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Refractory clays (RC) are aluminosilicate based inorganic materials, which have unique properties such as low
cost, high thermal stability, chemical resistance, mechanical strength and absorbability. In this study, RC, mainly
composed of SiO; (56.01%), Aly03 (41.96%) and TiO3 (1.26%), was explored as a thermally stable and low-cost
supporting material for development of LA based shape-stabilized composite PCMs, while expanded graphite
(EP) was employed to develop heat transfer performance with maintaining shape stability. A series of LA/RC
composites were prepared by solvent assisted impregnation method, and leakage tests were conducted to
evaluate the shape-stabilization property. The morphological, chemical, thermal properties and phase change
characteristics of the prepared composites were determined by scanning electronic microscope (SEM), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TG) and differential scanning calorimetry
(DSC). The maximum PCM weight fraction among the prepared composites was found to be 40 wt% without any
leakage and this composite demonstrated good thermal reliability after repeated heating—cooling cycles. The
latent heats and temperatures of the composite PCM were measured as 64.2 J/g and 43.46 °C for melting and
66.0 J/g and 41.77 °C for crystallization. The shape-stable composite PCM was modified with highly conductive
EP particles with the aim of improving heat conduction property and eliminating drawbacks of low thermal
conductivity due to RC support. The shape-stable LA/RC/EP composite displayed improved thermal conduction
properties thanks to loading 5 wt% EP, while latent heats slightly decreased (63.6 J/g for melting and 61.7 J/g
for crystallization) in comparison with undoped composite. LA/RC/EP composite is a promising energy material
for passive energy storage applications such as solar energy storage and thermoregulation of buildings where
shape stability and improved heat transfer are demanded under practical constraints.

1. Introduction

Using energy sources efficiently and providing continuity of energy
supply is important factor for economic development of countries. In
recent years, renewable energy as an alternative to conventional energy
sources has gained increasing interest. Energy storage plays an impor-
tant role in terms of efficient use of renewable energy resources, which
are variable in nature, and in closing the energy supply-demand gap.
Phase change material (PCM) has ability of storing and releasing latent
heat during phase change at almost constant temperature [1-3].
Depending on their phase change characteristics, many different PCM
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types have the potential to be used in thermal energy storage systems.
Among these, fatty acids are a member of organic PCM class have
important place especially in passive solar thermal energy storage ap-
plications [4]. Fatty acids are carboxylic acids with long hydrocarbon
chains and have many advantages such as being thermally stable,
chemically stable, biodegradable, low cost and non-toxic [5-7]. More-
over, low corrosion activity and high melting enthalpy comparable to
paraffins are prominent features of them. On the other hand, their low
thermal conductivity and leakage problem that may occur due to their
transition from solid to liquid phase restricts the direct use of these
materials in energy storage systems [8-10]. Nowadays, the production
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of composite PCMs combined with a support material with high thermal
conductivity has an increasing interest both in ensuring stability in
shape and solving the leakage problem and in increasing thermal con-
ductivity [11,12]. Researchers have focused on developing easy and
inexpensive methods using various support materials for the production
of shape-stable composite PCMs [13]. While the shape stability of PCMs
can be achieved through the microencapsulation process in which
organic or inorganic materials are used as shells, this feature can also be
achieved by approaches using various porous materials (porous carbon,
graphite, polyurethane foams, silica structures, clays) as support mate-
rials [14,15]. Clay minerals are frequently preferred in the preparation
of shape-stable PCMs due to their excellent adsorption properties
resulting from their porous structure. In addition, in research, materials
with high thermal conductivity such as carbon nanotubes, graphene
nanosheets and various metal or metal oxide additives are used to in-
crease the heat transfer rates of organic PCMs [10]. Zhan et al. used
graphene oxide (GO) as thermal conductivity enhancer to modify n-
octadecane based microencapsulated PCMs and reported that the addi-
tion of GO led to a 55.8% increase in thermal conductivity [16]. Kumar
et al. [10] designed composite PCMs consisting of gypsum/lauric acid/
graphite components for the purpose of thermoregulation of indoor
temperature in buildings and carried out the morphological and thermal
characterization of the materials they obtained. It was observed that
increasing the amount of graphite added in different proportions
(0-10% by weight) increased the thermal conductivity of the materials
and decreased their thermal energy storage capacity from 81.08 J/g to
54.30 J/g. As a result of the thermal cycling test (1000 cycles), it was
concluded that the thermophysical properties of all the materials ob-
tained were preserved and they were thermally reliable. Liu et al. [9]
prepared a eutectic mixture with fatty acid-based PCMs, lauric acid and
stearic acid, and produced form-stable PCMs using expanded perlite as a
support material. The melting temperature of the composite material
was found to be 37.79 °C and the melting enthalpy was 126.05 J/g, and
the material displayed good thermal stability. In another study using
lauric acid and bentonite components, carbon nanofibers were used to
improve the thermal conductivity [17]. Researchers found that 5%
carbon nanofiber addition increased the thermal conductivity of the
composite by two times. Liu et al. [18] used six different clay minerals
(attapulgite, sepiolite, vermiculite, diatomite, bentonite and kaolin) as
support matrix for the shape stabilization of capric acid-palmitic acid
binary eutectic PCM and compared the morphological, chemical and
thermal properties of the composites obtained. The results showed that
all six composite PCMs had good thermal stability, while sepiolite
exhibited the worst adsorption capacity. A hybrid PV cooling system
combining PCM, and clay based evaporative cooling was investigated
based on mathematical modeling by Ali et al. [19]. Modeling results
have shown that PV/clay cooling system demonstrated higher perfor-
mance than other cooling methods whereas the hybrid PV-PCM/clay
system has been identified as the most economically advantageous op-
tion, especially at low rear-surface coverage. The thermal and me-
chanical effects of adding commercially available microencapsulated
PCMs (mPCMs) to silty clay at different ratios were investigated [20]. In
general, it has been reported to mPCM improved the thermal properties
of silty clay, and lower doses are usually appropriate for optimum me-
chanical performance. In another work, mPCMs were used to prevent
cracking in silty clay and to determine the deformation and strength
characteristics of samples included mPCM at different ratio were tested
[21]. It has been reported that silty clay containing 2% mPCM has
demonstrated increased shear strength and reduced cracking and
deformation.

