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Phase change materials (PCMs) are a promising panacea to tackle the intermittency of renewable energy sources,
but their thermal performance is limited by low thermal conductivity (TC). This pioneering work investigates the
potential of organic PCM-enriched surface-modified and un-modified multi-walled carbon nanotubes (MWCNTSs)
for low-temperature thermal energy storage (TES) applications. The functionalised and un-functionalised
MWCNTs enhanced PCM have demonstrated a TC enhancement of 158 % and 147 %, respectively, at 25 °C.
However, the TC value of the unmodified MWCNTs-based PCM dropped by 52.5 % after 48 h at 25 °C, while that
of the functionalised MWCNTs-based PCM remained stable. A DSC analysis of up to 200 thermal cycles confirmed
that the surface-modified and un-modified MWCNTs had no major effect on the peak melting and cooling
temperatures of the nano-enhanced PCMs although a minor decrease of 7.5 % and 7.7 % in the melting and
crystallisation enthalpies, respectively, was noticed with the inclusion of functionalised MWCNTSs. Moreover,
functionalised MWCNTSs incorporated PCMs have led to increases in specific heat capacity by 23 % with an
optimal melting enthalpy value of 229.7 J/g. In addition, no super-cooling, no phase segregation, and a small
phase change temperature were noticed with these nano-enhanced PCMs. Finally, no chemical interaction from
nano-PCMs was seen in the FT-IR spectra with the incorporation of both functionalised and un-treated MWCNTs.
It is evident that the functionalised MWCNT-based PCM has better thermal stability and it offers a promising
alternative for improving thermal storage and management capabilities in buildings, contributing to a sustain-
able and energy-efficient building design.

[10-12].

In contrast to metal and metal oxide nanoparticles, carbon-based
nanoparticles have recently attracted researchers because their supe-
rior TC (i.e., 3000-6600 W-m 1. K1) and their higher surface areas
support better intermolecular interaction with PCM molecules [13-15].

Introduction

Thermal energy storage (TES) is a crucial component of sustainable
energy systems since it enables energy to be stored during periods of low

demand and for redeployment during peak times [1-3]. The utilisation
of phase-change materials (PCMs) is a highly promising technique to
store thermal energy. These substances have the capacity to keep ther-
mal energy in a phase transition in the form of latent heat [4,5]. The
poor thermal conductivity (TC) of conventional PCMs, however, re-
stricts their applications and efficiency [6-9]. One effective method for
increasing the TC of PCMs is the dispersion of superior thermal con-
ductivity nano additives within PCMs since ordinary millimetre or
micron-sized additives have the drawbacks of lower surface energy and
a significantly larger density, which are more likely to cause sediments

* Corresponding authors.

Specifically, multi-walled carbon nanotubes (MWCNTs) with excellent
TC and significant surface areas have become a possible replacement for
the additives of conventional PCMs in recent years [16,17]. In an eval-
uation of the thermophysical characteristics of carbon and metal oxide
nanoparticles enhanced PCMs, Arshad et al. [18,19] discovered that
carbon-based nanoparticles outperformed metal oxide particles with a
larger increase in TC and an acceptable drop in melting enthalpies. They
also incorporated 1 wt% of pristine-MWCNTs (P-MWCNTSs) into the
organic PCM (paraffin) and found that MWCNTs addition enhanced the
TC of the PCM by 66 % with a slight decrease in the enthalpy [20].
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Nomenclature

Abbreviations

PAR Paraffin

MWCNTs Multiwalled carbon nanotubes
CNTs Carbon nanotubes

F-MWCNTs Functionalised-MWCNTSs
P-MWCNTs Pristine-MWCNTSs
Nano-PCM Nanoparticles enhanced PCM
PCM Phase change material

TES Thermal energy storage

FTIR Fourier transform infrared spectroscopy
TC Thermal conductivity

TEM Transmission electron microscopy
DSC Differential scanning calorimetry
TGA Thermogravimetric analysis

DTG Derivative thermogravimetry

LH Latent heat

Conc. Concentration

Temp.  Temperature

Symbols

AH Latent heat

K Thermal conductivity

AT Degree of super cooling

Chinnasamy and Cho [21] incorporated MWCNTs into lauryl alcohol
as PCM at different concentrations ranging from 1 wt to 5 wt%. The
results showed that the degree of supercooling was reduced by the
addition of MWCNTs, and the TC was increased by 82.6 % at 5 wt% of
CNTs. He et al. [22] investigated the effects of P-MWCNTs on PCM at
three different particle concentrations ranging from 1 wt% to 3 wt%.
They found that at 3 wt% of MWCNTSs, the TC of nano-PCM in solid was
raised by 47.30 %, with the reduced supercooling. However, the sta-
bility of the nanoparticles, which is a significant aspect of the overall
performance of nano-PCMs [23], has been neglected in many previously
published studies and needs more investigations.

