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ARTICLE INFO ABSTRACT

Keywords: Eggplant tissue and pomelo peel waste were converted into lightweight biomass porous foams via freeze-drying
PCM and subsequently used as sustainable scaffolds for shape-stable PCMs. Paraffin (PA) and PEG 20 K were incor-
Sustainability porated into the biomass-derived foams, where the naturally interconnected cellular structures provided abun-
Eg:;iz 1\1\//[[:::2:1]: dant capillary channels for PCM uptake and confinement. The resulting composites achieved high PCM loadings
Biomass of 81.44-93.50 wt%. The melting enthalpies of Eggplant-PA, Pomelo-PA, Eggplant-20K, and Pomelo-20K
reached 169.31, 166.11, 155.76, and 143.56 J g’ , respectively, confirming their considerable latent heat
storage capability. In particular, Eggplant-20K and Pomelo-20K exhibited high enthalpy efficiencies of 106.77%
and 112.98%, respectively, indicating that the latent heat storage capacity of PEG 20 K was well preserved after
incorporation into the biomass-derived porous scaffolds. In the leakage resistance test, Eggplant-20K retained
98.08% of its initial mass after 3.5 h of heating, demonstrating good shape stability and leakage resistance. These
results highlight a simple and green strategy for upcycling porous plant biomass into high-loading, shape-sta-

bilized PCMs with promising potential for passive thermal regulation and energy-saving applications.

1. Introduction

Phase change materials (PCMs) have attracted growing interest for
thermal energy storage and passive thermal regulation because they can
store and release large amounts of latent heat during reversible phase
transitions. [1] Organic PCMs, such as paraffin (PA) [2] and poly-
ethylene glycol (PEG), [3] are widely used owing to their suitable
phase-change temperatures, high latent heat, chemical stability, and low
supercooling. However, their practical use is limited by leakage during
melting, poor shape stability, and low thermal conductivity.

To overcome these limitations, considerable efforts have been
devoted to the development of composite PCMs with improved shape
stability, heat-transfer capability, and application adaptability. Various
strategies have been explored, including the incorporation of thermally
conductive fillers, the construction of polymer-based phase-change
networks, the use of aerogel or porous scaffolds, and the fabrication of
flexible phase-change films. For example, highly thermally conductive
composite PCMs enabled by CNT-modified PVA aerogels have been re-
ported for solar energy storage and thermal management of electronic
components, demonstrating the importance of interconnected porous
networks for improving heat transfer. [4] Recent polymer-based

composite PCMs have also been designed for battery thermal manage-
ment, where flexibility, adaptability, and stable thermal buffering are
required. [5] In addition, intrinsically flexible solid—solid phase-change
films with photothermal conversion capability have been developed for
human thermal management, highlighting the increasing demand for
multifunctional PCMs that combine latent heat storage with flexibility,
photothermal response, and practical applicability. [6] More recently,
intrinsically photothermal polyurethane PCMs based on n—x conjugation
were reported for personal thermal management, showing integrated
photothermal conversion, flexibility, high-temperature morphological
stability, and mechanical robustness. [7] For building thermal man-
agement, PEG encapsulated within P/N co-doped rGO aerogels was
shown to achieve a balance between high latent heat storage and low
thermal conductivity, together with flame retardancy, electromagnetic
shielding, and temperature-adaptive thermal regulation. [8] In another
study, sodium silicate-reinforced anisotropic aerogel-stabilized eutectic
composite PCMs exhibited high latent heat, low thermal conductivity,
leakage resistance, mechanical stability, and dual-function thermal
management in buildings. [9] These studies indicate that the current
development of composite PCMs is moving from simple leakage pre-
vention toward multifunctional thermal management systems for
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Table 1
Specific indicators of the selected samples.

Samples T, peak Ts, peak Melting enthalpy (J/g) Solidification enthalpy PCM loading (%) Enthalpy efficiency

Q) Q) J/g) (%)

PA 56.73 50.42 218.95 209.20 - -

Eggplant-PA 55.51 48.10 169.31 171.47 91.16 + 0.95 84.83

Pomelo-PA 56.32 48.96 166.11 161.81 90.24 + 0.57 84.07

PEG 20 K 65.70 43.59 156.02 152.65 - -

Eggplant-20K 66.41 42.63 155.76 152.11 93.50 + 1.35 106.77

Pomelo-20K 67.22 42.24 143.56 138.75 81.44 + 0.36 112.98
diverse applications. preserving their latent heat storage capacity. Among various supporting

