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ARTICLE INFO ABSTRACT

Keywords:
Phase change material

In recent years, many strategies have been developed to prevent Phase change material (PCM) leakage, but it
remains a major challenge to develop PCMs with the advantages of low production costs, sustainability, reus-
ability, and the use of fillers made from waste biomass. Paraffin wax, an organic Phase change material, was used
as a thermal storage material. To reduce the total cost of production and produce inexpensive biochar, biomass
extracted from the root of the Prosopis juliflora plant was subjected to a pyrolysis process with low oxygen and
without the use of inert gases. In order to investigate the PCM adsorption properties of the biochar, two types of
biochars, PJR 400 and PJR 500, were prepared by varying the pyrolysis temperature to 400 °C and 500 °C. Then,
using the direct impregnation technique, this biochar was blended with PCM at various weight percentages, i.e.
5%, 15%, 25%, 35%, and 45%. The surface area values of PJR500 and PJR400 biochars prepared at two different
temperatures were found to be 4.451 and 2.423 m?/g, respectively. After Brunauer-Emmett-Teller (BET) anal-
ysis, SEM, XRD and FTIR measurements were used to analyze and verify the morphological and chemical
properties of the PCM blends and biochars. DSC, thermal conductivity and leakage studies were conducted to
determine the performance and heat storage capacity of the PCM, and the results were compared. In addition to
preventing leakage, the PJR 500 biochar blend with PCM at 45% also had thermal conductivity and heat storage
enthalpy values of 90.24 J/g and 0.463 W/mk, respectively.

Biomass

Low cost composites
Renewable energy
Leak- proof

Thermal conductivity

1. Introduction

The demand for energy worldwide is increasing day by day. As of
now, all countries are forced to use more natural resources to meet their
needs due to their country's development and population growth. Apart
from this, natural resources are being imported through agreements
with neighbouring countries and natural resources are being exploited
day by day on a global scale. The Earth is facing climate changes such as
global warming, increased rainfall, and drought due to the daily use of
natural resources. In the current situation, all countries of the world are
increasingly promoting the use of renewable energy for energy needs.
Numerous studies are being conducted to meet the energy demand using
natural renewable sources such as wind, water, and sunlight. For
example, a renewable resource material with heat energy storage and
release properties is required to store heat energy for various applica-
tions such as electronic device cooling, building temperature control,
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solar dryer, waste heat recovery, and food processing. In this way, Phase
change material (PCM) can be used as a renewable resource material for
applications such as heat energy storage and release. Phase change
materials can be used as a thermal energy storage devices due to their
properties such as steady phase transition temperature, high storage
capacity, stability, and ease of use (Mandal et al., 2022; Liu and Yang,
2015; Farid et al., 2021; Agyenim et al., 2010). When PCM is heated to
its melting point temperature, it changes from a solid to a liquid,
absorbing heat from the surroundings. When the temperature drops
below the melting point temperature of PCM, it releases the stored heat
to the surroundings and turns into a solid (Assareh et al., 2024; Amini
et al., 2023; Mohammed et al., 2024). The heat stored and released is
considered as latent heat. The heat stored in PCM is stored in two ways:
latent heat and sensible heat, however, the heat energy stored through
latent heat is stored more than the heat energy stored through sensible
heat (Barzin et al., 2015; Bahadori and Haghighat, 1985; Arteconi et al.,
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2012). PCMs can be divided into three types: organic, inorganic, and
eutectic PCM (Mandal et al., 2022; Sun et al., 2013; Liu and Yang, 2016;
Huang et al., 2013). The use of PCM has been hindered by reasons such
as low phase change enthalpy and thermal conductivity, poor phase
segregation and phase separation, sub cooling, and corrosion (Saffari
et al., 2017; Zalba et al., 2003; Mehling and Cabeza, 2008). Apart from
this, PCM can be divided into different types depending on its melting
point temperature (Noohi et al., 2022; Cardenas and Leon, 2013; Costa
and Kenisarin, 2022; Ge et al., 2013). Paraffin wax is one of the organic
PCMs. It is available in different melting point temperatures to suit
different applications. Paraffin wax is widely used in heating and elec-
trical applications due to its melting point temperature range (Murali
et al., 2024; Asbik et al., 2016, 2021; Kabeel et al., 2020). This liquid
phase will leak out of the structure if the PCM is not chemically stabi-
lized or physically contained inside a porous matrix, resulting in mate-
rial loss and decreased heat storage capacity. Additionally, the use of
paraffin wax in thermal management control applications is restricted
when it is used directly with materials because of issues like low thermal
conductivity, poor adhesion, decreased mechanical strength, increased
leakage, and loss of material integrity (Lucas et al., 2013; Pasupathy
et al., 2008). Therefore, current studies focus more on claims such as
changes in latent heat enthalpy and prevention of leakage by changing
the design structure and thermal properties of PCM (Pomianowski et al.,
2013; Zhang et al., 2006; Kousksou et al., 2010). Consequently, a
composite structure must be transformed into shape-stabilized PCM in
order to stop PCM from leaking. Such a composite structure must have a
higher thermal conductivity value than pure PCM. By increasing the
thermal conductivity value, the heat releasing and absorbing rate of the
composite PCM increases. By converting shape stabilized PCM into
composite, leakage is prevented when PCM is injected into a porous
material through micro encapsulation technique (Lucas et al., 2013; Boh
and Sumiga, 2008). PCM can be infused with a variety of materials to
form shape stabilized PCM. For example, polymers (Qu et al., 2018;
Aydin and Okutan, 2013; Karaman et al., 2011), metallic foams (Oya
etal., 2012; Xiao et al., 2013, 2014), and carbon nanostructure materials
(Stonehouse and Abeykoon, 2022; Hashempour and Vakili, 2018) can be
used for microencapsulation. However, the high cost, complex
manufacturing process, and environmental impact of the above mate-
rials make their use difficult. Graphene/CNTs have a very small number
of pores, which requires additional closure layers (Du et al., 2026).
Therefore, they are less capable of stabilizing molten PCM. Although
metal foam has high porosity, it has a large number of macropores
(>100 pm) (Saeed et al., 2022). In this case, there is a risk of leakage due
to the weak capillary force between the pores. In previous studies,
biochar was obtained from biomass such as wood biochar, agricultural
waste, seeds/shells, and wood dust/husk and was shaped by combining
it with phase change materials. As a result, it is many times cheaper. In
addition, biochar's highly porous structure, high carbon content,
economical and lightweight nature serve as a solution to these problems
(KOSE, 2023; Jeon et al., 2019; Sar1 et al., 2020; Can and Zigon, 2022).
However, although various studies have been conducted on biomasses,
the retention properties of biochar, such as surface area, pore size, and
pore volume, vary depending on the biomass. Below are the surface
characteristics of biochars derived from natural sources that have been
studied in the past. The surface area and average pore width values of
neem seed 300 biochar were calculated to be 0.481 m2/g and
10.229 nm, respectively (Mandal et al., 2026). Biochar obtained from
corn stalks without any activation method showed a surface area of
13.71 mz/g and a pore diameter of 10.072 nm (Huang et al., 2026). The
surface area and pore diameter values of biochar obtained by activating
rice husk with KOH were found to be 289.220 m?/g and 10.198 nm,
respectively (Huynh et al., 2026). Among these, pyrolysis temperature is
an important factor in modifying the surface properties of biochar.
Although numerous studies have affected the surface properties of bio-
char by varying the pyrolysis temperature, they have not been used for
phase change material applications. In this study, the root part of the
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plant Noval Prosopis juliflora was selected as the biomass, and the py-
rolysis temperature was set at 400 °C and 500 °C, and the two biochars
obtained were shown to absorb paraffin wax.

