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This study synthesizes microencapsulated phase change materials (MePCM) from industrial waste-derived ex-
panded polystyrene (EPS) nanoparticles using a surfactant-free Pickering emulsion for building applications in
hot climates. EPS nanoparticles, synthesized via optimized nanoprecipitation technique with 70 % sonicator am-
plitude, serve as the MePCM shell with n-eicosane as the core. Characterizations show EPS nanoparticles with
diameter of 150 nm and MePCM sizes predominantly around 12ym. MePCMs exhibit melting and solidification
enthalpies of 301.4 J/g and 298.5 J/g, respectively, highlighting their potential for integration into building

materials for enhancing thermal management of buildings in hot climate.

1. Introduction

Phase change materials (PCMs) store and release thermal energy
through latent heat during solid-liquid transitions. Organic PCMs, fa-
vored for their thermal stability, high latent heat, and minimal super-
cooling, are widely used in building insulation, solar heating, and elec-
tronics [1]. Suitable for space heating and cooling within a 0-65 °C
range, their broader use is sometimes limited by leakage and chemi-
cal reactions during phase transitions [2]. Encapsulating PCMs within
a microscale shell, called microencapsulated PCM (MePCM), prevents
leakage, enhances heat transfer by increasing the surface-to-volume ra-
tio, and provides a larger heat exchange surface. This method uses shell
materials with higher melting points to encase the melted PCM, prevent-
ing leakage [3].

An ideal MePCM shell, specifically for building applications, would:
demonstrate strong mechanical and thermal characteristics to prevent
breakage; offer high thermal conductivity for effective heat transfer;
be chemically inert to avoid change in PCM properties, and be leak-
proof to preserve the integrity of surrounding materials [4]. Moreover,
shells are commonly made from organic polymers, which offer excel-
lent chemical stability. Inorganic materials like silica and calcium car-
bonates are also used for their high thermal conductivity [5]. Fur-
ther, various techniques are used for synthesizing MePCMs, includ-
ing physico-mechanical methods (e.g. spray drying), chemical meth-
ods (e.g. emulsion, polymerization), and physico-chemical methods
(e.g. sol-gel) [6].
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The literature reveals that MePCMs integrated into construction ma-
terials typically involve organic materials (e.g. melamine formaldehyde
resin) and inorganic materials (e.g. silica) [6]. To promote environmen-
tal sustainability, developing MePCM shells using industrial waste to
enable material recycling, reduce pollution, lower raw material costs,
and minimize the environmental footprint, advancing sustainable mate-
rial synthesis is desirable. Traditional MePCM synthesis often uses large
quantities of environmentally harmful amphiphilic surfactants. In con-
trast, surfactant-free Pickering emulsions, which are more stable, are
preferable [7]. Note that surfactant-free methods can reduce environ-
mental impact, lower production costs, and achieve smoother microcap-
sules with enhanced encapsulation efficiency and thermal stability. In
this context, the current study synthesizes nanoparticles from expanded
polystyrene (EPS) waste for use as shell material in developing MePCMs
through a surfactant-free Pickering emulsion process, followed by ther-
mophysical characterization. The synthesis process promotes sustain-
able development and yields a MePCM suitable for integrating into con-
struction materials to enhance building thermal management, particu-
larly in hot climates.

2. Materials and methods
2.1. Synthesis of shell nanoparticles from waste material

EPS nanoparticles were synthesized using waste materials. Ace-
tone, procured from Sigma-Aldrich, India, was used as a solvent. The
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hydrodynamic radius of the EPS nanoparticles was measured using dy-
namic light scattering with a Zetasizer Nano ZSP from Malvern Instru-
ments. A probe-type sonicator (Model: Branson SFX 250, output: 250 W)
was used at varying amplitudes for 2 min to optimize the nanoparticle
size. EPS sourced from leftover packaging materials, was used along-
side analytical-grade acetone as a solvent to initiate precipitation. This
process resulted in the synthesis of uniform nanoparticles. EPS nanopar-
ticles were synthesized following the nanoprecipitation method outlined
in [8], with sonication introduced to achieve better-sized nanoparticles.
Fig. 1a illustrates the step-by-step schematic of the EPS synthesis pro-
cess. Thermocol commonly used in packaging was cut into small pieces
and heated at 160 °C for 12hr in a hot air oven to remove volatile sub-
stances, causing it to shrink. After removing volatile matter, the ther-
mocol samples were dissolved in acetone at a 1 (EPS):20 (acetone) ratio
and magnetic stirred at 500 rpm for 6 h. Impurities were allowed to set-
tle, and the clear solution was transferred to a container. To synthesize
nanoparticles, 1 mL of this EPS-acetone solution was gradually added
to 20 mL of deionized water at a 0.5mL/min rate under a probe-type
sonicator. In this step, the sonicator amplitude is 70 % to deagglomer-
ate nanoparticle clusters and to obtain better-sized nanoparticles. The
mixture was then maintained at 25 °C for 8hr and heated to 60 °C for
4 h to evaporate the acetone and any excess solvent, ensuring uniform
nanoparticle distribution. Then, the particles were characterized using
various techniques.