Among these strategies, embedding PCMs into porous supports is an materials, biomass-derived porous scaffolds [12] have attracted

effective strategy to suppress leakage and develop shape-stabilized increasing attention because they are renewable, lightweight, low-cost,
PCMs. [10] Porous scaffolds can confine molten PCMs through capil- and intrinsically possess hierarchical porous structures. In particular,
lary forces, [11] surface tension, and physical adsorption, while plant-derived biomass [13] provides a sustainable platform for PCM

(2)

(b)

(c)

(d)

Fig. 1. (a-b) Digital photographs of pristine freeze-dried bio-based foams and the corresponding PCM-loaded composites prepared by impregnation at 80 °C. (c-d)
The upper row shows the pristine foams, while the lower row shows Eggplant-20K, Eggplant-PA, Pomelo-PA, and Pomelo-20K.
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PEG 20K

Fig. 2. SEM images and corresponding schematic models of pristine and PCM-loaded biomass-derived foams: (a) eggplant-derived foam, (b) Eggplant-PA, (c)
Eggplant-PEG 20 K, (d) pomelo peel-derived foam, (e) Pomelo-PA, and (f) Pomelo-20K.

encapsulation, as many fruits and vegetables contain naturally formed
interconnected cellular architectures. [14] Freeze-drying can remove
water while largely preserving these cellular frameworks, thereby pro-
ducing lightweight porous foams without the need for complex chemical
synthesis, templates, or harsh processing conditions.

In this work, eggplant tissue and pomelo peel were selected as
representative plant-derived porous biomasses for PCM encapsulation.
Pomelo peel, a typical fruit peel waste, contains a thick sponge-like pith
layer with an inherent porous framework, while eggplant tissue was
used as a low-cost vegetable biomass and model porous plant tissue
owing to its soft and interconnected cellular structure. Eggplant- and
pomelo-peel-derived porous foams will be fabricated by freeze-drying
and subsequently used as scaffolds for PA and PEG 20 K through vac-
uum impregnation. The resulting biomass foam/PCM composites will be
systematically investigated in terms of PCM loading, normalized uptake,
morphology, chemical structure, phase-change behavior, thermal sta-
bility, leakage resistance, and thermal regulation performance. Unlike
many reported composite PCMs that rely on synthetic polymers, carbon
nanomaterials, or complex scaffold fabrication processes, this work
directly utilizes naturally porous plant tissues as low-cost biomass
scaffolds. The comparison between eggplant tissue and pomelo peel
further provides insight into how different plant-derived cellular struc-
tures influence PCM uptake, leakage resistance, and thermal regulation
performance. This work provides a facile and sustainable strategy for
converting plant-derived porous biomass into high-loading shape-sta-
bilized PCMs for thermal energy storage and passive thermal manage-
ment applications.

2. Experimental

Materials. Eggplant and pomelo peel were purchased from a local
market and used as biomass precursors. PA (Sigma-Aldrich, mp. 53-58
°C (ASTM D 87)) and polyethylene glycol with an average molecular
weight of 20000 g mol™! (PEG 20 K, Sigma-Aldrich, (stabilised) for
synthesis) were used as PCMs. All chemicals were used as received
without further purification.

Preparation of PCM composites. The prepared eggplant tissue and

pomelo peel samples were first frozen at —20 °C for 12 h and then freeze-
dried at approximately —50 °C for 48 h to obtain lightweight porous
biomass foams. The dried biomass foams were subsequently used as
scaffolds for PCM impregnation. PA or PEG 20 K was heated above its
melting temperature until completely melted. The freeze-dried foams
were immersed in the molten PCM and vacuum-impregnated overnight
under a vacuum level of —0.08 to —0.09 MPa to ensure sufficient PCM
infiltration into the hierarchical porous structure. After impregnation,
the samples were removed from the molten PCM, and the excess PCM on
the surface was gently wiped off with filter paper. Finally, the samples
were cooled to room temperature to obtain the biomass foam/PCM
composites.