Even though kaolinite and bentonite are conventional clay materials
with layered aluminosilicates widely used as supporting material for
shape-stabilization of PCM [22], some structural changes due to dehy-
droxylation and structural collapse of the crystalline structure at
moderately elevated temperatures [23] may cause limitations such as
relatively low structural robustness and thermal endurance under

Thermal Science and Engineering Progress 71 (2026) 104559

extended thermal cycling and elevated temperatures. This situation can
adversely affect shape stability, latent heat storage, and thermal-cycling
reliability.

Refractory clays (RC) are extensively used inorganic materials in
many areas associated with metallurgical industries, which have high
temperature resistance, chemical stability, and heterogeneous micro-
structure. RC serves a fundamentally different structural and thermal
characteristics from conventional clay materials with thanks to pos-
sessing thermally stable, rigid, non-swelling porous network, higher
alumina content, which physically stabilizes the PCM and maintains its
structural integrity and pore architecture over repeated heating—cooling
cycles. This structure offers advantages such as increased thermal reli-
ability, reduced risk of leakage, and more stable latent heat performance
during prolonged thermal cycling.

RC takes part in kaolinite groups, which consists of aluminum silicate
structure [24]. Even RC mainly composed of alumina (Al03) and silica
(SiOy), specific composition varies depending on the source of the clay.
Although its remarkable thermal stability, chemical resistance, and
mechanical strength make RC a potential support material for shape
stabilization of PCM, its main disadvantage is its low thermal
conductivity.

In this study, it is aimed to eliminate the disadvantages of leakage
and low thermal conductivity of during application, to ensure chemical
and thermal stability, and to obtain energy-storing composites with high
thermal energy storage capacity. To our knowledge, RC has not been
systematically investigated before as a supporting matrix for PCM with
respect to structural rigidity and thermal endurance. This unique
structure of RC combining high temperature stability and pore integrity
constitutes the main novelty of the present study. In this regard, this
study was focused on the production and characterization of econom-
ical, form-stable, chemically and thermally reliable lauric acid (LA)/
refractory clay (RC) composites that can be used for solar energy storage
applications. The maximum LA absorption capacity in RC was deter-
mined by conducting a series of experiments and the obtained com-
posites were fully characterized in terms of chemical, morphological,
and thermal energy storage properties. The heat conduction properties
of the shape-stable composite PCM with the highest heat storage ca-
pacity were improved by modification with highly conductive expanded
graphite particles. In addition to revealing the usability of refractory
clay as a support matrix in shape stabilization, this study is thought to
have potential applications in solar heat storage and contribute to the
development of new composite PCMs.