2.2. Synthesis of MePCM

n-Eicosane, sourced from Sigma-Aldrich Japan, Tokyo, was utilized
as the PCM. NaCl, obtained from Sigma-Aldrich, India, was employed
as the electrolyte. The synthesis of MePCM was carried out using a Ho-
mogenizer (IKA T25 Digital Ultra-Turrax model). n-Eicosane, an organic
PCM, having a melting temperature of 36-38 °C is used. This is one of
the PCMs used for thermal management of building envelope under hot
climate [9]. Fig. 1b illustrates the step-by-step schematic of the MePCM
synthesis process using a surfactant-free Pickering emulsion template.
Initially, a salt solution is prepared with a 1:1 ratio of NaCl to distilled
water, mixed for 3 min using a vortex mixer. EPS nanoparticles are then
added to this solution in equal weight and mixed for another 3min. Con-
currently, n-eicosane is heated to 60 °C to liquefy. A water bath is also
prepared on a hot plate, maintained at 70 °C. The solution is then emulsi-
fied using a homogenizer at 10000 rpm for 5min. After homogenization,
the emulsion is cooled for 10 min and left to stabilize for 24hr at 25 °C in
an incubator. Finally, the microcapsules are isolated using nano filter pa-
per and air-dried at room temperature before further characterization. It
is worth pointing out here that, following the established synthesis pro-
tocol for MePCM, the core-to-shell ratio is maintained at 10:1. Under
the assumption of perfect encapsulation with no losses or imperfections
during the synthesis process, the theoretical core material content is cal-
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Fig. 1. Schematic of synthesis procedure: (a) EPS
nanoparticles; and (b) MePCM.

Synthesized EPS
nanopurticles

Macrocapsules

culated to be 90.91 %, with a corresponding theoretical latent heat of
298.18 J/g.

3. Results and discussion
3.1. Microstructural investigation

Fig. 2a depicts the effects of sonicator amplitude and size of EPS
nanoparticles. Ultrasonic treatment breaks down large nanoparticle
clusters into smaller clusters or individual nanoparticles. As observed,
nanoparticle size increases from 10 % to 40 % (a 35 % increase) and
subsequently decreases, reaching the lowest at 70 %. Note that smaller
nanoparticles have relatively larger surface area and thus potentially
can have enhanced thermal conductivity and specific heat capacity,
which are favorable for building applications. Smaller particle sizes in-
crease the surface-to-volume ratio, providing more efficient heat trans-
fer pathways and enhancing thermal conductivity [10]. The higher sur-
face area also exposes more surface atoms, which exhibit distinct vibra-
tional properties (surface phonon modes) that elevate the specific heat
capacity, as more energy is needed to heat the system. Conversely, larger
particles exhibit properties closer to bulk materials, leading to a specific
heat capacity that aligns more with bulk material’s values, minimizing
surface effects [11].