Characterization. The morphology and porous structure of the
biomass-derived foams and the four PCM composites were observed by
scanning electron microscopy (SEM). Phase change properties were
analyzed by differential scanning calorimetry (DSC, TA-Q25) under ni-
trogen at a heating/cooling rate of 10 °C min™! , and the phase change
temperatures and enthalpies were obtained. The enthalpy efficiency of
PCMs can be determined by the following Equation, [15] Ent/alpy effi-
ciency % =3f— x 100%, where AHm (J/g) is the melting enthalpy of
the PCM composites, AH PCM (J/g) represents the melting enthalpy of
corresponding PCM work substances, and w (%) represents the loading
of PCMs in the PCM composites. The calculated results are presented in
Table 1. Leakage resistance and shape stability were evaluated by
heating the composites on filter paper at 80 °C, with leakage behavior
recorded every 30 min by observing PCM residues (weight percentage).
The PCM loading content, representing the mass fraction of PEG20K or
paraffin in the resulting composite phase-change materials, was calcu-
lated using the following equation: PCM loading (wt. %) = ™27 x
100%, where m;and ms denote the masses of the foam before and after
PCM impregnation, respectively.

3. Results and discussion
As illustrated in Fig. 1a, b, eggplant tissue and pomelo peel were

used as plant-derived biomass precursors to fabricate porous bio-based
foams for PCM encapsulation. Eggplant and pomelo peel were cut into
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Fig. 3. (a, b) DSC heating and cooling curves of pure PA, Eggplant-PA, and Pomelo-PA. (c, d) DSC curves of pure PEG20K, Eggplant-20K, and Pomelo-20K. (e) DSC
curves of Eggplant-PA during the 2nd, 25th, and 50th melting-crystallization cycles. M and C denote the melting and crystallization processes, respectively. (f) Mass
retention rate of Eggplant-20K, Eggplant-PA, Pomelo-PA, and Pomelo-20K during continuous heating.

cubes (Step I). After freeze-drying (Step II), lightweight porous scaffolds
were obtained and subsequently vacuum-impregnated with molten PA
or PEG 20 K at 80 °C (Step III). Upon cooling, the PCMs solidified within
the porous networks, forming shape-stable Eggplant-PA, Eggplant-20K,
Pomelo-PA, and Pomelo-20K composites. As shown in Fig. 1c, the freeze-
dried eggplant and pomelo peel foams maintained a regular cubic shape,
indicating that the freeze-drying process effectively preserved the
macroscopic structure of the plant tissues. After PCM impregnation, all

composites generally retained their cubic morphology without obvious
collapse or deformation (Fig. 1d), confirming that both biomass-derived
foams could act as self-supporting matrices for PA and PEG 20 K
encapsulation.

The SEM images and schematic models reveal the structural evolu-
tion of the biomass-derived foams before and after PCM loading. As
shown in Fig. 2, pristine eggplant foam exhibited a three-dimensional
porous structure with large open pores (~400 pm), thin pore walls,
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and pronounced surface wrinkles. Although the relatively large open
pores may provide abundant space for PCM uptake, they are not ex-
pected to generate strong capillary confinement alone. Instead, the
wrinkled and tortuous cell-wall structure can increase the contact area
with the PCM and provide steric hindrance against melt flow. In
contrast, pristine pomelo peel foam showed a more continuous
honeycomb-like porous framework with better structural integrity and
smaller pores (~200 pm). These structural differences are consistent
with the PCM loading results, as the more open eggplant-derived porous
network favored higher PCM uptake, while the denser pomelo peel
framework led to a relatively lower PCM mass fraction.

After PA impregnation, Eggplant-PA exhibited a more compact
morphology with markedly fewer visible voids, indicating relatively
effective pore filling by PA. In contrast, Pomelo-PA still retained a
partially interconnected porous structure. The PA phase was difficult to
clearly distinguish in the fractured cross-section, which may be attrib-
uted to its weak interfacial interaction with the biomass scaffold and
possible partial detachment during brittle fracture preparation for SEM
observation. For the PEG 20K-loaded samples, Eggplant-20K displayed a
denser and smoother morphology with a relatively continuous PCM-
filled phase, whereas Pomelo-20K still preserved part of its porous
structure. Compared with PA, PEG 20 K may be more effectively
retained within the biomass scaffold because of its higher melt viscosity,
lower melt mobility, and stronger physical adhesion with the hydroxyl-
rich biomass cell walls. These observations further confirm that the
biomass-derived porous architectures can accommodate PCMs within
their internal networks, while pore size, framework density, cell-wall
morphology, and PCM characteristics jointly influence the final PCM
distribution, loading efficiency, and leakage resistance.

