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Abstract. Water is an inorganic, non-flammable and easily available phase change material (PCM), which can be
utilized for cold thermal energy storage (TES) application (melting point at 0°C). Although water has a specific heat of
about 4.18 J g–1 K–1 and has melting enthalpy of about 333 J g–1, its application as an insulation layer was constrained.
Phase separation (bulk convective movement during phase change, between ice and water), leakage from the container,
supercooling during freezing, volumetric expansion and corrosion to the container were the main concerns for water as an
insulation layer in TES systems. In this study, a thick non-flowing hydrogel (shape-stabilized PCM) was prepared by
adding a small amount of inorganic additive material called LAPONITEÒ in water. The idea is to propose this thick nonflowing hydrogel as an insulating layer for cold TES application. The effect of this additive on viscosity and thermal
properties of the water was studied. The phase change phenomenon of this hydrogel (between –10 and 20°C) was
compared with water and the results are discussed.
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Introduction

Insulation in the building walls, ceiling and floor can be
enhanced by incorporating suitable insulation layers to
increase human comfort by decreasing the frequency of
fluctuation between internal and external temperature [1].
Among other thermal energy storage (TES) methods, latent
heat thermal energy storage (LHS) is widely used for
thermal insulation/storage in buildings and industrial
applications. Here, LHS mediums used undergo a phase
change (between solid/liquid or vice versa) within the
applied temperature range and stores more heat (as latent
heat) compared to sensible heat storage mediums. It also
referred to as the phase change material (PCM). PCMs used
for TES application are classified as organic (fatty acids,
paraffin), inorganic (metallic, salt and salt hydrate) and
eutectic PCM (mixtures having a sharp melting point)
[1–3]. Organic PCMs are generally chemically stable;
possess congruent melting, non-toxic and non-corrosive.
While inorganic PCMs are non-expensive and non-flammable, and have high latent heat values and good thermal
conductivity. Detailed review about PCMs with different
thermal properties (thermal conductivity, phase change
temperature and enthalpy) for a wide range of application
are available [4–6].

As water has a melting point of 0°C, higher melting
enthalpy (333 J g–1), non-toxic, easily available and specific heat (4.18 J g–1 K–1), it can be utilized as a PCM for
cold TES application. Ice, ice slurry as a PCM was generally applied for applications in food storage and refrigeration system. These ice slurry systems need continuous
generation, transportation and size control of ice slurry
[7,8]. Water melts congruently. Phase separation (ice/water), transportation, supercooling, corrosion and leakage
from the container were the main concerns for water as an
insulation layer in TES systems. In the case of water as a
PCM, the crystals formed or melt during cooling/heating
thermal cycle tends to circulate to the top and bottom of the
container due to the density difference.
The idea of using water as a PCM requires water capturing
in a three-dimensional network, such that no exudation of
water occurs during a phase change cycle [9]. It can be
archived by microencapsulation of water, absorbing water
within a porous structure or adding some thickening agents.
Flaud and co-workers [9] suggested a polymeric-based
hydrogel composite having a mixture of water and a watersoluble cross-linked monomer, such as polyacrylamide. A
composite having 10% of polymeric material showed
promising thermal properties. The polymeric gel has melting
temperature and enthalpy of 0°C and 292 J g–1. The specific
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heat and thermal conductivity of the polymeric gel reported
being 3.9 J g–1 K–1 and 0.485 W m–1 K–1 at 30°C. This gel
has higher enthalpy, better rigidity, transparent and nontoxic. Panda et al [10] prepared cross-linked polyacrylamide
hydrogels along with homogeneously dispersed silver
nanoparticles (Ag-NPs) in the gel solution. They tested the
behaviour of the nanocomposites for TES application. The
report showed an increase in the freezing point temperature of
water due to the presence of Ag-NPs. They also observed that
deswelling of the composite with time lead to a drastic
decrease in melting enthalpy (nearly to 50%). In another
reported article, PEG8000-based hydrogels as a shape-stabilized PCM was prepared by using a simple sol–gel technique that have melting enthalpy of 154.2 J g–1 and shows
phase transition at 44.8°C (freezing)/64.5°C (melting) [11].
LAPONITEÒ (Na0.7Si8Mg5.5Li0.3O20(OH)4), an inorganic
nano-additives, generally used as a rheology modifier (as a
gelling agent) to water-based systems. This powder is white
in colour and has a disc-shaped structure. It is synthesized
from a combination of salts of sodium, magnesium, and
lithium with sodium silicate and forms ionic colloidal gels in
water. These disc structures of LAPONITEÒ have a thickness
of 1 nm and diameter having 25 ± 2 nm. The structure
consists of six octahedral magnesium ions between two layers
of four tetrahedral silicon atoms and all these layers were
supported by four hydroxyl groups and twenty oxygen atoms
[12–14]. LAPONITEÒ based hydrogels were applied to a vast
range of application. It reported for improving the mechanical
performances of polymer-based hydrogels [15–17]. A composite hydrogel, prepared by mixing LAPONITEÒ with
polyacrylamide reported having high tensile stress of about
1.2 MPa and 2500% tensile strain [18]. Lee et al [19] reported
a tough, biocompatible and magneto-responsive nanocomposite hydrogels from in-situ free-radical polymerization of
N,N-dimethylacrylamide with LAPONITEÒ and Fe3O4
nanoparticles. Laponite also holds potential in biomedical
applications like drug delivery, bioimaging, tissue engineering and regenerative medicine [20–22].
In this study, thick non-flowing hydrogel as a PCM for
cold TES application has been proposed. LAPONITEÒ as a
gelling material was used to alter its free flowing state of
water to prevent the convective movement and leakage
during phase change process. The effect of this additive
concentration on gelling time, viscosity, melting point and
phase change enthalpy was studied. The phase change
phenomenon, during phase change between –10 and 20°C,
between ice and water was studied by using a model system
and the results are discussed.