Paraffin wax, with a melting point between 58 °C and 62 °C, was
used as a phase change material (PCM) for thermal energy storage.
Biochar produced by pyrolysis of Prosopis juliflora root biomass was used
to convert PCM into a shape-stabilized composite. Pyrolysis process
parameters, including heating rate, temperature, residence time, inert
gas type, and furnace type, affect the physicochemical properties of the
biochar and the properties of the final product. In this study, biochar was
produced by oxidative pyrolysis in a muffle furnace without inert gas,
which is an important parameter in pyrolysis processes. To investigate
the effect of temperature, oxidative pyrolysis produces two distinct types
of biochar at 400 °C and 500 °C. Paraffin wax was formed into shape-
stabilized composites with these biochars by a simple impregnation
technique. This study shows how increasing the pyrolysis temperature to
400 and 500 °C changes the surface properties of biochar. The study also
reveals how these two types of biochar influence the heat storage ca-
pacity of PCM. It identifies which weight percentage of biochar offers
the best combination of thermal conductivity, leakage resistance, ther-
mal stability, and heat storage value, ultimately promoting PCM per-
formance. The resulting composites are designed for thermal
management in device enclosures, electronic battery packs, and heat-
sensitive materials. These composites have a melting point of 58 °C,
which prevents overheating and maintains a stable temperature during
use.

2. Materials and methods
2.1. Materials

Although paraffin has different melting point temperatures, paraffin
wax, with a melting point temperature of 58-62 Celsius, was used as a
heat storage material in this study, especially for applications such as
electronics cooling and solar dryers. The density value of the wax with a
long hydrocarbon chain was 0.88 g/cm?®. It was obtained from Royal
Scientific Solutions, a chemical company in Tamil Nadu, India. The root
part of the prosopis juliflora plant, which is the biomass used to make
biochar, was obtained from Noorullaa Saw Mill in Sriviiliilputtur, Tamil
Nadu.

2.2. Impregnation of PCM into biochar

Fig. 1 shows the overall production process of the shape-stabilized
composites. Roots from Prosopis juliflora trees, cut into 30 cm lengths,
were placed in a hot air oven at 120 °C for about 8 h to remove moisture.
Biochar was then prepared using oxidative pyrolysis, without inert gas,
in a muffle furnace at two temperatures: 400 °C and 500 °C. Pyrolysis
parameters included a heating rate of 5 °C/min and a holding time of
100 min, both affecting the thermophysical properties of the biochar.
Biochar produced at 400 °C was named PJR400, and biochar from
500 °C was called PJR500. Each sample was finely ground using a ball
mill and sieved to obtain particles not exceeding 300 pm. Paraffin wax in
pellet form, with a melting point of 58 °C, was melted at 70 °C. The two
biochars, once converted into powders, were separately mixed with
liquid paraffin wax in weight percentages of 5%, 15%, 25%, 35%, and
45%. Mixing was done for about 2 h using a mechanical stirrer while
keeping the temperature at 70 °C, above the melting point of paraffin
wax. The PCM and biochar mixtures were then placed in a vacuum pump
and a hot air oven for about 60 min at a vacuum pressure of 20 Hg and a
temperature of 70 °C. Thus, both biochars were combined with varying
amounts of melted paraffin wax using a simple impregnation technique.
The symbol PWO indicates paraffin wax. The impregnated composite
samples of biochar at 400 °C were designated as PWPJR4005,
PWPJR40015, PWPJR40025, PWPJR40035, and PWPJR40045. Simi-
larly, the composite samples at 500 °C were designated as PWPJR5005,
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Fig. 1. Preparation method for bonded shape-stabilized composite using a simple impregnation technique.

PWPJR50015, PWPJR50025, PWPJR50035, and PWPJR50045.
3. Result and discussion
3.1. EDAX analysis of biochar

For the compounds, characteristic elements were identified by an
EDAX-energy dispersive X-ray analysis system equipped with SDD (sil-
icon drift detection) and an intermediate SEM platelet. Measurements
were performed with the probe set at 15 kV, the working distance
adjusted to ~10 mm (minimum), and direct acquisition times of
60-120 s. Looking closely at Tables 1 and 2 in the EDAX study, minerals
such as Al K, and Ca are found to be present in elemental analysis, each
in amounts less than 1%. As expected, carbon has the highest weight
percentage in both types of biochar, followed by oxygen to some extent.
Since biochar is prepared using the oxidative pyrolysis method, no inert
gas is formed. Comparing the two biochars, PJR500 biochar has a higher
carbon weight percentage than PJR400 biochar.