Further, from Fig. 2a, the intensity variation to synthesize nanopar-
ticle size is significant between 0 and 25 %. Thus, a sonicator ampli-
tude of 70 % is suggested to obtain majority nanoparticles. Note that
the synthesis of EPS nanoparticles using the solvent method is a nucle-
ation and precipitation process in which soluble polystyrene nucleates
from the solution, forming particles in water. 70 % sonication ampli-
tudes were employed during particle synthesis, as illustrated in Fig. 2a.
Each 20 mL batch underwent sonication for 2 min at room temperature
(25 °C). To minimize temperature fluctuations that could potentially in-
fluence particle properties, a water jacket was incorporated around the
synthesis reactor. Elevated temperatures during the synthesis process
can enhance particle diffusion, leading to changes in particle shape and
size. From the analysis at lower amplitude settings (10 %—40 %), par-
ticle size increases due to insufficient mixing, leading to particle aggre-
gation/clustering. In contrast, mixing improves significantly at higher
amplitudes (50 %—70 %). During sonication, formed bubbles collapse
rapidly, generating substantial thrust that enhances mixing within the
solution. This results in smaller particle sizes, as rapid mixing facilitates
efficient distribution of the organic phase into the aqueous phase, al-
lowing better distribution of polymer chains. Consequently, this leads
to a larger number of smaller nuclei, resulting in smaller nanoparticles
overall [8], as reflected by Fig. 2a. Note that all datasets presented in
this figure were repeated three times to minimize experimental errors.

The characterization of MePCM was performed using FE-SEM,
Model No: JSM7610F Plus, along with a DII-29030SCTR smart coater.



A.B. Huluka, S. Muthulingam, S. Manigandan et al.

(a)25 T T T T
Size Distribution by Intensity

70% 1
70% 2
70%3 |

20+

7

>

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

Next Research 2 (2025) 100195

30 40 50

MePCM size (um)

Fig. 2. Microstructural investigation: (a) Sonicator amplitude effect; (b) FE-SEM image of EPS nanoparticles; (c,d) SEM image of MePCM; (e) Size distribution of

MePCM.

Fig. 2b shows the synthesized EPS nanoparticles’ representative FE-SEM
image. The particles produced are predominantly spherical and exhibit
slight polydispersity. Many nanoparticles are observed with diameter of
150 nm. Further, Fig. 2c shows a representative SEM image of MePCM.
As observed, MePCM shows spherical shapes with n-eicosane concen-
trated within the EPS nanoparticles shell due to the Pickering effect. On
careful examination (Ref. Fig. 2d), it can be observed that the dispersed
phase containing n-eicosane spherical emulsions are entirely encapsu-
lated by EPS nanoparticles shell in the first layer, indicating core-shell
structural arrangement. Moreover, electron microscopic images showed
a smooth inner surface and a rough, undulating outer surface of the mi-
crocapsules. Analysis of over 400 MePCMs revealed an average diameter
of 12um, as shown in Fig. 2e. The size distribution ranged from 3.4ym
to 39.6um, with a large number clustering around 12ym. Given these
dimensions align with the voids in building materials, integration for
thermal management is highly viable.

3.2. Thermophysical characterization

The heat flow analysis of MePCM was conducted using a NETZSCH
DSC 204F1 differential scanning calorimeter (DSC). Fig. 3a presents the
DSC thermograms of n-eicosane and MePCM, both showing a single
melting peak at 40.9 °C for n-eicosane and 41.8 °C for MePCM. During
solidification, both display double peaks with maximum temperatures

of 31.6 °C for n-eicosane and 29.8 °C for MePCM. The double peaks
during n-eicosane’s exothermic phase indicate a complex solidification
involving two phase transitions: from isotropic liquid to rotator phase,
and from rotator to crystalline phase. Additionally, Fig. 3a includes the
melting and solidification enthalpies for both materials, with MePCM’s
values at 301.4J/g and 298.5J/g, respectively, lower than n-eicosane’s
323.5J/g and 332.5J/g. Note that the equivalency of melting and solidi-
fication enthalpies of MePCM can be attributed to several factors related
to the encapsulation process, the materials used for encapsulation, and
the structural modifications that occur during microencapsulation. Ad-
ditionally, the enthalpies of MePCM may be attributed to encapsulation
ratio and encapsulation efficiency, which can be calculated as [12]:

AHm, MePCM
R=—XHmpcom X 100% M
_ AHm,MePCM + AHc,MePCM

" AHm,MePCM + AHc,MePCM
where R represents encapsulation ratio and E signifies encapsulation
efficiency. Table 1 presents the thermal properties of n-eicosane and
MePCM. As observed, the encapsulation ratio of MePCM is 93.04 %
obtained and the encapsulation efficiency is determined 91.45 % en-
thalpies.

Moreover, the latent heat enthalpy may be attributed to the energy
required for melting and solidifying ion pairs, multiples, clusters, and ag-

x 100% 2
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Fig. 3. Thermophysical characterization: (a) DSC thermograms; (b) FT-IR spectra; (c) TGA analysis.
Table 1

Thermal properties of n-eicosane and MePCM.