2.
2.1
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additive required to form a non-flowing thick hydrogel was
optimized. For this, different amount of LAPONITEÒ powder (1–3 g, 1.96–5.67 wt%) was slowly added to 50 ml water
samples (total dissolved solids: 20–30 ppm, pH: 7.3). To
disperse LAPONITEÒ uniformly through the system, water
was stirred at about 1000 rpm. After mixing, the stirring of the
solution was stopped. The particles of LAPONITEÒ form a
house of cards structure in aqueous media due to electrostatic
interactions between the negatively charged faces and partial
positively charged edges of individual particles. Water
molecules were captured within this three-dimension structure of LAPONITEÒ particles and thick gels were moulded
[12–14]. The time taken to form a non-flowing thick water gel
was observed and results are discussed in section 3.1.

2.2

Rheology study of gel samples

The viscosity of the fluid is one of the essential properties that
define its flow of nature. The hydrogel to be utilized in TES
systems should not show any phase separation or movement
of ice/water during the phase change process. The rheological
studies of all these three gel samples having different concentrations of LAPONITEÒ were carried out using a
rheometer (MCR-52, Anton Paar) and results are discussed in
section 3.2. All these tests were conducted at ambient conditions (25–30°C) in the cone-plate assembly of rheometer
(cone diameter: 4 cm, cone angle: 1°). The required amount of
gel samples was taken between the cone and plate assembly
and then the cone was sheared for a wide range of shear rates
from 0.1 to 1000 s-1 and viscosity was calculated.

2.3

Thermal analysis of gel sample

The phase change enthalpy and phase transition temperature
were two most essential properties that define PCMs application range and effectiveness in terms of storage density. Water
has a melting point at about 0°C and has a melting enthalpy of
about 333 J g–1 [6]. To get the effect of LAPONITEÒ on the
thermal properties of water, thermal analysis of these gel
samples were analysed by using differential scanning
calorimetry (DSC). Samples were analysed using the instrument DSC 4000 (PerkinElmer model), under a constant stream
of nitrogen at a flow rate of 20 ml min–1. Gel samples were
initially held for 2 min at –25°C and then heated till 20°C at a
scan rate of 5°C min–1. Then cooled again to –25°C at a scan
rate of 5°C min–1. This heating–cooling process of the sample
in the temperature range –25 to 20°C was repeated two times
and the results are discussed in section 3.3.