As shown in Table 1, all composites achieved high PCM loading
contents ranging from 81.44 + 0.36-93.50 + 1.35 wt%, indicating the
excellent PCM uptake capability of the freeze-dried biomass scaffolds.
Eggplant-derived foams showed slightly higher PCM loading than
pomelo peel-derived foams for PA and much higher loading for PEG
20 K. This difference may be related to the more open and less dense
cellular structure of the eggplant-derived scaffold, whereas the pomelo
peel scaffold possesses a heavier and more robust framework, as further
supported by the SEM observations discussed below. In particular, the
lower PCM loading of Pomelo-20K may also be associated with the
relatively high viscosity of molten PEG 20 K, which could hinder its
infiltration into smaller or more tortuous pores. Nevertheless, the high
PCM loading contents of all samples demonstrate that both eggplant-
and pomelo peel-derived foams are effective sustainable porous supports
for shape-stabilized PCMs.

DSC results (Fig. 3a-d) confirmed that all composites retained
distinct melting and crystallization peaks, indicating reversible phase-
change behavior after incorporation into the biomass scaffolds.
Eggplant-PA and Pomelo-PA exhibited melting enthalpies of 169.31 and
166.11 J g, respectively. The PEG 20K-loaded samples also showed
high latent heat storage capacities, with melting enthalpies of
155.76 J g™ for Eggplant-20K and 143.56 J g*! for Pomelo-20K. Ac-
cording to the calculated values listed in Table 1, Eggplant-20K and
Pomelo-20K exhibited enthalpy efficiencies of 106.77% and 112.98%,
respectively, indicating that the latent heat storage capacity of PEG 20 K
was well preserved within the biomass-derived porous scaffolds. The
enthalpy efficiencies exceeding 100% may be attributed to scaffold
microstructure-induced crystallization of PEG 20 K within the biomass
porous frameworks, together with minor deviations in PCM loading
determination.

As a typical example, the thermal cycling DSC curves of Eggplant-PA
are shown in Fig. 3e, confirming that the composite maintained
reversible melting—crystallization behavior after repeated thermal cy-
cles. Leakage tests (Fig. 3f) showed that Eggplant-20K and Pomelo-20K
retained 98.08% and 94.25% of their initial mass after 3.5 h of heating,
respectively, demonstrating excellent leakage resistance. Based on the
SEM observations discussed above, the superior leakage resistance of
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Eggplant-20K should not be attributed solely to capillary confinement,
because the eggplant-derived scaffold contains relatively large and open
pores. Instead, it may be mainly associated with the combined effects of
physical adhesion between PEG 20 K and the biomass cell walls, the high
melt viscosity and low mobility of PEG 20 K, and the steric hindrance
provided by the wrinkled and tortuous cell-wall structure. The rough
and folded cell walls can increase the contact area with PEG 20 K and
provide physical barriers against melt flow, while the high viscosity of
molten PEG 20 K further reduces its mobility within the open porous
network. In contrast, PA-loaded composites showed rapid mass loss,
with Eggplant-PA retaining only approximately 32% and Pomelo-PA
approximately 44% of their initial mass after 3.5h. Overall, the
leakage resistance followed the order Eggplant-20K > Pomelo-20K
> Pomelo-PA > Eggplant-PA, indicating that PCM viscosity, scaffold
surface characteristics, and cell-wall morphology jointly determine the
leakage resistance and thermal storage performance of biomass foam/
PCM composites.

4. Conclusion

Eggplant tissue and pomelo peel waste were successfully upcycled
into lightweight plant-derived porous foams via a simple freeze-drying
process and used as sustainable scaffolds for shape-stabilized PCMs.
The naturally interconnected cellular structures of the biomass foams
enabled efficient uptake and retention of PA and PEG 20 K introduced
by vacuum impregnation. The resulting composites achieved high PCM
loadings of 81.44-93.50 wt% and retained considerable latent heat
storage capacity, with melting enthalpies ranging from 143.56 to
169.31 J g' . In particular, Eggplant-20K exhibited the highest PCM
loading and excellent leakage resistance, retaining 98.08% of its initial
mass after heating at 80 °C for 3.5 h. This behavior was mainly associ-
ated with the combined effects of PEG 20 K characteristics and the
wrinkled cell-wall structure of the eggplant-derived scaffold, which
contributed to physical adhesion, reduced melt mobility, and restricted
PCM leakage. These findings demonstrate a facile and sustainable
biomass-upcycling strategy for developing high-loading shape-stabilized
PCMs for thermal energy storage and passive thermal regulation.
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