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A B S T R A C T

The development of non-aqueous phase change material emulsions (PCMEs) for thermal energy storage holds 
significant potential, as it enables the extension of the operating temperature range beyond the freezing and 
boiling points of water. Nevertheless, achieving stable and processable formulations remains a significant 
challenge. In this regard, this research presents the formulation and characterization of anhydrous Pickering 
emulsions, in which a selected paraffin (melting point 58–60 ◦C) serves both as the dispersed phase and as the 
phase change material (PCM), while polyethylene glycol (PEG 400) constitutes the continuous phase. The 
emulsions were stabilized with hydrophobized pyrogenic silica nanoparticles, and the influence of nanoparticles 
concentration on emulsion morphology, rheology, and thermal properties was evaluated. Characterization 
techniques included optical microscopy, steady-state flow measurements, oscillatory tests, and modulated dif
ferential scanning calorimetry (MDSC). The results demonstrate that the nanoparticles successfully stabilize the 
emulsions and enhance their rheological properties, which is attributed to internal structuring mechanisms. 
Additionally, only minimal supercooling was detected in the samples. Overall, the formulated emulsions exhibit 
tuneable properties and offer a promising platform for the design of PCME systems capable of stable operation at 
elevated temperatures, including applications in solar–thermal energy capture.

1. Introduction

The increasing global demand for energy, driven by population 
growth and technological advancements based on fossil fuels, has raised 
concerns about climate change and greenhouse gas emissions [1]. To 
ensure a sustainable future, it is important to promote the use of 
renewable energy sources, such as solar and wind power, which can be 
an effective way to address the energy crisis without causing further 
harm to the environment. However, renewable energy sources face a 
significant challenge in achieving a progressive reduction and substi
tution of fossil-based energy due to a mismatch between energy gener
ation and consumption. Thus, to achieve a progressive optimization of 
renewable energy, excess energy from these fluctuating sources must be 
stored to bridge the gap between energy gathering and demand. Ther
mal energy storage (TES) is one of the most efficient means to achieve it 
[2].

TES refers to the temporary accumulation of thermal energy in the 

form of heat or cold for later use. TES systems are characterised by high 
efficiency, short charging and discharging cycles, economic efficacy, 
and safety [3,4]. Although most practical applications typically make 
use of sensible heat storage systems, latent heat storage offers signifi
cantly higher storage density, smaller volumes and operational advan
tages, with minimal temperature variation during the charging and 
discharging processes. It has proven to be an efficient method of storing 
thermal energy [5,6].

Therefore, the use of phase change materials (PCMs) for latent heat 
storage is highly relevant due to their high energy density and ability to 
store or release a significant amount of heat within a constant temper
ature range during phase transition, typically between liquid and solid 
states. This makes them a promising option for various applications, 
including solar thermal systems, building insulation and thermoregu
lation, food storage, and transportation [7,8]. Among TES systems based 
on PCM, phase change material emulsions (PCMEs) represent a viable, 
relatively low-cost and straightforward formulation of advanced heat 
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transfer fluids [9] that enables not only energy storage but also its 
transport from the production site to the end-use location. These PCMEs 
consist of PCM dispersed in the form of droplets in an immiscible carrier 
fluid, which acts as the continuous phase, stabilized by an emulsifying 
agent [10]. Then, this alternative has a high thermal storage capacity 
derived from the combined sensible and latent thermal capacities of the 
carrier fluid and PCM. Therefore, PCMEs endow heat transfer fluids with 
new functional properties, such as enhanced fluidity, pumpability, and 
efficient transport of the thermal energy absorbed or released during 
phase-change transitions [9,11]. Nonetheless, achieving long-term sta
bility and mitigating supercooling remain challenging aspects in PCME 
formulation for the effective implementation [12].

In practice, the development of PCMEs have mostly been developed 
using aqueous paraffin-based systems, which remain the most exten
sively studied to date [9,13]. Representative examples include tetrade
cane or n-octadecane in water emulsions stabilized with a mixture of 
non-ionic surfactants such as Tween 60 and Span 60 [14] or Tween 20 
and 1,3-butanediol [15], respectively. Emulsions containing n-hex
adecane stabilized with organic surfactants such as Span 80 [15] and 
Tween80 [16] have also been reported. Beyond to paraffin-based sys
tems, fatty acid–based emulsions have also received considerable 
attention. These include formulations incorporating stearic acid, capric 
acid, lauric acid, myristic acid, and palmitic acid, as well as eutectic 
mixtures of these components. Such systems are typically stabilized 
using combinations of ionic surfactants (e.g. sodium dodecyl sulfate, 
SDS) and non-ionic surfactants (e.g. Span 20) [17]. As well as other 
organic PCMs, including long-chain alcohols (1-hexadecanol) [18] and 
fatty acid esters (Crodatherm 53 and Crodatherm 47) [19] have also 
been emulsified using tailored surfactant blends (ionic or non-ionic) 
depending on the formulation goals.

Beyond the choice of PCM and surfactant, the immiscibility between 
the PCM and the carrier fluid largely determines the emulsion devel
opment. Depending on PCM solubility, PCMEs can be formulated as 
PCM-in-water (O/W) when water is the continuous phase, or PCM-in-oil 
(O/O) for water-free systems [11]. In addition, the preparation method 
plays a key role in defining the emulsion type. Emulsions may be pro
duced using high-energy or low-energy techniques depending on the 
application and desired properties [20]. High-energy methods rely on 
mechanical shear to break large droplets into smaller ones (5–100 μm), 
with disruptive forces generated by devices such as rotor–stator systems, 
ultrasonicators, high-pressure homogenizers, microfluidizers, or mem
branes. In contrast, low-energy methods exploit the physicochemical 
properties of surfactants rather than external energy input. These ap
proaches, including phase inversion temperature (PIT) and emulsion 
inversion point (EIP), enable a controlled transition between oil-in- 
water and water-in-oil systems, often producing uniform, and stable 
emulsions [9,11].

In this context, numerous studies have investigated both conven
tional and emerging applications of aqueous PCMEs for heating and 
cooling purposes. Notable examples include their use in photovoltaic 
heat dissipation [21], cold storage for building radiant cooling systems 
[22], battery thermal management [23], heat exchangers [24], and heat 
dissipation in temperature-sensitive electronic components of high- 
voltage direct current converters operating at 50 ◦C [19].

Although the practical applications of energy storage with PCMEs 
are a relatively recent development requiring further research, existing 
studies have only presented aqueous-based emulsions where paraffins 
are stabilised by surfactants [9,25,26]. Thus, studying alternative for
mulations may offer additional advantages in terms of versatility and 
efficiency [11,27]. For instance, oil-in-oil (o/o) emulsions, characterized 
by the presence of two immiscible oil phases, represent a notable 
improvement over the traditional oil–water emulsions, allowing to 
expand the in-service temperature range [28,29]. These emulsions have 
demonstrated resilience and stability against heating–cooling cycles 
while preserving their properties and heat storage capacity[30]. More
over, these formulations could be suitable for applications where water 

is incompatible or where higher or lower operating temperatures than 
the freezing and boiling points of water are required [31,32].

In addition, Pickering emulsions have attracted increasing attention 
as an alternative stabilisation method to traditional surfactants for 
thermal storage applications, due to their notable resistance to coales
cence, high thermochemical stability, operational reliability and envi
ronmentally sustainable profile [33–35]. This approach involves using 
solid particles to stabilise immiscible phases by forming a dense layer of 
particles at the interface. This layer acts as a steric barrier, preventing 
PCM droplet coalescence and providing improved stability to the 
emulsion. In this regard, the stabilization mechanism in Pickering 
emulsions relies on the partial wetting behaviour of the solid particle 
surface by both liquid phases [36–38]. The adsorption of solid particles 
at liquid–liquid interfaces with very large desorption energies makes 
Pickering emulsions typically exhibit higher stability than surfactant- 
stabilized emulsions, as the particles form a robust and often irrevers
ible interfacial barrier [39]. In contrast, molecular surfactants used in 
phase change material emulsions (PCMEs) may undergo thermal 
degradation or experience reduced interfacial activity at elevated tem
peratures [40,41], which limits their performance in medium and high 
temperature thermal energy storage systems. Various applications of 
Pickering emulsions have been widely studied [36–38], but only recent 
researches have focused on formulating this type of emulsion for latent 
heat storage, using mainly oil-in-water emulsion stabilized by nano
materials such as oxides [42,43], polysaccharides [34,44] and polymers 
[45,46].