Experimental
Hydrogel formation with LAPONITEÒ

The LAPONITEÒ sample used in this study was supplied
from BYK Additives, Pune, India. The amount of gelling

2.4

Phase change phenomenon of gel sample

Phase change phenomenon of the proposed Gel 3 (due to its
higher viscosity, rapid gelling time) sample was studied for

Bull. Mater. Sci. (2021)44:110
its application, as an insulating material in the cold TES
system. Three samples (water, isopropyl alcohol (IPA) and
Gel 3) each of 30 ml was kept in a closed cylindrical glass
vial (diameter: 2.1 cm; height: 14.5 cm). Thermocouples
were inserted within these solutions to measure the temperature profile during the phase change process (figure 1).
Initially, all these three samples were at the liquid phase at
room temperature (at about 24–28°C). To change the phase
from liquid to solid, these three vials were kept in a cold
bath (at about –15°C) for about 60 min. Then again to
change the phase from solid to liquid, these vials were taken
out to the atmosphere (room temperature about 24–28°C).
The temperature profile observed, during both cooling/
heating processes (between –10 to 20°C) of samples, with
respect to time was recorded (at each 5-s interval) with the
help of temperature data logger and the results are
discussed.

3.
3.1
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Table 1. Effect of amount of LAPONITEÒ added on gelling
time.
Amount of gelling material
added to 50 ml of water
1 g (1.96 wt%)
2 g (3.85 wt%)
3 g (5.66 wt%)

Gelling time

Name of
sample

15–20 h
10–15 min
2–3 min

Gel 1
Gel 2
Gel 3

Results and discussion
Result for formation of hydrogel

The result for the effect of the amount of LAPONITEÒ in
the water on gelling time is shown in table 1. The name of
the gel samples having 1, 2 and 3 g (1.96, 3.85, 5.67 wt%)
of LAPONITEÒ in 50 ml of water was named as Gel 1, Gel
2 and Gel 3, respectively. The pH of these three gel samples
was observed to be in between 9.0 and 9.5. The gelling time
observed for these three samples was varied from about
2 min to about 20 h, based on the concentration of
LAPONITEÒ added. At about 5.67 wt% concentration, the
time for gel formation was about 2–3 min. This may be due
to rapid electrostatic interactions between LAPONITEÒ

Figure 2. Image of non-flowing transparent hydrogel formed
with LAPONITEÒ in water.

Figure 1. Image of three samples (water, isopropyl alcohol
(IPA), Gel 3) within a closed glass vial and with thermocouple.

Figure 3. Viscosity (Pa.s) profiles observed for the gel samples.
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Figure 4.

Table 2.
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DSC plots obtained for the gel samples: (a) Gel 2 and (b) Gel 3.

Thermal property data obtained from DSC result of Gel 2 and Gel 3 samples.

Sample name
Gel 2 (18.250 mg)

Thermal cycle
Thermal cycle 1
Thermal cycle 2

Gel 3 (17.350 mg)

Thermal cycle 1
Thermal cycle 2

Onset temperature (°C)

Peak temperature (°C)

Peak enthalpy (J g–1)

0.06
–19.84
0.14
–20.49
–0.06
–19.66
0.06
–18.34

8.06
–17.83
7.62
–18.49
7.78
–17.34
7.47
–15.84

316.08
–237.08
299.73
–220.28
301.07
–228.54
282.98
–222.45

Heating
Cooling
Heating
Cooling
Heating
Cooling
Heating
Cooling

particles at higher concentration of LAPONITEÒ. To be a
suitable shape-stabilized PCM, the required non-flowing
thick water-based gel formed is shown in figure 2.