2. Experimental section
2.1. Materials

Refractory clay (RC) was kindly supplied from commercial firm
(Ferroser, Tiirkiye) and lauric acid (LA, >98%, C12H2402, MW = 200.32
g.mol!, melting point:44-46 °C) purchased from Sigma-Aldrich.
Expanded graphite (EP, highly conductive, micron powder, purity
96+%, size 70 pm) was bought from Nanografi, Tiirkiye. Ethanol and
acetone were received from Merck (Darmstadt, Germany) and used as
carrier solvents. All the chemicals in the experiments were used as
supplied. RC was treated thermally at 105 °C for 24 h in a vacuum oven
to remove physically adsorbed moisture.

The chemical composition of RC was determined by X-ray Fluores-
cence spectroscopy and presented in Table 1. As seen from Table 1, the
major components available in RC are SiO; (56.01%), Al;03 (41.96%)
and TiO5 (1.26%).

2.2. Preparation of LA/RC composites
LA/RC composites were prepared by the solvent assisted impregna-

tion process based on the PCM/support material composition ratio listed
in Table 2 using a fixed total composite mass of 1 g. First, LA was heated
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Table 1
Chemical composition of RC obtained by the X-ray Fluorescence (XRF).
Element Form Oxide Form
Symbol Element Concentration (ppm) Symbol Element Concentration (wt.%)
Si Silicon 261,800 SiOy Silicon 56.01
Al Aluminum 222,100 Al,03 Aluminum 41.96
K Potassium 8911 TiOy Titanium 1.26
Ti Titanium 7565 K20 Potassium 1.07
Fe Iron 5917 Fe,03 Iron 0.84
Na Sodium 5770 Na,O Sodium 0.77
Mg Magnesium 2625 MgO Magnesium 0.43
Ca Calcium 2179 CaO Calcium 0.30
S Sulfur 408.9 SO3 Sulfur 0.10
P Phosphorus 296.3 P,0s5 Phosphorus 0.06
Table 2 4060 were doped with highly conductive expanded graphite (EP) par-
able

The composition ratio of LA/RC composite PCMs.

Sample Name Composition Ratio (wt.%) Leakage behavior

LA/RC-2575 25%LA-75%RC No leakage
LA/RC-3070 30%LA-70%RC No leakage
LA/RC-3565 35%LA-65%RC No leakage
LA/RC-4060 40%LA-60%RC No leakage
LA/RC-4555 45%LA-55%RC Leakage

above its melting point and dispersed in ethanol as the carrier solvent at
a composite-to-solvent ratio of 1:100 (w/v). Then, RC was added, and
the solution placed in an ultrasonic bath for homogenization for 30 min
at 55 °C. After that, the solution was mechanically stirred at 55 °C for 24
h and placed in vacuum oven at 65 °C. After solvent was removed, the
powder LA/RC composites were obtained. In the next step, leakage test
was performed to determine the stable composite PCM containing
maximum LA. In this aim, certain amounts of LA/RC composite PCMs at
different compositions were put on the blue band filter paper (diameter:
125 mm) with a circle (diameter: 25 mm) drawn and placed on a plate in
an oven preheated to 65 °C. After 2 h, the samples were evaluated for
any leakage. The composites without visible oily spot on the filter paper
were evaluated as leak-proof. The test results are given in Table 2, and
the photographs of the samples taken after the test are presented in
Fig. 1. As depicted in Fig. 1, LA was stable at room temperature, whereas
it melted and transformed into liquid form at the end of the test. On the
other hand, the composite PCMs preserved their shape-stability, and no
leakage trace was detected on the filter paper other than that’s of the
LA/RC-4555 composite. According to this result, LA/RC-4060 is the
shape-stabilized composite that holds maximum LA without any
leakage.

As improving thermal conductivity of LA/RC composites, LA/RC-

LA (before test)

ticles. EP particles (5 wt% regarding the total amount of LA/RC com-
posite) were dispersed in acetone and put on an ultrasonic bath
preheated to 35 °C for homogenization. The composite PCM was added
onto EP solution and stirred mechanically at 400 rpm for 30 min. The
resultant solution was placed in a vacuum oven at 35 °C and the solvent
was removed. The obtained final composite was called as LA/RC-
4060-5%EP. The production steps of composite PCMs prepared at
different LA and RC compositions (wt.%) were given in Fig. 2.