Among various PCMs, paraffin waxes exhibit several superior prop
erties compared to other PCMs, including low cost, high thermal storage 
density, chemical inertness, low vapour pressure, non-segregation, non- 
corrosiveness, and resistance to subcooling. These characteristics make 
them attractive for a range of applications, such as solar drying systems, 
solar energy collectors, electronic cooling, and building materials. 
However, their inherently low thermal conductivity remains a signifi
cant limitation in practical implementation [47–49].

Pickering oil‑in‑oil (O/O) phase‑change emulsions address the 
intrinsic volatility, chemical incompatibility, and temperature con
straints that may limit the performance of conventional water‑based 
PCMEs. By employing solid particles to stabilize the interface between 
two immiscible organic liquids, instead of traditional surfactants, these 
systems exhibit enhanced thermal stability, tuneable rheological prop
erties, and a pronounced resistance to coalescence [50]. The combina
tion of Pickering stabilization with fully non‑aqueous continuous phases 
affords robust operation under high‑temperature and water‑sensitive 
conditions, thereby positioning O/O PCMEs as a distinctly innovative 
platform for advanced thermal‑energy‑storage applications and related 
technologies.

The main objective of this study was to develop and characterise 
stable non-conventional oily PCMEs to investigate their potential as a 
thermal energy storage system. Specifically, a selected paraffin wax 
(melting point of 58–60 ◦C) was used as PCM, and a polyethylene glycol 
(PEG 400) was employed as polar heat transfer fluid which remains 
liquid and stable across the PCM phase transition temperature range. 
Finally, surface-modified hydrophobic pyrogenic silica nanoparticles 
were selected as the Pickering emulsion stabiliser, with a portion of the 
highly polar Si–OH groups on their surface chemically replaced by non- 
polar silane groups. This modification conferred partial hydrophobicity, 
enhancing the affinity between the two immiscible phases and thereby 
improving emulsion stability [51,52]. This work also seeks to generate 
fundamental knowledge that can guide the future development of 
Pickering emulsions engineered to function at temperatures exceeding 
100 ◦C, a type of system that remains unexplored to date [9]. In pursuit 
of a deeper understanding of this non-conventional system and the effect 
of nanoparticles on it, the thermophysical and rheological properties of 
the emulsions were thoroughly analysed. Initially, changes in the sur
face tension of the continuous phase were measured. Next, the emulsion 
microstructure was identified and examined. Then, viscous and 
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viscoelastic behaviour was studied and, finally, the thermal properties 
were measured and its potential use as a thermal energy storage system 
was discussed.

2. Experimental

2.1. Materials

This study employed a polyethylene glycol with an average molec
ular mass 400 g/mol (PEG 400, H(OCH2CH2)nOH), as the continuous 
phase. PEG presents of a linear chain structure composed of repeating 
ethylene oxide groups possessing a hydroxyl group (–OH) at both ends, 
where the presence of oxygen atoms provides some hydrophilic char
acter and polarity[53,54]. Granulated paraffin (pure, pharma grade, 
melting point 58-60 ◦C) was used as the dispersed phase of phase change 
material (PCM). PEG 400 was obtained from Merck Life Science S.L 
(Spain), and the paraffin from PANREAC QUIMICA S.L.U. (Spain). Tri
methoxyoctylsilane‑modified pyrogenic silica nanoparticles (Aerosil 
R‑805, BET 125–175 m2⋅g− 1) were employed as the emulsion stabilizer. 
Their surface functionalization imparts partial hydrophobicity and 
generates an intermediate wettability that is optimal for interfacial 
adsorption and emulsion formation, as described in the previous section. 
Aerosil R-805 was purchased from Evonik Operations GmbH, Germany.

2.2. Preparation of samples

2.2.1. Anhydrous pickering PCMEs
Pickering PCMEs were prepared by mixing molten paraffin with PEG 

400, at 80 ◦C, using Aerosil R-805 as emulsifier. Fig. 1 shows a likely 
structural formulation of the nanoparticle and its possible stabilization 
mechanism in the present emulsion. To investigate, first the minimal 
amount of nanoparticles required to form the emulsions and then the 
impact of nanoparticle concentration on the properties of the PCMEs, 
samples with varying weight concentrations of stabilizer (0.10, 0.25, 
0.50, 1.00, and 3.00 wt%) were prepared, while maintaining a constant 

ratio of dispersed phase to continuous phase (1:4). These concentrations 
were selected to span a representative operational window that covers 
the transition from insufficient interfacial coverage to particle‑rich 
regimes.

As an example, to prepare an emulsion at a 1.00 wt% of nano
particles concentration, 0.31 g of Aerosil R-805 was added to 24 g of PEG 
400 with gentle stirring at room temperature. Then, 6 g of paraffin was 
added, and the mixture was heated in an oven at 80 ◦C for one hour. 
Subsequently, the dispersion was performed with an Ultra-Turrax T25 
homogenizer (IKA-Werke GmbH & Co. KG, Germany) at 80 ◦C and 
20000 rpm for 5 min.

Each sample was designated as 'PCME' to indicate a phase change 
material emulsion, followed by the corresponding nanoparticle con
centration in weight percentage of Aerosil R805 nanoparticles. For 
instance, the sample labelled as PCME-1.00%, whose preparation has 
been described in the previous paragraph, contains 1.00 wt% of 
nanoparticles.

2.2.2. Binary blends
Binary blends of each phase with different nanoparticle concentra

tions were also prepared. Aerosil R-805 was incorporated into pure 
molten paraffin or PEG 400, at 80 ◦C, and the mix was homogenized 
utilizing an Ultra-Turrax T25 at 20000 rpm for 5 min. Each sample was 
designated as 'PG' for PEG or 'PF' for paraffin, and subsequently by 'NP' 
for nanoparticles along with their specific concentration. For example, 
PG-NP-1.00% corresponds to a binary bend of polyethylene glycol with 
1.00% of Aerosil nanoparticles.

2.3. Material characterization

2.3.1. Surface tension characterization
Modifications in the surface tension of the continuous phase with 

nanoparticle concentration, PEG 400, were measured using a Sigma 
703D force tensiometer (Biolin Scientific, Finland) with a Wilhelmy 
plate (resolution of ± 0.01 mN/m) and following the procedure 

Fig. 1. A) Aerosil R-805 structure and B) Preparation method and possible stabilization mechanism.
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described in literature[55]. A platinum measuring plate was suspended 
from a balance, and the glass sample container was placed on the sample 
stage. The tests were conducted at room temperature (24 ◦C), and each 
sample was measured, at least, four times.

2.3.2. Optical microscopy
The size and morphology of the dispersed paraffin droplets in 

emulsions were characterized using an optical microscope (Olympus 
BX51, Japan) equipped with an LTS-350 Heating-Freezing Stage, 
controlled by a Linkam TP94 system (Linkam Scientific Instruments, 
UK). This setup allowed precise thermal regulation during imaging.

Samples were prepared by placing a small droplet of the emulsion 
onto a standard glass slide, which was maintained at 80 ◦C to ensure the 
complete melting of the dispersed phase. Optical micrographs were 
acquired at three key stages of the thermal cycle: (i) at 80 ◦C, when the 
paraffin was fully in its molten state; (ii) after cooling to 25 ◦C, when 
crystallization had occurred; and (iii) upon reheating to 80 ◦C to assess 
any structural modifications. In addition to conventional bright-field 
microscopy, polarized light imaging was performed at 25 ◦C under 
crossed polarizers to provide further insight into the crystalline structure 
of the paraffin phase. Images were acquired from two independent 
samples, and for each physical state three micrographs per sample were 
recorded.

