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ARTICLE INFO ABSTRACT
Keywords: Chemically activated biochar, which is characterized by its high surface area, thermal stability, and chemical
Activated biochar compatibility, exhibits great potential for loading phase change material (PCM) to enhance heat transfer and

Organic phase change materials
Shape-stable

Thermal conductivity

Latent heat energy storage

prevent leakage. However, conventional chemical activation processes typically involve highly corrosive and
toxic chemical activators that pose environmental hazards. Biochar that is activated by K2COs, which achieves
high porosity while minimizing adverse environmental effects, has been applied in some fields. In this study,
KoCO3 was employed as a chemical activator, and five waste biomass materials were utilized as precursors to
produce biochar samples for the loading of paraffin (PA), stearic acid (SA), and polyethylene glycol (PEG). The
results revealed that the activated biochar derived from corncob (CC) exhibited remarkable textural character-
istics, and it had a specific surface area of 1053.95 m2/g and a total pore volume of 0.467 cm>/g. Additionally,
owing to its larger specific surface area and richer textural characteristics, the loading capacities of CC for PA,
SA, and PEG were as high as 78.79 %, 80.83 %, and 85.19 %, respectively. Furthermore, introducing PA, SA, and
PEG into CC resulted in thermal conductivity enhancements of 1.460-, 1.138-, and 1.271-fold, respectively.
Lastly, incorporating biochar improved the thermal stability of the composite PCMs. This study aimed to explore
the performance of the biochar activated by K2CO3 in PCM loading, enhancing the environmental sustainability
of waste biomass-derived activated biochar in PCM loading applications.

tackle these challenges (Lopez-Sabiron et al., 2014).

As one form of TES, latent heat storage has garnered considerable
interest because of its notable energy storage density and isothermal
behavior during phase transition (Nazir et al., 2019). Phase change
materials (PCMs) absorb or release latent heat during melting or solid-
ification, which allows for efficient energy storage and retrieval. How-
ever, there are two challenges in utilizing PCMs for TES applications,
which are the low thermal conductivity and susceptibility to leakage of
PCMs, which limits the heat transfer rate and introduces a threat to
safety (Han et al., 2022). The leakage of PCM poses a risk of system
failure and can potentially impact the safety of equipment and in-
dividuals. To address this concern, researchers have proposed various

1. Introduction

Humanity’s heavy reliance on fossil fuels, along with the inherent
limitations and unsustainable consumption of these fuels, has resulted in
a genuine crisis that is hindering sustainable human development
(Grasso and Heede, 2023; Londono-Pulgarin et al., 2021). The global
energy landscape and supply-demand dynamics are undergoing signif-
icant adjustment and transformation, which has brought about a need to
establish a reliable and efficient energy system centered around clean
energy (Ahmed et al, 2022). This transition represents a global
consensus and an irreversible trend toward a new era of energy (Wei methods to prevent PCM leakages, such as microencapsulated PCM
et al., 2018a). The robust development of clean energy, and renewable (Choi et al, 2022), shape-stable PCM (Xu et al, 2023), and
energy in particular, plays a crucial role in addressing and overcoming macro-packed PCM (Yun et al., 2022).
the inherent drawbacks of fossil fuels. Nonetheless, the availability of
renewable energy is limited and involves spatial constraints. Thermal
energy storage (TES) has emerged as an effective solution with which to

Furthermore, carbon support materials have emerged as a promising
solution (Singh et al., 2022). Carbon-based materials, such as expanded
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Nomenclature

Abbreviation

AB activated biochar.

BB bamboo activated biochar.

BET Brunauer-Emmett-Teller.

BJH Barrett-Joyner-Halenda.

cC corncob activated biochar.

CNT carbon nanotube.

CPCM  composite phase change material.
DSC differential scanning calorimetry.
DTG derivative thermogravimetry.

EG expanded graphite.

FT-IR Fourier transform infrared.

PA paraffin.

PEG polyethylene glycol.

PCM phase change material.

PN pine wood activated biochar.

RH rice husk activated biochar.

SA stearic acid.

SEM scanning electron microscope.

TES thermal energy storage.
TG thermogravimetry.
WS walnut shell activated biochar.

XRD X-ray diffraction.

symbols

Cc loading capacity [%].

Dgverage  average pore diameter [nm].

E loading efficiency [%].

m mass [g].

R empirical parameter.

SBET BET specific surface area [mz/g].

Tm peak melting temperature [°C].

Ts peak solidification temperature [°C].
Viotal total pore volume [cm3/g].

Whrecursor mass of biomass precursor [g].
Wag mass of biochar activated by K,CO3 [g].

Y yield of biochar [%].
n influence degree [%].
AHendo  endothermic enthalpy [kJ/kg].

AHexo exothermic enthalpy [kJ/kg].

graphite (EG) (Zhou et al., 2021), carbon nanotubes (CNTs) (Cong et al.,
2021), and graphene (Fan et al., 2014), possess excellent thermal con-
ductivity, and can be employed as additives or matrices to enhance the
thermal performance of PCMs. Incorporating carbon support materials
into PCM composites can significantly improve their thermal conduc-
tivity (Yadav et al., 2021). Moreover, carbon support materials offer
advantages such as light weight, high surface area, chemical stability,
and tunable properties, which make them suitable candidates for TES
applications. The capillary force and surface tension provided by the
richly porous structure of these materials can effectively load PCMs,
which ensures that liquid PCM does not leak and thereby improves the
overall performance and reliability of TES systems (Stonehouse and
Abeykoon, 2022).

Although these carbon support materials have demonstrated certain
advantages in enhancing the performance of PCMs, they do have
drawbacks and present some challenges. These materials face limita-
tions in large-scale applications due to their high production costs
(Atinafu et al., 2021b). Additionally, they often exhibit poor dispersion
and stability, which leads to spontaneous aggregation behavior (Su
et al., 2022; Yang et al., 2022). Moreover, their production may involve
chemical treatment agents and high temperatures, which can introduce
harmful substances and further increase production costs (Lv et al.,
2022).