The major drawback of using MWCNTs is their stability since their
hydrophobic nature makes it difficult to disperse in any aqueous solu-
tion to obtain a homogeneous mixture [24,25]. The dispersibility of
MWCNTs can be improved by functionalising MWCNTs and there are
various ways to functionalise MWCNTs with additional groups to
improve their dispersibility within enhanced PCMs, including acids
[26], amines [27], polymers [28], and other groups. MWCNTs thermal
conductivity, stability, and compatibility with PCMs have all been
proven to improve by functionalisation [29,30]. Recent studies have
shown that acid (H2SO4 + HNOg3) functionalisation of MWCNTSs im-
proves their thermal conductivity and stability, making them suitable
for nano-phase change materials (nano-PCMs). The acid treatment not
only increases the surface areas of the MWCNTSs but also creates func-
tional groups on their surfaces, which improves their dispersion and
interaction with the PCM matrix. These functionalised MWCNTs have
been shown to augment the heat transfer properties of PCMs and in-
crease their thermal reliability [31]. Kumar et al. [32] explored pristine
multi-walled carbon nanotubes (MWCNTs) and acid functionalised
multi-walled carbon nanotubes (F-MWCNTs) as nanoparticles to
enhance the thermophysical properties of inorganic salt hydrate PCM.
The results showed that the addition of 0.5 wt% MWCNTSs improved the
thermal conductivity by 50 % compared to pure salt hydrate PCM.
Furthermore, the inclusion of 0.5 wt% F-MWCNTs increased TC by
84.78 % compared to pure salt hydrate PCM. In their other investigation
[33], they employed varied concentrations of functionalised and un-
functionalised MWCNTs with salt hydrate PCM. The incorporation of
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0.7 wt% MWCNTs improved the thermal conductivity of PCM to 0.78
W/mK, while 0.7 wt% F-MWCNTs improved the TC of PCM to 0.92 W/
m.K, compared to pure salt hydrate PCM, and lowered the light trans-
mittance to 92 % and 93.49 %, respectively. Fikri et al. [34] examined
the TC enhancement of organic PCM (A70) by incorporating various
mass fractions (0.1 wt-1.0 wt%) of F-MWCNTs. The results found that
the thermal conductivity of the composite was enhanced by the addition
of 1.0 wt% of F-MWCNTSs compared to the pristine PCM. Additionally, it
was observed that the nano-PCM was thermally stable up to 200 °C and
did not undergo any chemical reactions with the base PCM.

Despite the potential benefits demonstrated by functionalised
MWCNTs as nano-enhanced phase change materials (PCMs), a crucial
aspect that has received limited consideration is the stability of the
MWCNT-enhanced PCM. It is well established that the stability of
nanoparticles is a crucial factor in determining the overall performance
of nano-PCMs [35,36]. Several methods have been investigated by re-
searchers including pH adjustment, and surfactant addition [37].
However, among these techniques, acid functionalisation was proven as
an effective method with better long-term stability of MWCNTs within
PCM [12]. In recent literature [29,32-34,38,39], studies on function-
alised MWCNTs have emerged, however, the stability of such func-
tionalised MWCNTs has not been fully addressed. Although MWCNTs
are not low-cost particles, their exceptional properties such as their high
aspect ratio, high TC, and efficient heat transmission properties as
compared to other existing nanofillers have the potential to justify their
applications in highly efficient nano-PCMs for TES [40].

The novelty of the current research lies in introducing an innovative
approach by evaluating the stability and sustainability of the modified
and un-modified MWCNTs-based PCM, which has been previously
neglected in the literature. Additionally, the primary objective of this
study is to conduct a comprehensive examination of the synthesis and
thermophysical characterisation of these nano-enhanced PCMs in order
to assess their potential for a building’s thermal management.

Experimental approaches
Materials

Paraffin (PAR), a typical type of PCM, with a melting temperature
range of 27-29 °C, heat storage capacity of 250 kJ/kg, Cp of 2.0 kJ/kg-k
and TC of 0.2 W/m-K was utilised and supplied by Rubitherm GmbH,
Germany [41]. This particular PCM was chosen because of its closeness
to the ideal temperature for the indoor comfort of buildings and its
adaptability for various thermal energy storage applications within the
specified temperature range. To augment the PCM’s thermal conduc-
tivity, multi-walled carbon nanotubes (MWCNTs) were selected and
supplied by Sigma-Aldrich, UK. A typical MWCNT has an outer diameter
of 6-13 nm, a surface area of 220 m?%/ g, 98 % trace metals basis, a length
range of 2.5-20 pm, and a density of 2.1 g/mL at 25 °C. Furthermore, a
surfactant, sodium dodecylbenzene sulfonate (SDBS), bought from
Sigma-Aldrich, UK, was used exactly as supplied, with no chemical
changes.

