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Abstract

Addressing the surging global energy demand while mitigating environmental degradation necessitates a paradigm
shift from conventional energy systems to sustainable alternatives. However, the inherent intermittency of renew-
able energy sources mandates efficient harvesting mechanisms and advanced storage technologies to ensure
uninterrupted energy availability. Thus, optimizing energy generation and storage systems is imperative for maximiz-
ing renewable energy utilization and advancing carbon neutrality. Biochar-based phase change materials (PCMs)
emerge as a viable solution, simultaneously enhancing thermal energy storage efficiency and contributing to carbon
sequestration. This study synthesizes biochar-based PCM composites using Neem (Azadirachta indica) seed-derived
biochar, produced at two distinct pyrolysis temperatures (300 °C and 500 °C), and impregnated with lauric acid (LA).
Comprehensive characterization through BET surface area analysis, FT-IR spectroscopy, SEM—-EDS, DSC, and TGA
evaluated the structural, chemical, and thermal properties of the composites. The biochar pyrolyzed at 500 °C exhibits
a significantly higher surface area (668 m%/g), facilitating enhanced PCM loading. FT-IR analysis confirmed the success-
ful impregnation of LA while preserving its molecular structure, while SEM analysis revealed a highly porous biochar
network that optimizes PCM accommodation. DSC and TGA results demonstrated an impressive latent heat storage
capacity up to 94.92 J/g, stable phase transition behavior, and improved thermal stability. Leakage tests and infrared
thermal imaging further validated the composites’ shape-stabilizing efficiency, ensuring controlled heat absorption
and dissipation without PCM leakage. By utilizing waste biomass, this study presents a sustainable and cost-effective
approach to advanced thermal management, contributing to enhanced energy conservation and a reduced carbon
footprint.
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1 Introduction

In the quest to achieve carbon neutrality, optimizing
energy generation and storage systems is of paramount
importance. Carbon neutrality refers to a state where the
amount of carbon dioxide emitted into the atmosphere is
balanced by an equivalent amount of carbon removed or
sequestered, thus resulting in net-zero emissions (Chen
et al. 2022; Koh et al. 2023). This balance is crucial in
the fight against climate change, as reducing the con-
centration of greenhouse gases is essential for stabilizing
global temperatures and preventing environmental deg-
radation (Wang et al. 2024). However, attaining carbon
neutrality is not straightforward and requires innova-
tive, forward-thinking strategies that can simultaneously
reduce carbon emissions and provide a reliable, sustain-
able energy supply. The transition from traditional fossil
fuels to renewable energy sources, such as solar, wind,
and hydropower, is an important step toward this goal
(Chien et al. 2022; Hao et al. 2023; Islam et al. 2024). Yet,
the intermittent nature of these renewable sources pre-
sents a challenge, as energy supply can fluctuate based on
environmental factors (Farghali et al. 2023; Nirbheram
et al. 2024). This is where the optimization of energy stor-
age systems becomes critical. Efficient energy storage not
only ensures a stable supply by storing excess energy for

use during periods of low generation but also enhances
the overall sustainability of energy systems (Jafarian et al.
2024; Serat 2024). Developing advanced energy storage
technologies and integrating sustainable materials are
essential steps toward reaching carbon neutrality while
maintaining energy security (Ishak et al. 2021a; Wang
et al. 2021). Traditional energy storage systems, such as
lithium-ion batteries, have limitations including high
costs, finite material resources, and environmental con-
cerns associated with mining (Gutsch and Leker 2024;
Yang et al. 2021). Moreover, the energy loss during stor-
age and retrieval processes can further reduce the overall
efficiency of these systems (Lin et al. 2023). As a result,
there is an urgent need for more sustainable, efficient,
and cost-effective energy storage solutions.

One promising avenue is the integration of biochar-
based phase change materials (PCMs) in energy stor-
age systems, which can help to reduce carbon footprints
while enhancing the efficiency and sustainability of
energy usage (Ishak et al. 2023, 2024; Katish et al. 2024).
PCMs offer a highly efficient method of thermal energy
storage (TES). PCMs work by absorbing and releasing
thermal energy during phase transitions, typically from
solid to liquid and back again (Ishak et al. 2020, 2021a).
During these transitions, PCMs can store large amounts
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of heat (Ishak et al. 2021b), making them ideal for use
in applications where thermal regulation is important,
such as in building heating and cooling systems (Jiang
et al. 2024; Tyagi et al. 2021), solar power plants (Ismail
et al. 2024; Wang et al. 2019), and industrial processes
(Martinez et al. 2025; Yan and Mu 2025). However, con-
ventional PCMs have limitations. Many common PCMs,
such as paraffin and fatty acids, suffer from issues like low
thermal conductivity, leakage during the melting pro-
cess, and poor shape stability over multiple heating and
cooling cycles (Mandal 2024; Mandal et al. 2022c). These
issues have motivated researchers to explore ways to
enhance the performance of PCMs.

Biochar, a carbon-rich material produced from the
pyrolysis of organic biomass under low/restricted oxy-
gen conditions (Ehsani and Parsimehr 2020), presents a
sustainable and versatile additive to improve the prop-
erties of PCMs (Kumar and Kumar 2024; Soni and Pan-
war 2024). Biochar is particularly attractive due to its
environmental benefits, as it sequesters carbon and
can be sourced from waste biomass materials, mak-
ing it a carbon-negative material (Parsimehr and Ehsani
2020b, a; Parsimehr et al. 2021; Senadheera et al. 2024;
Zou et al. 2024a). Incorporating biochar into PCMs pro-
vides several advantages. First, biochar improves the
heat transfer efficacy of the PCM, facilitating faster and
more effective thermal management (Liang et al. 2023).
This improvement is crucial for applications where rapid
thermal cycling is required, such as in solar energy stor-
age systems (Kumar and Kumar 2024). Additionally, bio-
char helps to stabilize the shape of the PCM, reducing
the risk of material leakage during the phase transition
process (Soni and Panwar 2024). This stability not only
improves the reliability of the energy storage system but
also extends its lifespan. Furthermore, biochar’s porous
structure increases the surface area available for thermal
interaction, improving the overall energy storage capacity
(Mandal et al. 2023a, 2022a). By optimizing the composi-
tion and processing conditions of biochar-based PCMs, it
is possible to achieve a more effective and durable energy
storage system.

To fully realize the potential of biochar-based PCMs,
ongoing research focuses on optimizing their perfor-
mance across several dimensions (Liang et al. 2023;
Zhang et al. 2024a, 2024b). The temperature at which
biochar is produced significantly affects its properties
(Atinafu et al. 2025). Higher pyrolysis temperatures tend
to increase biochar’s surface area and porosity, which
can enhance the thermal performance of PCMs. How-
ever, trade-offs must be considered, as extremely high
temperatures may reduce biochar’s structural integrity
(Muhammad et al. 2022; Rambhatla et al. 2025). Addi-
tionally, the compatibility between biochar and the base
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PCM material is crucial. Ensuring that the PCM is well-
integrated within the porous biochar matrix is necessary
to maximize heat transfer and minimize agglomeration.
Surface modifications to biochar, such as chemical treat-
ments, can further improve its interaction with the PCM,
enhancing thermal properties and shape stabilization.

The integration of biochar-based PCMs into energy
storage systems offers a dual benefit for carbon neutrality.
First, biochar itself serves as a carbon sink, sequestering
carbon that would otherwise contribute to atmospheric
CO, levels. Second, the improved performance of
energy storage systems enabled by biochar-based PCMs
enhances the efficiency of renewable energy systems,
reducing the overall need for fossil fuels and lowering
greenhouse gas emissions (Mandal et al. 2023b). By opti-
mizing energy generation through renewable sources and
integrating biochar shape stabilized PCMs into energy
storage, the overall carbon footprint of energy systems
can be significantly reduced (Jia et al. 2024; Kouchachvili
et al. 2024). These technologies can play a pivotal role in
achieving a sustainable energy future that aligns with the
goals of carbon neutrality.