Biochar, which is a carbon-rich material derived from the pyrolysis
of biomass, such as agricultural waste, wood, or organic residues, offers
unique advantages as a carbon support material for TES applications (Li
et al., 2023). Integrating biochar into TES systems enhances the energy
storage of the system and promotes the utilization of biomass waste in a
sustainable and environmentally friendly manner (Amalina et al.,
2022a; Amalina et al., 2022b). Biochar production methods include
pyrolysis (Das et al., 2020), hydrothermal carbonization (Shen, 2020;
Sinan and Unur, 2017), torrefaction (Grycova et al., 2020; He et al.,
2018), and gasification (Akhtar et al., 2018; Elliott, 2008), among
others. Of these methods, pyrolysis has garnered considerable attention
owing to its durability, high carbon content, favorable stability, and
adaptability to diverse biomass feedstocks for biochar production
(Venkatachalam et al., 2023). Das et al. (2020) employed an intermit-
tent pyrolysis method at 550 °C to produce biochar from aquatic inva-
sive weed plants for paraffin (PA) loading. The resulting biochar
exhibited a specific surface area of 14.001 m?/g, and the optimal mixing
ratio of biochar to PCM was determined to be 6:4. Atinafu et al. (2021b)

utilized commercial biochar produced via pyrolysis at 550 and 700 °C as
a support material for loading n-eicosane. Their research findings
revealed that the loading efficiencies of the two types of biochar for PCM
were 26.4 % and 37.1 %, respectively, with corresponding latent heat
values of 75 and 52 kJ/kg. Yang et al. (2018) conducted a carbonization
of poplar wood at 500 °C for 2 h in a nitrogen atmosphere, followed by a
sintering process at 1000 °C for 2 h to obtain carbonized wood for the
loading of 1-tetradecanol. The resulting carbonized wood exhibited a
specific surface area of 235.37 m?/g and displayed a high PCM loading
capacity, that reached 73.4 %. In a separate study, Gu et al. (2019)
produced composite PCMs by blending PA with biochar derived from
the carbonization of chili straw at 300 °C for 1 h, followed by further
carbonization at 600 °C for 0.5 h. The prepared biochar demonstrated a
specific surface area of 5.0611 m?/g, and its loading capacity for PCM
was 50 %.

Furthermore, various approaches, including physical, chemical, and
biological activation methods, have been proposed to activate biochar so
that it severs as a functional carbon. These approaches are intended to
improve the specific surface area and porosity of biochar (Marsh and
Rodriguez-Reinoso, 2006; Nicholas et al., 2019). In terms of physical
activation methods, previous studies have reported on the specific sur-
face areas of steam-activated biochar derived from bamboo (Wang et al.,
2020), canola straw, manure pellet, sawdust, wheat straw (Kwak et al.,
2019), and wood apple fruit shell (Chakraborty et al., 2018), which were
2.12, 106, 5.1, 356, 316, and 308 mz/g, respectively. Lv et al. (2022)
obtained biochar and physically activated biochar through the pyrolysis
of waste phoenix leaf at different temperatures, followed by physical
activation using CO, and steam. The specific surface areas of the biochar
after pyrolysis at 500 °C and activation by CO3 and steam were 14.182,
139.400, and 421.993 m2/g, with corresponding loading capacities for
polyethylene glycol (PEG) of 69.41 %, 73.38 %, and 71.38 %, respec-
tively. Moreover, chemical activation methods were employed by
Mbarki et al. (2022) to activate corn stigmata fibers using KOH, ZnCly,
and H3PO,4 reagents, resulting in three activated biochar samples with
specific surface areas of 11, 389, and 589 mz/g. Atinafu et al. (2018)
synthesized biochar characterized by a large specific surface area and
significant mesoporous ratio by utilizing dewaxed cotton as a precursor,
then impregnating the cotton with MgO and carbonizing it at 700, 800,
and 900 °C to prepare 1-hexadecanol composite PCMs. The specific
surface areas of the activated biochar samples were 487.9, 717.7, and
876.6 m?/g, respectively, with PCM loading capacities of 85 %, 90 %,
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and 88 % for PCM.

In summary, chemically activated biochar exhibited superior
textural characteristics and loading capacity compared with physically
activated biochar. However, traditional chemical activation processes
typically involve highly corrosive and toxic chemical activators that are
hazardous to the environment. Some researchers have proposed using
potassium salts, such as KoCO3, KHCO3, and K2C304, as alternative ac-
tivators to produce activated biochar with high porosity while mini-
mizing their adverse environmental impacts (Singh et al., 2023).
Previous studies have reported the application of biochar activated by
K,CO3 with specific surface areas ranging from 500 to 3000 m?/g in
supercapacitors (Demir and Doguscu, 2022; Mu et al., 2019),
lithium-ion batteries (Arie et al., 2020; Ma et al., 2019; Xi et al., 2019),
electrochemical hydrogen storage (Seifi et al., 2020), and other fields.
The high porosity of biochar activated by KoCO3 makes it well-suited to
PCM loading. However, there is a lack of relevant studies that have
investigated the application of biochar activated by K,CO3 in PCM
loading.

Therefore, in the current study, K;CO3 was utilized as a chemical
activator, and various common biomass waste materials, including rice
husk, bamboo, pine, walnut shell, and corncob, were employed as
biomass precursors to produce five types of activated biochar for loading
three commonly used organic PCMs (PA, stearic acid (SA), and poly-
ethylene glycol (PEG)). Our investigation focused on the textural char-
acteristics of synthetic biochar and its chemical compatibility with
PCMs. Additionally, a comprehensive analysis was conducted to
examine the effect of textural characteristics of biochar on the thermal
properties of composite PCMs, as well as the effect of and the interaction
between the biochar surface functional groups and different organic
PCM molecules. Furthermore, the impact of activated biochar on the
thermal conductivity and thermal stability of PCMs was also addressed.
The purpose of this work is to explore the performance of biochar
activated by K2CO3 derived from diverse biomass precursors in PCM
loading and to assess its impact on PCM performance. Our intent is to
enhance the performance and environmental sustainability of waste
biomass-derived activated biochar in PCM loading applications.

2. Material and experimental approaches
2.1. Materials

All the reagents applied in this study were of analytical-grade purity
and were employed without additional purification. Paraffin and K2CO3
(purity: 99 %) were obtained from Aladdin Chemistry Co. Ltd., and
polyethylene glycol (average Mn: 6000) and HCI (AR, 36-38 %) were
provided by Sinopharm Chemical Reagent Co. Ltd. Stearic acid (purity:
98 %) was provided by Shanghai Macklin Biochemical Technology Co.
Ltd. The thermal properties of the PCMs employed in this work reported
in previous studies are listed in Table 1.