Synthesis of functionalised MWCNTs

Fig. 1 shows the schematic of a typical functionalisation process. An
acidic treatment of MWCNTs by strong acids was employed, which could
effectively introduce oxygen-containing functional groups, such as
—COOH on the surfaces of MWCNTs, as shown in Fig. 2. These functional
groups can react with the other functional groups which can improve the
dispersion of MWCNTs themselves or in a PCM matrix [42]. Three grams
of MWCNTSs were sonicated for two hours at 60 °C while suspended in a
solution of HySO4 and HNOs (3:1, v/v). After removing the resulting
supernatant, the sediment was neutralised by deionized water washing.
The product was then dried for 24 h at 80 °C in a vacuum oven, as shown
in Fig. 1, and then ready to be employed.
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Fig. 1. A typical schematic of functionalisation process of MWCNTs.
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Fig. 2. Schematic grafting of COOH bond after reflux.

Synthesis of nano-paraffin

The nano-enhanced paraffin (nano-PAR) was made by a two-step
process, which is widely used in the production of nanofluids [43].
The main objective of this process is to enhance the thermal conductivity
of PCM by adding nanoparticles to it, while this newly prepared nano-
PCM would have sound stability. The nanoparticles used in this pro-
cess were functionalised and un-functionalised MWCNTSs, which were
added at a specific mass concentration. The schematic of a two-step
method is shown in Fig. 3.

The first step of the process entailed melting the paraffin in a hot
water bath, which was maintained at 65 °C. Then a known quantity of
nanoparticles was mixed into a specific amount of PCM. A magnetic
stirrer was operated at 500 rpm at 65 °C for 2.5 h to disperse particle
clusters and get a homogeneous solution. The purpose of this step is to

stir and homogenise the mixture. To improve the dispersion of nano-
fillers within the PCM, the mixture was stirred for thirty minutes after
adding sodium dodecylbenzene sulfonate (SDBS) separately. Due to its
high hydrophilicity, the addition of SDBS during the preparation of
nano-PCM served to lower the surface tension of the PCM.

In the second step, samples were sonicated for 40 min at the fre-
quency of 20 kHz and 40 % amplitude with a probe sonicator, to
improve nanoparticle dispersion and homogeneity while minimising
aggregation and sedimentation. This is an important step that ensures
that the nanofillers can be well dispersed and homogeneous in the PCM
and that aggregation and sedimentation are minimised. Finally, the
temperature of the nano-PCM samples was lowered to 20 °C.

To evaluate the efficacy of the method, visual depictions of the
samples were taken before and after they were subjected to a thermal
bath for 48 h at 65 °C. Fig. 4(a-b) showed that the untreated MWCNTs
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P-MWCNTs ™ 3
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COOH I
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) 5 =
° COOH
F-MWCNTs

Fig. 3. Schematic of a two-step method.
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Fig. 4. Samples just after sonication (a), and after 48 h of sonication (b).

had been sedimented after 48 h of sonication, while the functionalised
MWCNTs remained dispersed, which indicates that the surface modifi-
cation of MWCNTSs may play an important role in the anti-glomeration of
MWCNTs themselves and in producing stable and well-dispersed nano-
PCMs.

Concentration optimisation

Initially, the pure MWCNTs-based PAR samples were prepared with
MWCNT’s concentration ranging between 0.2 and 1.0 wt% and then the
latent heat (LH) and TC of the prepared samples were measured at 5 °C
and 25 °C respectively. An Analysis of Variance (ANOVA) was used to
identify the suitable concentration at which TC could be the maximum
while an LH reduction was the least. Two responses were analysed in
this model; thermal conductivity and latent heat, and both responses
were given the same importance. In the analysis, particle concentration
(i.e., 0.2 wt% to 1.0 wt%) and temperature (15 °C and 25 °C) have been
considered as factors.

Egs. (1) and (2) demonstrate the mathematical model utilised to
establish the relationship between input variables and dependent re-
sponses implemented in regression models.