Droplet size distributions were determined by measuring over 500 
individual droplets per sample using ImageJ software. The average 
droplet diameter was expressed as the Sauter mean diameter (d3,2), a 
parameter that accounts for the surface-to-volume ratio of the droplets. 
Furthermore, ImageJ was also employed to calculate the average 
circularity (C), which quantifies the deviation of droplet shape from an 
ideal circle. Notably, samples with the highest concentration of nano
particles (PCME-3.00%) exhibited an overly compact structure with 
overlapping droplets, rendering direct optical measurements unfeasible. 
To mitigate this limitation, a controlled dilution step was performed, 
wherein 1 mL of the emulsion was dispersed into 10 mL of the contin
uous phase to isolate smaller droplet assemblies for analysis.

Sauter mean diameters and circularity values were systematically 
determined for all samples at each stage of the thermal cycle to evaluate 
the influence of phase transitions on droplet morphology.

2.3.3. Rheological characterization
The rheological behaviour was analysed using a controlled-stress 

Physica MCR 501 rheometer (Anton Paar GmbH, Graz, Austria), 
equipped with a plate-plate geometry (50 mm diameter, 0.5 mm gap) 
featuring a torque resolution of 0.1 nN⋅m and a normal force resolution 
of 0.002  N. Temperature control was achieved through double Peltier 
elements. Isothermal steady-state flow viscous tests were conducted on 
the binary mixtures, PCME samples and raw materials, at 25 ◦C and 
80 ◦C, under shear-stress-controlled conditions, spanning shear rates 
from 10-4 to 103 s− 1. The linear viscoelastic behaviour was further 
examined using small-amplitude oscillatory shear frequency sweep tests 
within the linear viscoelastic range, previously established by amplitude 
sweep tests at constant temperature. These tests were carried out at 
25 ◦C and 80 ◦C, covering a frequency range from 0.01 to 100 rad/s. 
Each rheological test was performed in triplicate to ensure reproduc
ibility and to account for experimental variability.

2.3.4. Modulated differential scanning calorimetry (MDSC)
Phase change transitions of PCMEs, as well as those of binary mix

tures of paraffin and nanoparticles (PF-NP-1.00%) and raw materials 
were analysed using a Q-250 Differential Scanning Calorimeter (TA In
struments, USA) which features a baseline stability of ≤ 10  µW ac
cording to manufacturer specifications. Samples weighing 10–20 mg 
were hermetically sealed in aluminium crucibles. A constant N2 flow of 
50 mL/min was maintained to create an inert atmosphere, minimizing 
oxidative effects.

Thermal measurements were conducted using a modulation period 

of 60 s, with a temperature oscillation amplitude of ± 0.3 ◦C. The 
heating and cooling rates were set at 2 ◦C/min over a temperature range 
of 0 ◦C to 100 ◦C, ensuring the complete melting and solidification of the 
dispersed phase. The experimental protocol consisted of an initial 
heating ramp from room temperature to the upper limit to eliminate any 
thermal history, followed by a cooling cycle to the lowest temperature 
and a subsequent second heating ramp. The melting and crystallization 
peak temperatures (Tm

Peak, Tc
Peak), onset temperatures (Tc

Onset, Tm
Onset), 

along with the corresponding total entalphies (ΔHm,ΔHc) and normal
ised enthalpies (by gram of PCM, ΔHm (n), ΔHc (n),) were determined. To 
ensure reproducibility and consistency, all calorimetry measurements 
were carried out in at least two independent repetitions.

2.4. Thermal conductivity

The thermal conductivity of the samples was determined in triplicate 
using the Transient Hot‑Bridge (THB) technique, employing a THB‑100 
instrument (Linseis GmbH, Germany) equipped with a THB6K metal 
sensor. The uncertainty of the THB-100 instrument is estimated to be 
within ± 3%, according to manufacturer specifications. The tempera
ture was controlled by a drying Oven SLW 53 Smart PRO (POL‑EKO, 
Poland). Thirty millilitres of each sample were transferred into the 
measurement vessel, ensuring full and uniform contact with the sensor, 
and allowed to equilibrate for at least 2  h prior to analysis.

3. Results and discussion

3.1. Interfacial properties of emulsions

The interfacial properties of emulsions play a crucial role in deter
mining their stability and performance across various applications, as 
they provide key insights into the interactions between the stabilizer and 
the continuous phase, as well as into formulation, stabilization mecha
nisms, and eventual breakdown.

Fig. 2 presents the surface tension (σ) of pure PEG 400 and silica 
nanoparticle suspensions in PEG 400 (PG-NP-%). The measured value 
for PEG 400 was 40.58 mN/m, which is consistent with previously re
ported data in the literature [56]. The addition of 0.25 wt% nano
particles led to a slight reduction in surface tension, which decreased 
gradually with increasing nanoparticle concentration and showed a 
more pronounced drop above 1 wt% [57,58].

The slight decrease in surface tension observed upon nanoparticle 

Fig. 2. Surface tension measurements(σ) of binary mixtures of PEG 400 and 
nanoparticles at different concentrations.
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addition can be attributed to the adsorption of hydrophobized silica 
nanoparticles at the PEG–air interface, which modifies the interfacial 
free energy of the system. According to the manufacturer, the nano
particles exhibit intermediate polarity, which provides them with partial 
affinity for PEG and enables their accumulation at the interface [59]. 
Although their ability to lower surface tension is limited compared with 
molecular surfactants, such interfacial adsorption is energetically 
favourable and accounts for the observed trend [60]. As the nanoparticle 
concentration increases, the greater number of particles available to 
reach the interface increases the probability of adsorption. As a result, 
the decrease in surface tension becomes more noticeable, although it 
remains moderate. This behaviour indicates that the nanoparticles 
modify interfacial conditions in a way that later contributes to emulsion 
stabilization. However, additional stabilization mechanisms, such as 
steric hindrance and viscous-related effects, are likely to play a more 
significant role in the stabilization of Pickering emulsions[61].

3.2. Morphological characterization of emulsions

Following the surface tension analysis, a detailed examination of 
PCMEs morphology is essential to understand the influence of stabilizer 
concentration on key parameters such as droplet structure, size, shape 
and distribution. Moreover, this analysis provides valuable insights into 
the emulsions' impact on thermal and kinetic stability, as well as on 
rheological properties, including viscosity and microstructural organi
zation[62], that will be comprehensively analysed in the following 
sections.

Optical micrographs of the PCMEs were captured at 80 ◦C, where the 
paraffin remains in its molten state, under constant paraffin content and 
varying nanoparticle concentrations. This analysis aimed to evaluate the 
effect of the stabilizer concentration on droplet size and morphology, as 
shown in Fig. 3 (A1-E1). The Sauter mean diameter (d3,2) and droplet 
circularity (C), as defined in Equations (1) and (2), respectively, are 
presented for each emulsion sample in Table 1. 

Fig. 3. Optical micrographs of emulsion samples during a cooling-reheating process, captured under unpolarized light (column 1, 2 and 4) and cross-polarized light 
(column 3). Images correspond to the following temperatures: 1) 80 ◦C, 2) 25 ◦C, 3) 25 ◦C, 4) 80 ◦C and at different nanoparticle concentrations: A) 0.10 wt%, B) 
0.25 wt%, C) 0.50 wt%, D) 1.00 wt%, E) 3.00 wt%.
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d3,2 =

∑
ini⋅d3

i∑
ini⋅d2

i
(1) 

C = 2π Area
Perimeter2 (2) 

Microscopy images taken at 80 ◦C revealed spherical paraffin droplets 
uniformly distributed through the continuous PEG phase, except for the 
PCME-3.00% sample, which exhibited a densely packed morphology. 
This observation suggests that, as the concentration of Pickering parti
cles increases, the emulsion structure tends to be arranged in a network- 
like pattern.

As shown in Table 1, the average droplet size decreased by approx
imately two orders of magnitude as the nanoparticle concentration 
increased from 0.10 to 3.00 wt%, a fact that suggests an enhancement in 
the emulsion's stability, as smaller droplets are less prone to destabili
zation [63]. This result demonstrates a clear correlation between silica 
nanoparticle content and droplet size, whereby an increased availability 
of nanoparticles at the interface enables the stabilization of progres
sively smaller droplets [64].

