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Abstract. Thermal protection and insulation are important problems in many
fields such as industry, agriculture and medicine. New composite materials with
good thermal storage capacities have become important in the last few decades.
The role of these materials is reflected in their ability to store energy and allow it
to be reused in some other thermal systems. The aim of this study was to create a
new material based on the basically activated bentonite clay. First, the clay was
basically activated, resulting in a thick gel. Afterwards, stearic acid, Glauber’s
salt and active carbon were added, and a heterogeneous gel was obtained as a
finished final product. In order to obtain the best heterogeneous gel with sat-
isfactory storage properties, the amount of stearic acid and Glauber’s salt was
varied. The characterization of the resulting heterogeneous gel was performed
by measuring the cooling rate of the gel samples. Compared with stearic acid,
Glauber’s proved to be more effective. Heterogeneous gel cooling tests have
shown that there was a certain proportional dependence between the concen-
tration of stearic acid and the Glauber salt. However, it has been noticed the
reduction in the cooling rate. Namely, the increase in stearic acid and Glauber’s
salt concentration lead to slowing down the cooling rate of the gel. Adding
active carbon to the heterogeneous gel also reduced the cooling rate, which
indicated that the presence of active carbon in the heterogeneous gel should not
be excluded in the future. The advantage of this system is the improvement of
the gel thermal characteristics by the presence of water and clay. The gel was
reversibly cooled and heated up to 100 °C without changing the homogeneous
structure. This system can be used as a heat recovery pad, due to its flexible
body pillow. It can be very quickly warmed up in a microwave oven if it is
packaged in polyethylene packaging.
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1 Introduction

Thermal energy storages (TESs) in the last few decades become very popular, espe-
cially due to their important role in the processes of heat recovery processes as well as
in improving the performance of the thermal systems [1–3]. TES contain mediums able
to store the thermal energy (charging mode) and release the stored thermal energy
(discharging mode) when it is necessary to compensate deficiency in the main thermal
source [4–6]. The most common storage medium is a fluid or phase change material
(PCM). National Aeronautics and Space Administration (NASA) has reported seven
material categories with phase change properties: paraffins, non-paraffin organics, salt
hydrates, metallic, fused salt eutectic mixtures, miscellaneous, and solid-solid [7, 8].
Each of these materials possesses some advantages and limitations, so the selection has
to be done based on the application requirements [9, 10]. Generally, all these materials
have a low thermal conductivity which induces slow charging and discharging rate
[11]. In order to eliminate the existing lacks, scientists began to use nano-additives to
enable continuous and linear energy exchange. Nanomaterials are used as additives to
change the basic materials characteristics [12–14]. Once added to the fluid, produce
mixture become nanofluids. Nanomaterials additions to the phase change materials
provide nano-composites. Typical paraffin waxes are saturated hydrocarbon mixtures
and usually consist of a mixture predominantly of alkanes of the real molecular chains
such as CH3-(CH2)n-CH3. Crystallization (CH2)n chains can liberate a large amount of
latent heat. Fatty acids are characterized by the formula CH3(CH2)2nCOOH. Paraffin
waxes and fatty acids are organic supplements and are distinguished from inorganic
PCM materials. As they are mostly chemically inert, stable, easy to recycle, these
compounds show phase separation and corrosive behavior (with the exception of fatty
acids). However, some disadvantages are low thermal conductivity, volumetric storage
(less than 103 kg/m3), and flammability, unlike inorganic PCM materials [15, 16].

Results obtained by scanning electron microscopy (SEM) showed that the bentonite
clay represent a good structural barrier for the organic PCMs homogenously dispersed
onto its surface and interlayers [17, 18]. The chemical investigations made by using
Fourier transform infrared (FT-IR) spectroscopy revealed that the attractions between
the components of the composites were physical in nature and thus the PCM were hold
by capillary forces [19, 20]. The advantage of this system is that the storage temper-
ature may be higher than 100 °C, while pressure still remains very close to atmospheric
pressure. Activations of clay by alkalis allows homogenization of the materials capable
of melting heat change, whether an organic or inorganic nature [21, 22].