TC = —43 —5.5%(Conc.) +4.8*(temp.) + 3.1*(Conc.)*(temp.) @
LH = 0.739 — 6.025*(Conc.) +7.02164E — 18* (temp) @

Table 1 demonstrates the fit statistics for the initial response, calculated
with ANOVA, a Design-Expert software. The regression analysis in-
dicates coefficients of determination (Rz) greater than 0.95 for both
responses, with only a small number of data points separating the
regression line from the response points. The adjusted R? values are also
over 0.96, signifying that only a small portion of the variance occurred.
To evaluate the model’s ability to predict new observations, the

Table 1
The fit statistics for the obtained initial response.
First Response Std. Dev. 2.89 R? 0.9964
Mean 86.90 Adjusted R? 0.9964
CV. % 3.32 Predicted R? 0.9889
Adequate Precision 61.2354
Second Response Std. Dev. 0.319 R? 0.9762
Mean -4.35 Adjusted R? 0.9694
C.V.% 7.30 Predicted R? 0.9531
Adequate Precision 27.6835

predicted R? was examined. The results indicate a correlation of good
quality, with a difference of 0.2 between the adjusted and predicted R?
values. This implies that sufficient signals with satisfactory precision
ratios of 61.2354 and 27.6835 for the first and second responses,
respectively, could be obtained.

The 3D plot of particle concentration and temperature as a function
of TC and LH is shown in Fig. 5. It can be seen that an increase in
MWCNT’s concentration results in an increase in TC while inducing a
slight reduction in LH at both investigated temperatures of 15 °C and
25 °C. It was also observed that the optimal MWCNT concentration for
achieving the highest overall TC was 0.984 wt%, which corresponded
with a modest decrease in LH by —6.6 %, as shown in Fig. 6. This
reduction in LH was deemed acceptable given the significant enhance-
ment in TC of 147.2 % at this concentration. However, since there was
no significant difference observed between 0.984 and 1 wt% of
MWCNTs, the concentration of 1.0 wt% was chosen for all experiments
in this study.

Characterisation techniques

Numerous characterisation techniques were employed to examine
the chemical and structural attributes of the base PAR and the PAR
augmented with nanofillers, in order to gain a deeper understanding of
their properties. These methods included Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), Differential scanning
calorimetry (DSC), Transmission electron microscopy (TEM), Ther-
mogravimetric analysis (TGA) and Derivative thermogravimetry (DTG),
and Thermal conductivity measurement (TC) apparatus.

TEM (JEOL JEM-F200) was used to examine the microstructures and
size distribution of the surface-modified and unmodified MWCNTSs. The
chemical structures and absorption spectra of the samples at ambient
temperature were analysed through FTIR spectroscopy. The FTIR tests
were conducted using a Perkin Elmer Frontier spectroscope over a
wavelength range of 4000 to 600 cm ™!, with accuracy and spectral
resolution of 0.01 cm™! and 4 cm™, correspondingly. The melting and
crystallisation temperatures, as well as the enthalpies of PAR and nano-
PAR enhanced with un-modified and surface-modified MWNCTs, were
investigated using DSC. The Q200 DSC by TA Instrument, UK was uti-
lised to conduct these experiments over a temperature interval of
15-45 °C at a cooling and heating rate of 1 °C min ™! in the presence of a
nitrogen atmosphere. Calibration of the DSC was performed prior to the
experiments by determining the Topset and AH fysion Of pure indium
samples that served as standard references. TGA and DTG were used to
test thermal reliability of the pristine PAR and nano-PAR over the
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Fig. 5. 3D plot of particle concentration and temperature as a function of (a) TC, (b) LH.
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Fig. 6. Typical optimised response predicted by ANOVA.

temperature range of 20-400 °C at a heating rate of 10 °C min~' under a
nitrogen purge flow rate of 100 mL min~'. The Q-50 TGA by TA In-
strument Inc., UK was used for these experiments. The specific heat
capacity of the samples was determined using MDSC, by subjecting them
to heating over a temperature range of 15 to 45 °C in a DSC instrument
with a Tzero hermetic pan and lid (TA Instruments) at a heating rate of
2 °C-min~'. The MDSC yielded Cp data with a precision of approxi-
mately +2 %. The thermal conductivity of all samples was determined
using a Hot Disk Thermal Constant Analyzer (TPS-2500S), as shown in
Fig. 7. The method is standardised in ISO 22007-2. One sample for each
concentration was used and for each sample, measurements were per-
formed three times to ensure the repeatability of results. Then the same
samples were left for 48 h in the sample holder to investigate the sta-
bility of the results. To test the sample’s TC at different temperatures
other than the ambient temperature, an aluminium sample holder with a
diameter of 2.4 cm, a height of 1.5 cm, and a volume of 7 mL was

developed in accordance with the manufacturer’s instructions for the
TPS-2500S. The sample’s temperature was raised using the sensor 5465
with a radius of 3.089 mm. To ensure an expected accuracy, the in-
strument was calibrated using manufacturer-supplied stainless-steel
samples, and the variation between results obtained experimentally and
documented in the instruction manual was below 0.5 %, which is
significantly smaller than the equipment measurement error (i.e., +5
%). Based upon the calibration the uncertainty in measuring thermal
conductivity was less than 0.5 %.