Through continued research and optimization of these
materials, biochar-based PCMs can contribute signifi-
cantly to the development of efficient, sustainable, and
environmentally friendly energy systems. These advance-
ments will help drive the transition toward a carbon—
neutral world, addressing both energy challenges and
climate change mitigation. Therefore, this study aims to
understand the effect of the pyrolysis temperature for
synthesizing biochar and its effect on the shape stabili-
zation of PCMs. Neem (Azadirachta indica) seeds were
chosen as biomass to synthesize porous biochars at two
different temperatures. Neem seeds, an abundantly avail-
able agricultural by-product, are selected as the carbon
precursor due to their high lignocellulosic content and
widespread availability in tropical regions. Often dis-
carded after oil extraction, neem seeds pose environmen-
tal concerns if unmanaged. Converting them into biochar
not only promotes sustainable waste utilization but also
yields a porous, carbon-rich material suitable for energy
storage applications. Preliminary trials at higher pyroly-
sis temperatures (750 °C and 1000 °C) resulted in reduced
surface area, minimal functional groups, and poor
mechanical integrity. Thus, the study focused on bio-
chars prepared at 300 °C and 500 °C, which demonstrated
superior performance and stability. Lauric acid as PCM
was integrated into the biochar pores for synthesizing the
shape stable PCM. Different characterization techniques
were employed to examine the biochars and shape stable
PCMs. The novelty of this study lies in the utilization of
neem seed, an underexploited biomass waste, for synthe-
sizing porous biochar suitable for shape-stabilized PCM
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Fig. 1 Schematics of (a) biochar synthesis, and (b) shape stabilization process of LA. Roman numerals indicate sequential steps, marking

the starting point and progression of each process

composites. This approach not only offers a sustainable
route for biomass valorization but also contributes to
the development of eco-friendly materials for thermal
energy storage applications. The efforts made in this
study intend to contribute to a more reliable and sustain-
able energy infrastructure, driving the global transition
towards carbon neutrality.

2 Materials and methods

2.1 Materials

The Lauric acid (LA) was purchased from DUKSAN rea-
gents, South Korea and was used without any further
purification. The biochar used in this study was syn-
thesized from the seeds of Neem (Azadirachta indica).
Neem cake powder is made of Neem seeds after pressing
out the oil inside the seeds. Neem cake powder was pro-
cured from the Indian market and cleaned with distilled
water to remove dirt and impurities. Subsequently, the
Neem cake powder was dried at 100 C for 12 h. Then,
the powder was ground using a grinder and sieved using
mesh (50 mesh).

The resulting powder was activated in a 2 M ZnCl,
aqueous solution at a ratio of 1 kg powder to 1 L solution
and kept overnight at ambient conditions. After activa-
tion, the powder was placed in an alumina crucible with a
fitted lid and transferred into an electrical muffle furnace.
The furnace chamber was initially flushed with nitrogen
gas to displace atmospheric oxygen and then partially

filled with nitrogen to maintain an inert atmosphere dur-
ing thermal treatment. Pyrolysis was carried out at two
different temperatures, 300°C and 500 °C. Following
pyrolysis, the samples were removed from the furnace
and rigorously washed with distilled water to remove
residual ZnCl,. Finally, the biochar samples were dried in
an oven at 100 C for 12 h. The neem cake powder pyro-
lyzed at 300 “C and 500 “C were designated as NB-300 and
NB-500, respectively. The synthesis scheme of the bio-
char is illustrated in Fig. 1a.

2.2 Shape stabilization method of LA

The LA was impregnated into the biochars by vacuum
impregnation method. At the initial stage, the biochars
were put inside the vacuum chamber at —0.1 MPa for 4 h
to evacuate the adsorbed moisture and gases from the
surfaces of the biochars’ pores. Subsequently, the biochar
powder was blended with LA and maintained at 60 C
during agitation at a speed of 800 rpm for a duration of
3 h with the use of an automated hot plate magnetic stir-
rer. The process of mixing and stirring was conducted
under constant vacuum conditions with a vacuum level
of —0.1 MPa. Following 3 h of heating and stirring, the
homogenous blend was kept on the filter paper inside
vacuum oven to eliminate the spare fatty acid on the bio-
char surface. Eventually, the NB biochar shape stabilized
PCMs were then obtained for further characterization. In
this study, LA was impregnated into two different sets of
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Table 1 Nomenclatures of the PCM composites with biochar to

PCM ratios

Sample ID Biochar Biochar to
LA weight
ratio

NBL3-1 NB-300 2:1

NBL3-2 NB-300 1:1

NBL5-1 NB-500 11

NBL5-2 NB-500 1:2

biochars; NB-300 and NB-500. The quantities of LA and
biochars with their naming conventions are presented in
Table 1. Figure 1b presents a schematic representation of
the synthesis process for shape-stabilized PCM.

2.3 Characterizations

2.3.1 CHNS analysis

The Neem seed biochar samples were analyzed with a
CHNS analyzer (Thermo Scientific in Massachusetts,
USA) to determine the levels of carbon, hydrogen, nitro-
gen, and sulfur in the samples.

2.3.2 Porosity and surface area analysis

The NB-300 and NB-500 biochar samples, as synthe-
sized, were thoroughly characterized to assess their
specific surface area and pore size distribution using a
Brunauer—-Emmett-Teller (BET) adsorption isotherm
analyzer (Micromeritics 3Flex 5.01, Georgia, USA). The
BET analysis was performed under controlled condi-
tions, with the samples subjected to a temperature of
77 K. A relative pressure range of 0 to 1.0 was applied,
ensuring accurate adsorption measurements. Prior to
this, the samples underwent a degassing process for
more than 12 h to remove any impurities, ensuring the
reliability of the surface area and pore structure data
obtained.

2.3.3 Electron microscopy

The shape and morphology of the synthesized biochars
and biochar shape-stabilized PCMs were analyzed uti-
lizing a Hitachi S-4800 field emission scanning electron
microscope (FESEM) with an accelerating voltage of
15 kV. Platinum (Pt) coating was applied to the samples
prior to the FESEM analysis. The biochar samples were
also analyzed by energy-dispersive X-ray spectroscopy
(EDS) equipped with FESEM.

2.3.4 Spectroscopy

FT-IR spectroscopy (Perkin Elmer UATR Two, United
States of America) was used to analyze the chemical
composition of biochar and shape-stabilized PCMs in the
range of 500 to 4000 cm™.
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2.3.5 Thermal examination

An in-depth thermal analysis was carried out using a dif-
ferential scanning calorimeter (DSC; Q 20, TA Instru-
ments) to comprehend the temperatures, enthalpies of
phase transitions, and thermal cycle endurance. To assess
the heat charging and discharging capabilities in DSC, a
heating rate of 10 °C/min was utilized from 30 to 70 °C.
A total of 500 thermal scans were performed within
this temperature range, each utilizing the same heating
and cooling rates, to evaluate the thermal cycle endur-
ance. Moreover, thermogravimetric tests were carried
out using a simultaneous thermal analyzer (STA 600, TA
instruments), at a temperature span from 30 to 500 °C,
with a heating rate of 10 °C/min. The onset tempera-
tures of weight loss in the TGA curves were determined
using the inbuilt software (TA Universal Analysis) in TA
instruments by drawing two tangents at the slope transi-
tion regions; their point of intersection was taken as the
onset of decomposition. All thermal analyses were con-
ducted with a steady flow of N, gas at a rate of 20 ml/min.
Standard aluminum and alumina pans were utilized for
conducting DSC and TGA analyses, respectively. Before
starting the thermal analyses, the instruments’ enthalpy
and temperature were calibrated using standard indium.