From this, it can be observed that carbon production increases as the
temperature rises. Simultaneously, the weight percentage of minerals
also increases significantly with rising temperature. Looking closely at
the PJR500 biochar Table 2, the aluminium disappears as the temper-
ature rises. Minerals such as calcium and potassium contribute to the
structural stability of biochar. Additionally, calcium has the ability to
absorb carbon dioxide from the atmosphere (Mesnage et al., 2025),
making it an eco-friendly biochar. Furthermore, calcium and potassium
possess high adsorption properties (Bose et al., 2022), making the
porous structure of biochar suitable for absorbing PCM. If calcium and
oxygen are present, there is a high likelihood of limestone formation

Table 1

Assessment of the constituent's composition of PJR400 biochar.
S.NO Element Weight % Atomic % Error % K ratio
1 CK 79.0 84.4 4.1 0.5839
2 OK 18.2 14.6 14.1 0.0221
3 AIK 0.5 0.2 10.7 0.0033
4 CIK 0.3 0.1 30.0 0.0029
5 KK 0.9 0.3 13.0 0.0079
6 CaK 1.0 0.3 18.2 0.0092

Table 2

Assessment of the constituent's composition of PJR500 biochar.
S.NO Element Weight % Atomic % Error % K ratio
1 CK 85.9 91.5 3.8 0.6648
2 OK 8.1 6.5 17.9 0.0085
4 CIK 0.8 0.3 21.7 0.0068
5 KK 2.6 0.8 11.6 0.0227
6 CaK 2.6 0.8 9.9 0.0230

(lacomino et al., 2024). The chlorine content is slightly higher in
PJR500. In general, chlorine has strong corrosive properties. However,
since it is present in low amount in biochar, the risk of significant
corrosion damage during use is minimal.

3.2. SEM analysis of biochar

Using a Carl Zeiss EVO 18 scanning electron microscope, the porous
structure of biochar was examined in terms of surface structure and
cross-sectional area. The EVO 18's voltage range of 0.2-30 kV enables
exact observation of the material's structure by providing precision
control over the radiation's penetration depth and surface sensitivity.
From the SEM Fig. 4a-d, it is clear that both biochars have a porous
structure, although the difference between the two biochars becomes
apparent as the temperature increases. As shown in the below Fig. 2 (b),
internal pores are visible in the porous structure of PJR400 biochar,
whereas they are absent in PJR500. It has a red marking on it.

These internal pores have been eliminated due to the rise in tem-
perature. In Fig. 2a and b, numerous micro and meso pores appear. The
varied surface morphology indicates that the biochar has a clear, porous,
spongy-like structure. Similarly, in Fig. 2¢, the well-defined circular
pores with thin inner pores surface and thin pores wall lead to a large
surface area. When comparing the two biochars, variations in pore size
can be observed. Larger biochar particles tend to have a more extensive
porous structure and greater surface area. In contrast, the porous
structure and surface area of smaller biochar particles appear to be
significantly reduced or destroyed (Rabiee Abyaneh et al., 2024; Hum-
madi, 2021). The presence of lignocellulose materials can be confirmed
by the increase in carbon weight percentage observed in the EDAX
analysis (Meraj et al., 2024). This large carbon structure provides strong
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Fig. 2. (a) Picture depicts the volatiles in PJR400 biochar; (b) Picture b shows the interior pores in PJR400 biochar; (c) Volatiles and Internal pores are vanishing

from PJR500 biochar; (d) There are tunnel-like holes in the PJR500 biochar.

capillary force to hold the molten paraffin within the matrix. By veri-
fying the lignin and cellulose content in the biochar, the efficiency of the
pyrolysis process can be assessed (Adeniyi et al.,, 2024). These
morphological changes of biochar are what make the PCM a
shape-stabilized material.

3.3. Bet surface area analysis

By employing N adsorption and desorption techniques at 77K, BET
(Brunauer-Emmett-Teller) analysis was used to ascertain the surface
characteristics of the pure biochars. To guarantee accuracy, they were
computed throughout a broad range of relative pressures, from p/
Po = 0.01 to p/po = 0.99. The surface area of pores, pore size, and pore
size distribution are the most important parameters to determine the
adsorption of biochar. The below Fig. 3 (a) shows that PJR 400 biochar
exhibits a mesoporous shape due to multilayer adsorption at a relative
pressure of 0.1 to 0.8. At saturation relative pressure, the adsorption
peak increases, revealing a slightly macro porous structure. Since no
elongation of the graph occurs at a relative pressure of 0.01, it is evident
that there are no microspores. Similarly, PJR 500 biochar also confirms
the mesoporous structure as shown in Fig. 3b. In this case, the absence of
micro pores is confirmed as there is no growth of the graph at low
relative pressure.

When the relative pressure exceeds 0.6, multilayer adsorption oc-
curs, and capillary condensation begins. Furthermore, monolayer
adsorption starts to take place at low relative pressure. According to the
IUPAC classification, both biochars belong to Type IV due to meso-
porous adsorption and capillary condensation (Eimontas et al., 2024).
The average pore size of both biochars was studied using the
Barrett-Joyner-Halenda (BJH) model. As shown in the below Fig. 3c and
d, Particle size distribution (PSD) curve, a sharp peak appears at a pore

size of 4-6 nm. This peak indicates that nitrogen gas adsorption occurs at
a high level within this pore size range. This enables an accurate mea-
surement of pore size. Similarly, as shown in Fig. 3d below, the graph of
PJR500 increases from 3.9 nm to 5.1 nm, indicating significant multi-
layer adsorption.

The surface area, average pore size, and total pore volume of the two
biochars are presented separately in Table 3 above.

This study demonstrates that as the pyrolysis temperature rises, pore
size reduces while surface area and pore volume increase. As the tem-
perature rises, volatile substances are removed from the porous struc-
tures, resulting in the formation of many pores. At higher temperatures,
fluid molecules are removed from the porous structures of biochar,
making it more brittle and degrading more quickly. Eventually, this
action causes cracks to appear in the porous structure (Aziz et al., 2015;
Claoston et al., 2014). Mesoporous and macro pores in biochar are
known to have the capacity to absorb both liquids and solids (Shaaban
et al., 2013; Downie et al., 2012). This study found that both biochars
have the porosity necessary to absorb liquid PCM because of their
mesoporous structure. PJR500 biochar has a greater volume and surface
area than PJR400 biochar, suggesting a greater ability to absorb liquid
PCM.