Results and interpretation

The impact of functionalised and un-functionalised MWCNTSs nano-
fillers on the thermophysical characteristics and stability of nano-phase
change materials was investigated. Fourier-transform infrared spec-
troscopy (FT-IR), thermal conductivity testing, differential scanning
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Fig. 7. Thermal conductivity setup attached to the thermal bath.

calorimetry (DSC), transmission electron microscopy (TEM), and ther-
mogravimetric analysis (TGA) were used to examine the characteristics
of these materials. The findings of this study provide a thorough un-
derstanding of the thermophysical properties of nano-enhanced PCMs
and valuable information on their potential use in thermal energy
storage.

Structure analysis

Both the structures and particle size of functionalised and un-
functionalised MWCNTs were examined with a TEM. The results
revealed that the untreated MWCNTs had a size range of 6-9 nm as
shown in Fig. 8(a), while the functionalised MWCNTs had an increased
size range of 12-15 nm as shown in Fig. 8(b). This increase in size in-
dicates the successful attachment of the -COOH group to the MWCNTs
as described in Fig. 2. Similar observations reported in numerous studies
[32,34] confirmed that the surface modification process has crafted the
COOH group to the MWCNTs. In addition, the F-MWCNTs appear
straighter and have smoother surfaces than pure MWCNTSs, confirming
that the COOH attachment to the MWCNT’s surface.

Infrared spectroscopy analysis

The sample’s chemical interactions and functional groups were
studied using FT-IR spectroscopy between 600 and 4000 cm ™! spectra
transmittance. Fig. 9 depicts the FT-IR bands of MWCNTs, F-MWCNTs,
pure paraffin, PAR/MWCNTs, and PAR/F-MWWCNTs, respectively. It

can be seen that no stretching or bending peaks appeared in the
MWCNTs infrared spectra due to the absence of functional groups.
However, F-MWCNTSs depict a broad absorption band around 3400 cm ™!
owing to O-H stretching of the carboxylic group, and a band around
1635 cm ™! corresponds to the C=O stretching vibration, and the band
around 1410 cm ™! is ascribed to C-H bending, which confirms the acid
functionalisation of the P-MWCNTs [26]. The pristine paraffin spectra
contained three transmittance peaks between 2800 and 3000 cm ™,
which demonstrated mild asymmetrical stretching vibrations of ~CHy—
and —CHj groups. The peak at 1490 cm ™! in PAR revealed a substantial
amount of C-H scissoring of the alkane groups. The peak at 750 cm™!
was attributed to the rocking vibration of C-H in the long-chain methyl
group [44,45]. FT-IR spectra for nanocomposites have been confirmed
in recent research with similar patterns [32-34]. The paraffin incorpo-
rated with un-functionalised and functionalised MWCNTs did not show
any new peak confirming only physical interactions between paraffin
and MWCNTs without chemical interactions. Moreover, the PAR/F-
MWCNTs showed no peak from F-MWCNTs, which could be due to
the very low concentration of F-MWCNTSs within the paraffin.

Thermodynamic properties

Thermal properties during melting and crystallisation of pristine
PCM and CNTs-enhanced PCM were investigated between the temper-
ature range of 15 °C to 45 °C with a DSC. The solidification and melting
phenomena of the pure PAR and the PAR impregnated with the modified
and the unmodified MWCNTs are shown in Fig. 10. Moreover, the
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N

A

\ &4/

50.0 nm

Fig. 8. TEM images of (a) P-MWCNTs, (b) F-MWCNTs.
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Table 2
Thermal properties of samples.
Sample Melting Crystallisation
Tpeax AHm Tpeak AHc AT
PAR 28.92 248.4 27.26 251.7 1.66
PAR/MWCNTS 28.96 231.3 27.35 233.3 1.61
PAR/F-MWCNTS 28.46 229.7 26.78 232.2 1.68

Tpeax: peak temperature (°C), AHm: latent heat of melting (J/g), AHc: latent heat
of crystallisation (J/g), AT: super—cooling degree (°C).