2.3.6 Leakage resilience

From an application perspective, it is essential for PCMs
to have leakage resilience. To evaluate this characteristic,
LA and shape stabilized PCM samples were placed onto
Whatman filter papers and exposed to a hot plate for
60 min. The hot plate was adjusted to room temperature
(25 °C) as well as 55 °C, which was higher than the melt-
ing point of LA. Observation of any soaking or staining
on the filter papers indicated the presence of PCM leak-
age from the samples.

The thermal distribution of the samples was captured
by an infrared (IR) thermal imaging (IR Camera, T250,
Teledyne FLIR LLC, USA) every 5 minutes under con-
trolled heating and cooling conditions.

3 Results and discussion

3.1 Pore structure

The N, adsorption—desorption isotherms of NB-300
and NB-500, measured using a BET analyzer at -196 C,
are presented in Fig. 2, providing valuable insights into
the textural properties, porosity, and adsorption behav-
ior of these biochar samples, highlighting the effect of
pyrolysis temperature on pore development. The NB-300
isotherm (Fig. 2a) exhibited a Type III profile, character-
istic of materials with weak adsorbate-adsorbent interac-
tions and predominantly macro/mesoporous structures
(Ambroz et al. 2018; Blidker et al. 2019). The adsorp-
tion curve showed a slow and nearly linear increase
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Fig. 2 N, sorption isotherms (- 196 °C) of (a) NB-300, (b) NB-500; BJH pore size distribution plots of (a) NB-300, (b) NB-500

in nitrogen uptake across the relative pressure (P/P)
range, indicating the dominance of multilayer adsorption
rather than monolayer formation (Moodley et al. 2025).
The lack of a steep rise at low P/P; (<0.1) confirms the
absence of substantial microporosity, while a gradual
uptake at higher P/P, (>0.8) suggests capillary conden-
sation within larger mesopores and macropores. The
absence of a significant hysteresis loop implies a non-
rigid structure with minimal mesopore contribution. The
BET surface area of NB-300 was 0.4819 m?*/g, reflecting
extremely low porosity, and the BJH adsorption average
pore width of 102.229 A confirms a dominance of large
mesopores (2-50 nm) (Mendoza et al. 2022), making it
unsuitable for adsorption-driven applications. In con-
trast, the NB-500 isotherm (Fig. 2b) exhibited a Type IV
profile, indicative of well-developed micromesoporosity,
with a steep initial rise at low P/P, (<0.1), suggesting the
presence of micropores. As P/P, increased, the adsorp-
tion curve gradually rose, followed by the emergence of
a well-defined H4 hysteresis loop in the P/P, range of

0.4-1.0, confirming capillary condensation in slit-shaped
mesopores typically found in layered materials (Bliker
et al. 2019; Mandal et al. 2023b; Nkomo et al. 2021). The
BET surface area of NB-500 was significantly higher at
668 m?/g, indicating enhanced pore formation due to
higher pyrolysis temperature, while the BJH adsorp-
tion average pore width of 14.630 A placed it within
the micropore range (<2 nm) (Mendoza et al. 2022). A
comparative evaluation of NB-300 and NB-500 revealed
that increasing the pyrolysis temperature from 300 C to
500 °C resulted in a drastic transformation in porosity
characteristics, with NB-300 exhibiting low surface area
and a mesoporous structure due to incomplete devola-
tilization, while NB-500 endured extensive thermal deg-
radation, leading to higher micropore and mesopore
formation, increased surface area, and enhanced adsorp-
tion potential. The transition from a Type III to a Type
IV isotherm, along with the appearance of an H4 hyster-
esis loop, demonstrated the evolution of pore structure,
making NB-500 highly suitable for adsorption and energy
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storage applications, while NB-300 remained limited
in utility due to its predominantly macro/mesoporous
nature. Additionally, the pore size distribution plots of
NB-300 and NB-500, illustrated in Fig. 2c and d, provided
further confirmation of these structural differences,
emphasizing the impact of pyrolysis temperature on bio-
char porosity.

To contextualize these results, Table 2 compares our
data with literature-reported ZnCl,-activated biochars
derived from different biomasses. Reported BET surface
areas range from ~214 m?/g for sludge biomass (Minaei
et al. 2023) to>1600 m?*/g for Brazil nutshells (Lima
et al. 2019), with pore volumes typically between 0.1 and
2.3 cm®/g. These high values are often achieved using
substantially higher ZnCl, dosages, frequently in the
range of 1:1 to 1:8 biomass-to-ZnCl, by weight, which
greatly enhances pore development. In contrast, the
present study has employed an exceptionally low ZnCl,
loading of 1:0.27, yet NB-500 still achieved a competitive
surface area (668 m?/g) relative to other moderate-tem-
perature pyrolysis products such as orange peel biochar
at 500 °C (700-1067 m?/g; Saied et al. 2024) and grape
waste biochar at 500 C (912-1216 m?/g) (Saygili et al.
2015). This demonstrates the efficiency of neem seed bio-
mass in developing substantial surface area even under
reduced chemical activation, which is advantageous from
both an environmental and economic standpoint. Con-
versely, NB-300’s very low surface area confirms that
inadequate devolatilization at low pyrolysis temperatures
limits the activation efficiency, regardless of the presence
of ZnCl,.

3.2 Functional group analysis
To understand the presence of functional groups after
pyrolysis of NB, the biochar samples were analyzed
through CHNS characterization. The respective weight
percentages of carbon, hydrogen, nitrogen, and sulfur
were found to be 33.20%, 2.57%, 1.08%, and 0.00% for
NB-300 and 43.89%, 1.56%, 1.87%, and 0.00% for NB-500.
Furthermore, FT-IR analyses were carried out for both
the biochars, and the FT-IR plot is presented in Fig. 3.
Though the appearance and almost all the absorption
peaks were visible in both the biochars, a few interesting
differences were observed. Very diffuse absorption peaks
at 3590 cm™! were observed in both NB-300 and NB-500
samples, indicating the presence of hydroxyl groups
in the biochar samples (Sdanchez-Machado et al. 2024;
Shukla 2024). The vibrational peaks appeared at 3450
and 1590 cm™! are attributed to the stretching and bend-
ing of primary amines, respectively (Ariyanta et al. 2021;
Grzelec 2024; Zakaria et al. 2024). The FTIR spectrum
near 3016 cm™ corresponds to the C—H stretching vibra-
tions of aromatic compounds. The peak>3000 cm™ is
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commonly linked to the presence of alkanes and aliphatic
compounds in the sample (Abdu et al. 2018; Ovchin-
nikov et al. 2016). The ~CH; deformation vibration may
produce a peak around 1434 cm™. This peak is typically
associated with the bending or deformation modes of
methyl (~CH;) groups and can indicate the presence of
various organic compounds, including alkanes and lipids
(Gipson et al. 2015; Melo et al. 2013). Moreover, the FTIR
peak near 2875 cm™! corresponds to strong aliphatic
C—-H stretching vibrations. This indicates the presence of
alkyl groups, suggesting that aliphatic hydrocarbons are
part of the biochar structure (Abdeen et al. 2023; Fu et al.
2016).

