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Abstract

Dispersion of highly conductive nanoparticles in Phase Change Materials (PCMs) tends to
improve the thermophysical properties of nanocomposites. The current research works
condenses the synthesis, chemical, physical, and thermal characterization of novel nano-
enhanced eutectic phase change materials (NeUPCMs) dispersed with TiO2 nanoparticles for
thermal management applications. The base matrix primarily comprises of a eutectic of paraffin
wax and palmitic acid. Detailed analysis of the uncertainty of each thermophysical property
measured was performed. The synthesized nanocomposite logged a maximal thermal
conductivity of 0.59 W/mK (2.3-fold as compared with the base-0.25 W/mK) with 0.5%
nanofillers. The composites displayed excellent solar transmissivity (82%) as they were doped
with nanofillers having a high refractive index. The latent heat of the composites got enhanced
by 17% whereas the melting point showed a slight decrement in nanocomposites. Further, zero
phase segregation, no subcooling, stable phase transition temperature, and good chemical, and

thermal stability were noted from digital scanning calorimetry results with NeUPCMs. The

* Corresponding author: Email (s): adarsh.889@gmail.com; adarshp@sunway.edu.my (A. K. Pandey);
nasrudin@um.edu.my (Nasrudin Abd Rahim)



mailto:adarsh.889@gmail.com
mailto:nasrudin@um.edu.my

composites exhibited good thermal reliability beyond 500 thermal cycles. It could be
potentially deployed in thermal management of medium temperature systems like PV, and PVT
systems.

Keywords: Nano-enhanced eutectic phase change material; Thermal conductivity; Latent heat;
Thermal energy storage; uncertainty analysis

Highlights

Novel nanocomposites were synthesized using paraffin wax, palmitic acid, and TiO..
Nanocomposite had a maximal enhancement of 131.5% in thermal conductivity
38% rise in solar transmittance when compared with the eutectic base
Thermophysical properties remained stable even after 500 thermal cycles
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1. Introduction

Energy got elevated to a topic of concern in science prominently owing to sustainability
and green concerns. An efficient energy storage technology is needed to combat the
intermittencies and instabilities existing in present sustainable and renewable energy sources.
Thermal energy storage is gaining importance though heat is the most common form of energy
loss [1]. The projected energy demand of the world for the next 20 years is around 27 TW,
whereas the earth absorbs 122,000 terawatts of solar irradiation [2]. The seventh sustainable

development goal (one among the seventeen laid by the Paris agreement in 2015) stresses the



need to provide cost-effective and green energy for all which is mainly possible by embracing
energy-efficient and clean energy sources. Furthermore, as per the energy road map for 2050,
the EU proposes renewable energy sources must deliver two-thirds of energy [3]. Thermal
energy storage (TES) remains a sustainable solution for solving the issue of energy space-time
mismatch. Medium and high-temperature TES system has been extensively deployed in
numerical applications like industrial waste heat recovery and solar thermal power plants for
thermal management in recent years[4][5]. TES mainly comprises sensible heat storage and
latent heat storage [6,7]. Due to its stable output temperature and high heat storage density
latent heat energy storage (LHES) outweighs sensible heat energy storage (SHES) [8]. Phase
change materials (PCMs) are the basis of LHES as they can absorb and release an immense
quantum of heat energy which could be stored during phase transition [9][10]. It must possess
a convenient phase transition temperature, excellent heat storage density, good thermal
conductivity, lower volume transition ratio, zero corrosion, zero toxicity, zero phase
separation/super-cooling degree, phenomenal match with structural materials, and finally
economical too [11,12].

Among organic PCMs, paraffin is widely preferred as it possesses a melting
temperature within a range. The phase transition temperature and enthalpy of fusion can be
altered accordingly by choosing a PCM with more carbon atoms (CnH2n.+2)[13]. Besides,
paraffin is stable both physically and chemically, produced in bulk quantities, cheap, and found
in numerous applications related to the solar industry, buildings, and industrial waste
management [14]. High-phase transition enthalpy, and the absence of super-cooling, are
significant favourable factors favouring fatty acids (CHzCH2,COOH), but they lack thermal
conductivity. The phase transition temperature of single fatty acids finds it challenging to meet
medium (around 50°C) temperature solar thermal energy applications. The eutectic PCMs
deliver better thermal reliability, latent heat, and comparatively lower phase transition
temperatures when compared with individual PCMs. Furthermore, eutectic PCMs can be tuned
for any particular melting point as well as latent heat which makes them well suited for any
particular application[15]. Dispersing heat pipes, metallic fins, nanoparticles, encapsulation,
shape-stabilization, and embedding metal foams are a few techniques adopted for enhancing
thermophysical properties. Grafting of functional groups and surface modification of
nanomaterials are also adopted, along with the dispersion of zero-dimensional (0D) one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D) structural additives. The

term nano additive collectively holds for nanosheets, nanofibers, and nanowires [2]. In most



cases, higher thermal conductivity guarantees rapid energy release in thermal energy storage
systems [16]. TiO2 nanoparticles dispersed in PCMs can improvise the PCM's thermal
conductivity [17].

