is consistent with the previous results of
the adsorption kinetics obtained for the ﬁrst 60 minutes, and
the signiﬁcant water uptake at stage 1 (low relative pressure).
Moreover, the low values of ΔHads are due to the progressive
and slower ﬁlling of the less available sites, known to have
lower bonding activation energies [76, 77]. Additionally,
those initial values of ΔHads are higher than the latent heat of
vaporization of pure water (43.1 kJ·mol− 1 at 45°C). At these
conditions, the energy of binding between the condensed
water molecules and the adsorption sites of the solid adsorbent is higher than the energy of binding between the
molecules of pure water that hold them together in the liquid
phase, which is favorable for the adsorption process to occur
[78, 79].
In the contrast, NaCl-SiO2 showed high ΔHads, relatively
constant throughout all the water adsorption stages. This can
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Figure 9: Water sorption analysis with isotherms at 25°C, 35°C, and 45°C: (a) and (d) for NaCl; (b) and (e) for NaCl-TiO2; and (c) and (f ) for
NaCl-SiO2, at relative pressure (0 to 1) top and an inset for low values of relative pressure (0 to 0.6) bottom. The isotherm of NaCl at 25°C
shows a deviation obtained experimentally after the hygroscopic point and the correction as per the E-AIM model.
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as shown in Figure 9(a).

Table 1: Measured speciﬁc surface area of NaCl, NaCl-TiO2, and NaCl-SiO2 at 25°C, 35°C, and 45°C.
Material

Speciﬁc surface areaa (m2·g− 1)
35°C
12.05
201.86
13.67

25°C
9.92
49.14
9.83

NaCl
NaCl-TiO2
NaCl-SiO2

45°C
15.32
175.30
15.20

a

30
20
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0

0

20
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Time (min)
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40
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Water uptake (mg g–1)

Adsorbate: water vapor. P/P0 � 0.05–0.35.
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Figure 12: Kinetics of adsorption for NaCl, NaCl-TiO2, and NaCl-SiO2 at (a) 25°C, (b) 35°C, and (c) 45°C.

be considered as a valuable behavior in terms of adsorption
process. However, NaCl has a slightly mixed trend of the
isosteric heat of adsorption: at low water uptake, ΔHads is
slightly above the latent heat of vaporization of pure water,
but for high water uptake, up to 6000 mg·g− 1 approximately,
ΔHads decreases to lower values, and then again, ΔHads
suddenly increases to 42 kJ·mol− 1 during the last water
uptake range. In addition, ΔHads for NaCl remains lower in

all cases than the ones measured or NaCl-SiO2. This suggests
that NaCl-SiO2 can be considered as a better adsorbent
compared to NaCl.
3.3. Wettability Analysis. The water aﬃnity of the samples
was analyzed through in situ water condensation using
ESEM (Figure 15).
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Since the surface wettability of these particles is the
major interest to determine the extent of hydrophilicity and
deliquescence, individual particles were analyzed. The
pressure was increased gradually until the nucleation of the
ﬁrst water droplets was observed. At equilibrium, the water
droplets stopped growing, while the pressure was still increasing, i.e., the water droplets reached their maximum
diameter which represents the maximum water adsorption
capacity. The diameter of the droplets was then measured
and compared for the three types of samples. The ﬁnal step
consisted of reducing the pressure gradually until dried
samples were observed, i.e., no more physical changes in the
remaining particles. This last step clariﬁed the understanding of the eﬀect of the deliquescence process. Both
NaCl-TiO2 and NaCl-SiO2 composites have developed larger
water droplets compared to neat NaCl. D/D0, which deﬁnes
the ratio between the maximum diameter reached by the
water droplet at equilibrium to the length of the solid

particle, was determined to be ≈3.44, ≈3.76, and ≈2.26 for
NaCl-TiO2, NaCl-SiO2, and NaCl, respectively. This indicates that both composite samples are more hydrophilic in
nature than NaCl. It is noteworthy to emphasizing that the in
situ condensation experiments at low temperature and
pressure emulate the water vapor condensation process in
the clouds with a close approximation, speciﬁcally, in warm
clouds which are the main target for hygroscopic cloud
seeding. Furthermore, once the condensation is achieved,
the moisture was gradually removed until the particles are
dried. The results showed that the size of neat NaCl
remained relatively unchanged after the condensation experiments which suggests that both slow adsorption and a
limited deliquescence process have occurred during the
course of the experiment for neat NaCl. In contrast, after the
condensation experiments, both composites NaCl-TiO2 and
NaCl-SiO2 turned to a dispersed ﬁne powder or they were
entirely disintegrated which indicates a good deliquescence.
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Figure 15: In situ condensation experiments inside ESEM at three key stages before condensation (left: dry samples); during condensation (center: samples at equilibrium), and after condensation (right: dried sample after water is removed) performed, respectively,
on (a) NaCl (b) NaCl-TiO2, and (c) NaCl-SiO2.