melting and crystallisation values of latent heat, temperatures, and de-
gree of supercooling for all samples are provided in Table 2. It was
observed that the inclusion of functionalised and un-functionalised
MWCNTs into the PCM has only a minute impact on melting and crys-
tallisation temperatures. However, because of the non-melting en-
thalpies of the CNTs a small decline in the melting and solidification
enthalpies was noticed with the incorporation of treated and untreated
CNTs [46]. In the melting process, only one endothermic peak was
observed for all the samples, which shows the isomorphous crystalline
structure of the pristine PCM and the CNTs-enhanced PCM. Similarly,
one exothermic peak can be seen during the cooling of treated and un-
treated CNTs based PCM, which confirms that the addition of both ad-
ditives does not affect the solidification process. Two peaks were noted
for pure PCM during the solidification process, and this could be due to
the metastable rotator phase, which appears prior to final crystallisation
due to heterogeneous nucleation [47,48]. To further verify the thermal
stability of all the samples they were exposed to 200 thermal cycles with
a DSC. There was no significant change which was reflected in the
thermal properties of the pure PCM and nano-PCMs, as shown in Fig. 10
(a—c). Overall, less than 1 % variation in the phase transition tempera-
tures and enthalpies was observed after 200 cycles, suggesting a prom-
ising stability level for TES applications in buildings.

The supercooling degree (AT) of pure paraffin and composites is
stated in Table 2. AT was reduced slightly by the incorporation of
pristine MWCNTs into the PCM and for modified MWCNTs-based PCM a
minor increase in AT, which is almost negligible [49]. The overall
decline in AT shows the significance of nanomaterials as nucleating
agents for efficient surface adsorption and homogenous nucleation.

The specific heat capacity (Cp) was measured in the liquid and solid
forms when the temperature rises from 15 °C to 45 °C as shown in Fig. 11
(a-b). The Cp is usually ignored by researchers since it has a low thermal
energy density during a sensible heat storage process and a
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comparatively little effect on the total amount of thermal energy that
can be retained using these materials. However, the Cp still influences
other variables that influence the total amount of stored heat in a given
temperature range when such materials are used [44].

It can be seen from Fig. 11 that in the solid phase, from 15 °C to 25 °C
the Cp of the pure PAR and nano-PAR improved steadily with an in-
crease in temperature. On the other hand, it remained constant during
the liquid state from 35 °C to 45 °C. Furthermore, the results showed
that the nano-enhanced PCM depicts higher Cp compared to the pure
PCM. The Cp values of the pure PAR and PAR with treated and untreated
MWCNTs at 25 °C and 45 °C were 3.132 J/g °C, 3.838 J/g °C, 3.858 J/g
°C and 1.89 J/g °C, 2.505 J/g °C, 2.525 J/g °C, respectively.

Thermal durability

The thermal stability of pristine PCM and nano-PCMs was analysed
with TGA and DTG. Fig. 12 (a-b) show typical TGA and DTG curves of
the PAR and nano-PAR. It can be seen from the TGA analysis in Fig. 12
(a) that neither the PAR nor its composites exhibit any noticeable
reduction in mass up to ~ 130 °C. Then the weight loss became more
prominent as the temperature continuously increased, achieving its
highest degradation temperature while having left a fixed residue
behind. The degradation temperature for PAR impregnated with
MWCNTs and F-MWCNTs was 228.46 with 1.438 % residue and
230.39 °C with 1.861 % residue, respectively. The decomposition
occurred as a result of paraffin evaporation, in which hydrocarbon
chains disintegrated into monomers. In addition, the incorporation of
pure and modified MWCNTs increased the maximum degradation tem-
perature of the nano-PAR because the highly thermally conductive
nanoparticles had fastened and uniformed the heat transfer. In essence,
the nanoparticles formed a shielding layer on the surface of the PAR
preventing vaporisation during thermal deprivation. The DTG analysis
in Fig. 12b shows that pure PAR and nano-PAR have almost analogous
thermal decompositions. TGA and DTG tests revealed that the func-
tionalised nano-PCMs remained stable and did not lose weight until
130 °C, confirming that the produced new materials have the potential
to be used for TES. For their application in buildings, they could be
encapsulated in a suitable material or supporting structure that ensures
the confinement of leakage problems while allowing controlled charging
and discharging of thermal energy as needed.

Thermal conductivity

Thermal conductivity is an important thermal property that
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influences the performance of nano-PCMs. The higher TC accelerates the
heat transfer and improves the heating and cooling performance of the
PCMs, while low TC slows the charging and discharging rates of the
PCM, which results in the poor performance of the TES materials [50].
The TC of the pristine PCM, PCM/MWCNTs, and PCM/F-MWCNTs was
measured for freshly prepared samples and on samples that had been
stored in a thermal bath for 48 h, to assess the reproducibility of the
results. The tests were carried out in both liquid and solid states at
temperatures varying from 5 °C to 55 °C, to provide a comprehensive
understanding of the TC behaviour of these investigated materials.