These morphological trends can be attributed to the way hydro
phobized silica nanoparticles interact with the oil–oil interface during 
emulsification. As the nanoparticle concentration increases, a larger 
number of particles becomes available to irreversibly adsorb at the 
molten paraffin/PEG interface. This higher particle availability, 
together with the progressive reduction in interfacial tension, facilitates 
the stabilization of a larger interfacial area [63,65–67]. However, ac
cording to Table 1, the observed decrease of droplet size approaches a 
constant minimum value with nanoparticle concentration, indicating a 
limit in the attainable diameter which appears to contradict the above. 
Nevertheless, this limitation likely reflects a reduction in emulsification 
efficiency at the highest emulsifier contents, which would otherwise 
allow the formation of smaller droplets. This could potentially be 
improved by increasing the mixing energy through enhanced mechan
ical or ultrasonic processing, thereby facilitating the stabilisation of 
larger interfacial areas[68]. In addition, this outcome suggests that silica 
nanoparticles are not only located at the interface but also present in 
excess beyond it, promoting crowding and particle–particle interactions 
that lead to the network‑like structures observed at high concentrations 
and thus affecting the bulk properties of the emulsion.

Additionally, the observed decrease in droplet size (Fig. 2) may be 
partially attributed to the reduction in interfacial tension, which facili
tates droplet breakup during the emulsification process and improves 
their adsorption, leading to a stronger interfacial layer[69]. It is 
important to note that, at the lowest nanoparticle concentration (PCME- 
0.01%), the emulsion underwent static destabilization, at 80 ◦C, in less 
than one hour and, as a result, no further testing was performed on this 
sample. This finding highlights the minimal amount of hydrophobised 
fumed silica required to successfully stabilize an emulsion containing 20 
wt% of disperse phase[51].

To examine changes in emulsion morphology resulting from solidi
fication of the disperse phase, cross-polarized light was also used to 
visualize the PCM crystallisation at 25 ◦C, a temperature well below the 
major crystallization point (Fig. 3, A3-E3). In optical micrographs, 

paraffin crystals appear as bright regions with rough texture, polyhedral 
geometry and a uniform distribution. The colours observed in the 
paraffin crystal under cross-polarized light are associated with bire
fringence, a phenomenon in which a light beam passes through a crys
talline structure, splitting into two rays with different propagation 
velocities[70].

Thus, the previously mentioned instability at the lowest nanoparticle 
content is consistent with the observed increase in droplet size during 
the cooling-heating cycle, as reported in Fig. 3 (A) and Table 1. In this 
formulation, the nanoparticle layer formed at the interface is not dense 
enough to provide a suitable stabilisation. As a result, crystal growth 
occurs during the liquid-to-solid phase transition of paraffin, causing 
crystals to extend from the interface and connect adjacent droplets.

In contrast, minor changes in the average droplet size of the emul
sions were detected during crystallization as nanoparticle content 
increased. The polyhedral geometry of the dispersed phase at 25 ◦C 
clearly indicates a deviation from the circular shape form during the 
phase change, as quantified by a moderate decrease in circularity 
(Table 1, Fig. 3 (A2-E2)). The formation of non-spherical paraffin 
crystals during the cooling of paraffin-based emulsions has also been 
reported by other authors for water-based emulsions[68,71–73] and 
associated with two mechanisms. The first one attributes these shape 
transformations to the development of interfacial multilayers of self- 
assembled molecules in rotator phases, structured by a solid stabilizer 
area. And, the second mechanism suggests that an ultralow interfacial 
tension in the emulsion upon cooling enables droplet deformation with 
minimal energy cost[74,75]. Regardless of the mechanism, non- 
spherical rough crystals within emulsions can cause significant varia
tions in the thermomechanical properties with respect to those con
taining spherical liquid droplets[68,76].

Partial coalescence is one of the possible phenomena which can 
affect the properties of emulsions during paraffin crystallization
[77–79]. As previously commented, this effect becomes more pro
nounced during droplet crystallization, as larger rough crystals at the 
interface protrude into the continuous phase, penetrating adjacent 
droplets and connecting their surfaces[38,64,80]. This phenomenon is 
undesirable in PCMEs, as it can lead to phase separation, particularly 
after droplets remelting[77]. However, in the PCME presented in this 
research work, optical images revealed well-dispersed droplets, showing 
no signs of merging, at nanoparticle concentration greater than 0.1 wt% 
even though crystallization seems to promote the formation of aggre
gates at the highest concentrations (Fig. 3). Moreover, after emulsion 
reheating to 80 ◦C, remelted droplets regained their original distribu
tion, droplet sizes and spherical shapes (C > 0.999), as it is illustrated in 
Fig. 3(A4-E4) and Table 1. This supports the idea that solid nano
particles can prevent or slow down coalescence by forming a physical 
barrier around the droplets, even at low concentrations[38,64,81,82]. 
Therefore, increasing the nanoparticle content is likely to promote 
greater adsorption of particles at the interface, leading to the formation 
of a densely packed layer that prevents coalescence and minimises de
viations from spherical morphology, thereby enhancing droplet 
circularity.

As a result, the morphological observations demonstrate that the oil- 
in-oil Pickering PCMEs were successfully stabilised, exhibiting a uniform 
droplet distribution and stability across different nanoparticle concen
trations. Furthermore, these findings suggest good thermal stability after 
cooling and reheating cycles, providing a solid foundation for further 
analysis. Subsequently, rheological and thermal tests were conducted to 
gain a deeper understanding of the emulsions' characteristics.

3.3. Rheological characterization of PCMEs

It is well established that both rheological behaviour and stability of 
PCMEs are governed by factors such as emulsion structure, droplet size, 
stabilizer concentration, and temperature[83]. A proper balance among 
these properties is essential for ensuring both emulsion stability and 

Table 1 
Mean particle size (d3,2) and circularity (C) of paraffin droplets at different 
stages of the cooling-reheating cycle (80 ◦C-25 ◦C-80 ◦C).

Sample Fresh (80 ◦C) Cooled (25 ◦C) Reheated (80 ◦C)
d3,2 (µm) C d3,2 (µm) C d3,2 (µm) C

PCME-0.01% 128.14 0.987 153.42 0.726 155.12 0.985

PCME-0.25% 30.57 0.999 33.2 0.823 29.53 0.999
PCME-0.50% 17.66 0.999 17.1 0.836 15.27 0.999
PCME-1.00% 7.20 0.997 7.01 0.897 7.10 0.998
PCME-3.00% 3.09 0.998 3.12 0.912 3.07 0.998
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processability, particularly in applications where viscosity control is 
critical for minimizing pump energy consumption. To better understand 
these aspects, the following subsections analyse the viscous flow and 
viscoelastic properties of the systems.

3.3.1. Viscous flow behaviour of binary mixtures
The reported evolution of droplet diameter with increasing stabiliser 

concentration suggests that nanosilica particles are present in excess and 
may be dispersed within either phase. Then, for an effective Pickering 
stabilization, where particles are adsorbed at the interface, the selected 
nanosilica must exhibit partial compatibility with both phases. This dual 
affinity would affect the rheological behaviour of individual compo
nents and, ultimately, that of the emulsion as a whole.

Thus, to investigate this effect, flow experiments were firstly con
ducted on the two binary mixtures: nanoparticles-PEG 400 and 
nanoparticles-paraffin, at 80 ◦C. These tests aimed to investigate po
tential changes in rheological behaviour induced by varying nano
particles concentrations (Fig. 4).

Fig. 4 shows that while both pristine PEG 400 and paraffin exhibited 
a Newtonian response with the lowest viscosities at 80 ◦C, the addition 
of nanoparticles significantly altered their flow behaviour. A pro
nounced shear-thinning behaviour appears for both sets of binary mix
tures, starting at nanoparticle concentrations of 0.5 wt% for PEG and 
1.0 wt% for paraffin, followed by an infinite-shear-rate viscosity 
plateau. This resulted in viscosity increases of more than five orders of 
magnitude, at low shear rates.

