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ABSTRACT

Introduction: Wearable thermal management systems and phase change materials (PCMs) have emerged
as effective solutions for regulating body temperature and storing thermal energy. This study focuses on
synthesizing and thermal optimizing a sodium sulfate decahydrate-based nanocomposite incorporating
various nanoparticles to improve its performance for personal thermal regulation applications.

Material and Methods: The composite was prepared using sodium sulfate decahydrate as the base
PCM. Potassium chloride (KCl) was added to adjust the melting point, borax (STD) served as a nucleating
agent, and sodium polyacrylate (SPA) was included as a thickening agent to suppress phase separation.
To evaluate the effect of nanoparticle additives, 0.05 wt.% of aluminum oxide (Al,O3), iron oxide (Fe,0s),
graphene oxide (GO), and titanium dioxide (TiO,) were separately incorporated into the base formulation.
A field emission scanning electron microscope (FESEM) was used to analyze the surface morphology
of the resulting nanocomposites. Differential scanning calorimetry (DSC) assessed thermal properties,
including phase transition temperatures (melting and freezing points) and latent heat.

Results: Differential scanning calorimetry (DSC) analysis indicated that sample S-5-5 comprising sodium
sulfate decahydrate with 3 wt.% KCI, 5 wt.% STD and SPA exhibited a melting temperature of 29.5 °C and
a latent heat of 120 J/g. This composition remained stable without phase separation. The incorporation of
nanoparticles raised the melting point of the base PCM by 0.6 to 1.72 °C. Aluminum oxide (Al>O3) and iron
oxide (Fe,0s) reduced the latent heat of fusion, whereas GO and TiO, increased it.

Conclusion: These findings confirm that the thermal properties of sodium sulfate decahydrate-based
PCMs can be tailored by including specific additives and nanoparticles. Hydrated salt nanocomposites
demonstrate strong potential as PCMs for wearable body temperature regulation.
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1. INTRODUCTION

Prolonged exposure to high temperatures
can adversely affect workers’ health and reduce
productivity. Several strategies have been developed
to mitigate heat stress, with wearable technologies
representing a recent and promising solution.
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Integrating phase change materials (PCMs) into
clothing has shown considerable potential for
regulating body temperature. PCMs absorb or
release latent heat during phase transitions in
response to temperature fluctuations, thereby
maintaining thermal equilibrium. These materials
are widely recognized for their applicability
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Table 1: Thermal-physical properties of nanoparticles

Specific
. Particle size surface
Nanoparticle
area
(m?/g)
A1203
>99% 50-80 138
gamma
Fe,O3 >99% 50-80 40-80
GO >99% Thickness 3-6 120
TiO2 >99% 18 60

Thermal
Morphology color conductivity Density(g/cm?)
(W/m K)
Hemisphere White 41.1 3.65
Oval shape Dark red 6.4 5.25
Layered Gray 72 0.43
Spherical White 8.4 3.9

Table 2: Na,5O,.10H,0-3 wt.% KCL composite with different content of STD and SPA

Samples

S-3-3
S-5-3
S-5-5

in thermal energy storage systems. PCMs are
generally categorized into three main types:
organic, inorganic, and eutectic compounds.

Hydrated inorganic salts have gained
considerable attention as phase change materials
due to their high latent heat storage capacity, tunable
phase transition temperatures, cost-efficiency, and
non-flammability, advantages that make them
favorable over organic alternatives. However, their
practical use remains limited by certain drawbacks,
including low thermal conductivity, phase
separation, and supercooling. Researchers have
investigated the use of various additives to mitigate
these limitations. Supercooling can be reduced by
incorporating nucleating agents such as eutectic
salts or nanoparticles, while phase separation can be
minimized by introducing hydrophilic polymers.

This study aimed to synthesize and evaluate the
thermal properties of a sodium sulfate decahydrate-
based nanocomposite incorporating four types of
nanoparticles, Al,Os;, Fe,Os;, GO, and TiO,, for
potential use in body thermal management. KCI
was added to adjust the melting point, while borax
(STD, Na;B40,-10H;0) acted as a nucleating agent.
SPA was used as a thickening agent to inhibit phase
separation. A composite comprising sodium sulfate
decahydrate, KCl, STD, and SPA was synthesized
to improve structural stability. The influence of
nanoparticle addition on melting temperature and
latent heat was subsequently investigated.

2. MATERIAL AND METHODS
A. Materials
Dry sodium sulfate (Na,SO4, 99% purity)
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STD and SPA content

STD (wt.%) SPA(wt.%)
3 3
5 3
5 5

was obtained from Kian Kaveh. KCl (98%
purity), SPA, and borax (STD) were also used.
The nanoparticles included gamma-phase AL,Os
and Fe,Os, both supplied by ARMINANO
(Iran); GO from United Nanotech (India); and
anatase-phase TiO, from US-NANO (USA).
The physicochemical characteristics of the
nanoparticles are summarized in Table 1.

B. Sample preparation

The sodium sulfate decahydrate composite
was prepared using a simple mixing method.
Na,SO410H,O was initially synthesized by
dissolving sodium sulfate in distilled water at a
stoichiometric molar ratio of 1:10. Subsequently,
3 wt.% KCI was added to reduce the melting
temperature. STD and SPA were then introduced
as nucleating and thickening agents, respectively.
The mixture was stirred at 40 °C for 20 minutes
and then subjected to ultrasonic dispersion for 30
minutes to ensure homogeneity. Table 2 presents
the composition of the base PCM samples with
varying weight percentages of each component.