In the process of composites production, achieving the stable thermal cycles
without loss of medium mass is the main goal. By combining the relationship of the
Glauber’s salt and stearic acid into the selected composite, it is possible to influence the
cooling kinetics. By increasing the content of the Glauber salt, it is possible to cool at
temperatures close to its melting point. These are temperatures between 40 °C and
50 °C [23, 24].

In addition to clay, activated carbon in composite structure is also popular. It has
porous structure with many inner surfaces, which allows it to be easily saturated with
the melted PCM [6, 13, 25]. The activated carbon is suitable to form carbonaceous
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layers, which creates a physical protective barrier on the composites surface. The
protective barrier could confine the transfer of flammable molecules to the gas phase.
This results in the improvement of composites thermal stability [12, 14, 26]. The high
thermal conductivity of the graphite ligaments in the foam allows rapid transfer of heat
throughout the PCM volume. The PCM is able to absorb a significant amount of heat
without a great increase in temperature during the phase change [27–29]. The aim of
this study is to make a composite by using the bentonite clay, Glauber’s salt, paraffin
wax, stearic acid and activated carbon in order to determine the composite mixture with
the largest heat storage capacity of 100 °C.

In this study we have integrated modified bentonite clay which in combination with
water forms a gel miscible with a PCM. The resulting composite is nanofluid gel, with
very pronounced thixotropy [30–32]. PCMs usually have a rather small values of
thermal conductivity, in range of 0.1 to 0.3 W/(mK), but in combinations with other
compounds their thermal conductivity could be significantly improved [11, 27].

PCMs have a high density of storage of heat in a small temperature range. In this
case, this is called apparent hysteresis. Figure 1 shows the different causes that can lead
to hysteresis. Due to hysteresis, there are usually different data from charging and
discharging experiments. Another aspect to be taken into account when it comes to heat
transfer with solid-liquids phase change. In melted PCM is the effect of natural con-
vection, because it is one of the main factors that influence the processes of phase
transition. PCMs need to show a repeatable phase change in order to maintain the
storage capacity of the heat needed for the designed application. It should be noted
PCM showing phase separation will show a decrease in the enthalpy of melting after
repetition cycling. For PCM-based elements, stability in cycling may also refer to the
ability to avoid fluid leak after repeated melting and solidification cycles [33].

Fig. 1. Real hysteresis as a material property caused by subcooling when: (a) the temperature
rises again to the solidifying temperature of the PCM; (b) the temperature does not rise again to
the solidifying temperature of the PCM. (c) Real hysteresis caused by slow heat release or a real
difference between the phase-change temperatures. (d) Apparent hysteresis caused by non-
isothermal conditions in the measurements [33].
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2 Experimental

2.1 Materials

Bentonites clay was obtained from locations of Prisjan in the Pirot district (Serbia). Its
chemical composition after drying at 110 °C is as follows: 51.82% SiO2, 0.34% TiO2,
26.86% Al2O3, 2.30% Fe2O3, 0.10% MnO, 1.27% MgO, 1.44% CaO, 0.75% Na2O and
2.07% K2O. Borax, Glauber’s salt, paraffin and stearic acid were obtained from
ARIHEM (Nis, Serbia), while activated carbon was made by Miloje Zakic d.o.o.
(Krusevac, Serbia). Temperature measurement was done using Digital thermometer
DT-1 (Dalmacija, Dugi rat, Croatia).

2.2 Heterogeneous Gel Based on Alkali Bentonite Clay Activation
Making Procedure

In the first phase, 100 ml of water was heated to the temperature of 90 °C and 60 g of
bentonite clay was added. After intensive stirring, obtained liquid was concentrated by
addition of 5 g NaOH. In the second phase, in easy flowable gel that was previously
obtained by stirring activated carbon, Glauber’s salt, paraffin and stearic acid were
added in appropriate amounts. In the last phase after the intensive stirring, easily
mobile and homogeneous thixotropic gel was obtained, in which organic phase with
the inorganic was emulsified.