An experimental study was done on the TES characteristics of distinct metal oxide
nanoparticles (TiO2, Al2Os, SiO2, ZnO) dispersed in paraffin wax. Nanocomposite dispersed
with TiO2 logged a significant effect on TC and TES characteristics of paraffin [18]. An
analysis of TiOz/paraffin composites synthesized without surfactant was done. A linear
improvement in TC was noted with particle loading, and the trend declined with temperature
rise. Post thermal cycling thermophysical characterization properties were lacking [19]. A non-
monotonic nature in thermal conductivity enhancement for liquid and solid phases were noted
with n-octadecane/TiO, composites. The maximal TC enhancement was with 3%wt (solid) of
nanofillers. Moreover, when the filler loading exceeded 4% wt. (liquid phase), the TC
registered a declining trend. The area of latent heat storage remained untouched [20]. A post
thermal cycle analysis on thermal characteristics and stability of paraffin /TiO2 nanocomposite
(in the presence and absence of surfactant) was done. The presence of SSL having a weight
ratio of 1:4 (SSL: TiO,) affected a delay in instability and enhanced the thermal properties of
the composite [21]. A prospective shape-stabilized TES material (micro-encapsulated palmitic
acid with TiO2 shell) was prepared through a sol-gel process. The phase transition temperature
was maintained, but the latent heat got degraded, and the composite showed good thermal
stability [22]. When Palmitic acid/TiO> nanocomposites were put to thermophysical
characterization, the TC got enhanced by 80%. The composite recorded excellent chemical
stability and thermal reliability even after 1500 cycles [23]. When 1.5 wt.% nSiO, was
dispersed in a eutectic mixture of CA-MA (73.5-26.5 wt.%), thermal conductivity got
improved to 142%. The composite's thermal stability got improved, but latent heat had a slight
degradation. Even after 2000 cycles, the thermophysical and chemical properties of NePCMs
remained stable [24]. The dispersion of n-SiO> to a eutectic of CA-PA-SA (79.3:14.7:6.0)
lowered the thermal conductivity (034W/mK-0.08W/mK) of FSNePCMs. With nanoparticle
dispersion, the melting point and latent heat had a slight decline. The thermophysical and
chemical properties of NeUPCMs remained untouched even after 500 cycles [25]. The
dispersion of HBN nanofillers onto a eutectic of SA-ODE (2:98 wt.%) yielded a 10%
increment in thermal conductivity. The SA-ODE/HBN composites were synthesized and
evaluated for their thermophysical properties. The melting point, latent heat, and degree of

super-cooling remained almost stationary even with nanoparticle dispersion [26].



A lack of study detailing the synthesis of organic eutectic NePCMs for medium
temperature application and its thermophysical characterization was noted down from the
literature. The table.1 summarizes the research works conducted on nanocomposites dispersed
with TiO2 nanoparticles. A maximum of 80% increment in thermal conductivity is reported till
now. One except other works had reported a decrement in latent heat with TiO2 dispersion. The
present work remains highly relevant as it reports a 131% increment in conductivity without
compromising latent heat (17% increment). The composites also exhibited high solar
transmissivity primarily due to the inherent refractive index. The results on the stability of nano
additives dispersed in eutectic PCM also remain void. The current manuscript demonstrates
the synthesis of nano-enhanced organic eutectic (paraffin &palmitic acid) composites dispersed
with TiO2 nanoparticles.