2.2. Synthesis of activated biochar and activated biochar-based composite
PCMs

Five common types of waste biomass, rice husk, bamboo, pine,
walnut shell, and corncob, were obtained from local farms in Hangzhou,
China, and used as precursors for the activated biochar. The preparation
of activated biochar involved four main steps (Fig. 1): (1) The precursors

Table 1
Thermal properties of the PCMs employed in this work.
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were dried at 105 °C until a stable weight was reached and subsequently
crushed before passing through a 0.5 mm sieve. The crushed precursors
(250 g) and K5CO3 (500 g) were mixed in a beaker at a stoichiometric
ratio of 1:2 (Kilic et al., 2012; Mbarki et al., 2022). Subsequently, the
mixture was subjected to agitation for 1 h to ensure homogeneity after
1000 mL of deionized water was added. (2) The mixture was left to
impregnate at ambient temperature for 24 h, after which it was sub-
jected to a 24-hour drying process at 105 °C to remove the water. (3) The
dried mixture was then pyrolyzed in a vacuum muffle furnace whose
diameter and length were 300 and 600 mm under a nitrogen atmosphere
(5 L/min) at a heating rate of 10 °C/min. During the pyrolysis, a tem-
perature of 700 °C was maintained for 2 h (Kwak et al., 2019; Wang
et al.,, 2020). (4) The resulting sample was washed with a 10 % HCl
solution and deionized water until the pH value reached 7 to ensure the
removal of excess impurities. The prepared activated biochar was then
heated at 105 °C for 24 h to obtain the final dried activated biochar. The
activated biochar samples that were derived from rice husk, bamboo,
pine, walnut shell, and corncob activated by KoCO3 were designated as
RH, BB, PN, WS, and CC, respectively.

Asillustrated in Fig. 1, the synthesis process comprised three primary
steps: (1) A suitable amount of PCM (approximately 60 g) was weighed
out and heated in a water bath at a temperature of 90 °C until it melted
completely. Next, 10 g activated biochar was added to the liquid PCM
under continuous stirring to ensure thorough mixing. Additional stirring
was then conducted for 20 min to achieve a uniformly mixed combi-
nation of activated biochar and PCM. (2) The uniform mixture was
transferred to a vacuum drying oven and heated for 24 h to allow the
liquid PCM to fill the biochar pores under vacuum. (3) After the vacuum
impregnation was complete, the mixture was transferred to filter paper
and further processed in a 90 °C oven. The filter paper was replaced
every 4 h to remove any leaked PCM liquid. When no significant PCM
residue was observed on the filter paper, which took approximately
48 h, the shape-stable composite PCMs were considered to be success-
fully prepared. The composite PCM obtained by loading PA with RH was
labeled PA/RH, and the remaining composite PCMs followed a similar
naming convention.

2.3. Characterization

The textural characteristics of the activated biochar samples were
characterized using a nitrogen sorption isotherm analyzer (ASAP 2460,
Micromeritics) and the Brunauer-Emmett-Teller (BET) method. The
textural characteristics were assessed using a relative pressure range of
0.05-0.15 at a temperature of 77 K. Field emission scanning electron
microscope (SEM) (SU8010, HITACHI) characterized the microstructure
of the synthetic samples. Fourier transform infrared (FT-IR) (Vertex 70,
Bruker) evaluated the chemical compatibility between the biochar
samples and PCM in the 500-4000 cm™! wavenumber range. The ther-
mal properties of the pure and composite PCM were determined utilizing
a differential scanning calorimetry (DSC 25, TA) with an accuracy of
+ 0.01 °C for temperature and + 0.1 % for heat enthalpy. The mea-
surement was performed under a constant Ny flow rate of 50 mL/min.
The thermal stability of the sample was assessed by employing a ther-
mogravimetric (TG) analyzer (TGA 5500, TA) with an accuracy of
+ 0.1 °C for temperature and + 0.01 % for mass. The measurement was
evaluated under a constant N flow rate of 60 mL/min. The temperature
range for the analysis was set from 25 °C to 600 °C, with a heating rate

Material Peak melting temperature (°C) ~ Melting enthalpy (kJ/ Peak solidification temperature Solidification enthalpy (kJ/ Reference

kg) (9] kg)
Paraffin 56.6 159.89 45.8 140.98 (Wang et al., 2023)
Stearic acid 71.52 219.45 65.84 218.54 (Chen et al., 2021)
Polyethylene glycol 63 189.6 38 - (Lawag et al., 2023)
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Fig. 1. Synthesis process for the activated biochar and composite PCMs.

of 10 °C/min. An X-ray diffractometer (X'pert Powder, PANalytical B.V.)
equipped with Cu K-alpha radiation (k = 1.540598 A) was utilized to
obtain the X-ray diffraction (XRD) pattern of the activated biochar. The
measurements were conducted in the range of 5-80°. The thermal
conductivity of the activated biochar powder and the activated biochar-
based composite PCMs was measured using a thermal constant analyzer
(TCi, C-Therm) whose accuracy was + 1 %.

3. Results and discussion
3.1. Textural characteristics

3.1.1. Textural characteristics of the activated biochar

The textural characteristics of the activated biochar samples RH, BB,
PN, WS, and CC are illustrated in Fig. 2. Under the IUPAC classification
of isotherms, these activated biochar samples all exhibited a pattern of
type IV. These activated biochar samples exhibited a rapid increase in
pore volume at low relative pressures, followed by a gradual upward
trend (Fig. 2(a)), indicating the presence of numerous micropores and a
smaller number of macropores (Lim et al., 2010). The substantial in-
crease in nitrogen adsorption at lower relative pressures indicated the
presence of numerous micropores in the activated biochar samples. As
the relative pressure increased, the larger pores in the sample gradually
became filled, resulting in a gradual increase in the adsorbed nitrogen
amount, indicating a small number of mesopores. Furthermore, a
distinct upward trend was observed at higher relative pressures,
particularly in the RH samples, indicating the presence of macropores.

(8) ——RH——BB

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure

This observation was further supported by the pore size distribution
curves plotted in Fig. 2(b). Notably, the rate of pore volume increase for
RH was significantly higher than that in other activated biochar samples
at higher relative pressures, suggesting that RH possessed more
macropores.