The vibrational peak observed at 1740 cm™ cor-
responds to the stretching vibration of the carbonyl
(C=0) bond. This peak is characteristic of functional
groups such as esters, aldehydes, ketones, and carbox-
ylic acids, indicating the presence of carbonyl-containing
compounds in the sample (Gurav et al. 2022; Thong-
samer et al. 2022). Additionally, the absorption peak
at 1028 cm™! is attributed to the C=0 stretching vibra-
tions (Choi et al. 2020; Siipola et al. 2018) of carboxylic,
ester, and ether groups, commonly found in cellulose and
hemicellulose whereas the peak at 1090 cm™! is attrib-
uted to the bending of C—O (Wang et al. 2018; Zou et al.
2024b). The peak observed at 1369 cm™ is attributed
to the presence of acidic functional groups, specifically
from carboxylic and phenolic groups. Additionally, the
absorption peak at 1216 cm™ indicates the presence of
amine groups (Thongsamer et al. 2022). The peak found
at 2142 cm™! is associated with the stretching of C=C
bonds in alkynes present in hemicellulose, and becomes
more prominent after pyrolysis at the higher temperature
(Armynah et al. 2019).

The absorption peaks at 770 and 905 cm™ are associ-
ated with the out of plane bending vibration of C-H aro-
matic ring and O—H groups (Cole et al. 2019; Dehkhoda
et al. 2014). The Zn—OH stretching and bending modes
are the cause of the peak seen at 600 cm™ in the NB-500
sample (Shankar and Rayappan 2017). Though the bio-
chars were cleaned thoroughly with distilled water, the
appearance of peaks related to Zn—OH is due to the acti-
vation of biochars with ZnCl, before pyrolysis, which
at higher temperature has resulted in the formation of
Zn(OH),.

1

3.3 Microscopic investigation of biochars

The morphological and elemental characteristics of bio-
char play a crucial role in determining its suitability for
PCM stabilization, as these properties directly influence
the material’s adsorption capacity, thermal stability, and
overall performance in composite systems. FE-SEM anal-
ysis of NB-300 (Fig. 4a) and NB-500 (Fig. 5a) biochars
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Table 2 Comparison of the pore morphology data with reported values of different ZnCl,-activated biochars from various biomass
precursors

No Biomass Temperature ('C) Biomassto BET surface Total pore Pore diameter Ref
ZnCl, ratio area (m2/g) volume (nm)
(cm3/g)

1. Sludge biomass Microwave (245 GHz) 1:34 214 0.127 0.012 (Minaei et al. 2023)

2. Buriti shells 700 13 843 0.490 232 (Pezoti Jret al. 2014)

3. Pine sawdust 850 14 4714 0.26 <2nm (Pimentel et al. 2023b)

4. Pine sawdust 850 1:4 501.1 0.26 <1nm (Pimentel et al. 2023a)

5. Carrot juice pulp Microwave at 600W  2:1 1202.2 0.703 30 (Suhaimi et al. 2022)
and pomegranate peel

6. Mixture of orange Microwave at 800 W 1:2 661.3 0.49 457 (Hanafi et al. 2024)
peel and watermelon rind

7. Cocos nucifera shells 550 1:1 544 - - (Sangeetha Piriya et al.

2021)

8. Tomato processing solid 500 11 617 0437 264 (Saygil and Guzel 2016)
waste

9. Tomato processing solid 500 1:2 722 0457 449 (Saygil and Guzel 2016)
waste

10.  Tomato processing solid 500 1:4 760 0.710 4.83 (Saygil and Guzel 2016)
waste

11. Tomato processing solid 500 1:6 787 1.000 578 (Saygiland Guzel 2016)
waste

12. Tomato processing solid 500 1:8 495 0452 3.65 (Saygilrand Guzel 2016)
waste

13. Tomato processing solid 400 1:6 648 0.756 456 (Saygilrand Guzel 2016)
waste

14, Tomato processing solid 600 1:6 1093 1.569 592 (Saygil and Guizel 2016)
waste

15.  Tomato processing solid 800 1:6 492 0.106 241 (Saygil and Guizel 2016)
waste

16.  Cotton waste denim 500 1:1 490 0.812 - (Zhang et al. 2023)

17.  Biogas residue 700 1:1 516.67 0.243 12.63 (Xia et al. 2016)

18.  Corn cobs 700 2:1 1201.1 0.590 1.73-4.27 (Varela et al. 2024)

19.  Orange peel 500 1:1 700 0.642 - (Saied et al. 2024)

20.  Orange peel 500 1:2 906 0.8 - (Saied et al. 2024)

21.  Orange peel 500 1:3 1067 1.29 - (Saied et al. 2024)

22. Orange peel 500 1:4 825 0.74 - (Saied et al. 2024)

23.  Tobacco 750 1:1.36 4794 0.06 - (Celso Goncalves et al.

2022)

24.  Brazil nutshells 600 1:1 1457 0.666 <1.1 (Lima et al. 2019)

25, Brazil nutshells 600 1:1.5 1640 0.929 <1 (Lima et al. 2019)

26.  Grape waste 500 1:1 912 0.608 240 (Saygili et al. 2015)

27.  Grape waste 500 1:2 1015 0.630 276 (Saygili et al. 2015)

28.  Grape waste 500 1:4 1216 1.862 6.02 (Saygili et al. 2015)

29.  Grape waste 400 1:6 819 0.556 2.71 (Saygil et al. 2015)

30.  Grape waste 500 1:6 1361 2.000 6.33 (Saygilret al. 2015)

31.  Grape waste 600 1:6 1455 2318 6.81 (Saygil et al. 2015)

32.  Grape waste 800 1:6 988 0.984 396 (Saygil et al. 2015)

33, Aerobic granular sludge 700 1:6.8 852.41 0.086 2.46 (Yan et al. 2020)

34, Spent coffee grounds 550 1:2 305.20 - 2.743 (Sharma et al. 2024)

35, Spent coffee grounds 750 1:2 720.52 - 2405 (Sharma et al. 2024)

36. Neem seeds 300 1:0.27 04819 0.003 10.23 This study

37.  Neem seeds 500 1:027 668 0.445 1463 This study
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Fig. 3 FTIR spectra of NB-300 and NB-500 biochar samples

revealed a well-developed porous structure with inter-
connected channels, which provided a high surface area
and facilitated the effective accommodation of PCMs
within the biochar matrix. Notably, the pores in NB-500
biochar were significantly larger and more prominent
compared to those in NB-300, suggesting that higher
pyrolysis temperatures contribute to enhanced porosity.

e |
10 pm Zn

Fig.4 a SEM and (b-i) elemental distribution of C,N, O, P, S, Si, Zn, and Cl in NB-300 sample by EDS mapping
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This increased pore size and volume in NB-500 can
significantly improve PCM accommodation and dis-
tribution within the biochar, minimizing leakage and
enhancing thermal stability.