2.3. Characterization

The chemical composition of RC was determined by X-ray Fluores-
cence spectroscopy (XRF, Spectro, Xepos II). Morphologic and chemical
structure analyses of the samples were performed by scanning electron
microscopy (SEM, FEI, Quanta FEG 250), which operated at an accel-
erating voltage of 5-20 kV and Fourier transform infrared spectroscopy
(FTIR) (Perkin Elmer, Spectrum 100) recorded in the range of 4000-600
em ™! at 4 cm™! resolution, respectively. The phase transition tempera-
tures and latent heat of melting/crystallization of the composites were
determined by differential scanning calorimetry (Perkin Elmer DSC
4000). The measurements were conducted under an inert N, atmosphere
between temperature ranges of 0 to 80 °C with a 10 °C.min"! heating/
cooling rate. The thermal stabilities of the composites were investigated
by thermogravimetric (TG) analysis (TGA, HITACHI, STA 7300) at a
heating rate of 10 °C.min"! between 25 — 600 °C temperature range
under inert No medium with a gas flow rate of 50 mL.min"'. In addition,
specific surface area and pore characteristics of RC before and after
impregnation of LA were determined based on the Brunauer-Emmet—
Teller (BET) adsorption model by Micromeritics Gemini VII 2390 t Fully
Automatic BET Instrument. Before the measurement, samples were
degassed at 100 °C for 24 h in Micromeritics FlowPrep 060 Sample

LA (after test)

A/RC-4555

Fig. 1. Results of leakage test (a) LA and (b) LA/RC composite PCMs.
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Fig. 2. Preparation steps of LA/RC and LA/RC/EP composite PCMs.

Degas System. Ruicheng MTC 3200 Instrument used for testing thermal
reliability of the composite PCM and 100 sequential heating/cooling
cycles were realized between the 10 °C — 80 °C. The thermal behavior of
the samples was monitored by applying the T-history test with an
experimental setup established at laboratory scale.

3. Results and discussion
3.1. Characterization of RC and LA/RC composite PCMs

3.1.1. Morphological analysis results
Fig. 3 demonstrates the microstructure of RC and LA/RC composites

(LA/RC-2575, LA/RC-3070, LA/RC-3565 and LA/RC-4060). As clearly
seen from Fig. 3a, RC consists of stacked layered particles and irregular
pores. On the other hand, it is noticed in SEM images of LA/RC com-
posites that it covers the surfaces with increasing LA ratio. As seen in
Fig. 3(b) — 3(e), LA spreads on the RC surface and pores as a layer of
flake by adhering with thanks to capillary and surface tension forces.

3.1.2. Chemical analysis results

The chemical structure of RC, LA and LA based composite PCMs were
investigated by FT-IR and obtained spectra were depicted in Fig. 4a and
4b. In the spectrum of LA (Fig. 4a), the asymmetric and symmetric
stretching vibrations of methylene groups were aroused as the

20 :um 5t »
Mag: 5000 X 20°um

Fig. 3. SEM images (5000 x magnifications) of (a) RC, (b) LA/RC-2575, (c)LA/RC-3070, (d) LA/RC-3565, (e) LA/RC-4060.
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Fig. 4. FTIR spectra of (a) RC and LA, (b) LA/RC composite PCMs.

absorption peaks at 2914 and 2847 cm ™! [4,25]. The absorption band
detected at 1697 cm ™! is characteristics for fatty acids and corresponds
to stretching vibration of C=0 group [26,27]. In RC spectrum, the bands
located at 3687 cm™! and 3619 cm™! could be assigned to hydroxyl
groups (OH) of RC, while the other bands aroused at 1100-997 cm™*
due to Si-O bonds [28]. The absorption band at 909 em™ ! could be
attributed to Al-OH deformation vibration [28,29]. The double peaks
located at 795 and 749 cm ™! are due to quartz vibrations corresponding
to Si-O and Si-O-Al vibrations [28,29].

The presence of characteristic peaks of LA and no arouse of any new
peaks in spectra of composite PCMs refers to absence of any chemical
reaction between LA and RC. This result verified that absorption of LA
into pores of RC was realized by physical interaction, and form stabili-
zation of LA with RC was accomplished.