Table 2 presents the textural parameters and yield of the activated
biochar samples synthesized in this work and the biochar reported in
previous studies. The specific surface area (Spgr) of the biochar without
activation was less than 50 m%/g, while that of the activated biochar
increased significantly after potassium carbonate activation. The

Table 2
Textural parameters and yield of the synthesis activated biochar in this work and
the biochar reported in previous studies.

Biochar Sper (m%/ Viotal Daverage Y References
g) (em’g)  (am) %)’
Phoenix leaf 14.18 0.024 8.707 39.45 (Lv et al.,
2022)
Pristine 3.9 0.13 - - (Yang et al.,
wood 2018)
Empty fruit 4.1 - 7.1 33.0 (Yek et al.,
bunch 2021)
RH 753.60 0.434 8.995 24.14 This work
BB 845.61 0.389 5.061 26.11 This work
PN 849.64 0.377 4.013 26.02 This work
WS 994.88 0.456 4.488 26.21 This work
CcC 1053.95 0.467 4.208 26.15 This work
@ Uncertainty: + 0.006 %.
(b)
0.20 4 —o— RH —o—BB
—o—PN—o—WS
— —o—CC
£ 0.15
=
on
-
£ 0.10
)
N
a
T 0.5
=
0.00 4 >-0—O <
0 10 20 30 40 50 60

Pore diameter (nm)

Fig. 2. (a) Nitrogen sorption-desorption isotherms, and (b) pore size distribution of the activated biochar samples RH, BB, PN, WS, and CC.
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activated biochar CC exhibited the highest Sgpr of 1053.95 mz/g, fol-
lowed by those of WS, PN, BB, and RH at 994.88, 849.64, 845.61, and
753.60 m?%/g, respectively. Moreover, the total pore volume (Vigar) Of
the biochar without activation was also much smaller than that of the
activated biochar. CC showed the highest Vioq1 of 0.467 cm’/ g, whereas
WS, PN, BB, and RH had values of 0.456, 0.377, 0.389, and 0.434 cm®/ g,
respectively. The critical textural characteristic of activated biochar lies
in its elevated specific surface area and adjustable pore size distribution.
A greater specific surface area enables more surface functional groups,
enhancing the contact area between activated biochar and PCM and
reinforcing the interaction between functional groups and PCM. More-
over, a larger total pore volume signifies an augmented presence of in-
ternal pores, which provides additional space for PCM accommodation.
Consequently, larger Spgr and Viga of activated biochar lead to
increased loading of PCM.

These differences in Sgpr and Viota) may have resulted from the dis-
tribution of micropores and macropores in various activated biochar
samples. Notably, despite having the smallest specific surface area, RH
exhibited a larger pore volume than PN and BB, mainly due to its higher
proportion of macropores. The above phenomenon was further
demonstrated by the average pore size (Dayerage) Of the activated bio-
char, where PN had the smallest average pore size, followed by CC, WS,
BB, and RH. The variations in textural characteristics between the
activated biochar samples can be attributed to the carbon composition of
the biomass precursors and the differences in the three main compo-
nents (cellulose, hemicellulose, and lignin) (Gayathiri et al., 2022).
Additionally, the yield (Y) of the activated biochar samples was obtained
utilizing the following equation:

y— Was )

Wprecursor

where Worecursor and Wap represent the masses of the biomass precursor
and the biochar activated by KyCOs, respectively. The differences in
yield between the various activated biochar samples were insignificant.
Of the samples, the activated biochar RH had the lowest yield of 24.14
%; this can be attributed to the elimination of more non-carbon elements
in the rice husk precursor at high temperatures, consistent with a higher
proportion of macropores in RH.

3.1.2. Surface microstructure of the activated biochar
The SEM images of the activated biochar samples RH, BB, PN, WS,
and CC are displayed in Fig. 3. The surface microstructure of the

Industrial Crops & Products 204 (2023) 117184

activated biochar samples prepared utilizing different precursors acti-
vated by K2CO3 exhibited remarkable similarities, characterized by the
presence of well-developed pores and highly porous structures. These
SEM images revealed a multitude of small pores and channels, depicting
a diverse multi-level pore structure. These pores exhibited irregular
shapes with a relatively uniform size distribution. Furthermore, the
interconnected pores formed a complex and interconnected network.
This structural feature confirmed the activated biochar’s substantial
specific surface area and total pore volume resulting from the activation
process using KoCO3. Additionally, the activated biochar sample surface
displayed intricate textures and microscopic features, indicating the
abundant presence of functional groups. These images reveal the for-
mation of highly porous structures of varying sizes in different activated
biochar samples and indicate the development of a high-porosity carbon
matrix. These collective characteristics contributed to the activated
biochar’s exceptional adsorption capacity and ample loading capacity
for PCM. The formation of a porous texture in activated biochar can be
attributed to the impregnation and activation mechanisms that involve
K2COg3 (Singh et al., 2023). KHCO3 was generated when the biomass
precursors were impregnated with KoCOs during the impregnation
process. At high temperatures, the non-carbon elements of the pre-
cursors decomposed, leading to the condensation of carbon into aro-
matic frameworks. Subsequently, KHCO3 underwent conversion to
K5CO3, Hy0, and CO-, at temperatures below 200 °C. These compounds
then reacted with carbon and etched the aromatic skeleton at higher
temperatures to form the porous texture.

2KHCO3—-K;CO3+H;0+4+CO, 2
K,CO342 C—2 K+3CO (3)
H,0+C0,+2 C—H,+3CO 4

3.1.3. Surface microstructure of the composite PCMs

The SEM images of PA, SA, PEG/RH, BB, PN, WS, and CC composite
PCMs, which show the loading of three organic PCMs by the activated
biochar prepared with various precursors, are exhibited in Fig. 4. All the
prepared composite PCMs exhibited a uniform PCM distribution, and
their surface morphology was denser than that of the supporting acti-
vated biochar supporting material. Only a small amount of activated
biochar pores on their surface were not filled with PCM (as shown in
Fig. 4(a, f, m)). Therefore, the activated biochar effectively loaded three

Fig. 3. SEM images of activated biochar: (a) RH (100 um), (b) RH (20 um), (c) BB, (d) PN, (e) WS, and (f) CC.
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Fig. 4. SEM images of (a—e) PA, (f-j) SA, (k-0) PEG/RH, BB, PN, WS, and CC composite PCMs.

organic PCMs through capillary force and surface tension. asymmetric stretching of fatty -CH, groups and the stretching vibration
of symmetrical C-H bonds (B et al., 2008). An IR absorption band was
observed in the range of 1614-1620 cm ™}, suggesting a distinct type of
shear vibration within the aromatic ring framework or a bending vi-
bration of C=0, which is related to the overall vibration that results
from water adsorption by the material (Ausavasukhi et al., 2016). The IR
absorption band located at 1092-1186 cm™ may be assigned to the
association of O-H groups and C-O axial deformation in carboxyl acids,
aromatic esters, and aliphatic and aromatic ethers (Zhao et al., 2013).