This outcome highlights the compatibility of hydrophobic silica 
nanoparticles with both phases, acting as thickening agents, a role that 
became increasingly pronounced at higher concentrations. The addition 
and subsequent homogenization of silica nanoparticles yielded a notable 
structuring effect within the raw materials matrix, pointing out its dis
persibility at a nanoscale level in both phases. Interestingly, even though 
molten paraffin wax exhibited lower viscosity than PEG 400, at 80 ◦C, its 
binary blends with the modified nanosilica reversed this trend display
ing slightly higher viscosity values. This result reflects that, although the 
nanomodifier is highly compatible with both phases, it demonstrates a 
slightly greater ability to influence the flow behaviour of the paraffin 
phase. This is generally attributed to the chemical modification of Aer
osil R805 particles, which strongly reduces their polarity. Their polarity 
was initially hydrophilic and polar due to the presence of silanol groups 
and, after surface treatment, the silica surface becomes approximately 

48% covered with non-polar octyl groups[84]. As a result, the supplier 
classifies this nanosilica as non-polar and highly hydrophobic, making it 
more compatible with the paraffin wax phase (Hildebrand solubility 
parameter ~ 16 MPa1/2 [85]) compared to the PEG400 (Hildebrand 
solubility parameter ~ 23 MPa1/2) which is moderately polar. Never
theless, the flow curves also suggest an amphiphilic character of Aero
sil® R 805 likely due to the partial surface coverage with hydrophobic 
groups, leaving a significant portion of hydrophilic sites still uncovered, 
which is consistent with the interfacial activity reported by the surface 
tension measurements.

The pronounced viscosity increases and shear‑thinning behaviour 
observed in both PEG‑ and paraffin‑based nanoparticle mixtures can be 
rationalized by the progressive formation of particle networks within 
each medium through two potential mechanisms. On the one hand, 
hydrophilic media such as PEG 400 are known to minimize interface 
contact with hydrophobic silica particles. This behaviour likely drives 
the silica particles into closer proximity, limiting the accessibility of 
residual silanol groups on the treated silica for interaction with polar 
groups in PEG. As a result, this restriction may enhance particle–particle 
interactions, facilitating network formation and contributing to the in
crease in viscosity[51,86,87]. And, on the other hand, a bridging 
mechanism may arise from the attractive physical interactions between 
the octyl chains on the surface of the silica nanoparticles, promoting the 
formation of agglomerates[51,52]. These structures restrict molecular 
mobility at low shear rates and account for the large zero‑shear viscosity 
increase. Under applied shear, partial network disruption leads to the 
observed shear‑thinning response and the eventual approach to an 
infinite‑shear viscosity plateau. Moreover, as shown in Fig. 4, a mini
mum nanoparticle concentration, specifically above 0.25%, is required 
to induce noticeable changes in the rheological behaviour. This pro
gressive structuration explains the existence of a critical concentration 
above which structural connectivity becomes continuous and rheolog
ical contributions from particle structuring dominate over the intrinsic 
viscosity of the fluid phases. At concentrations exceeding this threshold, 
the close proximity of silica nanoparticles enhances attractive in
teractions between them[51] and promote the development of gel-like 
structures[87].

Thus, intermediate-polarity nanoparticles structuring appears to be 
independent of the medium’s polarity, as it occurs in both PEG 400 and 
paraffin[51,52]. This observation suggests that these particular nano
particles can structure PEG 400 through both mechanisms and paraffin 
through attractive physical interactions between hydrophobised silica 
surfaces.

These observations highlight that the rational selection of a 
non‑aqueous polar–apolar phase pair, guided by solubility descriptors 
such as Hildebrand parameters, together with the use of inter
mediate‑polarity nanoparticles, provides a robust formulation strategy. 
This design approach could be extended to develop novel Pickering 
emulsions incorporating higher‑melting dispersed phases, thereby 
enabling phase‑change systems suitable for thermal‑energy‑storage 
applications operating well above the boiling point of water.

3.3.2. Viscous flow behaviour of emulsions
Fig. 5 presents the evolution of viscosity as a function of the shear 

rate for the PCMEs with different nanoparticle concentrations, together 
with their raw materials, at 80 ◦C and 25 ◦C. The neat phases, as pre
viously discussed, exhibited a Newtonian behaviour, which is charac
terised by the independence of the viscosity with the shear rate. In 
contrast, nanoparticle-stabilized PCMEs, across the entire concentration 
range, displayed a typical flow behaviour of structured systems, at both 
temperatures. Thus, their flow response is marked by an initial zero- 
shear viscosity plateau, at low shear rates, followed by a significant 
viscosity reduction as shear rate increases (shear-thinning region) and, 
ultimately, a limiting viscosity region at high shear rates.

As shown in Fig. 5, the viscosity of the PCMEs increased with rising 
silica concentration, mirroring the structuration behaviour previously 

Fig. 4. Flow curves at 80 ◦C for pure PEG 400 and paraffin, and their corre
sponding binary blends with nanoparticles at varying concentrations. Samples 
are labelled as PG-NP-x% for PEG 400 and PF-NP-x% for paraffin, where x 
denotes the nanoparticle concentration (wt.%).
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observed in binary mixtures (Fig. 4). The excess nanoparticle content 
leads to their presence in the continuous phase, where they partially 
contribute to the developed structure and thereby enhance flow resis
tance[51,63]. Thus, as it has already be mentioned, nanoparticles are 
not only located at the interface but also dispersed causing a thickening 
behaviour throughout the formation of particle networks [88,89], and 
together with the densely packed droplet assembly produced at higher 
stabilizer contents, can partially explain viscosity rise with nanoparticle 
addition. This effect positively influences emulsion stability by inducing 
steric stabilization[65]. Notably, comparison of Fig. 4 and Fig. 5 reveals 
that the emulsion viscosities are only slightly higher than those of the 
corresponding binary mixtures at the same silica concentration. This fact 
indicates that the increase in viscosity is predominantly attributable to 
the presence of dispersed nanoparticles within the continuous phase, 
which leads to a network-like structuration process driven by in
teractions between hydrophobised silica surfaces, as observed in the 
binary mixtures[37]. Besides that, viscosity was additionally increased 
as a result of the formation of disperse-phase droplets and their physical 
interactions, as expected in emulsions[90]. Moreover, the progressive 
decrease of the average droplet size (see Table 1) also contributes the 
enhanced viscosity, since the growth of the droplet superficial area en
hances the droplet forces interaction, promoting fluidity resistance
[51,88,91]. At higher shear rates, the observed strong shear-thinning 
response towards constant values is often attributed to the shear- 
induced deflocculation process of the highly structured system, partic
ularly at high nanoparticles concentration, breakdown of particle net
works and droplet deformation and alignment[67]. These mechanisms 
explain why the viscosity of the emulsions closely tracks that of the 
corresponding binary mixtures, with additional contributions arising 
from droplet deformation and interfacial crowding.

Although the reported increase in viscosity may be seen as a draw
back for transportation of PCMEs, the high shear rates typically 
encountered in pumping operations (>10 s− 1), led to a strong reduction 
in viscosity. Consequently, for in-service applications such as heat 
transfer fluids, this high sensitivity of emulsion viscosity to shear offers a 
practical advantage by reducing the required pumping power during 
transport. Nonetheless, for other applications, the controlled viscosity 
enhancement through precise nanoparticle dosage can be beneficial in 
addition to improving emulsion stability, which is a key factor in PCME 
performance.

On the other hand, Fig. 5 also highlights the influence of temperature 
on the emulsions’ viscosity, as shown by the flow curves of PCMEs at 
both 80 ◦C (Fig. 5A)) and 25 ◦C (Fig. 5 (B)). As expected, lower tem
peratures led to an increase in viscosity, due to the phase transition of 
paraffin droplets from a liquid state, at 80 ◦C, to a solid state, at 25 ◦C, 
since paraffin crystals are less prone to be deformed under shear stress 
compared to liquid droplets[92]. Additionally, reduced molecular 
mobility and increased internal friction, at lower temperatures, further 
contribute to the overall viscosity enhancement of the system. Inter
estingly, emulsions with higher nanoparticle concentrations exhibited a 
comparatively smaller increase in viscosity upon cooling. This phe
nomenon can be attributed to the enhanced structural stability imparted 
by the excess nanoparticles dispersed within the continuous phase. 
These silica particles create a more robust network, which not only 
contributes to the stabilization of the emulsion but also mitigates the 
increase in viscosity that typically accompanies the solidification of the 
paraffin droplets[51,52,67].