Therefore, these results allowed to infer that both composites
adsorb more water and deliquesce more eﬀectively than neat
NaCl.
3.4. Humidity-Controlled Dynamic Mechanical Analysis
(DMA-RH). DMA-RH results are illustrated in Figure 16.
Two stages can be identiﬁed: in stage 1, from 0 to 50–70%
RH, the materials showed a distinctive water uptake related
to an initial swelling and a subsequent softening of the area
in contact with the DMA clamp. Thus, a negative displacement due to the penetration of the clamp inside the
disc-shaped samples is recorded, while the moisture is increased in the chamber. In stage 2, from 50–70% RH to 90%
RH, approximately, the materials experienced a steeper
negative displacement since the clamp load has overcome

the resilience of the materials which became softer due to the
high amount of water adsorbed. At this stage, samples are
deformed or dispersed. This behavior can be linked to the
deliquescence process of the solid particles in water as seen
in ESEM experiments and the isotherms.
NaCl presents no measurable water uptake at low relative
humidity (stage 1). This is interpreted by a minor displacement as observed on the DMA-RH plot. At high RH (stage 2),
a large displacement is recorded, and the deliquescence
seemed to occur at 50–65% RH, where a sudden drop of the
curve was observed. In contrast, the NaCl-TiO2 composite
started adsorbing water at the very beginning of RH (stage 1),
and a signiﬁcant displacement is recorded which stabilized
and formed a plateau up to 60% RH, and then a rapid drop
was observed in the range of 60–75% RH, at which the NaClTiO2 composite deliquesces (stage 2). This indicates that
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Therefore, both composites NaCl-TiO2 and NaCl-SiO2
could be considered as promising hygroscopic materials and
as potential candidates to replace the existing salt seeding
agents for rain enhancement.

–4

Data Availability

–6

The (SEM and TEM images, the movies of the in situ ESEM,
and the graphs) data used to support the ﬁndings of this
study are available from the corresponding author upon
request.
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Figure 16: Humidity-controlled dynamic mechanical analysis of
NaCl, NaCl-TiO2, and NaCl-SiO2.

NaCl-TiO2 retained higher amount of moisture compared to
NaCl. Moreover, NaCl-SiO2 exhibited 3 stepwise water uptakes ranging from 0 to 20% RH as step 1, ranging from 20 to
60% RH as step 2, and starting above 60% RH as step 3 which
suggests a multilayer adsorption. This indicates that NaClSiO2 is behaving like NaCl-TiO2 in terms of water uptake but
at lower kinetics as NaCl-SiO2 needs two stages of adsorption
at low relative pressure to achieve similar water uptake than
NaCl-TiO2. Both water uptake curves showed that NaCl-SiO2
deliquesces approximately at the same relative humidity as
NaCl-TiO2 (60 to 75% RH). Therefore, the two composites,
NaCl-TiO2 and NaCl-SiO2, have demonstrated better water
adsorption and deliquescence compared to NaCl but at higher
rate for NaCl-TiO2.

4. Conclusions
The successful optimization in terms of size and morphology
of the commercial NaCl as per cloud seeding requirements
allowed the development of the NaCl-TiO2 and NaCl-SiO2
composites. The eﬀective coating process of NaCl preserved
the cubic-shaped particles and size (0.5 to 6.9 μm) as per
cloud seeding agent requirements.
Water adsorption analysis revealed that the NaCl-TiO2
composite adsorbed high amount of water vapor at a faster
rate in the cloud seeding conditions (low relative pressure)
compared to NaCl and NaCl-SiO2. In addition, NaCl-TiO2
exhibited very promising adsorption properties for hightemperature applications as high as 45°C. Moreover, NaClSiO2 was found to be potentially suitable hygroscopic material for high relative pressure applications while reaching
its highest performance at room temperature.
In situ water condensation inside the ESEM and the
DMA-RH tests conﬁrmed that NaCl-TiO2 composite possesses the best performances in terms of water adsorption
capacity and deliquescence compared to NaCl. Likewise,
NaCl-SiO2 showed a comparable behavior as NaCl-TiO2 but
at lower kinetics.
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