Table.1 Thermal conductivity and enthalpy of TiO, dispersed PCMs

Composites Thermal Enthalpy Number of thermal Reference
dispersed with conductivity J/9) cycling’s done
TiO, (W/m.K)
Palmitic acid/TiO2 | 80% increment | 15.5% decrement 1500 [23]
Paraffin wax/TiO2 | 25% increment | 15.7% increment NA [28]
Octadecane/TiO2 | 26% increment NA NA [20]
Stearic acid/TiO> | 70% increment | 3.5% decrement NA [29]
Paraffin/ TiOz 13% increment 9% decrement NA [19]
(SA + LA)/TIO? 42% increment 9% decrement NA [30]
(PW+PA)/TIO: 131% increment | 17% increment 500 Current work

Even though numerous research works (summarized in table 1) got published that focus
mainly on the synthesis and thermophysical characterization of TiO. nano-enhanced phase
change materials, not a single attempt was made to synthesize a eutectic nanocomposite by
dispersing TiO2 nanoparticles onto paraffin /palmitic eutectic base. In the current work, to the
best of the author's knowledge synthesis of eutectic (paraffin wax & palmitic acid) nano
enhanced PCM dispersed with TiO2 nanoparticles remains a novel work. The eutectic PCM
displayed comparatively higher thermal conductivity (131%) and a 17% increment in latent
heat at 0.5wt% loading rate of nanoparticles than the individual eutectic PCMs. Though the
composite showed a slight decrement in phase transition temperature, the enhancement in
thermal conductivity without compromising latent heat makes it a potential candidate for TES

applications. Furthermore, a detailed morphological analysis, chemical compatibility, thermal




stability, and even thermal reliability for 500 melt-freeze cycles were also performed. Finally,
a detailed uncertainty analysis of each thermophysical property measured was also done. The
composites displayed excellent solar transmissivity (82%) which makes them suitable for
applications like greenhouse heating and desalination. Furthermore, the synthesized TiO»-
based nanocomposites (paraffin/palmitic acid) suit medium-temperature thermal energy
storage applications due to their enhanced thermophysical properties (high thermal
conductivity and latent heat). This mainly includes PV thermal management, PVT thermal
management, desalination (solar still), solar water heating, solar air heating, and thermal

management of electronic devices and were reviewed in detail [27][16][2].
2. Experimental section
2.1. Materials

Paraffin wax was procured from RM chemicals (MP-58-60°C). Palmitic acid (PA, with a
melting point of 60-62°C, molecular weight-256.43g/mole, analytically pure) was obtained
from Sigma Aldrich. SBDS from Sigma Aldrich, TiO- (anatase < 25nm, density 3.9g/ml) from
Sigma Aldrich.

2.2 Methodology
2.2.1 Synthesis of Palmitic acid /Paraffin Wax binary eutectic Mixture

The PW-PA binary eutectic mixture with a ratio of (60.3/39.7) was prepared by melt-
blending method. By using Schroder’s equation, the eutectic point of the mixtures was
estimated. The required quantity of paraffin wax was measured and melted with the help of a
hot plate. Calculated quantities of palmitic acid were added to the melted paraffin while the hot
plate temperature was kept above the melting point. The eutectic mixture was mixed
homogeneously with the aid of a magnetic stirrer rotating at 500 rpm for 20 minutes. Then the

eutectic mixture was allowed to cool down to ambient conditions.
2.2.2 Preparation of nanocomposite eutectic PCM

A two-step method was used for preparing NeUPCMs. The eutectic mixture was heated to
70°C. Then loaded with surfactant (SDBS) and nanoparticles (TiO2) in the ratiol:1. The liquid
mixture was put to probe sonication for 40 minutes, with the sonicator power fixed at 60%.
The nano-enhanced eutectic composite with different loading rates of nanoparticles

(0%,0.1%,0.5%, and1%) were termed MO-M3. Post sonication, the samples were brought d to



ambient temperature. Figure 1 shows the synthesis route of NeUPCMs and figure 2 shows all
the composites (M0-M3).

Eutectic of paraffin TiO2 NeUPCM obtained
/palmitic acid nanoparticles Probe sonication after sonication

Fig. 1 Synthesis route of nano-enhanced eutectic composites.

MO M2

M3

M1

Fig. 2 Synthesised nano-enhanced eutectic composites.
2.2.3. Characterization and instruments

The morphology of TiO. nanoparticles and the nanocomposites were inspected with
a Field Emission Scanning Electron Microscopy (JSM-IT800, JEOL JAPAN). Fourier
Transform Infrared Spectroscopy was utilized in analyzing variations in the functional group
of synthesized composites (Spectrum Two FT-IR Spectrometer L160000A, PerkinElmer). The
samples were scanned between wavenumber 450 - 4000 cm™? using spectral-grade KBr pellets.
With a Perkin EImer TGA 4000, the thermal stability analysis of the composites were done.
The composites were held in a ceramic crucible under an N2 environment and a heating rate of
10°C /min. The change in weight of the samples under the TGA furnace was monitored from
30°C- 450°C. A UV-VIS spectrometer (LAMBDA 750, PERKIN ELMER) with a range of 200