3.2

Result for rheology study of gel samples

The viscosity (Pa.s) profile of the three gel samples (Gel 1,
Gel 2 and Gel 3) observed are shown in figure 3, as continuous lines with legends of a square, circle and triangle,
respectively. The abscissa axes show the range of shear rate
applied to the gel sample, which was from 0.1 to 1000 s-1.
The ordinate axes show the results of viscosity profiles
obtained for all the three gel samples. The initial viscosity
of these samples at a shear rate of about 0.1 s-1 was
observed to be about 47 Pa.s (Gel 1), 773 Pa.s (Gel 2) and
3071 Pa.s (Gel 3), respectively. The viscosity of water was

reported as 1 9 10–03 Pa.s. With the addition of a very
small amount of (1.96–5.67 wt%) LAPONITEÒ additive,
the viscosity of water composite enhanced to a very high
value, which may satisfy the required property for mitigating phase separation (ice/water) and leakage from the
PCM container. The higher viscous samples Gel 2 and
Gel 3 were considered, as they have more viscosity than
Gel 1 and a non-flowing state of gel acquired in less than
10–15 min.

3.3

Result for thermal analysis of gel samples

The DSC curve for the Gel 2 and Gel 3 samples for two
thermal heating and cooling thermal cycle are shown in
figure 4a and b, respectively. In the DSC plots, the melting
and freezing heat flow data (ordinate) were plotted against
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Figure 5. Result of temperature profile obtained (during both the cooling and heating process)
for three samples (water, IPA and Gel 3).

Figure 6.
melting.

Image of three samples (water, IPA and Gel 3): (a) after cooling, (b) during melting and (c) after fully

the sample temperature (abscissa). The melting and freezing
curves obtained during the first and second thermal cycles
(–25 to 20°C) were represented by continuous and dashed
lines, respectively. The various properties like onset, peak
temperature and phase change enthalpy obtained during
these two thermal cycles for Gel 2 and Gel 3 samples are
shown in table 2.

In DSC analysis of both the Gel 2 and Gel 3 samples, the
melting points of samples were observed (during thermal
cycles 1 and 2) near to 0°C (pure water melting point). The
melting enthalpy observed for Gel 2 and Gel 3 samples
were about 316.08 and 301.07 J g–1, respectively (during
thermal cycle 1). It relatively shifts less than the melting
enthalpy of pure water at 0°C, which was reported to be
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Figure 7.
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Image of Gel 3 sample (a) at ice state below 0°C, (b) during melting of ice and (c) after fully melting.

about 333 J g–1 [6]. During thermal cycle 2, the melting
enthalpy for Gel 2 and Gel 3 samples were observed lesser
than as obtained during thermal cycle 1, because of nitrogen
flow within DSC that may cause mass loss of water. The
freezing enthalpy obtained for both Gel 2 and Gel 3 samples
were about 220–240 J g–1. In DSC, the freezing points of
samples were observed near to –18 to –20°C. DSC plot for
pure water freezing point was reported at about –20°C [23].
It can conclude that the melting enthalpy of water gel
samples was not much affected due to the addition of gelling additives.

3.4

Result for phase change phenomenon of gel samples

Results of the temperature profile, as explained in section
2.4, during both the cooling and heating process for three
samples are shown in figure 5. The abscissa axes show the
time in minutes and the ordinate axes represent the temperature change within three glass vials having samples of
water (continuous line), IPA (dotted line) and Gel 3 (dashed
line), respectively.
As explained in section 2.4, initially, for about 10 min,
three samples were at room temperature (about 24–28°C;
figure 1). For the next 60 min, these three vials having
samples of water, IPA and Gel 3 were kept in the cold bath
(about –15°C). The IPA profile shows a continuous
decrease till –10°C and remains fixed unchanged until 70th
minutes. In the case of the water, temperature profile
showed a continuous decrease till –7°C and showed a
sudden increase in temperature to about 2°C. Water did not
crystallize at 0°C but at –7°C was due to the supercooling
phenomena followed by no stirring conditions for even
distribution of temperature and nuclei formation. A sudden