As shown in Fig. 13, at 5 °C, the TC value of the pure PAR was
recorded as 0.195 W/m.K. However, freshly produced nano-PCM sam-
ples with untreated MWCNTs and treated MWCNTs demonstrated a
69.2 % and 79.4 % rise in TC, respectively. At 15 °C, the TC remained
relatively unchanged for all the freshly prepared samples as they were in
a solid state and displayed their orderly microstructure. After being kept
in a water bath for 48 h, the TC of the PAR with untreated MWCNTSs
reduced significantly, with values of 0.233 W/m.K and 0.236 W/m.K at
5°Cand 15 °C, correspondingly, possibly due to their hydrophobicity. In
contrast, the PAR with functionalised MWCNTs showed little to no
change in their TC after the same period, as shown in Fig. 13.

As can be seen in Fig. 13, an abrupt increase of TC at 25 °C, occurred
for all the samples apart from the measurement taken for the untreated
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Fig. 13. Thermal conductivity of fresh samples and samples after 48 h.

MWCNTs after 48 h. Such a sudden increase near the melting temper-
ature of PCM was because near melting temperature the crystalline
arrangement of the PAR became unstable, and a rise in temperature
accelerated the molecular vibration in the lattice, so the TC values of
pristine PAR and nano-PAR increased brusquely near the melting tem-
perature (i.e., 25 °C). In the liquid state at 35 °C, 45 °C and 55 °C the TC
values taken for all samples were below 0.2 W/m.K. This is because the
organised microstructure present in the solids changes to a disorganized
one in the liquids. Heat conduction in solids is primarily due to lattice
vibrations, where molecules move within their lattice structures. Solids
have a greater TC value compared with liquids as they possess greater
free-electron motion and lattice vibrations. Overall, F-MWCNTSs out-
performed P-MWCNTs in terms of stability and TC. This is due to the
—COOH groups adhesion to the surfaces of MWCNTs, which results in
improved dispersion and bonding strength with the PCM matrix.
Furthermore, functionalisation reduces surface resistance and improves
the interaction between nanoparticles and PCM, hence increasing heat
conductivity [33].

The thermal conductivity improvement after the addition of
MWCNTSs was also calculated and expressed as a percentage enhance-
ment at various temperatures from 5 °C to 55 °C, as depicted in Fig. 14.
The TC enhancement ratio was determined using Equation (3).
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Fig. 14. Thermal conductivity enhancement of fresh samples and after 48 h.
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Kano—rem — Kpem,

Kpem
where, Kyuo_pem and Kpey are the thermal conductivities of nano-PCMs
and pure PCM, correspondingly.

The percentage enhancement of the TC values of pristine MWCNTs
was 69.23 % at 5 °C and 70.85 % at 15 °C, whereas the percentage
enhancement of F-MWCNTSs was 79.49 % at 5 °C and 79.90 % at 15 °C.
The TC enhancement of the P-MWCNTs after 48 h reduced significantly
which demonstrates the poor stability of pristine MWCNTs. However,
the functionalised MWCNTSs maintain the TC level of the PCMs after 48 h
and no significant change was noticed, indicating a good stability of
functionalised MWCNT PCM. The maximum enhancement of the TC was
observed for functionalised MWCNTs at 25 °C with an enhancement
factor of 158 %.

At 35 °C, the thermal conductivity value of the pristine MWCNTs
decreased by 28.9 % compared to its original value. The functionalised
MWCNTs, on the other hand, showed a 39.06 % enhancement in thermal
conductivity. At 45 °C and 55 °C, the improvement in TC for both
pristine MWCNTs and functionalised MWCNTs showed a similar trend,
with the functionalised MWCNTs exhibiting a higher thermal conduc-
tivity value compared to the pristine MWCNTs. Overall, the F-MWCNTs
demonstrated greater enhancement since acid modification of MWCNTs
lowed the surface resistance and increased the contact between PCM and
nanofillers which improves the TC enhancement. In addition, the co-
valent connection formed by functionalised MWCNTSs between nano-
particles and PCM is also an important factor in improving the TC [32].
This demonstrates how functionalised MWCNTs can improve PCMs
thermal conductivity and preserve the TC level over time.

Furthermore, the greater TC achieved with F-MWCNTs may be
ascribed to physical changes in the MWCNTs during the functionalisa-
tion procedure. Since functionalization caused structural changes in the
F-MWCNTs which may have resulted in reduced agglomeration and
improved alignment. These modifications have led to uniform disper-
sion of MWCNTs within PCM, improved thermal channels within the
PCM, lowering thermal resistance and increasing TC of nano-PCM.