3.2. Chemical compatibility

Fig. 5(a) and Table S1 compare the FT-IR spectra of various activated
biochar samples. The biochar samples exhibited a wide and intense
absorption peak in the 3432-3446 cm™! range, which corresponded to
the stretching vibration of ~-OH groups (Cao et al., 2018). The absorption
peak for the 2923-2929 cm™! wavenumber may be ascribed to the

140 250 1
Q Q
< 10 £ 200-
D -]
<9 <9
2 -
b= £ 150
£ 100 £
g g 725
] 2847 1468
E E 100 2916
801 ——PA/RH
50 4 —— PA /BB—— PA/PN
1092 291
——cCc 8 ——— PA/WS —— PA/CC
60 T T . T T r T T T . T .
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)
c (d)
300 2351 16V97 300
28. \ —— 1
~ 250 1 1699 22501 28
d J
S S )
@ 2001 1699 200 4
2 2
;3 150 4 1697 §150 .
é 100 4 1699 Emo-
2 2
S 50 2351 £ 504
& 50 E 50
2851 ——
0 2918 SA 0
—— SA /BB—— SA/PN ——PEG /ZPL—— PEG/HPL 1107
-50 _ —SA/WS——SA/CC 504 — PEG/KPL —— PEG/KCPL
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Fig. 5. FT-IR spectra of (a) activated biochar samples prepared using various precursors, (b) PA and PA/RH, BB, PN, WS, and CC composite PCMs, (c) SA and SA/RH,
BB, PN, WS, and CC composite PCMs, (d) PEG, PEG/RH, BB, PN, WS, and CC composite PCMs.
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Some changes and displacements were found for the activated biochar
sample prepared using various precursors, and these changes might have
been due to the difference in the composition of cellulose, hemicellulose,
and lignin in different biomass precursors.

The IR absorption bands of the composite PCMs exhibited remark-
able similarity to those of the pure PCMs (Fig. 5(b-d)), albeit with a
noticeable decrease in intensity. Additionally, the introduction of acti-
vated biochar support materials led to the enhancement of certain
characteristic peaks in the IR absorption band of the composite PCMs,
although these peaks were not pronounced. This can be attributed to the
comparatively low proportion of support material within the composite
PCMs, thus indicating the excellent chemical compatibility between the
activated biochar and the PCMs.

Furthermore, the potential physical and chemical interactions be-
tween activated biochar and PCM were addressed. Previous studies have
reported several interactions between activated biochar and PCM,
including pore-filling (Luo et al., 2022), hydrogen-bonding (Atinafu
et al., 2021b), hydrophobic interaction, and other possible mechanisms
(Lv et al., 2022), as illustrated in Fig. 6. Firstly, the nitrogen- and
oxygen-containing functional groups on the activated biochar surface
can facilitate the filling of PCM into the pores through intermolecular
interactions. Secondly, the hydrogen-bonding can further enhance the
loading capacity of PCM. Lastly, hydrophobic interaction, along with
other potential interactions, can influence the loading behavior of
activated biochar on PCM. It is noteworthy that the interaction between
activated biochar and PCM molecules may also impact the melting and
solidification processes of PCM inside activated biochar, thereby
affecting their thermal properties in addition to increasing the PCM
loading. The influence of the activated biochar-PCM interactions on the
thermal performance of PCM will be extensively discussed in Section
3.3.

3.3. Thermal properties

3.3.1. Phase transition temperature and enthalpy

Fig. 7(a—c) presents the DSC endothermic and exothermic curves of
three PCMs and the corresponding composite PCMs. Introducing acti-
vated biochar into PCM did not cause significant changes in the DSC
curve, indicating good chemical compatibility between the PCM and the

Pore-filling

Intermolecular interaction
(van der Waals force)

PCM loading in activated
biochar macro/mesoporous

Hydrogen-bondin

(S]
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biochar. However, noticeable shifts in position and intensity were
observed in the DSC curves. Fig. 7(d) and Table 3 provide a comparison
of the peak melting temperature (Ty,) and peak solidification tempera-
ture (Ts) of the pure and the composite PCM samples. The addition of
activated biochar slightly decreased the Ty, and Ts of the composite
PCMs. For instance, the incorporation of activated biochar led to a
decrease in the Ty, and Ts of PA. The Ty, and T values of PA were reduced
from 57.73/55.19°C to 56.83/53.20, 57.04/53.25, 56.09/52.05,
57.16/52.86, and 57.11/52.94 °C for PA/RH, PA/BB, PA/PN, PA/WS,
and PA/CC, respectively. Similarly, comparable findings were observed
in the SA and PEG composite PCM. The decrease in peak melting and
solidification temperatures of PCM, following the addition of activated
biochar, could be attributed to the textural characteristics of biochar and
various interactions between the surface functional groups of the bio-
char and different PCM molecules (Atinafu et al., 2020b).

Fig. 8(a) illustrates the endothermic and exothermic heat enthalpies
(AHengo and AHey,) of the pure and the composite PCM samples. After
the introduction of activated biochar, the endothermic enthalpy of PA
decreased from 225.24 kJ/kg to 156.06, 151.55, 151.46, 156.31, and
152.38 kJ/kg for PA/RH, PA/BB, PA/PN, PA/WS, and PA/CC. Similarly,
the endothermic enthalpy of SA decreased from 231.87 kJ/kg to 162.09,
158.96, 170.63, 168.88, and 175.27 kJ/kg for SA/RH, SA/BB, SA/PN,
SA/WS, and SA/CC, whereas that of PEG decreased from 188.79 kJ/kg
to 130.45, 133.94, 137.39, 119.03, and 121.94 kJ/kg for PEG/RH, PEG/
BB, PEG/PN, PEG/WS, and PEG/CC. The exothermic enthalpies of the
composite PCMs followed a trend similar to those of the endothermic
enthalpies, so it will not be elaborated here. There are three main rea-
sons for the decrease in endothermic and exothermic enthalpies of the
composite PCM samples. (1) The introduced activated biochar material
accounted for a certain proportion of weight in the composite PCMs and
did not undergo phase transition within the temperature range tested by
DSC. (2) Some PCMs might not have undergone phase change during
endothermic and exothermic processes due to the capillary force and
surface tension in the smaller pores of the activated biochar. (3) The
interaction between the surface functional groups of the activated bio-
char and the PCM molecules prevented the phase transition of the PCM
that was in contact with the biochar surface.