Furthermore, EDS results presented in Table 3 indicate
notable compositional changes with increasing pyrolysis
temperature. The elemental mapping results provided
qualitative distributions of key elements, including car-
bon (C), nitrogen (N), oxygen (O), phosphorus (P), sul-
fur (S), silicon (Si), zinc (Zn), and chlorine (Cl). The
EDS mappings for individual elements are illustrated in
Figs. 4b-i and 5b-i) for NB-300 and NB-500, respec-
tively. The carbon content increased from 50.64 mass%
in NB-300 to 69.28 mass% in NB-500, which reflects a
higher degree of carbonization and structural integrity.
Simultaneously, oxygen and silicon contents decreased
from 22.48 to 8.24 mass% and from 2.54 to 0.24 mass%,
respectively, due to the thermal degradation of oxygen-
containing functional groups. This reduction in oxygen
content leads to a more hydrophobic biochar surface,
which can improve PCM compatibility and prevent
undesirable interactions with moisture. The significant
reduction in silicon content from NB-300 to NB-500 can
be attributed to post-pyrolysis washing with deionized

" :
Ré ¥ 10 pm Cl
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Fig. 5 (a) SEM and (b-i) elemental distribution of C, N, O, P, S, Si, Zn, and Cl in NB-500 sample by EDS mapping

water, which likely removed surface-bound inorganic
residues. Additionally, higher pyrolysis temperatures
may lead to partial volatilization or deeper diffusion of
silicon species, making them less detectable by EDS. The
increased carbon content at elevated temperatures also
contributes to a relative decrease in detectable silicon.
Phosphorus and sulfur remained relatively stable, sug-
gesting that these elements provide additional structural
stability to the biochar. Additionally, the nitrogen content
increased significantly from 8.00 to 14.90 mass%, indicat-
ing a higher presence of nitrogen-containing functional
groups, such as amines, which are reported to enhance
interfacial interactions between the biochar and adsorb-
ates (Bachs-Herrera et al. 2024; Petrovic et al. 2022;
Pietrzak 2009). This observation aligns with the FTIR
analysis, which detected a higher concentration of amine
groups in the NB-500 biochar sample. However, the dis-
crepancy between nitrogen content values obtained by
EDS and CHNS analysis is due to differences in their
analytical principles. CHNS is a bulk method providing
accurate quantification of C, H, N, and S, whereas EDS
is a semi-quantitative, surface-sensitive technique prone
to variability for light elements like nitrogen. Therefore,

CHNS values are considered more reliable and used for
nitrogen quantification in this study.

The improved porosity, increased carbonization,
and enriched functional groups in NB-500 collectively
enhanced the structural integrity, adsorption capability,
and might be potential for interfacial bonding of the bio-
char-PCM composite. These characteristics might lead
to improved thermal performance, reduced leakage, and
prolonged operational stability.

Although additional pyrolysis was carried out at 750 °C
and 1000 °C, the resulting biochars exhibited reduced
BET surface areas (186 m?/g and 356 m*/g, respectively),
minimal surface functionality, and poor mechanical
integrity. These limitations rendered them unsuitable
for effective PCM shape stabilization. Intermediate tem-
peratures such as 400 °C and 600 °C were not examined
in detail in this study due to experimental resource con-
straints and because preliminary results, along with lit-
erature evidence (Elnour et al. 2019; Janu et al. 2021),
suggested their performance would fall between that
of 300 °C and 500 °C without offering distinct advan-
tages. Consequently, the study focused on biochars pre-
pared at 300 °C and 500 °C, which provided the optimal



Mandal et al. Biochar (2026) 8:9

Page 11 of 23

Table 3 Mass% and atom% from elemental analysis of biochars by EDS

Biochar Element C N (0] Si P S a Zn
NB-300 Mass (%) 50.64 8.00 2248 254 4.66 0.19 2.58 8.92
Atom (%) 63.42 8.59 2113 1.36 2.26 0.09 1.10 2.05
NB-500 Mass (%) 69.28 14.90 8.24 0.24 3.68 041 0.37 2.88
Atom (%) 76.48 14.10 6.83 0.11 1.58 0.17 0.14 0.58
= a minor absorption peak at 1468 cm™ is attributed to the
NBL3-1 == presence of a methylene (—CH,) bridge, confirming the
v VET aliphatic nature of the molecule (Mandal et al. 2022b).
NBL3-2 eps . .
- v\ W Additional absorption features included a weak peak
% NBL5-1 at 1301 cm™, which corresponds to the O—C stretching
g oies oy WWW vibration, and another at 725 cm™, attributed to the C—H
% - plane bending vibration (Ishak et al. 2021a; Yanghua et al.
g W 2020). The presence of a peak at 937 cm™! indicates an
= out-of-plane bending vibration associated with hydroxyl
W (—OH) functional groups (Mandal et al. 2022b; Zhang
YRS : - ° et al. 2019).
2% ﬁ = Upon impregnation of LA into biochar-based PCM

v T v T T v T T M T M
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 6 FTIR spectra of pure LA, and LA impregnated biochar PCM
composites

combination of structural integrity, surface functionality,
and textural properties for the intended application.

3.4 FTIR analysis of the PCM-impregnated biochar
composites

The FTIR spectroscopic analysis was further conducted
on pure LA as a reference and LA-impregnated NBL3
and NBL5 biochar-based PCM composites, with the
results presented in Fig. 6. The spectral analysis revealed
the presence of six prominent absorption peaks for pure
LA at 2915, 2847, 1694, 1301, 937, and 725 cm ™, accom-
panied by three additional minor peaks at 2955, 2871, and
1468 cm™!. The emergence of these peaks is attributed
to the characteristic vibrational modes of three princi-
pal functional groups present in LA: alkyl (—CH3 and —
CH,), carboxyl (-COO7), and hydroxyl (—~OH) (Mandal
et al. 2022a). The peaks at 2955 cm™! and 2915 cm™
are associated with the asymmetric stretching vibra-
tions of methyl (—CHj;) and methylene (—CH,) groups,
respectively, whereas their symmetric stretching modes
are responsible for the absorption bands observed at
2871 cm™! and 2847 cm™! (Mandal et al. 2023b; Sharifah
etal. 2017). A distinct and intense peak at 1694 cm™ cor-
responds to the C=0 stretching vibration of the carboxyl
functional group in LA (Ishak et al. 2021a). Furthermore,

composites, the same characteristic peaks of LA were
observed, suggesting that the core molecular structure
of LA remained intact within the composite matrix.
However, an evident increase in the intensities of these
peaks was recorded with higher LA loading. Besides, an
interesting observation can be seen in the emergence of
two new peaks at 1540 and cm™' and 1398 cm™ after
the impregnation of LA into the biochars. However, the
detectable peak intensities at 1540 cm™ were very low
in the case of NBL3-1 and NBL3-2 PCM composites,
while they were very high in NBL5-1 followed by NBL5-
2. Another peak at 1398 cm™! was not visible in the case
of NBL3-1 and NBL3-2 PCM composites. As reported
by Xing et al., N—H deformation for amide II at around
1540 cm™!, C-N stretching for amide II at around
1398 cm™ result in the formation of these two peaks
(Xing et al. 2015). The absence of the 1398 cm™! peak
in the NBL3-1 and NBL3-2 PCM composites suggests a
lack of or significantly reduced presence of the functional
groups responsible for this vibrational mode. In the case
of NBL5-based composites, where biochar was synthe-
sized at higher pyrolysis temperatures, a higher nitrogen
content was observed through FTIR and EDS analysis.
This likely facilitates the formation of amide-like interac-
tions, leading to the appearance of both 1539 cm™! (N-H
deformation) and 1398 cm™' (C-N stretching) peaks.
Conversely, in the NBL3-based composites, produced at
a lower pyrolysis temperature, nitrogen functionalization
appeared to be lower, preventing the formation of the
1398 cm™ peak.

The absence of this peak in NBL3-1 and NBL3-2 further
suggests that nitrogen-related functionalities, particularly
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amide II structures, are not significantly involved in PCM
stabilization within these composites.