3.4. FTIR analysis of biochars

Using an IRTRACER-100 Shimadzu Fourier transform infrared
spectroscopy (FTIR) analysis, the molecular composition and functional
groups of both biochars were identified. This instrument operates over a
wide spectral range of 7800-350 cm™!, giving a maximum spectral
resolution of 0.25 cm ™. At the same time, studies were performed at an
operating resolution of 4 cm™! to ensure adequate signal quality and
peak boundary. From below Fig. 4, the spectra of the two biochars were
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different, with several peaks appearing, especially in the PJR400
fingerprint region. These spectra provide a good identification of the

Table 3
Study of specific surface area of Pores for all samples using BET.

S. Sample BET Surface Area  Average Pore Total pore Volume
No Code (m%/g) Size (nm) (cc/g)

1 PJR500 4.451 6.2071 0.006907

2 PJR400 2.423 7.5710 0.004585

chemical components present. Additionally, in the case of PJR500, a
significant reduction in the number of peaks in both the fingerprint and
functional group regions was observed. This reduction is primarily due
to the loss of volatile compounds as the temperature increases. The
growth of clay, silicate and minerals is indicated by major peaks at 572
and 748 cm~! in PJR400 biochar (Saikia et al., 2016).

Similar spectra are shown in the following PJR400 biochar. The C=C
bending vibration of strong alkenes is observed at peak position
947,873,803 cm ™! (Singh et al., 2018). The O-H bending vibration at
wavenumber 1429 cm ™! clarifies the formation of the Carboxylic acid
(Liu et al., 2015). The high presence of alkyl aryl ether is indicated by
the C-O stretching vibration seen at a wavenumber of 1265 cm ™. This
peak indicates that biochar contains significant amounts of components
such as cellulose, hemicellulose, and lignin. The C=C asymmetric me-
dium peak at 1602 cm™! proves that lignin has formed (Armynah et al.,
2018). The 0=C=0 stretching vibration at peak 2316 cm ! indicates the
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creation of strong alkyne and carbonyl bonds. The formation of this peak
mainly shows that COy gas can be absorbed by biochar (Cole et al.,
2019). Peak position 2289 has alkane and aliphatic types with a medium
C-H group. The occurrence of a hydroxyl group by hydrogen is shown by
the peaks at 3008 and 3446 cm ™!, which are confined by the strong -OH
stretching vibration and the CH, stretching vibration, respectively
(Mccall et al., 2025). Its phenolic and alcoholic chemical characteristics
are indicated by its peak location at 3758 cm™!. Similarly, in PJR500,
the functional groups such as alcohol and phenolic functional groups at
3741 cm?}, hydrogen-bonded hydroxyl group at 3433 cm™!, C=C
asymmetry stretching vibration at 1616 and 1556 cm ™, broad C-O
stretching vibration at 1178 cm ™, and silicate formation at 424 cm ™!
receive major attention. However, if there are too many functional
groups, there is a possibility of increased oxidation and a decrease in the
stability of the carbon (Adhikari et al., 2024). Both biochars have a
strong -OH stretching vibration with high transmittance. This means
that there is a high possibility of hydrogen bonding when added to
another material (Dai et al., 2023). Additionally, the -OH molecules
found in phenolic and alcohol may improve the composites' stiffness and
flexibility (Zhang et al., 2019). Overall, the FTIR test confirms the suc-
cessful modification of carbonaceous biochar with oxygen-containing
functional groups, which is expected to further enhance the interfacial
interactions with paraffin wax in the composition of the composites.

3.5. XRD study of biochar

All biochars were subjected to XRD analysis using Bruker Eco D8
Advance. At a step size of 0.02°, the diffraction patterns were collected
over 26 ranges from 10° to 80° from a scanning speed of 1° min~'. The
operating voltage and current were maintained at 40 kV and 30 mA
respectively. The XRD peak at the conclusion of this investigation makes
it evident which element is more prevalent. When comparing the two
biochars, as Fig. 5 below illustrates, the sharp peak's intensity rises with
temperature. This demonstrates that the crystal structure has increased.
According to the below Table 4, the crystallinity of PJR400 is 34.1%
while that of PJR500 is 37.31%. The amorphous structure starts to
vanish as the temperature rises and eventually changes into a crystalline
structure. The crystallinity pattern is indicated by the high-intensity
sharp peak, whereas the amorphous formation is indicated by the low-
intensity broad peak. The diffraction plane (002) is represented by the
peak located between 20° and 30° (Samy et al., 2023). As seen in the
image, this represents the carbon content. The existence of SiO, in
biochar is confirmed by the strong peak at 26.7° (Zhao and Nartey,
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Fig. 5. Characterization of PJR400 and PJR500 biochar using XRD.
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Table 4
Crystallinity and Amorphous percentages of PJR400 & PJR500 biochars.

S.NO PJR400 PJR500

Crystalline % Amorphous % Crystalline % Amorphous %

1 34.1 69.9 37.31 62.7

2014). The tiny pore-like structure inside PJR400's porous structure is
one factor contributing to the decrease in crystallinity. Major peaks in
PJR500 were found at angles such as 22.86°, 28.15°, and 29.62°. The
formation of graphite is shown by the peak seen at 28.15° and the peak
formed at 22.86° (Mohan et al., 2018). Likewise, in PJR400, the for-
mation of graphite is indicated by the primary crystalline peak at angle
29.08°. Finally, XRD results show that biochar produced by pyrolysis
processes has a mostly amorphous appearance and minimal crystalline
structures, demonstrating successful physical stabilization without
changing its chemical phase.

3.6. SEM analysis of PCM composites

The morphology of the shape-stabilized PCM composites, including
surface structure and cross-sectional area, was examined using a Carl
Zeiss EVO 18 scanning electron microscope at various magnifications.
The PCM's entry into the porous structure is evident from these SEM
pictures. For this study, the non-leaking PWPJR50045 composite and
the leaking PWPJR50025 composite were taken and are shown in
Fig. 6a-d, respectively.