Other potential interactions

Other functional groups

n-n EDA interaction

"% _Hydrophobic PCM
*<

Hydrophobic interaction

Fig. 6. Potential physical and chemical interactions between activated biochar and organic PCM.
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Fig. 7. DSC curves of (a) PA, (b) SA, and (c) PEG composite PCM samples, and (d) peak melting temperature and peak solidification temperature of pure and

composite PCM samples.

3.3.2. Loading capacity and loading efficiency

The loading capacity C was proposed to evaluate the effect of the
weight proportion of the activated biochar on the endothermic and
exothermic enthalpies of the composite PCMs, and the loading efficiency
E (Li et al., 2013) was used to assess the impact on the enthalpy of the
textural characteristics and the surface functional group interactions of
the introduced biochar. The following Eqs. (5 and 6) calculate the
loading capacity and the loading efficiency:

_ Mcpcm — MaB

c %)

mcpcm

E= AHendo,CPCM + AHexo,CPCM
AHengopem + AHexo pem

(6)

where mcpcy and mpp are the mass of the composite PCMs and the mass
of the activated biochar in the composite PCMs; AHendo,cpcm, AHexo,
cpcM; AHendopcm and AHexopcm refer to the endothermic and
exothermic enthalpies of the composite PCM and the pure PCM,
respectively.

A comparison of the values of C and E of the activated biochar for PA,
SA, and PEG is depicted in Fig. 8(b) and summarized in Table 3. The
loading capacities for RH, BB, PN, WS, and CC for PA were 78.80 %,
78.47 %, 81.12 %, 78.16 %, and 78.79 %, respectively. Their loading
capacities for SA were 80.35 %, 79.38 %, 82.89 %, 78.45 %, and 80.83
%, respectively, and their loading capacities for PEG were 84.7 %, 82.86
%, 85.08 %, 83.47 %, and 85.19 %, respectively. The activated biochar
exhibited the highest loading capacity for PEG, followed by its loading
capacity for SA and PA. The difference between the PCMs could be
attributed to their varying functional groups and their interactions with

the surface functional groups of the activated biochar, which ultimately
influenced the loading capacity. Of the types of activated biochar, PN
demonstrated the highest loading capacity for all three organic PCMs.
However, the differences between the other activated biochar samples
were insignificant. This observation may be attributed to PN having the
smallest average diameter, which provides enhanced capillary force and
surface tension and thereby facilitates a more favorable environment for
PCM loading. The loading capacities of the activated biochar for organic
PCMs reported in other work are listed in Table 4. The activated biochar
obtained by treating different biomass precursors with K,CO3 demon-
strated a better loading capacity for the three types of organic PCMs than
most biochar prepared using alternative methods or activators. Mean-
while, the composite PCMs prepared using KoCOs exhibited more
appealing endothermic and exothermic enthalpies.

Considering the impact of their textural characteristics and surface
functional group interactions on the enthalpies of the composite PCMs,
the loading efficiencies of the biochar samples were lower than their
corresponding loading capacities, as shown in Fig. 8(b) and listed in
Table 3. Activated biochar seemed to have the highest loading efficiency
for SA, followed by its efficiencies for PA and PEG, which could be
attributed to the differential interactions between the activated biochar
and organic PCMs, which had different functional groups and varying
molecular sizes. The differences in the interactions could be further
obtained by the influence degree n proposed in our previous work (Lv
et al., 2022).

n= (1—%) x 100% @

Overall, the textural characteristics and surface functional groups of
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Table 3

Thermal properties of pure and composite PCMs, loading capacity (C), loading
efficiency (E), and influence degree (1) of activated biochar on PCMs. AH,pg, and
AH,y, are the heat enthalpies of the sample in the endothermic and exothermic
processes, respectively.

Sample Tm AHendo Ts AHexo C (%) E (%) 7 (%)
[§9)] (kJ/kg) Q) (kJ/kg)
PA 57.73  225.24 55.19  227.13 - - -
PA/RH  56.83  156.06 53.20  159.98 78.80 69.86 11.34
+0.03 +0.11 +0.14
PA/BB 57.04  151.55 53.25 152.86 78.47 67.29 14.24
+0.03 +0.10 +0.13
PA/PN 56.09 151.46 52.05 153.23 81.12 67.35 16.97
+0.03 +0.10 +0.13
PA/WS  57.16  156.31 52.86 158.12 78.16 69.51 11.07
+ 0.03 +0.10 +0.14
PA/CC 57.11 152.38 52.94  154.37 78.79 67.81 13.94
+0.03 +0.10 +0.13
SA 70.87 231.87 67.17 231.98 - - -
SA/RH 68.73 162.09 64.00 160.74 80.35 69.60 13.38
+0.03 +0.10 +0.13
SA/BB 69.44  158.96 63.82  158.77 79.38 68.50 13.71
+ 0.03 +0.10 +0.13
SA/PN 70.41 170.63 64.21  168.53 82.89 73.12 11.79
+0.03 +0.11 +0.13
SA/WS 70.30 168.88 64.32 165.35 78.45 72.06 8.15
+0.03 +0.11 +0.14
SA/CC 70.27  175.27 64.19 176.70 80.83 75.88 6.12
+ 0.03 +0.11 +0.14
PEG 61.67 188.79 41.36 182.85 - - -
PEG/ 59.37  130.45 40.81  126.96 84.70 69.26 18.23
RH + 0.02 +0.11 +0.13
PEG/ 58.56 133.94 39.81 128.52 82.86 70.62 14.77
BB +0.03 +0.11 +0.14
PEG/ 60.30  137.39 39.74 135.70 85.07 73.48 13.62
PN + 0.02 +0.12 +0.14
PEG/ 59.35 119.03 39.37 113.97 83.46 62.70 24.88
WS + 0.02 + 0.10 +0.12
PEG/ 57.05  121.94 37.06 11892 85.19 64.81 23.92
CcC +0.02 +0.10 +0.12

the activated biochar exhibited the greatest influence degree on the
endothermic and exothermic enthalpies of PEG, followed by their in-
fluence degree on PA and SA, which aligned with the results for loading
efficiency. For instance, the influence degree of WS on PEG was as high
as 24.88 %, while that on PA and SA decreased to 11.07 % and 8.15 %,
respectively. However, there was no distinct pattern regarding the in-
fluence degree of different activated biochar samples on the PCMs. This
could be attributed to variations in specific surface area, average pore
size, and surface functional groups of the activated biochar.