2.3 Characterization of the Heterogeneous Gel

Heterogeneous gel in test tubes was heated in a temperature-regulated water bath to the
temperature of 95 °C, and after completely melting the samples, the test tubes were
removed from the hot water bath and left in an isolating vessel made of polystyrene
(isolation diameter was 10 cm) which is shown in Fig. 2. All off experiments were
done at ambient temperature for samples cooling to the room temperature. A temper-
ature loss is measured every 60 min for a period of 9 h. In order to analyze the cooling

Fig. 2. Laboratory model for heat storage determination
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behavior and the cooling degree of each sample, graphs of temperature changes during
the time were plotted.

3 Results and Discussion

Results indicate a proportional decreasing of cooling speed with increasing of mass of
Glauber’s salt in heterogeneous gel. At the relative ratio of Glauber’s salt and stearic
acid of 1:2, the temperature storage effect is lower for about 5 to 10% compared to the
2:1 ratio in favor of Glauber’s salt (Figs. 1 and 2). According to results, Glauber’s salt
is important for cooling speed decrease. Based on the obtained results it can be con-
cluded that Glauber’s salt amount increasing may affect more favorable conditions for
the heat storage.

Results of the stearic acid influence on temperature changes of heterogeneous gel
are presented in a Fig. 3. Obtained results indicate that stearic acid has effect on cooling
of heterogeneous gel, but that effect is not significant. Trend of temperature decreasing
at stearic acid concentrations of 5, 10 and 15 g is almost identical, while at the highest
stearic acid concentration (20 g) cooling trend of heterogeneous gel is lower compared
to the previous investigated concentrations [34].

Figure 1(a) and (b) shows the phase transitions with subcooling, which is reduced
by the introduction of expanded clay. The gel based on expanded clay with water is
high pH value. It provides a mild phase transition without subcooling [33].

Generally, thermal conductivity increase has positive influence on thermal storage
properties of composite material. Namely, composite material will be effective as
thermal storage material if during one cycle is fully charged (all PCM should melt) and
then fully uncharged (all PCM should solidify), while the process of charging and
discharging depends on the thermal conductivity of the composite. Clay activation by
alkali in mixture with water creates a gel that has strong thixotropic properties. With
minimal mixing, the gel becomes a fluid and easily maneuverable, that after a while
becomes solid consistency. In this combination the presence of water induces primarily
high specific heat [15]. It is known that water has a high coefficient of conduction and
high specific heat, which is one of the preconditions for a high heat mixture capacity
and high thermal conductivity. Additionally, increased thermal conductivity could be
also achieved by clay particles presence in the mixture.

The influence of Glauber’s salt on heterogeneous gel temperature changes is pre-
sented in Fig. 4. Increasing the amount of Glauber’s salt is a longer period of heat
transfer at a temperature of 50 °C (Fig. 4). This should be expected because the latent
heat of the melting (vaporization) of the Galuber’s salt is greater than the latent heat of
stearic acid melting [23].

In order to improve the thermodynamic properties in nanofluid gel, activated car-
bon was added. Besides the investigation of stearic acid and Glauber’s salt influence,
effect of activated carbon on temperature changes was also investigated. It can be noted
that a sample of heterogeneous gel with active carbon has proven to be more effective
because of a slower cooling system for heat storage. For nine hours the heterogeneous
gel temperature dropped from 95 to 48.2 °C, which is for about 10 °C higher compared
to the heterogeneous gel in which activated carbon was not present (Fig. 5).
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Activated carbon adsorbs water from salt and paraffin, which affects the reduction
of vaporization energy, is significantly higher than the solubility of salt or paraffin.
Activated carbon can affect the ratio of energy vaporization to the melting energy of the
composite [3, 16]. As the mixture is being mixed and water is being added, a point is
reached at which the water is sufficient to wet all the particles. Continued mixing
compacts the powder, removing air and the compacted powder starts to agglomerate
into lumps. Continued mixing resulted in these lumps becoming plastic. Excess water
makes these lumps too soft for the forming process. Clays have been used as binders in
carbon mixtures to impart strength to the carbon body formed there from. Typically,
water contents of about 140% to about 180%, and more typically about 145% to about
160% based on the carbon and clay content impart good plasticity and handle ability to
the mixture [27].