To further analyse the viscosity flow curves, the viscosity data in 
Fig. 5 were successfully fitted to the Cross equation (Equation (3)[93], a 
widely used model for pseudoplastic flow associated with the formation 
and disruption of internal structures[94]: 

η = η∞ +
η0 − η∞

1 + (λγ̇)P (3) 

where η represents the apparent viscosity (Pa⋅s); η∞ is the infinite-shear 
viscosity (Pa⋅s); η0 is the zero-shear limiting viscosity (Pa⋅s); λ is a time 
constant (s) associated with the shear-dependent structural breakdown, 
whose reciprocal defines the characteristic shear rate at which the 
transition from the Newtonian plateau (η0) to the shear-thinning regime 
begins, γ̇ is the shear rate (s− 1) and P is the shear-thinning index, ranging 
from 0 (Newtonian behaviour) to 1 (extreme shear thinning). The shear- 
thinning index P is related to the power law index n by the expression n=
(1–P)[93].

This model provides an accurate representation across the full range 
of shear rates studied, yielding a high degree of reliability (R2 > 0.99). 
The parameters obtained from fitting the Cross model to the flow curves 
provide valuable insight into the structural changes occurring in the 
emulsions as a function of nanoparticle concentration and temperature. 
These parameters are gathered in Table 2.

Fig. 5. Effect of nanoparticles concentration on the viscosity of PCMEs. Flow curves of pure PEG 400, pure paraffin and PCMEs at A) 80 ◦C and B) 25 ◦C. The solid 
lines represent the fitting curves obtained using Equation (3).
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Interestingly, with the exception of the highest nanoparticle con
centration, the emulsions tended to reach similar values of η∞ across the 
concentration in both temperatures, further highlighting the dominant 
role of the continuous phase in controlling the flow response of emul
sions. The λ parameter exhibited two distinct trends depending on the 
phase state of the paraffin. Thus, at 80 ◦C, when the paraffin is in the 
molten state, λ values remained relatively constant regardless of silica 
concentration. In contrast, at 25 ◦C, when the paraffin is solidified, λ 
increased with nanoparticle concentration. Since higher λ values indi
cate a greater shear-dependent contribution to structural breakdown
[93], these results–together with the η0 evolution–point out micro
structure development is promoted by both the crystallization of the 
disperse phase and the nanoparticle content. Indeed, other authors have 
reported that the elongated shape of frozen paraffin droplets (Fig. 3 (A 
2,3-E2,3)) in crystallisable emulsions may lead to the formation of three- 
dimensional structures without inducing coalescence, which would 
restrict emulsion flow[77,79,95]. However, the presence of nano
particles at the droplet interface, and particularly within the continuous 
phase, may further contribute to structural organization and mitigate 
the impact of the droplets’ geometrical constraints on the flow, thereby 
supporting the observed shear-thinning response[78]. Finally, the high 
values of P (approaching 1) are consistent with the strong shear-thinning 
characteristics observed. In general, the values of the Cross-model pa
rameters indicate that the developed microstructures are highly sensi
tive to shear stress.

In order to better understand structural effects, the zero-shear 
limiting viscosity (η0) of both emulsions and their corresponding bi
nary mixtures of PEG with nanoparticles was plotted as a function of the 

nanosilica concentration, at 25 and 80 ◦C (Fig. 6). As shown, η0 values 
for the emulsions underwent a remarkable increase of several orders of 
magnitude compared with those of the continuous phase alone (i.e. at 0 
wt% nanoparticles). Interestingly, the single addition of nanoparticles to 
the continuous phase, PG-NP, also yielded a similar trend, pointing out 
their previously commented strong structuring effect. In contrast, the 
effect of the crystallization of the disperse phase, i.e., its solidification, 
results in only a minor additional rise, highlighting its limited contri
bution to the overall microstructure. Notably, η0 values tend to converge 
with those of the binary mixtures, suggesting that the effect of temper
ature becomes less pronounced as nanoparticle concentration increase.

3.3.3. Dynamic tests of emulsions
Dynamic rheological testing is a powerful tool for characterizing the 

viscoelastic properties of emulsions, providing valuable insights into 
their structural integrity. Oscillatory frequency sweep tests are partic
ularly effective in assessing the internal micro-nanostructure, the extent 
of droplet interactions and the role of stabilizers within the emulsions.

The results of the storage modulus (G′) and loss modulus (G′′) as 
functions of angular frequency for PCMEs with varying nanoparticles 
concentrations are shown in Fig. 7 at both 25 and 80 ◦C.

At both temperatures, a rubbery plateau region was observed across 
the evaluated angular frequency range, where G′ exhibited a well- 
defined plateau with values consistently higher than G′′, which 
reached a minimum at intermediate or low frequencies. These charac
teristics indicate that emulsions predominantly exhibit elastic behav
iour, confirming the formation of gel-like structures[96].

In addition, the width of the rubbery plateau region tended to be 
reduced as temperature increased and nanosilica content lowered, as 
evidenced by the appearance of a crossover point in the high-frequency 
region, particularly at 80 ◦C. This trend is consistent with a transition 
from weaker entangled network structures in PCMEs with less than 0.5 
wt% stabilizer to stronger gel-like structures as the availability of 
nanoparticles increases [97,98].

The dynamic response of the PCMEs can be understood by consid
ering the collective contribution of the droplet interactions and the 
nanoparticle network. The dominance of G′ over G″ indicates that the 
system stores more mechanical energy than it dissipates during defor
mation, which is characteristic of structured viscoelastic materials. This 
behaviour is consistent with the presence of a three‑dimensional 
microstructure composed of interfacial particle layers adsorbed at the 
droplet interface, together with excess hydrophobized silica dispersed 
throughout the continuous phase that further reinforces this network. 
These structures give rise to the rubbery plateau typically observed in 
structured colloidal gels. As the nanoparticle concentration increases, 
the reduced interparticle distance and enhanced attractive interactions 
further consolidate this network, explaining the systematic rise in both 
the elastic (G′) and viscous (G″) contributions [51].

In line with the temperature-dependent viscosity behaviour, both G′ 
and G′′ moduli increased only marginally after the crystallization of the 
dispersed phase, with a more pronounced effect in samples with lower 
nanoparticle content. This agrees with the formation of three- 
dimensional structures of rough and elongated paraffin crystals
[77–79] at a microscale level within a continuous phase of nanoparticles 
dispersed at the nanoscale, which also forms a three-dimensional 
nanonetwork. Therefore, both structures provide elasticity to the sys
tem and contribute significantly to increasing viscosity and internal 
friction (Fig. 6 and Fig. 7). Consequently, the well-established three- 
dimensional network formed by the excess of nanoparticles could 
effectively cushion the impact of paraffin crystallization on the rheo
logical properties[78]. As a result, both moduli do not show a notable 
increase, as the nanoparticle network predominantly governed the 
structural properties, minimizing additional reinforcement from the 
solidified paraffin phase. In such cases, the limited effect of paraffin 
crystallization on G′ and G′′, particularly at higher stabilizer contents, 
indicates that the nanoparticle network largely governs the elasticity of 

Table 2 
Cross model parameters and correlation factors derived from flow curve analysis 
(Fig. 5).

Sample η∞(Pa s) η0(Pa⋅s) λ(s) P R2

Temperature: 80 ◦C
PCME-3.00% 0.050 65834.0 4631.1 0.963 0.993
PCME-1.00% 0.035 11139.0 4755.7 0.952 0.997
PCME-0.50% 0.036 1821.3 4850.2 0.947 0.999
PCME-0.25% 0.035 273.4 4764 0.941 0.991
Temperature: 25 ◦C
PCME-3.00% 0.250 95212.6 6691.5 0.975 0.998
PCME-1.00% 0.185 15094.8 6655.2 0.951 0.999
PCME-0.50% 0.188 6624.1 4696.0 0.949 0.999
PCME-0.25% 0.206 1273.9 2141.1 0.942 0.998

Fig. 6. Evolution of the zero-shear limiting viscosity of the PCMEs and PG-NP 
binary blends with nanoparticle concentration and different temperatures 
(80 ◦C and 25 ◦C).
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the system, effectively buffering the mechanical reinforcement usually 
associated with droplet solidification.