Furthermore, the loading capacity and influence degree of the bio-
char activated by KoCO3 on organic PCMs were compared with that of
other carbon materials reported in previous studies, such as EG, CNT,
graphene, and physically activated biochar. It was observed that the
loading capacity of the biochar activated using K2CO3 for organic PCMs
was comparable to that of other carbon support materials with good
performance, whereas its influence degree on PCMs was relatively low.
This further supports the suitability of the activated biochar prepared
using K2COs for loading organic PCMs and offers a promising option for
the future utilization of discarded biomass biochar in PCM loading.

3.4. Thermal conductivity

First, the thermal conductivity of different activated biochar pow-
ders was measured, as depicted in Fig. 9(a). Of the activated biochar
powders, RH exhibited the highest thermal conductivity of 0.06 W/
(m-K), followed by WS, BB, CC, and PN, which had values of 0.059,
0.057, 0.054, and 0.051 W/(m-K). The variations in thermal conduc-
tivity of these activated biochar samples can be explained by the
arrangement of the carbon sheets in single layers, which can be quan-
tified by the ratio R of the height of the Bragg peak to the background
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(Wang et al, 2009). A higher R corresponds to greater thermal
conductivity.

The thermal conductivity values of PA, SA, and PEG, as well as their
corresponding composite PCMs, are presented in Fig. 9(c). The result
indicates that introducing activated biochar enhanced the thermal
conductivity of the three PCM types to different extents, with RH
demonstrating the most significant improvement in thermal conduc-
tivity, followed by WS, BB, CC, and PN. For example, the thermal con-
ductivity of PA/RH, PA/BB, PA/PN, PA/WS, and PA/CC increased from
an initial value of 0.302 W/(m-K) for pure PA to 0.441, 0.414, 0.405,
0.421, and 0.411 W/(m-K), respectively, which corresponded to in-
creases of 1.46-, 1.37-, 1.34-, 1.39-, and 1.36-fold. The observed varia-
tions in the thermal conductivity improvement between the different
activated biochar samples can be attributed to disparities in the thermal
conductivity of the biochar itself, as activated biochar samples that were
prepared using different precursors exhibited distinct thermal conduc-
tivities (Kim et al., 2021; Yang et al., 2019). The composite PCM added
with activated biochar with higher thermal conductivity also possessed
higher thermal conductivity.

3.5. Thermal stability

The TG curve of the PA composite PCMs exhibited a notable back-
ward shift upon the addition of activated biochar, as shown in Fig. 10(b).
The peak decomposition temperature was increased from 264.76 °C for
pure PA to 286.63, 283.31, 287.33, 286.66, and 286.91 °C for PA/RH,
PA/BB, PA/PN, PA/WS, and PA/CC, respectively. For SA, no significant
change was observed in the TG curve or the peak decomposition tem-
perature of its composite PCMs (Fig. 10(d)). For PEG, the TG curve of its
composite PCMs also demonstrated a significant backward shift upon
mixing with biochar, and the peak decomposition temperature was
increased from 369.00 °C for pure PEG to 375.60, 377.24, 372.42,
372.90, and 372.11 °C for PEG/RH, PEG/BB, PEG/PN, PEG/WS, and
PEG/CC, respectively (Fig. 10(f)). In summary, incorporating organic
PCMs into activated biochar increased the peak decomposition tem-
perature, which indicated an enhancement of the thermal stability of the
composite PCMs. Activated biochar exhibited the highest enhancement
in the thermal stability of PA, followed by its enhancement in PEG and
SA. This phenomenon could be attributed to the interactions between
the activated biochar and the organic PCMs, which had different func-
tional groups and molecular sizes. Similar results have been reported in
previous research (Atinafu et al., 2021a; Das et al., 2020; Gao et al.,
2021).

Furthermore, the DTG curves of the composite PCMs displayed a
single prominent peak, corresponding to the decomposition of the PCMs
in the composite. No decomposition peak of the activated biochar
component was observed in the DTG curve. This absence can be
attributed to the synthesis conditions of the activated biochar, which
was synthesized at a high temperature of 700 °C in a vacuum muffle
furnace. In contrast, the TG testing temperature range in this study was
limited to a maximum of 600 °C, which was lower than the synthesis
temperature. Consequently, the activated biochar component did not
undergo decomposition within the temperature range covered by the TG
testing, aligning with findings reported in previous studies (Atinafu
et al., 2020a; Das et al., 2020).

Fig. 11 displays photographs of PA, SA, and PEG composite PCMs
subject to drying in a 90 °C oven for 30 min. Notably, no obvious
leakage of liquid PCM was observed in these composite PCMs after the
heating process, signifying the successful fabrication of shape-stable
composite PCMs. This observation further suggested that the biochar’s
high specific surface area and small pore size contributed to the capillary
forces, surface tension, and interaction energy between the surface
functional groups. These factors effectively confined the organic PCM
within the microstructure of the activated biochar.

Finally, a 100 thermal cycles test was conducted to assess the thermal
stability and reliability of PA/PN, SA/PN, and PEG/PN composite PCMs.
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Fig. 8. (a) Endothermic and exothermic enthalpies of pure and composite PCM samples, (b) loading capacity and loading efficiency of various activated types of
biochar for PCMs, (c) influence degree of various types of activated biochar on PCMs, and (d) comparison of influence degree of biochar on PCMs reported in other
work and this work.