3.5 Morphological analysis of PCM-impregnated biochar
composites via FE-SEM

The morphological characteristics of the PCM-impreg-
nated biochar composites were analyzed using FE-SEM,
and the corresponding micrographs are presented in
Fig. 7a—d. The SEM images of the as-received biochars
(Fig. 4a and Fig. 5a) revealed a well-defined porous struc-
ture with interconnected channels, which serve as poten-
tial sites for PCM accommodation. Upon impregnation
with lauric acid (LA), a significant morphological trans-
formation was observed, as the previously open pores
and channels became occupied by the phase change
material. In the case of NBL3-1 (Fig. 7a) and NBL5-1
(Fig. 7c), a few unfilled pores remained visible (high-
lighted with yellow circles), indicating an incomplete
infiltration of LA due to inadequate PCM loading. Inter-
estingly, while the NBL3-1 sample exhibited fewer visible
unfilled pores than NBL5-1, the size of the unfilled voids
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Fig. 7 SEM micrographs after PCM impregnation (a) NBL3-1, (b) NBL3-2, (c) NBL5-1, and (d) NBL5-2

in NBL3-1 was significantly larger, suggesting that the
lower porosity and structural properties of NB-3 biochar
limited complete PCM penetration at this loading ratio.
Conversely, in NBL5-1, although the number of unfilled
pores was greater, they were much smaller in size, which
can be attributed to the higher porosity and greater
PCM-holding capacity of NB-5 biochar.

At higher LA loading levels (NBL3-2 and NBL5-2,
Fig. 7b and d), no unfilled pores were detectable. This
observation suggests that NB-5 biochar can accommo-
date nearly double the mass of LA compared to NB-3
biochar, reinforcing its superior suitability as a PCM car-
rier. The optimized 1:1 and 1:2 biochar-to-LA ratios for
NB-3 and NB-5, respectively, ensured full pore satura-
tion, preventing PCM leakage and enhancing composite
stability. This trend was further corroborated by TGA
and DSC data, which showed no significant changes
in thermal behavior beyond the critical biochar-to-LA
loading ratios. Consequently, PCM composites exceed-
ing the optimized biochar-to-PCM ratios were excluded
from this study, as additional biochar content beyond the
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Fig. 8 (a) TGA and (b) DTG thermograms of LA and synthesized PCM composites

saturation point does not contribute to improved thermal
performance.

3.6 Thermal stability analysis of PCM-impregnated biochar
composites

The thermal stability of the synthesized biochar-PCM
composites was assessed using thermogravimetric anal-
ysis (TGA), and the corresponding thermograms are
compared with pure LA in Fig. 8a. To further interpret
the gravimetric data, the differential thermogravimet-
ric (DTQ) curves are also presented in Fig. 8b. The TGA
results clearly indicate that pure LA endured complete
weight loss beyond 250 °C, signifying its full decompo-
sition at higher temperatures. However, in the case of
biochar-PCM composites, significant weight retention
was observed due to the encapsulation of LA within the
porous biochar structure. The recorded residual weights
for NBL5-1 and NBL5-2 were 48.06% and 41.36%, respec-
tively, while NBL3-2 and NBL3-1 exhibited 35.21% and
30.88% weight losses, respectively. In the TGA plot, the
weight loss percentages are indicated.

A notable observation arises from the onset tempera-
ture of weight loss, which signifies the thermal degra-
dation threshold of the materials. The highest onset
temperature was recorded for NBL5-2 at 156.75 °C,
followed by NBL5-1 (155.38 °C), NBL3-2 (149.14 °C),
NBL3-1 (147.71 °C), and pure LA (138.67 °C). These
results confirmed that PCM impregnation into biochar
significantly enhanced thermal stability, particularly in
NB-5 biochar-based composites, which outperformed
their NB-3 counterparts. Furthermore, all the samples
exhibited superior thermal stability up to 125 °C, with no
detectable weight loss in this temperature range, demon-
strating their suitability for TES applications within mod-
erate temperature regimes.

The increased thermal stability in the biochar-PCM
composites can be attributed to the encapsulation of
PCM molecules within the biochar pores and channels,
where they interact with surface functional groups as
seen in the FTIR results of the biochar PCM composites
(Sect. 3.4). These intermolecular interactions, includ-
ing hydrogen bonding, van der Waals forces, and capil-
lary action, help to stabilize the LA molecules, reducing
easy volatilization and decomposition at elevated tem-
peratures. Additionally, CHNS, FTIR, and EDS analyses
revealed that NB-5 biochar contained a higher concen-
tration of nitrogen-containing functional groups, which
likely contribute to stronger interfacial interactions
with LA. This may explain the superior thermal stability
observed in NBL5-1 and NBL5-2 composites compared
to their NB-3 counterparts. These findings highlight the
critical role of biochar structure and surface chemistry in
enhancing PCMs’ thermal stability.

3.7 Thermal energy storage capability

The evaluation of heat storage capability is a critical
determinant in assessing the suitability of PCMs for
TES applications. Key thermal parameters, including
enthalpies of phase transition (AH,,, AH,) and transi-
tion temperatures (7, and T;), were precisely analyzed
using DSC during both the melting and solidification
processes. The thermal characteristics, systematically
documented in Table 4, offer profound insights into
the heat storage and release behavior of the synthe-
sized biochar PCM composites. The DSC thermograms
for heating and cooling cycles are presented separately
in Figs. 9a and b, respectively. From the DSC thermo-
grams, it is evident that all PCM composites exhibited
distinct and well-defined single melting and solidifica-
tion peaks. As expected, pure LA exhibited the highest
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Table 4 Thermal parameters of melting and solidification of the synthesized PCM composites

Sample Tm (onset) (OC) Tm (peak) (OC) 4H, m (J/ g) Ts (onset) (OC) 7; (peak) (OC) AHs (J/ g) Rs

LA 4491 47.57 186.41 40.27 42.03 185.76 -
NBL3-1 4432 47.60 55.11 38.84 4048 54.71 29.56
NBL3-2 43.96 47.65 64.29 39.20 40.86 63.26 34.49
NBL5-1 43.92 47.63 77.15 39.27 41.38 7597 41.39
NBL5-2 44.10 50.02 94.92 37.30 4144 92.16 50.92

melting (AH,,) and solidification (AH,) enthalpies,
measured at 186.41 J/g and 185.76 J/g, respectively.
Among the biochar PCM composites, NBL5-2 dis-
played the highest enthalpy values, with AH,, and AH,
recorded at 94.92 J/g and 92.16 ]/g, respectively, fol-
lowed by NBL5-1 (77.15 J/g and 75.97 J/g), NBL3-2
(64.29 J/g and 63.26 J/g), and NBL3-1 (55.11 J/g and
54.71 J/g). The higher enthalpy values observed in
NBL5-1 and NBL5-2 were well corroborated by their
enhanced porosity, as verified by BET surface area
analysis and SEM imaging. Since NB-5 biochar exhib-
ited a higher degree of porosity compared to NB-3
biochar, it facilitated the accommodation of a greater
amount of LA, thereby enhancing the overall thermal
storage capacity. This observation aligns with the well-
established structure—property relationship, which sug-
gests that higher pyrolysis temperatures yield biochar
with increased porosity, thereby allowing for a greater
degree of PCM impregnation and, consequently, a pro-
gressive increase in enthalpy values with increasing
PCM loading.