3.4. Thermo-physical properties and energy storage performance

Thermal behaviour of the pure components, binary mixtures, and 
PCMEs was analysed using modulated differential scanning calorimetry 
(MDSC). Their corresponding thermograms are presented in Fig. 8 and 
their key thermal properties are summarized in Table 3.

The MDSC curve of paraffin exhibited major melting and crystalli
zation points at 58.3 ◦C and 56.9 ◦C, with corresponding total enthalpy 
values of 190.9 J/g and 191.2 J/g, respectively (Fig. 8 and Table 3). 
These results align well with the literature, indicating a minimal 
supercooling effect (temperature difference between melting and crys
tallization) for this type of paraffin[17,99]. It is also worth mentioning 

that the MDSC curves of pure paraffin displayed secondary peaks in both 
the heating and cooling scans at temperatures lower than the main 
event. This is a frequently reported thermal behaviour for n-alkanes an 
paraffin waxes, where the minor peak relates to solid phase transitions 
and the formation of intermediate rotator phases, followed by complete 
melting of the crystalline structure[100–102].

As previously discussed, the partial compatibility of nanoparticles 
with both phases suggests that their presence in the dispersed phase 
could influence the phase change process, particularly crystallization. 
To explore this effect, a binary blend of paraffin and nanosilica (PF-NP- 
1%) was also analysed and presented in Fig. 8 (A). The blend exhibited 
transition peaks virtually identical to those of neat paraffin, indicating 
that the stabilizer did not affect the crystallinity of paraffin. This rep
resents an improvement compared to the silicon-based surfactant, ac
cording to previous findings by our research group, where stabilizers 

Fig. 7. Storage (G′) and loss modulus (G′′) as a function of frequency of the emulsions at different nanoparticle concentrations and different temperatures: A) 80 ◦C, 
B) 25 ◦C.

Fig. 8. MDSC thermograms for A) Paraffin, Aerosil R-805, and a paraffin/nanoparticle blend (PF-NP-1.00%). B) PCMEs, PEG400 and paraffin.
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negatively influenced the crystallinity of the PCM[32].
Interestingly, all previously identified transition peaks of paraffin 

were also observed in the MDSC curves of the emulsions. Moreover, the 
enthalpy values per gram of dispersed phase (ΔHm (n) and ΔHC (n)) 
remain consistent with those of bulk paraffin, confirming that neither 
the emulsion components nor the emulsification process adversely 
affected paraffin crystallinity. These observations indicate that the in
ternal crystalline structure of the PCM remains largely unaltered, 
enabling reliable qualitative assessment of its thermal behaviour within 
the emulsion.

Supercooling is one of the main drawbacks in developing phase- 
change emulsions because it delays the phase change and reduces sys
tem efficiency[101]. This phenomenon in PCMEs is mainly attributed to 
the transition from heterogeneous to homogeneous nucleation, which is 
more pronounced with smaller droplet size, further reducing the ho
mogeneous nucleation rate. In PCMEs, the crystallization of dispersed 
droplets can occur separately in each droplet volume due to their small 
size, typically resulting in a higher degree of supercooling compared to 
bulk paraffin[103]. In addition, the presence of surfactants influences 
the interfacial properties, modify surface energy, and thereby either 
promote or suppress nucleation. In addition to the supercooling, the 
emulsification process frequently lowers the crystallinity of the 
dispersed PCM. This reduction can be attributed to two main factors. 
First, the confinement of droplets restricts molecular mobility, hindering 
the long-range ordering of chains during crystallization. Second, the 
partial compatibility of the dispersed phase with the emulsifier, along 
with the emulsifier's presence at the droplet interface, can disrupt crystal 
growth by altering interfacial energy and impeding molecular packing. 
Consequently, PCMEs typically exhibit lower enthalpies of fusion 
compared to their bulk counterparts [99].

Nonetheless, as can be seen in Table 3, the emulsification process had 
only a minor impact on the enthalpies and transition temperatures of the 
studied PCMEs, with minimal influence from the previously mentioned 
phenomena—whether positive, such as nucleating effects, or negative, 
such as compatibilization between phases. Since the inter
mediate‑polarity nanoparticles exhibit partial compatibility with the 
molten PCM, their adsorption at the droplet interface produces a rigid 
particulate layer that does not significantly interfere with molecular 
mobility within the droplet core. As a result, paraffin molecules retain 
sufficient freedom to undergo the liquid–solid transition with crystalli
zation pathways similar to those of the bulk material, explaining the 
preservation of melting and crystallization enthalpies. Only the sample 
with the highest nanoparticle concentration showed a slight increase in 
supercooling and a small reduction in phase enthalpy, which can be 
attributed to the decreased droplets size and the previously mentioned 
effects in crystallization.

To evaluate thermal storage capacity, Table 4 compares the phase 
change enthalpy (ΔHm) values for various aqueous paraffin-based PCM 
emulsions reported in the literature, with the same dispersed phase 
concentration (20 w/w%), to the present anhydrous Pickering PCM 
emulsion. For consistency, the percentage difference in ΔHm between 
the neat paraffin and the emulsions was calculated. The results show 

that all the systems exhibit relatively similar ΔHm values, indicating that 
the thermal storage capacity of the present oil-in-oil Pickering PCME is 
comparable to that of well-established surfactant-stabilized aqueous 
emulsions. This suggests that the Pickering emulsion formulation pre
serves the effective energy storage potential typical of PCM systems, 
maintaining phase change enthalpy even with a different stabilization 
mechanism. Therefore, it demonstrates strong potential as a competitive 
alternative for thermal energy storage applications.

In addition to their latent heat storage capacity, efficient phase- 
change materials must exhibit favourable thermal transport properties 
that contribute to overall thermal energy-storage performance. A key 
parameter is also the thermal conductivity, as it directly governs the rate 
at which heat can be absorbed and released during melting and solidi
fication. Several strategies have been proposed to control and to 
enhance the inherently low thermal conductivity of PCMs, including the 
incorporation of nanoparticles, the use of porous skeletons, and micro
encapsulation [104–106]. Silica nanoparticles have been widely used as 
thermal conductivity modifiers in various applications. They can act as 
insulating additives due to their high porosity and nanoscale structure 
[107,108]; however, they may also enhance heat transfer when they 
connect to form a three-dimensional spatial network, creating multiple 
thermal conduction pathways [109]. Therefore, evaluating the thermal 

Table 3 
Thermal properties of the PCMEs and pure paraffin from MDSC analysis.

Sample Crystallization Melting Supercooling
Tc

Peak (◦C) Tc
Onset (◦C) ΔHc(J/g) ΔHc(n)

a(J/gPF) Tm
Peak (◦C) Tm

Onset (◦C) ΔHm(J/g) ΔHm (n)
b(J/gPF) ΔT ◦(C)

PCME-0.25% 56.7 59.0 34.80 174.0 57.6 50.6 33.34 166.69 0.9
PCME- 0.50% 56.7 58.8 34.53 172.7 57.6 50.3 33.03 165.15 0.8
PCME- 1.00% 56.6 58.4 33.73 168.6 57.5 50.1 32.94 164.69 0.9
PCME- 3.00% 55.8 58.0 31.44 157.2 58.2 49.9 31.79 158.95 2.4
Paraffin 56.9 58.9 190.89 190.9 58.2 50.1 191.22 193.12 1.4

a: ΔHc (n) corresponds to the crystallization enthalpy normalized by the mass fraction of paraffin in the emulsion.
b: ΔHm (n) corresponds to the melting enthalpy normalized by the mass fraction of paraffin in the emulsion.

Table 4 
Melting enthalpies for different paraffin-based emulsions.