It is evident from Fig. 6a that the PCM has fully penetrated the
biochar's porous structure. Likewise, it is evident from the picture 6(b)
that the PCM has not fully penetrated the biochar's skeleton. Similarly,
the porous nature of the biochar without PCM filling is visible in the
images 6c¢,d, at higher magnification. In certain areas, the PCM has
deposited on the surface of the biochar without entering the porous
structure. This is because of the partially filled porous structure and the
potential for leakage from the surface area of the biochar covered with
PCM. This might have an impact on the shape-stabilized PCM compos-
ites made from these PCM-covered biochars' thermal conductivity
characteristics. It is known from these SEM experiments that particles
with a fractured porous structure, particles with very small particle
sizes, and particles that are not properly formed have poor bonding onto
PCM.

3.7. XRD examination of PCM composites

XRD analysis of composites prepared with two types of biochar was
carried out using Bruker Eco D8 Advance. From the results of the study,
it was observed that there was no deviation in the elongation of the pure
material compared to the elongation of the composites. Two major peaks
of paraffin wax were observed at (2 theta) 21.74°% and 24.11°. These two
peaks correspond to the crystal peaks of paraffin at 110 and 200 (Khan
et al., 2020; Li et al., 2014). When compared to pure PCM, the peak
intensity in both varieties of PCM composites is decreased. The crys-
tallinity and amorphous percentage values of both PWPJR400 and
PWPJR500 based PCM composites are given in the below Table 5.
Biochar PJR500 with a higher crystallinity percentage achieves higher
PCM adsorption.

At the same time, as PCM adsorption increases, the crystallinity
percentage of the overall PCM composites decreases. Moreover, the peak
intensity of PCM composites decreases as the amorphous percentage
increases. The increase in amorphous structure and turbo static crys-
talline structure and the production of biochar at lower temperatures
lead to the decrease in the peak intensity of PCM composites (Wu et al.,
2012). Not only this, but there is also a possibility that the peak intensity
additionally, as the weight percentage of biochar in PCM increases, the
peak intensity falls. Fig. 7a and b illustrates how the peaks of PWPJR500
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Fig. 6. (a) PCM that has penetrated deep into the hole may be seen in PWPJR50045; (b) Holes not covered by PCM are visible in PWPJR50045; (c) Uncovered holes
and fractured channels can be observed in PWPJR40025; (d) There are numerous holes that are not closed with PCM, resulting in leakage in PWPJR40025.

Table 5
Crystalline and amorphous percentage values of all biochar-based PCM composites through XRD analysis.
S.NO PWPJR400 PWPJR500
Sample Code Crystalline % Amorphous % Sample Code Crystalline % Amorphous %
1 PWO 68.6 31.4
2 PWPJR4005 67.4 32.4 PWPJR5005 63.1 36.9
3 PWPJR40015 60.8 39.2 PWPJR50015 55.2 44.8
4 PWPJR40025 59.8 40.2 PWPJR50025 54.9 45.1
5 PWPJR40035 59.0 41.0 PWPJR50035 54.6 45.4
6 PWPJR40045 58.8 41.2 PWPJR50045 53.6 46.4

composites are substantially smaller than those of PWPJR400 compos-
ites. The decrease in these peaks indicates that the PCM penetrated more
into the PJR500 biochar than into the PJR400 biochar. Furthermore, the
decrease in peak intensity indicates that PJR500 biochar, which has a
high surface of PCM composites, may decrease due to the hydrogen
bonds formed between PCM and biochar (Wan et al., 2019; Wang et al.,
2012).

3.8. FTIR analysis of each PCM composite sample

FTIR analyses were carried out on all PCM mixes in order to look into
the functional group and assess the changes following the addition of
biochar. The spectra were recorded using a Shimadzu IRTracer-100 FTIR
spectrometer, which has a high sensitivity infrared scanning range.
Looking at the two Fig. 8(a) and ,(b), the spectra of the two biochar PCM

blends show the same wavelength. The strong peak formed at 2914 and
2846 cm ™! wavenumbers indicates C-H stretching vibration. This shows
the formation of strong alkanes and a small amount of aromatic com-
pounds. As a result of alkanes, we can feel the presence of hydrocarbons,
the main component of paraffin. Due to the high content of alkanes,
phase segregation is likely to occur in PCM (Sharshir et al., 2023). Not
only this, alkanes reduce the stiffness and flexibility of PCM and also
have the potential to become brittle (Online, 2022). The peak at
1463 cm™! indicates the formation of the functional group C-H scis-
soring methylene (Cushman et al., 2025). In the fingerprint region that
describes the molecular structure, wave number 721 cm™! represents
the C-O bending vibration. When comparing the spectra of biochar PCM
composites with the spectra of PCM from the two images below, there is
no deviation, and no new spectrum is formed. Moreover, the peak in-
tensity remains unchanged for all the samples. Finally, it can be said
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Fig. 8. (a) Peaks in the FTIR spectra of PWPJR400 PCM composites based on PJR400 biochar; (b) Peaks in the FTIR spectra of PWPJR500 PCM composites based on

PJR500 biochar.

with certainty through FTIR analysis that there is no chemical reaction
and no new polymer chain formation after mixing biochar with the PCM.

3.9. Assessing the thermal stability of PCM composites

Knowing the degradation temperature is one of the important things
to know for using PCM in its applications. The degradation temperature
values of PCM and PCM composites were determined by thermogravi-
metric analysis (TGA 4000) using a PerkinElmer instrument. The TGA
analysis was performed from 30 °C to 500 °C for PCM, PCM composites,
and biochar. The heating rate was taken at 10 °C/min in the presence of
nitrogen gas supplied at 20 ml/min. As shown in Table 6, PJR400 bio-
char started degradation at 114 °C and PJR500 biochar at 156 °C.
Degradation is normal at temperatures between 100 °C and 200 °C due
to the decomposition of hydrated compounds and the evaporation of
water molecules (Kim and Hadigheh, 2024; Hossain et al., 2009). Fig. 9a
and b, degradation graphs for both biochars were parallel and linear.
There is no abrupt decrease in the degradation peak at any temperature.

Table 6
Degradation and weight loss percentage for PJR400 and PJR500 biochars.