nm -2000 nm was used to investigate the light transmission capability of the composites. The



crystalline structure of all the samples were investigated using an XRD diffractometer
(BRUKER, UK) with Cu Ko radiation at 45 kV and 40 mA. The 26 range ranged from 10°-80°
with a scanning rate of 10%/minute at ambient temperature. The enthalpy of heating, freezing,
melting, and freezing points of samples were estimated with a Differential Scanning
Calorimeter Analyzer (DSC-1000-C LINSEIS GERMANY). The evaluations were done under
a N, atmosphere (flow at 20ml/min.) with a temperature ranging from 30°C-90°C with a heating
rate of 10°C/min for heating. A cooling rate of 10°C/min and a temperature range of 90°C-
30°C were used for freezing the samples. Thermal conductivity measurement of eutectic PCM
and nanocomposites was done with a thermal property analyzer (TEMPOS, Meter-USA) using
the transient line heat source method. With an SH-3 sensor, the thermal conductivity and
thermal diffusivity were evaluated. The thermal conductivity measurement was done based on
ASTMD53314-14 and IEEE 442/D3 standards. Ten readings were taken for each specimen. A
time span of 20 minutes was ensured among two consecutive readings to maintain temperature
stabilization. A custom-made thermal cycler was used to evaluate the cycling stability. The
samples were run between 30°C-70°C. The heating was done by a hot gun (2000W STANLEY,
STEL 670, type XD02) and cooling was done with Peltier cooling effect.

2.2.4 Uncertainty Analysis

An uncertainty analysis was conducted to nullify the effect of errors that might have occurred
while taking measurements. All parameters defining thermal characteristics were measured
multiple times, and average values were noted for accurate results. The uncertainty associated
with the measuring devices and measured parameters are summarized in table 2. The computed

uncertainty associated with each parameter is tabulated in table 3.

Table.2 The uncertainty associated with measuring devices

Equipment Parameter measured Uncertainty
TEMPOS Thermal conductivity 10%
Digital scanning calorimetry Latent heat 2%
Digital scanning calorimetry Melting point 0.2°C
UV-vis Absorptivity/ Transmissivity 0.1%
Microbalance Mass of nanoparticles 0.0001gm
Weighing Balance Mass of PCM 0.001gm
TGA Temperature 0.3°C




Table.3 Uncertainty of measured parameters

Measured quantity Uncertainty

Sample name Units MO M1 M2 M3
Thermal conductivity W/m-K | 0.058 0.058 0.058 0.058
Diffusivity mm?s | 0.0577 | 0.0577 | 0.0577 | 0.0577
Latent heat of melting kJ/kg 1.85 2.08 2.10 2.16
Latent heat of freezing kJ/kg 1.71 2.06 1.95 2.05
Melting Point oC 0.15 0.15 0.15 0.15
Mass of PCM gm 0.0012 0.0012 0.0012 0.0012
Mass of SDBS gm 0.0001 | 0.0001 | 0.0001 | 0.0001

3. Results and Discussions
3.1. Morphology of nanoparticles and NeUPCMs

Nano structural analysis of TiO2 nanoparticles, pure eutectic composite, and nanocomposite
(0.5 Wt.% TiO; into paraffin/ palmitic acid) was performed using a FESEM and are shown in
Fig.2. As evident from the figure.3(a), spherical-shaped TiO2 nanoparticles are visible at a
magnification of 200,000.
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Fig. 3 FE-SEM npictures of (a) TiO2 nanoparticles, (b) Eutectic PCM, (c) NeUPCMs



These nanoparticles vary from 17-25 nm in size. Much higher magnification of eutectic and
nanocomposites was not possible as the composite gets heated up and even melts because of
the high intensity of the electron beam. The FESEM image of the eutectic base at 2500
magnification is shown in figure 3 (b) which shows a lamellar layered structure. The
homogenous dispersion of TiO2 nanoparticles in the eutectic base (owing to a repulsive bond
of surfactant) is shown in the FE-SEM images (Fig. 3c) and some pores and particles embedded
in the eutectic base are also seen.

3.2. Chemical structural Characterisation (FT-IR)

The chemical compatibility of the synthesized nano-enhanced eutectic composites was
evaluated with the aid of an FT-IR. The FT-IR curves of nanocomposites, nanoparticles, and
surfactant between wavenumbers 4000 to 400 cm™ were plotted in figure 4.
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Fig.4 FT-IR Spectrum of the eutectic base, TiO2, NeUPCMs.