Based on the thermal property analysis,
Sample S-5-5 was selected as the optimal PCM.
In the subsequent stage, 0.05 wt.% of ALO;,
Fe,0;, GO, and TiO, nanoparticles were
individually incorporated into the selected PCM
to evaluate the effect of minimal nanoparticle
addition on latent heat and melting temperature.
Each nanoparticle was mixed with the base PCM
using mechanical stirring at 40 °C, followed by
ultrasonic dispersion for 30 minutes to ensure
uniform distribution.
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Fig. 1: DSC analysis of base PCM
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Fig. 2: DSC analysis of

C. Analysis

The surface morphology of the PCM
nanocomposites was examined using a FESEM
(TESCAN MIRA 1I, Czech Republic). Thermal
properties, including phase transition temperatures
(melting and freezing) and latent heat, were
measured using DSC (TA Instruments Q600,
USA). The analysis was performed under an argon
gas flow rate of 50 mL/min, within a temperature
range of —10 to 60 °C, and at a constant heating rate
of 5 °C/min.
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3. RESULTS AND DISCUSSION
A. Morphology

FESEM analysis of the samples containing
0.05 wt.% nanoparticles revealed uniform and
homogeneous nanoparticle dispersion without
noticeable aggregation. Distinct morphological
variations were observed across the different
nanoparticle types. The sample containing TiO,
nanoparticles exhibited a denser and smoother
microstructure than the others. The characteristic
layered structure of graphene oxide (GO) was
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Table 3: Thermal properties of PCM samples

)

Melting(

ONSET Peak

temperature temperature
S-3-3 20.33 28.99
§-5-3 31.07 36.16
$-5-5 21.81 29.50
$-5-5-AL03 22.88 30.11
S-5-5-Fe20s 21.59 30.39
§$-5-5-GO 23.13 30.57
§-5-5-TiO2 23.69 31.22

visible in its corresponding images. In contrast, the
sample with Al,O; showed bulky microstructures
with rough surfaces. The formation of larger
granules by aggregating smaller particles suggests
strong nucleation activity associated with Al,Os
nanoparticles.

B. Thermal analysis

Figure 1 shows the DSC curves for the three
base PCM composites, while Figure 2 presents the
DSC results for the ALOs, Fe,Os, GO, and TiO,
nanocomposites based on the optimized PCM. In
both figures, the lower curves correspond to the
melting process, during which the PCM absorbs and
stores thermal energy, and the upper curves represent
the freezing process, where the material releases this
stored energy. The melting and freezing temperatures
and the latent heat values for each sample are listed
in Table 3. Among the base PCM samples, S-3-3
exhibited a melting temperature of 28.99 °C, which
fell within an acceptable range but showed relatively
low latent heat. The S-5-3 sample had a higher
melting temperature of 36.16 °C, which could be less
desirable for body thermal management applications.
The S-5-5 sample, with a melting temperature of
29.5°C and latent heat of 120]/g, demonstrated
the most balanced thermal performance and was
selected for further modification using nanoparticles.
Following the addition of 0.05 wt.% nanoparticles,
the melting temperatures and latent heat values for
the nanocomposite samples were as follows: S-5-5-
AL Oj; exhibited a melting temperature of 30.11 °C
with a latent heat of 114.94 J/g; S-5-5-Fe,O; showed
30.39 °C and 111.79 J/g; S-5-5-GO recorded 30.57 °C
and 120.25]/g; and S-5-5-TiO, reached 31.22°C
with a latent heat of 121.68 J/g. These results indicate
that nanoparticle addition slightly increased the
melting point and had varying effects on latent heat,

[ DOW!

Latent heat ONSET Peak

Freezing( ')

Latent

J/gr) temperature temperature heat
d/go)

103.89 14.98 14.17 94.84
120.054 20.90 16.63 95.89
120 21.76 16.34 110.44
114.94 16.5 15 100.14
111.79 17.25 15.75 106.65
120.25 18 16.5 112.73
121.68 18.75 17.25 110.62

depending on the nanoparticle type.

4. CONCLUSIONS

This study addressed the limitations of hydrated
salt-based PCMs, specifically sodium sulfate
decahydrate (Na,SO4-10H,O), by incorporating
3 wt.% KCl to adjust the melting point, 3 wt.%
sodium polyacrylate (SPA) and 5 wt.% borax (STD)
to improve phase stability and prevent separation.
The thermal behavior of the optimized PCM was
further modified by introducingalow concentration
(0.05 wt.%) of four different nanoparticles: Al,Os,
Fe,0s, GO, and TiO,. The melting temperatures of
the resulting nanocomposites were lower than that
of pure Na,SO,-10H,O (32.4 °C), yet increased by
0.6-1.72 °C compared to the base PCM composite.
The type of nanoparticle also affected latent heat
values: AL,O; and Fe,O; led to a reduction, whereas
GO and TiO; resulted in a slight increase.

Opverall, the findings indicate that incorporating
carefully selected additives and nanoparticles can
improve the thermal performance of hydrated
salt PCMs. However, the effectiveness of these
modifications depends on each additive’s precise
composition and concentration. Future research
should focus on exploring a broader range of
nanoparticles and optimizing their concentrations
to further enhance the stability, efficiency, and
applicability of PCMs for thermal energy storage
and wearable cooling systems.
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1. Field Emission Scanning Electron Microscope (FE-SEM)
2. Differential Scanning Calorimetry (DSC)
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