S. Sample Degradation Weight Loss Weight percentage of the

No Code Temp (°C) % Up to residual material after a
500 °C (%) temperature of 500 °C. (%)

1 PJR400 114 10.23 89.77

2 PJR500 156 6.27 93.73

Hemicellulose degrades at temperatures between 200 °C and 300 °C,
cellulose at 250 °C and 380 °C, and lignin at 200 °C and 1000 °C
(Hekimoglu et al., 2021; Sar1, 2014). This is because hemicellulose and
cellulose are gradually removed from the biochar at 200 °C, resulting in
a consistent weight loss. However, both biochars do not show a dramatic
degradation curve at 500 °C. This suggests that the primary components
of biochar, lignin and cellulose, are stable at temperatures up to 500 °C.
For this reason, up to 500 °C, biochar PJR400 lost 11.6% of its weight,
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Fig. 9. (a) TGA diagram for PWPJR400 PCM composites and PJR400 biochar; (b) PJR500 biochar and associated PWPJR500 PCM composites TGA chart.

while PJR500 biochar lost only 7.2%. The figure above. 9a,b depict the
single-step degradation curves for PCM and PCM blends. As shown in the
figures, in PCM blends prepared with both types of biochar, the weight
loss percentage decreases, but the residue percentage increases as the
weight percentage of biochar in the PCM increases. If the residue % is
higher, it can be inferred that the blend has better thermal stability (Liu
and Peng, 2022). Since PWPJR500 has a higher residue percentage, this
type of PCM blend has higher thermal stability. As Table 7 above illus-
trates, PWPJR500 type blends have higher residue percentage and lower
weight loss percentage compared to other PWPJR400 type PCM blends.
Therefore, PCM blends formed from biochar produced at high temper-
atures show higher thermal stability than those formed from biochar
produced at low temperatures. However, paraffin wax starts to break
down above 242 °C. Looking at Table 8 above, among the PWPJR400
PCM blends, only the PWPJR40045 blend has a higher decomposition
temperature than pure paraffin wax. All other PWPJR400 blends have a
lower decomposition temperature than pure paraffin wax. This is due to
the low surface area and pore size of the PJR400 biochar and the
inability to remove oxygen and volatiles from the porous structures,
which prevents the PCM from entering the porous structures of the PCM
biochar. Since the PCM does not enter the porous structure, the area is
filled with volatiles and oxygen, which will increase the combustion
process. Due to this reason, the decomposition of the composite PCMs
decomposes earlier than the decomposition temperature of pure
paraffin. The decomposition temperature of PCM and PCM blends is
higher than the melting temperature used in applications where heat
transfer can be controlled, so this study concludes that decomposition
has no impact on the heat storage and heat release properties, which are
the main properties of PCM and PCM blends.

Table 7
Degradation, weight loss, and residue values for shape-stabilized PCMs pro-
duced using PJR500 biochar.

S. Sample Code Degradation Final Weight Residue
No Temp (°C) Degradation Loss % %
Temp (OC)

1 PWO 242.56 371.87 100 0

2 PWPJR5005 243.99 354.32 82.59 17.44

3 PWPJR50015 246.45 358.31 71.53 28.47

4 PWPJR50025  251.37 358.42 76.75 23.25

5 PWPJR50035  253.71 372 71.32 28.68
6 PWPJR50045  255.40 379.44 69.58 30.42

Table 8
Degradation, weight loss, and residue values for shape-stabilized PCMs made
from PJR400 biochar.

S. Sample Code Degradation Final Weight Residue

No Temp (°C) Degradation Loss % %
Temp (°C)

1 PWPJR4005 230.96 341.72 84.48 15.52

2 PWPJR40015 236.71 364.88 86.97 13.021

3 PWPJR40025  240.40 365.56 85.70 14.300

4 PWPJR40035  241.02 365.88 79.68 20.319

5 PWPJR40045 246.50 377.784 73.69 26.301

3.10. Assessment of heat capacity for storage

Values such as melting enthalpy, solidification enthalpy, melting
point, and solidification temperature, which can reveal the heat storage
and heat release properties of the compounds, were obtained using
PerkinElmer (DSC 6000) differential scanning calorimetry. The results
were analysed by the melting and solidification curves shown in
Fig. 10a—d, In this study, heating temperature was given from 30 °C to
80 °C and cooling temperature from 80 °C to 30 °C according to the
paraffin melting point temperature. The heating rate was 10 °C/min,
and inert gas nitrogen was supplied at a rate of 20 ml/min. When
looking at all the values in Tables 9 and 10, the enthalpy values of
PWPJR500 PCM composites and PWPJR400 PCM composites have ob-
tained much lower values than pure PCM. The latent heat enthalpy of
melting and solidification enthalpy values of PCM composites decrease
as the Weight percentage of biochar in PCM increases. However, the
values in melting point temperature and solidification temperature
fluctuate when compared with pure PCM. Especially when looking at the
melting point temperatures of PWPJR500 types of composites given in
below Table 10, only composites with high biochar weight start to
decrease below the melting point temperature of pure PCM. For this, the
long tunnel-like porous structure of biochar acts as a shield for PCM and
the surface area of biochar acts as a bridge to conduct heat, leading to
rapid heat transfer. As shown in Table 10, the onset melting temperature
of the composites PWPJR50015, PWPJR50025, PWPJR50035, and
PWPJR50045 is lower than that of pure PCM, and the onset solidifica-
tion temperature is higher. This temperature change results in faster
melting and solidification of the PCM composites than that of pure PCM.
The unique carbon content of biochar and its properties, such as capil-
lary action, surface tension, and constriction of space effect, enhance
heat transfer within PCM composites (Hekimoglu et al., 2021; Sari,
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Fig. 10. (a) Melting enthalpy curves of PWPJR400 composites; (b) Solidification enthalpy curves of PWPJR400 composites; (c) Melting enthalpy curves of
PWPJR500 composites; (d) Solidification enthalpy curves of PWPJR500 composites.