The absorption peaks contributed by palmitic acid in the FT-IR spectrum were detailed in our
previous work [10]. Major vibrational shifts were spotted at 2915 & 2846 and were
characterized by asymmetrical stretching of CH; and CH, [31] groups. The pristine eutectic
mixture displayed medium vibration bands at 1704, 1464, and 722cm™. The peak at 1704 cm’
1 corresponds to a stretching of the C=0 bond [23]. The deformation vibration of -CH; and —

CH, can be marked by a peak at 1464 cm™. The swinging vibration -OH-[23] & -CH2-group
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were represented by a peak at 722cm™. The samples M0, M1, M2, and M3 displayed identical
FT-IR spectrum above irrespective of TiO. nanoparticle loading. Absorption peaks were
visible for all samples, and this indicates that the chemical composition of the eutectic mixture
remained untouched even with the dispersion of nanoparticles. The nanoparticles were found
to be chemically inert and possess good chemical stability. Chemical rearrangements of the
functional group were absent in the Spectra, which implies that nanoparticles were chemically
inert in the eutectic composite.

3.3. Thermal stability

The thermal stability of nanocomposites stands as a vital parameter for TES
applications as the phase transition of nanocomposites normally occur at elevated temperature.
TGA curves of nanocomposites (M0-M3) with different additive loading rates are shown in
Fig. 5. The degradation particulars (starting degradation temperature -Ts, 5 wt% weight loss,
maximal degradation temperature -Tmax, and the peak temperature of the samples are
summarized in table 4. All samples showed a single-stage decomposition and the Ts and T max
are 190.42°C, and 244.53°C, respectively for the pure eutectic. For M2 (sample with maximum
thermal conductivity), the Ts and Tmax are 207.23°C, and 256.86°C, respectively. Although the
initial decomposition temperature of the composites (M1, M2, and M3) showed a wavy nature,
it remained higher than the pure eutectic which is acceptable. The maximum decomposition
temperature also showed an increasing trend which shows that the samples were synthesized
homogenously. It should be noted that the mass loss percentage estimated by TGA remains
substantially stable and it, suggests that the TiO2 nanoparticles got homogeneously dispersed
in the eutectic base. A corresponding rise in Ts and Tmax Value shows an enhancement in the
thermal stability of the nanocomposites when dispersed with TiO2 nanoparticles. The non-
uniform dispersion of nanofillers could account for the slight variation. Further, the reason for
enhancement is that the intrinsic eutectic matrix possesses extremely excellent thermal
stability. Furthermore, nanofillers possess relatively higher specific heat capacity and thermal
conductivity values as compared with the eutectic PCM matrix. The weight loss of
nanocomposites in a temperature range of 30°C—100°C is mostly similar to pure eutectic
composite and it indicates that the synthesized nanocomposites have excellent thermal stability
under 100°C, which is quite significant in practical thermal storage applications. Furthermore,
the percentage mass loss of the nanocomposite at 400°C is which is lower than pristine eutectic.
This was mainly because of the presence of TiO2 nanoparticles and the capillary, and surface

tension forces among the eutectic base and TiO2 nanoparticles [32]. The non-corrosive nature
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of nanocomposites was noticed as the testing pans showed zero destruction. Hence, the
prepared nanocomposites have excellent thermal stability and could be deployed in medium-
temperature TES applications.

Table.4 Thermal stability parameters for eutectic and nanocomposites

COMPOSITE Teo,(°C) | Toax °C)

MO (PW-PA) 190.4 2445
M1(PW-PA-0.1%TiOy) 221.9 280.8
M2(PW-PA-0.5%TiO2) 207.2 256.9
M3(PW-PA-1.0%TiO2) 213.2 323.6
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Fig.5 TGA Curves for the composites
3.4. UV-Vis spectral measurement

The light transmission capability of all composites (M0-M3) from the UV-VIS
transmission spectrum were compared with extraterrestrial solar spectrum data for analysis.
[33]. The UV-VIS spectrum of the composites were plotted in Fig. 6. When compared with
the solar spectrum, the transmittance of samples M0, M1, M2, and M3 were 59.53%, 76.27%,

12



82.45%, and 68.93% respectively. Detailed spectrum-wise solar transmittance values of
TiOz/eutectic nanocomposite are tabulated in Table 5. The transmittance of the composites
showed an increment of 28.12% (M1), 38.50% (M2), and 15.79% (M3) with respect to the
eutectic base MO primarily due to the dispersion of TiO.. The high transmittance of the
nanocomposites( even higher than the eutectic) is mainly due to the high refractive index (2.57
for anatase TiO2) of the nanofillers [34]. The improved transmission capability of the
nanocomposites makes it a favourable option for a direct solar thermal applications like
greenhouse heating, and desalination.
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Fig.6 Light transmission curve of composites from wavelength 200 nm -800 nm.