3.1.3. Thermal energy storage characteristics of LA and LA based
composite PCMs

The phase change behavior and thermal energy storage character-
istics of LA and composite PCMs were analyzed by DSC. The heating and

cooling curves and corresponding data provided by DSC were presented
in Fig. 5 and Table 3. As can be clearly seen from the phase transition
curves, the composite PCMs displayed similar phase change character-
istics with those of the LA, which verified the ability of the composites to
store thermal energy as latent heat. This also serves as a marker of the
absence of chemical reaction between RC supporting material and LA.
The latent heats of melting and crystallization of LA measured as 176.5
J/g and 180.9 J/g, while onset melting and crystallization temperatures
assigned as 44.67 °C and 40.86 °C, respectively. On the other hand,
latent heats of melting and crystallization of the composite PCMs were
detected as 39.3 J/g and 37.6 J/g for LA/RC-2575; 52.0 J/g and 50.7 J/g
for LA/RC-3070; 52.7 J/g and 52.2 J/g for LA/RC-3565, and 64.2 J/g
and 66.0 J/g for LA/RC-4060. In addition, onset melting and crystalli-
zation temperatures slightly displaced owing to the restriction of LA in a
porous supporting material. As can be noticed from Table 3, latent heat
of melting value increased relatively with the increased LA portion in
the composites. Moreover, based on the values of incorporation ratio (R)
incorporation efficiency (E), and thermal storage capability (n) calcu-
lated according to the equations in the literature [2,30,31], it was

—LA 25—
50 — LA/RC-2575
— A/RC-3070 20 =
45 —— LA/RC-3565
— LA/RC-4060 15 1
2 40 =
E E COOLING
Z 35 z 5 -—
o HEATING T
T 304 — S
T T
25 1 5
-104
20 -
15 4
15 T T T T T T T T T T T T T T 1
0 20 40 60 80 0 10 20 30 40 50 60 70 80 90

Temperature (°C)

Temperature (°C)

Fig. 5. DSC curves of LA and composite PCMs during heating and cooling.
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Table 3
DSC analysis data of LA and LA/RC composite PCMs.
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During Heating

During Cooling

Samples Tom "Tpm “Tem IAHp, “Toe Tpe Tec "AH, R (%) E (%) 1 (%)
(°C) Q) Q) J.g™ Q) Q) (°C) u.g™

LA 44.67 47.25 49.18 176.5 40.86 39.80 37.78 ~180.9 - - -

LA/RC-2575 42.77 45.02 46.54 39.3 40.79 39.73 36.25 -37.6 22.26 21.52 96.66

LA/RC-3070 42.67 45.45 46.89 52.0 41.23 39.15 36.64 -50.7 29.46 28.73 97.54

LA/RC-3565 42.87 45.32 46.88 52.7 41.54 39.96 36.77 ~52.2 29.85 29.35 98.33

LA/RC-4060 43.46 45.80 47.23 64.2 41.77 40.70 37.89 —66.0 36.37 36.43 100

2 onset melting temperature.

Y peak melting temperature.

¢ endset melting temperature.

4 latent heat of melting.

€ onset crystallization temperature.
f peak crystallization temperature.

8 endset crystallization temperature.
" latent heat of crystallization

determined that LA/RC composite PCMs have thermal storage capability
of over 96%. The LA/RC-4060 composite is a prominent energy material
among the produced composites, which has the highest melting
enthalpy value without any seepage. It also had the highest integration
ratio (R) and integration efficiency (E), which resulted in 100% thermal
storage capacity calculated by dividing (E) to (R). According to this
result, LA/RC-4060 composite has the potential to be utilized for ap-
plications such as solar energy storage, building thermal management
with its proper energy storage characteristic.

3.1.4. Thermogravimetric analysis results

Thermal stability is a crucial property for PCMs in terms of thermal
storage applications. Thermal stability of the produced composite PCM
(LA/RC-4060) was investigated and the obtained TG thermogram
depicted in Fig. 6 together with those of LA and RC comparatively. As
can be seen from Fig. 6, LA has one degradation step. It was found that
LA lost 50% of its weight at 212.0 °C and the peak maximum temper-
ature value (Tpay) With the highest weight loss was 225.68 °C. The total
mass loss of LA at 550 °C was determined as 98.04%. The RC as host
material was also degraded in one step due to dehydroxylation and the
highest weight loss was detected at 505.22 °C. The total mass loss of RC
at 550 °C was measured as 8.62%. Moreover, the composite PCM
degraded in two steps. In the first step, the thermal decomposition of LA
occurred nearly at 226.4 °C and the second step, dehydroxylation of RC
at 505.06 °C. The composite PCM lost 10% and 30% of its mass at

= i
80
S 604
E
)
2 40
3
20d{—Re
— LA
—— LA/RC-4060
0 T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Fig. 6. TG curves of LA, RC and LA based composite PCM.