Regarding phase transition temperatures, the high-

est melting peak temperature (7, .) was recorded
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Fig. 9 Heating (a) and cooling (b) curves obtained from the DSC scans

at 50.02 C for NBL5-2, whereas pure LA exhibited the
lowest T, eq) at 47.57 "C. Although no obvious trend in
T,y (pear) 1 Observed, the elevation in T}, . across the
biochar composites can be attributed to the previously
discussed physical interactions (Sect. 3.6), including
surface tension effects, capillary forces, spatial confine-
ment within biochar pores, van der Waals interactions,
and interfacial bonding between PCM molecules and
biochar functional groups (Sect. 3.4). Notably, NBL3-2
and NBL5-2 exhibited higher T, ;.. values than their
respective counterparts (NBL3-1 and NBL5-1), which
can be attributed to their higher PCM uptake, leading
to enhanced molecular entrapment within the biochar
matrix. The higher accommodations of LA in the con-
fined spaces in pores and channels led to the retardation
of molecular movement, thereby delaying the melting.
During solidification, phase transition behavior fol-
lowed a similar trend. From the solidification curves in
Fig. 9b, it can be seen that pure LA exhibited noticeable
supercooling during the cooling cycle in the DSC scan.
This phenomenon was characterized by a significant
delay in crystallization onset, leading to a discrepancy
between melting and solidification patterns. However,

(b) —LA
——NBL3-1
——NBL3-2
——NBL5-1
—— NBL5-2
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the supercooling tendency of LA was effectively sup-
pressed through shape stabilization with biochar. The
onset solidification temperature (7 () was found to
be highest for pure LA (40.27 °C), while the lowest was
observed for NBL5-2 (37.30 ‘C). The lower T, onset in
biochar stabilized PCMs suggests an extended subcool-
ing effect, which may be attributed to restricted molecu-
lar mobility and enhanced intermolecular interactions
between PCM molecules and biochar functional groups.

The restricted molecular mobility of LA within the
narrow, confined spaces of biochar pores and chan-
nels induced a delayed phase transition, contributing to
an overall increase in the melting temperature. Despite
the larger pore structures in NB-5 biochar, the higher
presence of nitrogen-containing functional groups (as
corroborated by FTIR and EDS analysis) enhanced
molecular stabilization through hydrogen bonding and
electrostatic interactions, further reinforcing the PCM
retention within the biochar framework. This molecu-
lar stabilization mechanism is equally applicable to the
solidification process, where phase transition is delayed
(towards lower temperatures) due to physical and chemi-
cal interactions contributing to an optimized thermal
response. This enhanced thermal storage and release
behavior ensures superior phase transition stability,
rendering biochar-stabilized PCMs highly suitable for
diverse TES applications.

To further quantify the shape stabilization efficacy of
the biochar-PCM composites, the shape stabilization
ratio (R,) and heat storage efficiency (E,) were systemati-
cally computed and were documented in Table 4. The R
values were calculated from the enthalpy data obtained
from DSC scans using Eq. (1) (Ma et al. 2024; Patel et al.
2023; Yan et al. 2024).

R. = AH m(PCMcomposite)
* AH p(ra)

x 100 (1)

where melting enthalpies of shape-stabilized PCM com-
posites and LA are denoted by the AH,, pcar compositer
AH,, 4, respectively. The R, values for NBL3-1, NBL3-2,
NBL5-1, and NBL5-2 are determined to be 29.56, 34.49,
41.39, and 50.92, respectively, exhibiting a progressive
increase with enhanced porosity and specific surface
area of the biochar matrix. This observed trend aligns
precisely with the SEM and BET surface area analysis,
validating that higher porosity and larger pore diameter
contribute significantly to the superior shape stabiliza-
tion ratio (R,) in NBL5 PCM composites. The enhanced
microporous and mesoporous structure of NB-5 biochar,
achieved through higher pyrolysis temperatures, facili-
tates an increased PCM retention capacity by effectively
confining LA molecules within the intricate pore net-
work. Moreover, the R and E, values strongly corroborate
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the TGA results, in which the LA loading within the bio-
char matrix is evidenced by the weight loss percentages
observed during thermal degradation. These findings
further substantiate that higher PCM retention within
biochar pores enhances thermal stability and phase
transition efficiency, indicating that biochar structure
plays a pivotal role in optimizing thermal energy storage
performance.

Previous research on biochar-based shape-stabilized
PCM composites remains limited. Wan et al. reported the
highest R, value of 38.58 for palmitic acid impregnated
into Pinus cone biochar (Wan et al. 2019). Similarly, an
almond shell biochar-stabilized polyethylene glycol PCM
composite exhibited an R; value of 43.76 (Chen et al.
2018). The R; value for myristic acid incorporated into
orange peel biochar was reported as 39.6 (Mandal et al.
2022b). Moreover, wheat straw biochar to eicosane at a
2:1 ratio has achieved an R, of 37.1 (Atinafu et al. 2021).
Rice husk biochar-stabilized palm wax was demonstrated
an R, value of 50.1 (Jeon et al. 2019). The R, value of
1-decanol shape-stabilized with oilseed rape biochar was
reported at 38.4, while sewage sludge biochar-stabilized
n-dodecane and 1-dodecanol showed R; values of 36.0
and 29.3, respectively (Atinafu et al. 2020). Carbonized
pepper straw-stabilized palmitic acid exhibited an R,
value of 45.41 (Gu et al. 2019). The R, value for hazel-
nut wood biochar-stabilized capric acid was reported as
51.60 (Hekimoglu et al. 2021). Additionally, coconut shell
charcoal impregnated with stearic acid under various
activation conditions displayed R, values of 14.61, 24.83,
29.78, and 34.58 (Xie et al. 2020a). Corn straw biochars
pyrolyzed at 400, 500, 600, and 800 °C were reported to
shape-stabilize polyethylene glycol (PEG) with R; val-
ues 49.28, 40.23, 46.84, and 36.02, respectively (Liu et al.
2022). Furthermore, carbonized potato (CP) shape-sta-
bilized PEG at 1:3, 1:2, 1:1.5, and 1:1 PEG-to-CP ratios
resulted in R, values of 25.85, 34.02, 40.54, and 50.05,
respectively (Tan et al. 2016).

The Rs and AH,, values obtained in this study were
compared with literature data and are presented in
Fig. 10. The results demonstrated that the Rs values of the
tested biochar-based phase-stabilized composites were
comparatively superior and align well with previously
reported values. Notably, the highest Rs value (50.92)
was observed in the NBL5-2 composite. The synthesized
PCM composites exhibited superior thermal stability,
structural integrity, and enhanced latent heat storage
capacity, making them highly suitable for applications in
TES, such as energy-efficient buildings, electronic cool-
ing systems, and renewable energy storage solutions.
These biochar-based composites offer a sustainable and
cost-effective alternative to conventional phase change
materials, contributing to improved energy efficiency and
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environmental sustainability across various industrial
and commercial sectors.

3.8 Heat charging-discharging congruencies
Thermal stability, particularly with regard to heat charg-
ing and discharging congruency, is a pivotal determinant
of a phase change material (PCM) composite’s longev-
ity and reliability over prolonged operational durations.
To methodically assess this stability, differential scan-
ning calorimetry (DSC) analyses were conducted over
500 successive thermal cycles in an isochronal mode,
employing a heating rate of 10 °C/min with an isothermal
holding period of 3 min before each heating and cooling
segment. The DSC thermograms, illustrating the thermal
cycling behavior of NBL3-2 and NBL5-2 composite PCM
samples, are depicted in Figs. 11a and b, where only the
first and every 50th cycles are represented for clarity and
conciseness.

A meticulous examination of the heat charging and dis-
charging profiles revealed the presence of distinct single

endothermic and exothermic peaks, corresponding to
melting (7)) and solidification (T), respectively. Notably,
throughout the entire 500-cycle duration, no substantial
deviations in the characteristic peak temperatures were
discernible, indicating the composites’ robust thermal
stability. However, a gradual and marginal decline in
enthalpy values was observed across both heating and
cooling segments for both samples, indicative of slight
thermal degradation or material fatigue. The extracted
enthalpy values for the first cycle and every 50th cycle
of heating and cooling, along with the correspond-
ing enthalpy retention percentages, are systematically
compiled in Figs. 11c and d for NBL3-2 and NBL5-2,
respectively.