Table 9
The enthalpy, melting, and solidification temperatures of PCM composites made using PJR400 bio char from a DSC analysis.
S. Sample Code Endothermic Exothermic
no Melting point Temp Peak Temp Latent Heat Enthalpy of Solidification Temp Peak Temp Latent Heat Enthalpy of
(Tmden °C ©c) Melting (AH,,) J/g (Ts)on °C ©c) Solidification (AHg) J/g
1 PWPJR4005 60.47 66.12 106.22 57.58 51.47 104.13
2 PWPJR40015 63.59 66.24 105.69 57.54 51.56 103.78
3 PWPJR40025 58.41 64.01 104.01 57.23 53.17 102.26
4 PWPJR40035 61.12 65.17 90.71 58.09 54.23 90.35
5 PWPJR40045 59.10 66.14 77.09 57.15 52.35 76.51

2014). Similarly, when looking at below Table 9, the melting point
temperature and solidification temperature values of PWPJR400 PCM
composites are found to be inconsistent. This is due to the fact that the
PCM does not penetrate the porous structure properly and does not mix
well with each other, resulting in agglomeration within the composites.
Due to such reasons, changes in temperature have occurred. In this type
of composite, the onset melting point temperature and peak melting
point temperature are higher than that of pure PCM. This has delayed
the melting of PCM. Due to this, biochar has become a thermal shield for

10

PCM by preventing heat transfer. Furthermore, the latent heat enthalpy
of melting values of all PCM composites and PCMs are higher than that
of solidification values. In particular, the latent heat enthalpy of the
solidification value of pure PCM is 2.65% lower than the latent heat
enthalpy of the melting value. When the temperature drops to the
melting point temperature of PCM, the stored heat is not completely
released but is stored a little. On the other hand, when looking at PCM
composites, the difference between the latent heat enthalpy of melting
and the latent heat enthalpy of solidification values has decreased. The
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Table 10
The DSC study enthalpy, melting, and solidification temperature results for PCM composites made with PJR500 biochar.
S. Sample Code Endothermic Exothermic
no Melting point Temp Peak Temp Latent Heat Enthalpy of Solidification Temp Peak Temp Latent Heat Enthalpy of
(Tm) °C [¢9) Melting (AH,,) J/g (Ty) °C ©c) Solidification (AHy) J/g
1 PWPJR5005 56.76 60.94 95.46 54.00 49.49 92.78
2 PWPJR50015 51.57 62.25 87.03 54.06 47.69 86.08
3 PWPJR50025 51.48 61.79 77.50 54.03 48.66 76.37
4 PWPJR50035 49.84 61.00 76.60 54.44 49.49 75.02
5 PWPJR50045 49.63 59.85 70.24 54.64 48.49 68.53
6 PWO 51.76 58.25 170.02 54.02 49.46 165.62

difference between these two values has decreased due to the influence
of biochar in PCMs. Thus, biochar has a significant impact on the heat
storage and release properties of PCMs and increases the performance of
PCMs. Similarly, the enthalpy values of shape stabilized PCM composites
obtained by combining different biochar and PCM are given below. As
stated by Liv et al., after 100 cycles, the melting and solidification en-
thalpies of polyethylene glycol (PEG) supported by pyrolyzed corn straw
biochar (CSBC) were 100.2 J/g and 95.12 J/g, respectively (Liu and
Peng, 2022). In accordance with Katish M. and associates, biochar PCM
composite particles made using the vacuum impregnation technique
during 300 thermal cycles displayed a latent heat of fusion of 116.7 J/g
(Katish et al., 2024).

Li et al. and their colleagues reported that the mixture prepared by
combining biochar derived from rice husk with n-octadecane showed a

latent heat enthalpy of 128 J/g (Li et al., 2025). Xie T and his friends
reported that combining tetradecanol with molten
NaOH-Na2CO3-activated biochar yielded a latent heat enthalpy of
164.99 kJ/g (Xie et al., 2025). Bowei Du and his team reported that a
polymethyl methacrylate-based microencapsulation PCM supporting
material with a graphene oxide and carbon nanotube composite
exhibited an enthalpy value of 165 J/g at a loading ratio of 67.7% (Du
et al., 2026). Junlong Zou and his team reported that using copper foam
as a supporting material, combined with paraffin RT 55, obtained an
enthalpy value of 232.1 J/g (Zou et al., 2025). In our study, the 35%
biochar PWPJR50035 composite had an enthalpy value of 76.60 J/g.
However, when using non-biochar supporting materials such as carbon
nanotubes and foams, the enthalpy values increase but are hampered by
leakage and difficult preparation methods.

Fig. 11. (a) Evaluation of shape changes and leakage of PWPJR400 type PCM composites with sample at 80°C; (b) Analysis of shape changes and leakage of
PWPJR400 type PCM composites without sample at 80°C; (c) Investigation of sample-free shape changes and leakage of PWPJR500 type PCM composites at 80°C; (d)
Inspection of shape changes and leakage of PWPJR500 type PCM composites with sample at 80°C.
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3.11. Results of PCM leakage test and all PCM composites

The leakage, an important property of pure PCM and shape-
stabilized PCM composites, was investigated using Whatman filter
paper. Circular samples of 21 mm diameter were placed in a high-
temperature oven and maintained in an atmosphere of 80°C, which is
above the melting point temperature of PCM, for about 30 min. As
shown in Fig. 11a and b, leakage was observed in all types of PWPJR400
composites based on the surface formed on the filter paper. The paraffin
wax of PCM completely melted at a temperature of 80°C and lost its
shape and deposited as a surface on the filter paper. Then, the leakage
intensity of the PCM composites formed with a lower biochar weight
percentage increased and changes occurred in its shape. Leakage occurs
because PCM is deposited on the surface of the biochar and does not
effectively enter the porous structure. After the PCM, the PWPJR4005
sample with the lowest proportion of biochar exhibits the greatest
leakage and shape change in this instance. At the same time, there is
minimal weight loss and leakage when examining the PWPJR40045
sample with a high weight %. Likewise, as the picture illustrates 11c,d,
the shape and extent of leakage have altered in the PWPJR500 PCM
composites with a low proportion of biochar weight. But in the
PWPJR50045 sample with a high percentage of biochar weight, there is
absolutely no leakage. However, as shown in Fig. 11lc and d, the
PWPJR50035 sample has extremely minimal leakage. By the end of this
study, the weight percentage of biochar has an impact on the PCM
composites' leakage and shape change. Therefore, structure and leakage
is affected when half or slightly less than half of the weight percentage of
biochar is added to the weight percentage of PCM. Moreover, leakage
was only avoided by the PCM composite composed of PJR500 biochar,
which has a large surface area and pore volume. Consequently, a key
factor in stopping PCM leakage is the porous structure of the supporting
materials.