197.07 and 225.56 °C, respectively while these values were determined
as 179.14 and 200.72 °C for pure LA. According to this result, it is
obvious that RC has retarded the volatility of organic molecules. As
shown in Fig. 6, thermal degradation temperature of LA shifted to higher
temperature thanks to shape stabilization with RC.

The specific surface area and pore volume of RC and LA/RC-4060
were detected by BET analysis and obtained results presented in
Table 4. Moreover, Ny adsorption-desorption isotherms, and pore size
distribution plot of RC are depicted in Fig. 7a and 7b, respectively. As
seen from Fig. 7a, RC has adsorption capacity of 74.16 cms.g’l at p/p0
= 0.99 while it was measured as 4.17 cm®.g ™! at lower relative pressure
(p/p° = 0.05). The specific surface area according to BET method and
pore volume of RC based on BJH adsorption model were determined as
20.08 m2.g~! and 0.1156 cm®>.g™!, respectively.

This result demonstrates that RC has an adequate potential for
absorbability of LA. Moreover, BJH adsorption average pore width (4 V/
A) of RC was determined as 22.12 nm indicating a pore system domi-
nated by mesopores. After the impregnation of LA and production of
composite PCM, the specific surface area and pore volume of RC
decreased dramatically and were found to be 1.65 m%g~! and 0.0121
em3.g7}, respectively. This is an expected result that is due to LA
occupying the pores and layers of the RC. Pores in this size limit the
accessible pore volume available for complete PCM impregnation,
which explains the relatively moderate maximum LA loading capacity
(40 wt%) observed. However, such mesoporous structures generate
strong capillary forces that effectively restrict the PCM within the sup-
port matrix, preventing leakage during the phase transition [32].

Thermal reliability is an important parameter for thermal energy
storage and should be taken into account in case of potential application
of energy storage materials. For this purpose, LA/RC-4060 composite
with the highest energy storage capacity was assessed by thermal
cycling test. The acquired DSC curves of the LA/RC-4060 composite
before and after 100 heating/cooling cycles were depicted in Fig. 8 and
corresponding data was given in Table 5. As seen in Table 5, the latent
heats of melting and crystallization of the composite after cycling test
decrease by only 3.4 J/g and 3.6 J/g, respectively. The losses observed
in melting and crystallization enthalpies were found to be 5.3% and
5.5%, respectively. Furthermore, the deviation in peak temperatures
was found to be 0.65 °C for melting and 0.55 °C for crystallization after
100 thermal cycles. Based on the results, LA/RC-4060 composite has

Table 4
BET results of RC and composite PCM.

Samples Specific surface area (m2.g™!) Pore volume (cm®.g™ 1)
RC 20.08 0.1156
LA/RC-4060 1.65 0.0121
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Fig. 8. Comparative DSC curves of LA/RC composite obtained before and after thermal cycling test.
Table 5 FT-IR spectroscopy and the obtained spectra are given comparatively in
able

DSC data for LA/RC-4060 composite before the test and after 100th thermal
cycle.

Melting Crystallization
LA /RC-4060 composite Tpm AH,, Tpe AH.
(9] v.g™h “Q) u.g™
Before the test 45.80 64.2 40.70 —66.0
After 100th thermal cycle 45.15 60.8 40.15 —62.4

good thermal reliability, which is reasonable for potential applications.

3.1.5. Characterization and heat storage performance of EP loaded
composite
The chemical structure of modified composite by EP was analyzed by

Fig. 9. As noticed from the Fig. 9, EP has not any significant peak due to
being chemically inert. In the case of LA/RC-4060-5%EP composite,
although intensity of the peaks slightly decreased, any shift in absorp-
tion peaks was not observed as compared to that of LA/RC-4060 com-
posite. According to the results, there is no chemical reaction due to the
presence of EP, and the modification was achieved only physically.

The morphology of LA, EP, LA/RC-4060 and LA/RC-4060-5%EP
were investigated by SEM and obtained images are depicted in Fig. 10.
As seen from the SEM image of the LA/RC-4060 composite (Fig. 10c),
the RC surface was covered with LA of the form of flaky layers (Fig. 10a),
while highly conductive EP structures in the form of smooth layers
(Fig. 10b) were seen also incorporated into the surface after modifica-
tion (Fig. 10d).