Table.5 Solar transmittance of composites in different spectrum region

SAMPLE TOTAL uv VISIBLE IR References
SOLAR spectrum 100% 7% 50% 43% [35]
MO0-0.0% 59.53% 6.28% | 80.63% | 13.09% Current work
M1-0.1% 76.27% 6.42% | 81.83% | 11.75% Current work
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M2-0.5%

82.45%

6.53%

83.84%

9.69%

Current work

M3-1.0%

68.93%

6.69%

85.10%

8.21%

Current work

3.5. XRD analysis

The XRD spectrums of eutectic PCM and nanocomposites are shown in Fig. 7, and it
reveals that the pattern is monoclinic. The peaks in the XRD spectrum at 11°, 12°, 21.5°, and
24° were due to the crystalline nature of palmitic acid. These peaks were found to be repetitive
in all other samples with TiO2 nanoparticles. The peak intensity of samples was found slightly
varying with different samples, but the peak position remained unchanged. The XRD spectrum
results indicate that during the synthesis of NeUPCMs, the crystalline nature of the eutectic

base remained the same and the NeUPCMs carry the peaks of PA and TiO..

Intensity
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Fig.7 XRD pattern of the composites

3.6. Phase transition temperature and enthalpy

Phase transition temperature and latent heat of the nanocomposites were characterized
using DSC. A slight increment in enthalpy for nanocomposites was noted, and it went up with
an increment in the loading rate of TiO>. The thermal storage capacity of the samples was
analysed by the term enthalpy efficiency denoted by the term A. The following expression

estimates it
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AH,,_
) = —_m-NeUPCM 100%

AHy—pem

The melting enthalpies of PCM and NeUPCMs are denoted by AH,,_pcy
AH,, _neupcu respectively. The A value reflects the free movement degree of PCM in the [36]
composite. A higher A value indicates a small latent heat loss.
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Fig.8 DSC thermogram of composites

The nanocomposite’s phase-change performance was evaluated using the term heat

storage efficiency and was computed using the following mathematical expression.

H
y = (1 _ HF.com> «100%

M.com

Melting & freezing enthalpies were denoted by H,, .om and Hg .o respectively. The higher
melting enthalpy in the nanocomposites could be due to the quality loss during the melting in

DSC [37]. A lower y value denotes a higher heat storage efficiency [36].
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The crystallization factor is a reflector for the interaction between PCM and the supporting
material. It also corrects the influence of PCM percentage on the phase transition latent heat
[38]. The crystallinity factor reveals the phase transition behavior of the PCM matrix in the

fillers and is estimated by the below-given equation [39].

_ AHyeypem

Fo=—7—7F % 100%
© " AHpygef

AHy.ypcu denotes the enthalpy of the eutectic nano PCM, AHp;rp denotes the enthalpy of
pure PCM, S corresponds to the mass fraction of PCM in the composite. Comparatively higher
crystallization ratio results in phenomenal liquidation and solidification enthalpies [39]. A
comparatively lower Fc value for nanocomposite indicates that more particles were confined
(disordered) by the PCM. The restrained PCMs fail to crystallize and will not contribute to
TES [40].

The term effective energy stored per unit mass of PCM was employed to assess the
effectiveness of the PCM matrix in different nanocomposites. The following mathematical

relation gives the expression for efficient energy per unit mass of phase change material

AHNeUPCM

E.- =AH _
of = S0P T A Hyre B

* 100%

Eer = Fc * AHyeypem

A comparatively higher value of E,indicates a rather free movement of liquid PCM in the
porous network which remains advantageous to the heating-cooling enthalpy of nanocomposite
[39]. The enthalpy and phase transition temperatures of all composites are detailed in Tables 6
and 7. Arise in enthalpy is primarily due to the larger surface area of TiO2 nanoparticles, which
causes an intermolecular interaction between the eutectic base and nanofillers. Van der Waals
forces also tend to contribute toward intermolecular interaction between the nanofillers and
eutectic PCM [41]. Phonon motion, the surface charge of dispersed nanomaterials, and also

the layering in the liquid-solid phase attributes to an enhanced heating enthalpy [28].