Heat transfer analysis

The thermal performance of pure PCM and nano-PCMs was evalu-
ated using infrared thermography (IRT). Typical IR thermal images of
pure PCM and PCM incorporated with MWCNTs and F-MWCNTs are
shown in Fig. 15, which shows the temperature distribution during a
melting process of samples at 5 W for different time durations. The
temperature of nano-PCMs was observed higher than that of pure PCM
during the first 20 min, which shows that pure and functionalised
MWCNTs improved the TC of composite PCMs. The pure paraffin fully
melts after 80 min, and its temperature is substantially greater than the
nano-PCMs, which are not fully melted. This is because the inclusion of
MWCNTs improves viscosity while decreasing convective heat transfer.
The phase transition duration of nano-PCMs is substantially longer than
that of pure PCM since the high thermal conductive MWCNTSs reduced
the convection heat transfer and the consistently lower temperature of
nano-PCMs is advantageous for TES applications in buildings [51]. In
the early phases of melting, when the temperature differential between
the PCM and the heat source is most significant, conductive heat transfer
is important. The significance of convective heat transfer, which gains
prominence as the phase change proceeds, is not inherently diminished,
but it does highlight the importance of thermal conductivity in the initial
phases of melting.

Conclusions and future work
In this experimental investigation thermal, chemical, and physical

characterisation analyses have been performed for the functionalised
and un-functionalised MWCNTs-based organic PCMs. The critical
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Fig. 15. Images of infrared thermography during melting of pure PCM and
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findings from this study are as follows:

e The physical observation of the nano-PCM samples has shown that
surface-modified MWCNTSs remain dispersed in the paraffin after 48
h but pristine MWCNTs were sedimented in the paraffin. It is evident
that surface modification of MWCNTs with an acidic treatment has
resulted in uniform and sustainable dispersibility within a PCM.

e The FT-IR spectrum has indicated that the inclusion of pristine and

functionalised MWCNTS into PCMs has no chemical interactions

between MWCNTs and PCMs since no new peak was noticed from the
nano-PCMs spectra.

DSC analysis depicted that up to 200 thermal cycles both the melting

and crystallisation temperatures of the nano-enhanced PAR samples

remained almost the same compared to those of the pristine PAR,
indicating good stability of this new functionalised MWCNT-
enhanced PCM. Nevertheless, the latent heat of melting and cool-
ing was reduced by 6.8 % and 7.3 % with the addition of untreated

MWCNTs respectively and by 7.3 % and 7.7 % with functionalised

MWCNTs, correspondingly. The melting enthalpy of functionalised

and un-functionalised MWCNTs-based PCMs was 229.7 J/g and

231.3 J/g, respectively.

e The specific heat capacity was enhanced with the inclusion of
MWCNTs, with a maximum enhancement of 23 % by functionalised
MWCNTs-based PAR. This improvement is critical since it indicates
that this type of nano-PCM will be capable of storing more thermal
energy per unit mass, which improves this material’s capacity to
absorb and release heat while maintaining a relatively constant
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temperature, and thus enhances their potential in thermal energy
storage systems.

TGA and DTG investigation showed that the thermal and chemical
stability of PAR increased with the incorporation of MCNTs, as there
was no weight loss noticed in the samples up to 130 °C.

The thermal conductivity (TC) values of all the samples after 0 and
48 h of sonication revealed that the untreated MWCNTs significantly
dropped their TC value from 0.719 W/m.K to 0.341 W/m.K (i.e.,
52.5 %) after 48 h, and the TC value of surface-modified MWCNTs
remained almost the same after 48 h. The maximum improvement of
158 % in TC was noticed for F-FMWCNTs at 25 °C with a TC value of
0.749 W/m.K.

IR thermographic images of all samples revealed homogeneous
melting and temperature distribution. Because of the uniform
dispersion of nanofillers, the addition of MWCNTs resulted in an
increase in melting time.

Finally, the functionalised MWCNTs-based PCM showed long-term
stability and maximum increase in the thermal conductivity with a
minimum effect on its latent heat even after 200 thermal cycles, these
exceptional thermal characteristics of F-MWCNTs-based PCM depict
that the developed nano-PCM has the potential to significantly improve
thermal management and energy efficacy in buildings. FFMWCNTs could
be investigated further by inserting them into inorganic PCM or by
combining them with other low-cost nano additives to improve the
thermophysical properties of PCM. The enhancement of certain prop-
erties such as specific heat capacity, density, latent heat, and TC are
important for an ideal nano-PCM. It is very challenging to balance these
properties while ensuring cost-efficacy, stability over repeated thermal
cycles, compatibility with other system components, and environmen-
tally friendly characteristics. To address these challenges, advanced
thermal engineering techniques, optimised thermal energy storage sys-
tem design, and novel approaches to controlled energy input and
extraction are required.
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