The TGA thermograms remarking of the thermal stability of the
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Fig. 9. FT-IR spectra of EP and EP loaded composite PCM.

modified composite by EP are presented in Fig. 11 as before and after
modification for comparison. As seen from the thermograms, the
modified composite degraded in two steps similarly as before the
modification depending on high thermal stability of EP particles.
Although thermal decomposition in the first step corresponding to
degradation of organic PCM realizes earlier in comparison with that of
the unmodified composite, the observed total mass loss is lower after the
modification with EP particles. The total mass loss for modified com-
posite LA/RC-4060-5%EP was found to be as 44.23% at 550 °C.
Moreover, the maximum peak temperature values (Tmax1 and Tmax2)
with the highest weight losses were determined as 201.67 °C and
496.15 °C, respectively, which are significantly higher than the phase
change temperatures as similarly observed for LA/RC-4060 composite.
So, it is evident that both of the composites have good thermal stability
and could be used confidently in thermal storage applications agreeable
with their phase change temperatures.

The variation on the phase change characteristics of EP loaded
composite PCM was investigated by DSC analysis and DSC thermograms
obtained during heating and cooling are given in Fig. 12. As can be
noticed from the thermograms, the presence of EP did not disturb the
phase change property and EP loaded composite PCM displayed similar
phase change properties with LA and LA/RC-4060 composite. The latent

|
Mag: 10 000 X 20 um
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heat of composite LA/RC-4060-5%EP was found to be 63.6 J/g for
melting and 61.7 J/g for crystallization. Furthermore, phase change
temperatures were slightly changed due to the presence of highly
conductive EP particles. The comparison of LA/RC-4060 and LA/RC-
4060-5%EP composites with other fatty acid-based shape-stabilized
PCMs available in the literature is demonstrated in Table 6. As can be
clearly seen, the prepared composites have relatively high latent heat of
melting values. Based on this data, it could be remarked that the ob-
tained shape-stabilized composites are prospective energy materials for
energy storage applications such as solar energy storage, thermoregu-
lation of buildings.

Thermal conduction property is a significant indicator of heat
transfer rate of PCM and is a crucial character that must be taken into
consideration for TES applications of PCMs [33]. Here, thermal behavior
of the samples, namely, EP, RC, LA/RC-4060, LA/RC-4060-5%EP and
LA were evaluated by T-history test during heating and cooling steps.
For this aim, an experimental test rig was set up including a circulated —
bath, data acquisition system and K-type thermocouples with an un-
certainty of + 0.75%. The samples were equivalently (~1 g) placed in
the cylindrical test tubes made of glass, with an inner diameter of 12 mm
and a height of 75 mm to eliminate the geometric differences. Subse-
quently, K-type thermocouples were installed in the midpoint of the
tubes to mitigate the effect of axial and radial temperature gradients
during the temperature measurements of the samples. Afterwards, the
tubes were immersed in the circulated — bath, which has an internal
pump providing the homogenous temperature distribution within it. The
circulated — bath was adjusted to operate in the temperature range of
25°C-60 °C - 25 °C. When the samples reached the initial temperature
at 25 °C, the test was started and the temperature changes of the samples
were measured with the installed thermocouples and collected at 1 s
intervals with the data acquisition system. To monitor the original phase
and/or temperature change of the samples, raw temperature-time data
were plotted as obtained, without any processing. Fig. 13 shows the
temperature measurements indicating the thermal behavior of the
samples comparatively based on the conducted T-history test. As seen
from the Fig. 13, the phase transition process of the samples LA, LA/RC-
4060 and LA/RC-4060-5%EP was clearly observed during both heating
and cooling steps. Based on the examinations, it was revealed that the
findings of the T-history test consistent with the data obtained from DSC
analyses (Table 3). On the other hand, EP and RC did not give phase

Fig. 10. SEM images of (a) LA, (b) EP, (c) LA/RC-4060 and (d) LA/RC-4060-5%EP.
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Fig. 12. DSC thermograms of EP loaded composite PCM during heating and
cooling presented with phase transition data.