Active powder carbon is suitable in a mixture with water and clay, which can
absorb gases at elevated temperatures close to 100 °C, thereby maintaining the volume
of the same constant [10, 27].

Besides, the thermal conductivity in molten state was larger than that in solid state.
It also indicated that the activated carbon was favorable to form carbonaceous layers,
which created a physical protective barrier on the surface of the composites. The
protective barrier could confine the transfer of flammable molecules to the gas phase,
and thus the thermal stability of the composites was improved [7, 35].

Fig. 3. Influence of stearic acid mass on heterogeneous gel temperature changes. Heterogeneous
gel composition: 100 g of water, 60 g of clay, 5 g of NaOH, 10 g of Glauber’s salt, 10 g of
paraffin wax, 5 g of borax and stearic acid 5 g (A), 10 g (B) 15 g (C) and 20 g (D).
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Fig. 4. Glauber’s salt influence on temperature changes of heterogeneous gel. Heterogeneous
gel composition: 100 g of water, 60 g of clay, 5 g of NaOH, 10 g of stearic acid, 10 g of paraffin
wax, 5 g of borax and Glauber’s salt 5 g (A), 10 g (B) 15 g (C) and 20 g (D).

Fig. 5. Activated carbon influence on temperature changes in heterogeneous gel. Heterogeneous
gel composition: (A) 100 g of water, 60 g of clay, 20 g of Glauber’s salt, 5 g of NaOH, 10 g of
stearic acid, 10 g of paraffin wax and 5 g of borax and; (B) 100 g of water, 60 g of clay, 20 g of
Glauber’s salt, 5 g of NaOH, 10 g of stearic acid, 10 g of paraffin wax, 5 g of borax, and 10 g of
activated carbon.
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For hydrocarbon adsorption applications, the preferred type of activated carbon is
what is considered to be a collection of very small graphitic platelets which are bound
together with an open structure leading to high surface area [5].

During phase changing, the solid-liquid interface moves away from the heat
transfer surface, and the heat transfer resistance gradually increases due to the increased
thickness of the molten/solidified medium. By introducing an expanded gel with
bentonite clay, this effect is significantly reduced [36].

4 Conclusion

In this work, we managed to homogenize a heterogeneous mixture of inorganic and
organic PCMs agents. In the homogeneous bentonite clay gel, 20–25% PCM was
added. This gel contains about 50% water that significantly affects heat increase of the
specific mixture. Obtained gel based on clay allows continuous temperature change and
heat transfer, while Glauber’s salt, stearic acid and paraffin caused the latent heat of
phase at different temperature intervals.

Expanded gel based on bentonite clay is a carrier by which the addition of PCMs
can be used to change thermodynamic properties. Composite based on expanded
bentonite and clay and PCMs has significantly higher specific heat from the mixture of
PCMs. Addition of activated carbon in gel provides additional system homogenization
and increased accumulation of heat. In addition, activated carbon significantly reduced
the cooling of the gel, which indicates further investigation of activated carbon con-
centration increase in the future. It is also possible to insert micronized particles of
some metal or salt in order to increase the thermal capacity of the system and to allow
faster heating and cooling of the commercially available material.

The present-day composite gel based clay, active carbon and stearic acid gel is very
suitable for thermotherapy in medicine packaged in elastic polyethylene bags that will
be heated in a microwave oven. Due to its heterogeneous composition and possible
corrosive properties, this composite should be encapsulated in polymeric capsules,
tubes, spheres or some other geometric shapes.
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