For the NBL3-2 composite PCM, the melting enthalpy
decreased from 64.29 J/g to 63.31 J/g over 500 cycles,
while the solidification enthalpy declines from 63.26 J/g
to 62.2 J/g. In contrast, the NBL5-2 composite PCM
demonstrated even greater thermal resilience, with
melting enthalpy decreasing marginally from 94.92 J/g
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Fig. 11 Heat charging-discharging congruencies over 500 thermal cycles for (a) NBL3-2 and (b) NBL5-2, along with the corresponding enthalpy

retention and enthalpy retention percentages for (c) NBL3-2 and (d) NBL5-2

to 94.12 J/g and solidification enthalpy declining from
92.16 J/g to 92.14 J/g. The enthalpy retention percentages
after 500 cycles were computed as 98.48% for melting and
98.32% for solidification in NBL3-2, while for NBL5-2,
they were 99.16% and 99.98%, respectively. These reten-
tion values fall within experimental error limits, render-
ing the enthalpy reductions negligible and accentuating
the exceptional durability of the composites under pro-
longed cyclic exposure.

The extraordinary thermal cycle endurance of the
NBL3-2 and NBL5-2 composite PCMs is primarily
attributed to the previously discussed physical interac-
tions (Sect. 3.6), including surface tension effects, capil-
lary forces, spatial confinement within biochar pores,
van der Waals interactions, and strong interfacial bond-
ing between the PCM molecules and biochar functional
groups (Mandal et al. 2023b; Mandal et al. 2022a, b). The
pronounced thermal stability of these composites posi-
tions them as highly viable candidates for a spectrum
of TES applications, spanning across building materi-
als (Jin et al. 2021; Xie et al. 2020b), absorption cooling
technologies (Agyenim 2016; Hirmiz et al. 2018), waste
heat recovery systems (Mahmoud et al. 2021; Omara

2021), and solar-based heating systems (Ali 2022; Waqas
and Kumar 2013). This exceptional phase change stabil-
ity over extended thermal cycles not only ensures energy
efficiency but also enhances the long-term viability of
these materials in sustainable energy applications.

3.9 Leakage resilience performance

The shape-stabilized composites, along with pure LA,
were further evaluated for their leakage resistance at dif-
ferent temperatures, and the corresponding images from
the test are presented in Fig. 12. To assess the leakage
resilience, 1 g of each sample was placed separately on
Whatman filter paper and subjected to a controlled heat-
ing test on an electrical heating plate. The test was con-
ducted at room temperature (25 C) and at an elevated
temperature of 55 “C, which is significantly higher than
the T, of LA (47.57 C). The leakage behavior was visually
inspected based on the presence or absence of oil stains
on the filter paper. As observed in Fig. 12, no visible
stains or leakage were present at 25 “C, indicating that all
samples remained solid and stable at ambient conditions.
However, as the temperature reached the T,, of pure
LA, it began to liquefy, visibly staining the filter paper,
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Fig. 13 a IR thermal imaging and temperature-time profile of LA, NBL3-2, and NBL5-2, b heat absorption, retention, and controlled dissipation

during heating and cooling cycles

confirming its inability to maintain structural integrity
in its pure form. In contrast, the shape-stabilized LA
composites with NB-300 and NB-500 biochars exhibited
exceptional thermal stability and retained their struc-
tural integrity even at 55 °C, with no signs of leakage. This
clearly demonstrates the effectiveness of both biochars
in form-stabilizing LA, preventing phase separation, and
ensuring shape retention even beyond its melting point.
Consequently, these results validate that NB-300 and
NB-500 serve as highly efficient supporting matrices for
LA, making them promising candidates for TES applica-
tions where leakage prevention and structural stability
are crucial.

The dynamic thermal performance of the synthesized
composite materials was assessed using an infrared

camera, with each sample weighing 1 g (Fig. 13a). Dur-
ing the heating phase, the thermal images revealed that
pure LA rapidly absorbed heat, reaching thermal equilib-
rium faster than the biochar-stabilized composites. This
rapid temperature rise indicated LA’s low thermal resist-
ance and fast phase transition. In contrast, NBL3-2 and
NBL5-2 exhibited a more gradual temperature increase,
demonstrating enhanced thermal stability due to the bio-
char matrix, which acted as a thermal buffer, slowing heat
transfer and promoting uniform heat distribution. This
thermal regulation effect minimizes temperature gradi-
ents within the material. The temperature—time profile
(Fig. 13b) further supported these findings, showing that
NBL3-2 and NBL5-2 stabilize just above 55 “C, highlight-
ing their effective thermal absorption.
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During the cooling phase, pure LA gradually lost heat
and returned to a lower temperature over an extended
period, reflecting its limited heat transfer efficiency.
In contrast, the biochar-stabilized composites exhib-
ited steady heat retention and a controlled temperature
decline, demonstrating superior thermal energy storage
and release capabilities. The temperature—time graph
confirmed that NBL3-2 and NBL5-2 facilitated gradual
heat dissipation, indicating that biochar effectively cap-
tured and slowly released thermal energy. This controlled
thermal response makes these composites highly suitable
for thermal management applications, offering improved
phase change stability and energy efficiency.

4 Conclusions

In pursuit of carbon neutrality, this study developed bio-
char-based phase change material (PCM) composites by
synthesizing biochar from Neem seed waste at two differ-
ent pyrolysis temperatures and impregnating it with LA.
Structural, chemical, and thermal analyses confirmed
their effectiveness for thermal energy storage. The pri-
mary findings of this study are as follows:

(i) The textural characteristics of the biochars by
BET analysis revealed that both the biochars pos-
sess porous structures. The adsorption—desorption
isotherms of the biochar synthesized at a higher
pyrolysis temperature exhibit a significantly larger
surface area (668 m*/g) and correspond to Type
IV behavior with H3 hysteresis, characteristic of
micromesoporous structures, which ensures effec-
tive accommodability of LA within the biochar
matrix.

(i) Microscopic examination confirmed a well-con-
nected porous structure, and that biochar endures
morphological transformations with increasing
pyrolysis temperature, leading to a more developed
porous network.

(iii) FTIR and EDS analyses confirmed that NB-500
biochar, pyrolyzed at a higher temperature, con-
tains more nitrogen-containing functional groups,
enhancing its surface functionality and interaction
with PCMs.

(iv) Spectroscopic analysis identified alkyl, carboxyl,
and hydroxyl groups in LA and biochar-PCM com-
posites. The emergence of amide-like peaks in NB-
500-based composites suggests nitrogen-mediated
interactions, contributing to PCM stabilization.

(v) Thermal characterization indicated high latent heat
storage, efficient PCM impregnation, and thermal
stability. The highest R, value (50.92) for NBL5-2
aligns with previous biochar-based PCMs. DSC
confirms phase transition consistency, while TGA
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revealed delayed decomposition, ensuring long-
term reliability for applications.

(vi) Leakage tests confirmed that the biochar effectively
stabilizes LA, preventing seepage even at elevated
temperatures. The composites retain structural
integrity under thermal cycling conditions, demon-
strating their durability in long-term applications.

(vii) Infrared thermal imaging and temperature—time
analysis demonstrated controlled heat absorption
and release, minimizing thermal fluctuations. The
PCM composites exhibit superior thermal regula-
tion over pure LA, ensuring gradual energy release
for efficient thermal management.

(viii) The synthesized biochar-PCM composites provide
a sustainable, cost-effective approach for thermal
energy storage, offering significant potential in
energy-efficient buildings, passive cooling systems,
electronic thermal management, and renewable
energy integration. Their eco-friendly nature aligns
with global carbon neutrality goals, promoting sus-
tainable energy solutions.
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