Table 6
Comparison of LA based PCMs in the literature.
LA integrated composite Tm AH,, (J. gfl) Reference
Lauric-Myristic-Palmitic acid/ 29.8 65.8 [5]
Diatomite
Gypsum/Lauric acid-graphite-zeolite 42.0-45.7 54.3-81.0 [10]
Capric-lauric acid/ Coal-series kaolinite 16.9 42.3 [35]
Lauric acid/raw fly ash 45.7 44.9 [36]
Lauric acid/raw fly ash/carbon 45.3 37.8 [36]
nanotube
Lauric acid-myristic acid/fly ash 31.1 45.3 [37]
Lauric acid/nano-Cu/attapulgite 42.1 87.1 [38]
LA/RC-4060 43.4 64.2 This study
LA/RC-4060-5%EP 43.5 63.6 This study

transition peaks because they did not have energy storage capability. In
addition, the heat conduction properties of the samples were compared
by taking into account the time required to reach a target temperature.
The shorter melting/crystallization times indicates an increased
charging/discharging rate which is due to improvement in thermal
conductivity [34]. As clearly demonstrated in the cooling step, EP was

Thermal Science and Engineering Progress 71 (2026) 104559

first reached the target temperature (from 60 °C to 25 °C) as expected
since it was highly conductive expanded graphite. Additionally, when
the heat transfer rates of the all samples were compared depending on
the time to reach the target temperature, it was seen that the heat
conduction properties were in the order of EP > RC > LA/RC-4060-5%
EP > LA/RC-4060 > LA. As can be noticed from Fig. 13, longer
charging/discharging times of LA was shortened after shape-
stabilization by RC support due to probable higher thermal conductiv-
ity of RC than that of fatty acid PCM. Furthermore, since LA/RC-
4060-5%EP > LA/RC-4060 > LA, it was clearly observed that even
incorporating only 5 wt% EP in the structure significantly improved the
heat transfer rate of the LA/RC-4060 composite PCM due to betterment
in thermal conductivity. Moreover, in order to express these findings
numerically, a property defined as the heat storage rate, calculated by
dividing the specific temperature difference by the time to reach the
target temperature, was determined for all samples and is given in
Table 7. According to the results obtained, the calculated heat storage
rates were also in the order of EP > RC > LA/RC-4060-5%EP > LA/RC-
4060 > LA. The improvements in heat conduction rate during cooling
process in comparison with that of LA were calculated as 13.66% for LA/
RC-4060 and 15.85% for LA/RC-4060-5%EP.

4. Conclusions

This study focuses on investigating the availability of RC, which
possesses economic and environmental advantages such as low cost,
natural abundance, and chemical stability, as a thermally stable and
structurally supporting matrix for the shape stabilization of PCMs. The
shape-stabilized lauric acid (LA)/refractory clay (RC) composites were
successfully prepared by the solvent assisted impregnation process. RC,
mainly composed of SiO3 Al;03 and TiO, components, was used as the
support material, whereas lauric acid used as the organic based PCM. A
series of LA/RC composite PCMs at different compositions were syn-
thesized. LA/RC-4060 composite was detected as the leak-proof com-
posite with maximum LA loading capacity based on the conducted
leakage test, which has 40%LA-60%RC composition. The thermal en-
ergy storage characteristics of LA and composite PCMs were detected by
DSC, and the morphologies were elucidated by SEM analysis. The
physical absorption of LA into pores of RC was demonstrated by SEM
images, and the chemical structure investigated by FTIR spectroscopy
proved the existence of LA. Among the prepared leakproof composites,
LA/RC-4060 displayed the highest energy storage capacity with latent
heat values of 64.2 J/g for melting and 66.0 J/g for crystallization. The
phase change temperatures were also found to be 43.46 °C during
melting and 41.77 °C during solidifying. Moreover, LA/RC-4060 com-
posite has good thermal reliability after 100 thermal cycles. LA/RC-
4060 was modified with 5 wt% highly conductive expanded graphite
(EP) particles, and the heat storage and release rate was significantly
improved. Both of the composites displayed good thermal stability,
while the presence of EP did not adversely affect the thermal storage
characteristics of LA/RC-4060 composite. The analysis results highlight
the potential of RC supported LA based composite PCMs for thermal
energy storage applications and it resulted that the obtained form-stable
composites are possible candidates for energy storage applications such
as solar energy storage and thermoregulation of buildings with prom-
ising latent heat capacity, leakage resistance, and thermal reliability
over 100 cycles. However, further investigations and analysis fully
require their long-term performance under real operating conditions.
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Fig. 13. Thermal behavior of the samples in the course of heating and cooling processes.

Table 7
Calculated heat storage rates of the samples in the course of cooling.
Observation LA EP RC LA/RC- LA/RC-
4060 4060-%5
EP
Heat Storage Rate 0.01098 0.01344 0.01271 0.01248 0.01272
(oC/s) —
cooling
Percentage of - - - 13.66% 15.85%

increment (%)
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