Table.6 Melting and freezing point of composites

Sample Melting point Freezing Point
Ton (OC) Tm (OC) Tend (OC) Ton (OC) Tf (OC) Tend (OC)
M0-0.0% 38.17 55.07 61.4" 29.8" 37.6" 52.3"
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M1-0.1% 38.6" 53.3" 59.3 7 29.9" 38.2" 51.6"
M2-0.5% 3737 53.7° 61.0° 29.3" 38.0° 51.97
M3-1.0% 38.9° 53.4 58.9" 28.8" 38.2" 51.7
“Error 0f 0.15
Table.7 Latent heat of composites
Efficient
Melting Freezing Heat Enthalpy o energy per unit
o Crystallisation
Sample enthalpy enthalpy storage | efficiency mass of
o factor (%)
AH,, (kJ/Kg) | AHg (kJ/Kg) | efficiency (%) PCM[39]
(kJ/kg)
M0-0.0% | 160.0+1.85 | 148.0+1.71 7.5 - - -
M1-0.1% | 179.7+2.08 | 177.842.06 11 112.4 112.5 179.9
M2-0.5% | 181.44+2.10 | 168.4+1.95 7.2 113.4 114 182.3
M3-1.0% | 187.2+2.16 | 177.1+2.05 54 117 118.2 189.1

3.7. Thermal conductivity of nanocomposites

Thermal conductivity remains a significant factor in the TES context. The synthesized
nanocomposites exhibit enhanced thermal conductivity when compared with the eutectic PCM.
The thermal conductivity of the prepared nanocomposites are tabulated in table 8. The thermal
conductivity was found to be maximum (increment of 131.5%) for sample M3, which carried
a nanoparticle loading rate of 0.5%. A reduction in thermal conductivity was noted down for
the 1.0% loading of TiO> nanoparticles. Reduction in thermal conductivity along with
increment in nanofiller loading was reported in many cases. This decremental trend is primarily
due to the agglomeration of nanoparticles, which led to the formation of a heterogeneous
composite. The composites with higher loading of nanoparticles fail to establish a continuous
thermal network, which generally enhances the conductivity with nanoparticle addition [42].
The TiO2 nanoparticles possess a lower size, density, and even high surface area. Hence, they
possess a more substantial degree of homogenization and dispersion rate into the eutectic PCM
matrix. Furthermore, the boundary layer thermal resistance of nanofillers and lattice molecules
of eutectic PCM contributes significantly to the changes in thermal conductivity results [58].
Normally, the following significant factors result in an improved thermal conductance within

the NeUPCMs. The phenomenal thermal conductivity of nanofillers and the movement of the
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nanofillers within NeUPCMs in liquid-phase results in a quasi-convection phenomenon [43].
The enhancement in thermal conductivity ensures shorter heat storage and release timings for
the composites. The mechanism of thermal transport in a perfect crystal is explained with the
help of phonon transport. Phonon motion is comparatively slower in the PCM matrix mainly
because of the absence of interaction between atoms in a PCM and irregular molecular
alignment during phase transition [44].
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Fig.9. Thermal conductivity of composites at room temperature.

An enhancement in thermal conductivity can be noted by long-distance phonon motion
in a particular direction within the eutectic PCM matrix. The nanoparticle dispersion curtails
the void space in the eutectic PCM matrix and improves thermal conductivity [45]. A
favourable hike in thermal conductivity was reported with TiO2 nanoparticles mainly due to
spherical shape and sensational dispersion; it displays great attraction between nanofillers and
the eutectic matrix [20]. A detailed Microstructural analysis of the nano-enhanced eutectic

composite must be conducted to analyze the trend in thermal conductivity.
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Table.8 Experimental values for diffusivity and thermal conductivity of synthesised

composites
Mean .
Increment in o ]
thermal Mean Diffusivity Decrement in
Samples o Thermal o
conductivity o samples Diffusivity
Conductivity
of samples
(W/m.K) % mm?/s %
MO 0.25740.058 0.248 £0.058
M1 0.3264.0058 26.65 0.148+0.058 40
M2 0.59540.058 131.55 0.201+0.058 19
M3 0.36940.058 43.54 0.16740.058 33