increase in temperature was mainly due to the energy
release due to the crystallization (in case of water about
333 J g–1). The third glass tube possesses the sample Gel 3
and the temperature variation profile of the sample
(figure 5) followed temperature profiles of water and IPA,
but showed a deviation at about 0°C for about 25 min
(15th to 40th minutes). The variation is due to the formation
of ice crystals within the gel sample. Further, there was no
variation in temperature profile until the end of the cooling
cycle (70th minute). The image of all three glass vials after
taking them from a cold bath is shown in figure 6a. It can be
observed that the water and Gel samples exist in solid phase
due to the phase change process, while the IPA was still in a
liquid state (freezing point far below –20°C).
After 70th minute, the heating of the sample started and
all the three vials were taken to room temperature (about
24–28°C). The ice formed, started melting at room temperature and the temperature profile in the three glass vials
are shown in figure 5 (from 70th to 160th minutes). As there
was no phase change, the IPA temperature reached to room
temperature very quickly. The profile of water and Gel 3
showed a deviation from IPA at about 0°C (because of the
starting of the melting process). According to the temperature profile, the melting temperature for ice is higher in Gel
3 sample compared to pure ice (0°C) due to the formation of
composite with LAPONITEÒ. The image of glass vials
having both solid and liquid phases of water is shown in
figure 6b. The temperature of three vials again reached to
about 20°C (after 160th minutes). The image of three samples in glass vials at about 20°C is shown in figure 6c.
To check the phase separation phenomenon of water in
Gel 3 sample, 50 ml of Gel 3 sample in a 100 ml beaker was
taken and image of the sample at three temperature conditions as ice state below 0°C, during melting of ice and at
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room temperature (24–28°C), is shown in figure 7. It can be
observed that the melting and freezing of water occurred
within the gel network and no movement or loss of ice/
water was observed during the phase change process.
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Conclusion

A shape-stabilized hydrogel as a PCM for cold TES
application was developed. It can be used as PCM in
replacement to water/ice slurry. The LAPONITEÒ additives can be easily mixed with water and then poured
within an insulation structure in liquid form. The proposed hydrogel, as an insulation layer, have the gelling
time of about 3 to 5 min and can be formed within the
PCM container. This PCM has a similar melting temperature (at about 0°C), enthalpy (about 300 J g–1) as
water and has more viscosity (about 3071 Pa.s) than pure
water. The phase change phenomenon of this gel sample
was compared with pure water and IPA within the temperature range of –10 to 20°C. The phase change process
of water (melting and freezing) occurred within the gel
network and no convective movement of ice/water or
leakage was observed. This shape-stabilized hydrogel
PCM can be kept as a thin insulating layer within some
plastic/polymer container and applied for heat resistance
for the atmosphere/outer temperature fluctuating between
–10 and 10°C. For the scope for future work, some nanoadditives as nucleating agents or metal foam may be
added in PCM container for minimizing the supercooling,
charging/discharging time of PCM. For corrosion issue,
some corrosion inhibitors can be added or can be stored
in some nonmetallic containers.
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[13] Warda J, Brückle I, Bezúr A and Kushel D 2007 J. Am. Inst.
Conserv. 46 263
[14] Kroon M, Vos W L and Wegdam G H 1998 Phys. Rev. E 57
1962
[15] Chen P, Xu S, Wu R, Wang J, Gu R and Du J 2013 Appl.
Clay Sci. 72 196
[16] Golafshan N, Rezahasani R, Esfahani M T, Kharaziha M and
Khorasani S N 2017 Carbohydr. Polym. 176 392
[17] Ling J, Li N, Yang X, Ma J, Du J, Wang D et al 2017 J.
Appl. Polym. Sci. 134 1
[18] Liu X, Niu X, Fu Z, Liu L, Bai S, Wang J et al 2020 Soft
Matter. 16 8394
[19] Lee J H, Han W J, Jang H S and Choi H J 2019 Sci. Rep. 9 1
[20] Wang C, Gong Z, Huang X, Wang J, Xia K, Ying L et al
2019 Theranostics 9 7016
[21] Nojoomi A, Tamjid E, Simchi A and Bonakdar S 2016 Int.
J. Polym. Mater. Polym. Biomater. 66 105
[22] Tomás H, Alves C S and Rodrigues J 2018 Nanomed.
Nanotechnol. Biol. Med. 14 2407
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