3.12. Inspection of thermal conductivity

Rapid heat transfer can significantly change the heat storage and
release properties of PCMs. By increasing the heat transfer rate, the ef-
ficiency of PCMs can be enhanced when instantaneous cooling and
melting occur. Rapid heat transfer depends on thermal conductivity. In
this study, thermal conductivity and thermal effusivity values were
measured separately for both biochar and PCM composites.

For this, thermal conductivity and thermal effusivity values were
determined using a C-therm thermal conductivity analyser with ASTM
D7984 standard. In this study, samples with a diameter of 21 mm and a
thickness of 3 mm were tested at 27°C using the MTPS method.
Depending on the thermal conductivity value of composite materials,
heat energy storage and release be varying. As shown in the above
Table 11, biochar prepared at 500°C has higher thermal conductivity
and effusivity values than biochar prepared at 400°C. It is clear from
Fig. 12 (a) that the thermal conductivity and emissivity values increase
as the temperature of the pyrolysis process increases. This is due to the
destruction of volatile compounds that inhibit heat conduction and an
increase in the weight percentage of minerals that can increase thermal
conductivity. Based on the results obtained from the EDAX study,

Table 11
Values for the heat conduction and effusivity of all biochar and PCM composites.
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thermal conductivity and effusivity values increased in biochar with a
higher carbon %. By maximizing heat transport, the carbon content
raises thermal conductivity and effusivity. Not only is this, but the
graphitization pattern created by the increase in crystallinity percentage
also a reason for the increase in the thermal conductivity value. When
compared to all other PCM composites, the PWPJR50045 composite
with the highest weight percentage of biochar has the highest thermal
conductivity and thermal effusivity values, as seen in the below Fig. 12b
and c, In comparison to the pure PCM, the PWPJR50045 composite
exhibits effusivity and thermal conductivity values that are 18.74% and
74.71% higher, respectively. The thermal conductivity and effusivity
values of the two varieties of biochar PCM composites rise steadily as the
weight percentage of biochar in the PCM increases. However, as the
below Fig. 12b and c, illustrates, for every percentage of biochar weight,
the PWPJR500 composites perform better than the PWPJR400 com-
posites in terms of effusivity and thermal conductivity values. Self-
vibration and electron mobility allow biochar to transmit heat across
locations within the PCM (Prabhu et al., 2024; Dahal et al., 2019).
Furthermore, biochar must have its own region within the PCM to
vibrate without being arrested. Therefore, the thermal conductivity
value will begin to drop if the biochar is halted and unable to vibrate in
the PCM environment.

Similarly, the thermal conductivity values reported by other studies
are presented below. In comparison to pure PCM, Junhu Ho and his
group found that employing double-layer graphene as a supporting
material with stearic acid increased thermal conductivity by 42.3% (Hu
et al., 2026). Migyang Sun and his team demonstrated that peanut shell
biochar increased the thermal conductivity of stearic acid to
0.38 W m k™! (Sun et al., 2024). According to Laiquan and his asso-
ciates, paraffin wax's thermal conductivity increased by 27.3% when
5 wt% activated biochar was added (Lv et al., 2024a). Raja Mony and his
colleagues reported that coconut shell biochar increased the thermal
conductivity of pure A46 PCM to 77.27% (Rajamony et al., 2025). LVL
et al. reported that 10 wt% biochar increased the thermal conductivity
of paraffin from 0.293 to 0.366 W m k! (Lv et al., 2024b).

4. Conclusion

The primary findings of our investigation are as follows:

SEM and EDAX studies show that as temperature increases, volatile
particles and moisture are removed from biochar, raising its carbon and
mineral weight percentages. This results in improved thermal conduc-
tivity and faster heat transfer. Several peaks in the FTIR data disappear
at higher biochar compositions. PWPJR500 experienced excessive PCM
absorption, and the PWPJR50045 PCM composition had the lowest
weight loss (73.69%) in TGA studies. The DSC studies of leak-free
PWPJR50045 and PWPJR50035 revealed melting enthalpy values of
70.24 (J/g) and 76.60 (J/g). Even at 80 °C, no leakage was observed for
PWPJR50045 in leakage tests, and PWPJR50035 also substantially
reduced leakage. PJR500 biochar shows thermal conductivity and
discharge values of 0.740 (w m k1) and 1470.2 (ws'/? m’zk’l),
higher than those produced at 400 °C. Similarly, the PWPJR50045
mixture shows higher diffusivity and thermal conductivity values of
775.68 (ws'2 m—2k 1) and 0.414 (w m 'k 1) than the other mixtures.

S. Sample Code Thermal conductivity (w Thermal effusivity (ws'/ Sample Code Thermal conductivity (w Thermal effusivity (ws'/
No m—lkfl) 2 m—zk’l) m—lk—l) 2 m—zk—l)

1 PJR500 0.740 1470.29 PJR400 0.689 1402.67

2 PWPJR5005 0.309 690.24 PWPJR4005 0.294 690.31

3 PWPJR50015  0.324 712.02 PWPJR40015  0.321 706.81

4 PWPJR50025 0.388 748.75 PWPJR40025 0.344 731.17

5 PWPJR50035  0.414 775.68 PWPJR40035  0.396 763.24

6 PWPJR50045  0.463 796.85 PWPJR40045  0.420 778.97

7 PWO 0.265 670.57
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Fig. 12. (a) PJR400 and PJR500 biochar thermal conductivity and effusivity values; (b) PWPJR400 PCM composites thermal conductivity and effusivity values; (c)

PWPJR500 PCM composites thermal conductivity and effusivity values.

These results indicate that pyrolysis temperature critically affects shape-
stabilized PCM properties, including thermal conductivity, leakage,
stability, and heat storage/release. Biochar produced by oxidative py-
rolysis under inert gas can prevent PCM leakage and compete with inert-
gas-pyrolyzed biochar in heat storage and release. A pyrolysis temper-
ature of 500 °C and biochar weight percentages of 45% or 35% are
especially important for preventing PCM leakage and improving thermal
conductivity. Our study shows that PCM bio-composites, which are
lightweight, stable, and leak-free, significantly improve the thermal
comfort of solar heating products and electronic gadgets as construction
materials.
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