3.8. Thermal cycling test

The thermal stability of the prepared eutectic base and the best composite (with
maximal thermal conductivity) were evaluated by a custom-made thermal cycler. The thermal
cycler comprises three chambers that operate in a temperature range of 30°C-100°C. An airflow
initiated by a Peltier cooling cools the samples. The samples were placed in an aluminium
crucible and were run between 30°C -70°C. the peak temperature was kept slightly above the
melting point to ensure the melting of the entire mass of the sample. The samples were melted
using a heating gun directly placed below the crucible. The heater gets cut- off once the
maximum set temperature is attained which is followed by a cooling current. The peak set
temperature is attained within 3 min whereas the cooling cycle takes a slightly longer duration
about 8 min. The shorter heating and cooling duration is mainly due to the less quantity of
samples taken (approximately 1000 mg). The samples taken for cycling are M0 (base) and M2
(maximum conductivity). Moderate cycling of 500 no’s was performed on the samples to
analyze their thermal stability and reliability. Figs. 10 and 11 show the FTIR spectrum and
DSC curve for the base and the M2 samples. The FTIR spectrum remains identical even after
500 cycles for the samples (M0 and M2).
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Fig. 11. DSC curve of PW-PA, PW-PA-0.5% TiO; after 500 thermal cycles.

The chemical stability could be ensured as new peaks were absent in the FTIR spectrum
of cycled samples. A detailed study of TGA thermograms also revealed identical results for
cycled and uncycled samples. The initial decomposition temperature of cycled and uncycled
eutectic base took place hardly at similar temperatures. The maximum decomposition
temperature also showed a similar pattern. The enthalpy and phase transition values of the
composites are condensed in Table 9 and the values (latent heat and phase transition
temperatures) remained almost constant (before and after cycling). The thermal cycling results
evidently show that the chemical and thermal stability of the eutectic nanocomposite can be
efficiently utilized for thermal energy storage applications. The novel composite can deliver
better performance owing to its improved thermal conductivity when compared with the

eutectic base.
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Fig.12. TGA curves of PW-PA, PW-PA-0.5% TiO; after 0 and 500 thermal cycles.
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Table.9: Latent heat and phase transition temperature of cycled composites

] ) ] ] Melting Freezing
Melting point Freezing Point
Sample enthalpy enthalpy
T °C) T+(°C)
AHy, (KJ/Kg) AHr (KJ/Kg)
MO-0.0%s00 53.01+0.15 35.99+0.15 159.07+1.84 149.02+1.72
M2-0.5%s00 52.05+0.15 38.31+0.15 180.23+2.08 177.08+2.05

4. Conclusion

In this experimental study, nano-enhanced eutectic composites were synthesized by
dispersing TiO2 nanoparticles in paraffin wax palmitic binary eutectic mixture (Schroder’s
equation) by two-step method (ultrasonication). The experimental work mainly focused on
improving the thermophysical properties, especially the thermal conductivity as it remains
crucial in thermal energy storage applications. The reliability and stability of the samples were
analyzed after thermal cycling (melt-freeze cycle) of 500 cycles. A comparison of thermo-
physical properties of nanocomposites dispersed with TiO2 nanoparticles is given in Table 1.
The thermophysical characterization of the novel eutectic nanocomposite was done and the

significant findings are discussed below:

1. The novel eutectic nanocomposite recorded an increment in latent heat when compared
with base (17%). An increment in latent heat for a nanocomposite is highly
advantageous as it can store more heat with the same quantity of PCM.

2. Thermal conductivity got improved by 2.3 folds with the dispersion of TiO:
nanoparticles. A rise in thermal conductivity causes a decline in interfacial thermal
resistance, which enhances the charging efficiency of PCM when deployed for TES
applications.

3. The reliability and stability of the composites were established by accelerated thermal
cycling performed for 500 cycles.

4. The maximum solar transmissivity of nanocomposites is around, 82%, The higher
refractive index of TiO2 accounts for a higher transmissivity of the nanocomposites

which is highly useful in applications like greenhouse heating

The summarized thermophysical characterization results confirm an improvement in physical,
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and thermal properties, particularly thermal conductivity, enthalpy, and even thermal stability.
Furthermore, the composite has got excellent thermal energy storage potential. The melting
and freezing point of the sample is between 37-55°C. The synthesized sample could be
deployed in numerous applications like thermal management of electronic devices, solar still,
solar cookers, solar air heaters, solar domestic heaters, etc. Moreover, the range of applications
could be further extended toward waste heat recovery units like heat exchangers, regenerator
devices, and even batteries. This work may provide a new idea to fabricate nanocomposites,
presenting a broader application in the fields of highly thermally conductive and solar spectrum
transmission capabilities. In conclusion, with the dispersion of TiO2 onto eutectic PCM, next-
generation binary nanocomposite with excellent heat storage and solar transmissivity was
successfully developed. It is expected that a wider range of applications can be attained with
the synthesis of the next-generation organic eutectic NeUPCMs.
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