Table 4
Thermal properties of reported biochar-based composite PCMs.
Activated biochar PCM Melting temperature Loading capacity Fusion enthalpy Enhancement of thermal References
Q) (%) (kJ/kg) conductivity

Softwood n-eicosane 37.0 26.4 52 - (Atinafu et al.,
2021b)

Oilseed rape 1-dodecanol 21.9 38.4 73.7 - (Atinafu et al.,
2020Db)

n-dodecane -4.1 60.2 90.5 - (Atinafu et al.,

2020b)

Rice husk Paraffin 48.2 70.1 95.7 1.77 (Yu et al., 2021)

Succulents-based carbon Paraffin 53.3 95 115.2 - (Wei et al., 2018b)

aerogel

Hemp shives Capric acid 28.9 55.93 78.7 1.26 (Sawadogo et al.,
2022)

Abandoned rice Palmitic-lauric acid 34.3 78.8 135.4 1.83 (Zhang et al., 2017)

Pinecone Palmitic acid 59.25 60 84.74 1.44 (Wan et al., 2019)

Cabbage mustard Tetra decanoic acid 50.6 57.07 103.55 2.18 (Gao et al., 2021)

Towel gourd PEG 2000 59.6 94.5 164.3 - (Song et al., 2020)

Pomelo peel flour PEG-6000 60 78.55 143.2 - (Hai-Chen et al.,
2019)

Almond shell PEG 4000 62.76 60 82.73 1.60 (Chen et al., 2018)

Potatoes PEG 4000 56.67 50 91.80 - (Tan et al., 2016)

Watermelon rind Mannitol 170.22 87.5 262.6 1.68 (Liu et al., 2021a)

Watermelon rind Sodium acetate 63.2 - 210 1.85 (Liu et al., 2021b)

trihydrate

The results, presented in Fig. 12, indicated that the peak melting/so- 56.47/51.33, 70.72/64.78, and 60.98/40.65 °C, respectively, after the
lidification temperatures of PA/PN, SA/PN, and PEG/PN increased from test. Furthermore, the endothermic and exothermic enthalpies of PA/
their initial values of 56.09/52.05, 70.41,/64.21, and 60.30/39.74 °C to PN, SA/PN, and PEG/PN decreased from 151.46/153.23, 170.63/

10



L. Lvetal Industrial Crops & Products 204 (2023) 117184
0.07

~
g @ (b) "
. 0.06
g 0.061 0.057 0.059 vose
~ o
2 .05 0.051

o 1 —~ -
z 3 -
S 0.04- & Wﬂgrm.{&mqﬂ
s > CC, R=1.524, k=0.054
(] N

‘7
S 0.03- 2
= 2
S =
= 0.02 4
E 0.01 4 [ BB, R=1.532, k=0.057
E w\J RH, R=1.645, k=0.060
0.00 = T T T T T T T T T
RH BB PN WS CcC 10 20 30 40 50 60 70 80

2Theta (degree)

=
>

0.516

e
n
1

Thermal Conductivity (W/(m-K))

Pure| RH | BB | PN

Pure |[RH | BB | PN |WS| CC

Py

1.2 1

=
=]
1

e
%
L

g
=N
L

I
EN
1

et
%
L

e
=
!

PA SA PEG

Enhancement of thermal conductivity

PA SA PEG

Fig. 9. (a) Thermal conductivity of pure and composite PCMs, (b) thermal conductivity enhancement of activated biochar on PCMs, (c) thermal conductivity of

activated biochar powder, and (d) XRD patterns of activated biochar samples.

168.53, and 137.39/135.70 kJ/kg to 150.91/153.34, 169.90/168.35,
and 137.12/135.05 kJ/kg, respectively. These marginal changes in
melting and solidification temperature and enthalpies prior to and
following the thermal cyclic test demonstrated the excellent cycling
stability of the composite PCMs.

4. Conclusion

This study utilized environmentally friendly K,COs3 as an activator in
the preparation of five types of activated biochar using discarded
biomass, including rice husk, bamboo, pine, walnut shell, and corncob
as precursors. Subsequently, five types of biochar were employed to load
three common organic PCMs, PA, SA, and PEG, to investigate the impact
of activated biochar on the thermal performance of the PCMs. The
textural characteristics of the activated biochar and the surface micro-
structure, chemical compatibility, thermal properties, and thermal
conductivity of the composite PCMs were studied. The primary findings
derived from this study are summarized as follows:

(1) The biochar activated with K»CO3 had a rich pore structure,
attractive specific surface area, and large total pore volume. The
specific surface area and total pore volume of the activated bio-
char CC were as high as 1053.95m?%/g and 0.467 cm®/g,
respectively.

(2) The activated biochar prepared using different precursors effec-
tively loaded three organic PCMs through capillary force and
surface tension and showed good chemical compatibility.

(3) The large specific surface area, rich textural characteristics, and
surface functional groups of activated biochar enhanced the

interaction between the activated biochar and the organic PCMs,

which effectively improved the loading capacity while reducing

loading efficiency and led to a higher influence degree. The
loading capacities of CC for PA, SA, and PEG were as high as

78.79 %, 80.83 %, and 85.19 %, respectively, with corresponding

influence degrees of 13.94 %, 6.12 %, and 23.92 %.

Introducing activated biochar into organic PCMs enhanced their

thermal conductivity effectively. RH demonstrated the most sig-

nificant thermal conductivity improvement for the PCMs, fol-
lowed by WS, BB, CC, and PN. The thermal conductivity values of

the composites PA/RH, SA/RH, and PEG/RH were 1.460, 1.138,

and 1.271 times that of the pure PCMs.

(5) After the activated biochar was introduced, the thermal stability
of composite PCMs was significantly improved. The activated
biochar demonstrated the greatest improvement in the thermal
stability of PA, followed by PEG and SA. The thermal cycling test
demonstrated the excellent cycling stability of the composite
PCMs.

(4

—

Therefore, the environmentally friendly activated biochar obtained
by activating various biomass precursors with potassium carbonate
exhibited a substantial specific surface area and a diverse pore structure.
The activated biochar demonstrated a remarkable loading capacity of up
to 80 % for organic PCMs, resulting in composite PCMs with excellent
thermal stability, significant heat enthalpy, and enhanced thermal
conductivity. These composite PCMs have extensive applications in
domestic hot water production and the thermal management of elec-
tronic components.
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Fig. 10. TG and DTG curves for (a, b) PA, (c, d) SA, (e, f) PEG composite PCMs.
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Fig. 11. Photographs of (a) PA, (b) SA, and (c) PEG composite PCMs subject to drying at 90 °C for 30 min.
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Fig. 12. DSC curves of (a) PA/PN, (b) SA/PN, and (c) PEG/PN composite PCMs prior to and following the 100 thermal cycling test.
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