Material Melting Solidification Encapsulation  Encapsulation
Enthalpy, enthalpy, AHc ratio efficiency
AHm (J/g8) J/8) ® (E)

n-eicosane 323.5 332.5 - -

MePCM 301.4 298.5 93.04 % 91.45 %

gregates, which is equivalent to the energy demands of pure n-eicosane
[13]. Another contributing factor is the higher core/shell ratio, as there
is a direct relationship between this ratio and the latent heat of MePCM
is equivalent. Studies have shown that as the core/shell ratio increases,
the latent heat almost equal, accompanied by an encapsulation effi-
ciency of 91.45 % which is align with existing literature [12]. It is worth
highlighting that the equivalency of the melting and solidification en-
thalpies of MePCMs have significant practical implications for thermal
energy storage in construction applications. These properties can enable
efficient energy absorption and release, ensuring reliable phase transi-
tions, improved thermal stability, and simple integration into concrete,
gypsum, and plaster. Additionally, melting enthalpy of MePCMs can ef-
fectively shift thermal loads by absorbing heat during peak demand,
thereby maintaining comfortable indoor temperatures and reducing re-
liance on mechanical heating and cooling systems.

The chemical composition of the synthesized MePCM was analyzed
using FT-IR spectroscopy (Bruker Tensor-27 model) with a KBr disc.
The FT-IR spectra in Fig. 3b exhibit notable peaks at 2912.89cm™! and
2848.57cml, corresponding to asymmetric stretching and symmetric
vibrations of C-H bonds in CH3/CH, groups. A peak at 1470.74cm™! in-
dicates C = O bond stretching in the -COOH group, typical for organic
PCMs. Distinct peaks at 1301cm™! and 723cm™! are associated with spe-
cific molecular vibrations; the 1369.26cm™! peak represents C-H bend-
ing vibration, and 716.07cm’! corresponds to CH, group’s in-plane de-
formation rocking vibration. An additional peak at 891.87cm, differing
from the expected 940.12cm’}, is attributed to —OH group vibrations. No
new peaks are observed in the MePCM spectra, confirming their chemi-
cal stability, with an extra peak may be attributed to the shell material.

Thermogravimetric Analysis (TGA) was carried out using a TA SDT
650 instrument with a nitrogen flow rate of 100 mL/min. TGA analysis
in Fig. 3c shows that the base PCM begins to lose weight at 170.8 °C,
with no weight loss observed between 25 °C and 90 °C, defining this
range as their operational temperature. Weight loss accelerates signifi-
cantly after 170.8 °C and continues steadily until 256.8 °C, attributed to
PCM evaporation. Note that beyond 200 °C, it loses 12.57 % by 256.8 °C.
Similar observations are reported in [14]. In contrast, MePCMs exhibit
enhanced thermal stability. No weight loss is detected until 150 °C, at-
tributed to the thermal resilience of the PCM core and the protective
shell. Degradation starts at 188.4 °C and undergoes a one-step decom-
position between 188.4 °C and 349.2 °C as the shell material begins to
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degrade. A second degradation step occurs up to 431.7 °C, with a total
weight loss of 93.2 %. Unlike base PCMs, which degrade >99 % by this
temperature, MePCMs demonstrate gradual decomposition up to 500 °C,
achieving complete degradation only at this point.

4. Conclusions

This study synthesized MePCM from EPS nanoparticles derived from
industrial waste using a surfactant-free Pickering emulsion for building
applications hot climate. The EPS nanoparticles, produced through a
nanoprecipitation technique with a 70 % sonicator amplitude setting,
resulted in better-sized nanoparticles averaging ~150 nm in diameter.
These nanoparticles formed MePCM shells with n-eicosane cores, fea-
turing smooth inner and rough, undulating outer surfaces around 12um
in diameter. MePCM’s melting and solidification enthalpies were al-
most equivalent with n-eicosane’s, at 301.4J/g and 298.5J/g, respec-
tively, underscoring their potential for enhancing thermal management
in buildings located in hot climates. Future studies will investigate the
integration of MePCMs into building envelopes, emphasizing their ther-
mal efficiency, mechanical properties, and environmental performance
under practical conditions.
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