Type System  

(PCM þ stabilizer)

Bulk 
PCM

Emulsion  

(20 wt% 
PCM)

% 
Difference

ΔHm(J/g) ΔHm(J/g)

o/w Paraffin (16–17 ◦C) −
Polyethylene glycol dodecyl 
ether + polysorbate [115]

244.75 41.31 0.83

Paraffin (60 ◦C)- polysorbate
[116]

253.91 48.63 0.80

Paraffin (62–64 ◦C) − PVA 
and PEG-600[117]

211.80 42.10 0.80

o/o Paraffin (58–60 ◦C)- 
hydrophobic silica 
nanoparticles (0.5%)

190.89 33.37 0.82

Table 5 
Evolution of thermal conductivity with testing temperature for raw materials, a 
selected binary blend and PCMEs.

Sample k (W⋅m− 1⋅K− 1)
25 ◦C 80 ◦C

Paraffin 0.233 0.185
PEG 400 0.195 0.196
PG-NP-3.00% 0.194 0.197
PCME-0.25% 0.213 0.191
PCME-0.50% 0.213 0.192
PCME-1.00% 0.214 0.194
PCME-3.00% 0.212 0.192
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conductivity of the developed systems is essential to understand the 
influence of these components on heat-transfer behaviour.

Table 5 presents the thermal conductivity of paraffin wax, PEG 400, 
the reference binary blend, and the emulsions at selected temperatures 
(25 ◦C and 80 ◦C). Thermal conductivity values of PEG 400 are in a good 
agreement with literature [110] and does not exhibit significant changes 
with temperature. Interestingly, the incorporation of hydrophobized 
fumed silica nanoparticles did not significantly alter the thermal con
ductivity of PEG, as the binary blend exhibited nearly identical values. 
Although rheological tests revealed a certain degree of micro
structuration in the PEG matrix due to physical interactions between the 
nanoparticles, the concentrations evaluated appear insufficient to 
induce a measurable change in its thermal conductivity. These results 
are consistent with similar studies, which reported the dependence of 
thermal conductivity on particle concentration [111].

In contrast, paraffin exhibited a pronounced decrease in thermal 
conductivity with increasing temperature, a behaviour characteristic of 
its solid–liquid phase transition. The thermal conductivity values 
measured for paraffin in the solid state are consistent with those re
ported for paraffinic materials of similar melting point, which typically 
fall within the 0.15–0.35  W m− 1 K− 1 range [112,113]. Because the 
effective thermal conductivity of emulsions depends on the intrinsic 
properties of both phases and their respective volume fractions [114], 
the PCMEs are expected to display an intermediate trend. At lower 
temperatures, the PCMEs show higher thermal conductivity than PEG 
400 alone, reflecting the contribution of solid paraffin, whose conduc
tivity exceeds that of the continuous phase. Conversely, once paraffin is 
fully melted, the emulsions exhibit lower thermal conductivity, consis
tent with the substantially reduced conductivity of liquid pristine 
paraffin and in agreement with trends reported for comparable paraffin- 
based systems.

Finally, and consistent with the behaviour of the binary blend, 
increasing the nanoparticle concentration up to 3 wt% did not signifi
cantly affect the thermal conductivity of the PCMEs. Although higher 
nanoparticle concentration loadings than the presented in this work 
could potentially enhance thermal conductivity and therefore improve 
heat exchange rates, they would also significantly increase the viscosity 
of the system, leading to higher pumping energy requirements. Further 
work is therefore required to explore strategies to increase thermal 
conductivity without compromising the rheological behaviour of these 
systems.

4. Conclusions

Hydrophobised fumed silica nanoparticles successfully stabilise oil- 
in-oil paraffin-in-PEG400 emulsions with a dispersed phase concentra
tion of 20 wt% when the stabiliser concentration exceeds 0.1 wt%. 
Optical microscopy of the emulsions revealed a homogeneous distribu
tion of spherical droplets throughout the continuous phase, which 
exhibited a slight deviation in circularity following paraffin crystal
lisation. Increasing stabilizer concentration led to a reduction in droplet 
size and the progressive formation of network-like structures. As a 
consequence of the resulting structure, the linear viscoelastic behaviour 
of PCMEs displayed a gel-like response, which was enhanced with 
nanoparticle content.

At both 25 ◦C and 80 ◦C, the PCMEs displayed flow behaviour 
characteristic of structured systems, including a Newtonian plateau at 
low shear rates, followed by shear-thinning and an infinite-shear vis
cosity region. Higher nanoparticle contents led to an increase in zero- 
shear viscosity, whereas the systems tended to converge towards 
similar limiting viscosity values at high shear rates. Additionally, com
parison of the flow curves of PCMEs and their corresponding binary 
blends revealed that an excess of hydrophobised fumed silica was 
distributed throughout the continuous phase, leading to a pronounced 
structuring effect. This effect is sufficiently strong to dampen the me
chanical response associated with the solidification of the dispersed 

paraffin phase during its crystallisation, as the temperature decreases 
from 80 ◦C to 25 ◦C. This dependency on nanoparticle concentration can 
thus serve as a useful formulation tool, as adjusting the silica content 
enables control over the rheological properties of the emulsion for 
specific applications.

In general, the rheological behaviour was associated with a complex, 
multi-level structure. At the microscale, a three-dimensional network 
formed by the dispersed paraffin phase (solid at 25 ◦C and liquid at 
80 ◦C) is embedded within a continuous phase containing nanoparticles 
dispersed at the nanoscale, which themselves organize into a secondary 
three-dimensional nanonetwork.

Thermal analysis showed that hydrophobized fumed silica presented 
minimal effect on the thermal properties and low supercooling phe
nomena of the emulsions. The phase change enthalpy was comparable 
with other aqueous paraffin-based systems found. Moreover, micro
graphics did not show significant changes in the size and shape of the 
paraffin droplets after a cooling and reheating process, indicating a 
suitable thermal stability.

Taken together, the morphological, rheological, and thermal results 
demonstrate that the formulation strategy developed in this work pro
vides a robust foundation for scaling up oil‑in‑oil Pickering emulsions 
with favourable thermophysical behaviour. The combination of a 
polar–apolar phase pair with intermediate‑polarity nanoparticles 
proved effective for producing well‑structured emulsions, underscoring 
its potential as a versatile approach for designing next‑generation sys
tems. This formulation strategy could be further extended to incorporate 
higher‑melting phase‑change materials, enabling thermal‑energy‑stor
age systems capable of operating at temperatures well above the boiling 
point of water. Moreover, the present findings highlight the importance 
of optimising key properties such as latent‑heat storage capacity and 
thermal conductivity to enhance the overall performance of high‑tem
perature PCME formulations.
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J. Fernández, L. Lugo, PEG 400-based phase Change Materials Nano-Enhanced 
with Functionalized Graphene Nanoplatelets, Nanomaterials 8 (2018) 16, 
https://doi.org/10.3390/nano8010016.

[55] C.D. Volpe, S. Siboni, The Wilhelmy method: a critical and practical review, Surf. 
Innovations 6 (2018) 120–132, https://doi.org/10.1680/jsuin.17.00059.

[56] M.C.M. Sequeira, M.F.V. Pereira, H.M.N.T. Avelino, F.J.P. Caetano, J.M.N. 
A. Fareleira, Viscosity measurements of poly(ethyleneglycol) 400 [PEG 400] at 
temperatures from 293 K to 348 K and at pressures up to 50 MPa using the 
vibrating wire technique, Fluid Phase Equilib. 496 (2019) 7–16, https://doi.org/ 
10.1016/j.fluid.2019.05.012.

[57] T. Okubo, Surface Tension of Structured Colloidal Suspensions of Polystyrene and 
Silica Spheres at the Air-Water Interface, J. Colloid Interface Sci. 171 (1995) 
55–62, https://doi.org/10.1006/jcis.1995.1150.

[58] H. Ma, M. Luo, L.L. Dai, Influences of surfactant and nanoparticle assembly on 
effective interfacial tensions, Phys. Chem. Chem. Phys. 10 (2008) 2207–2213, 
https://doi.org/10.1039/B718427C.

[59] B.P. Binks, S.O. Lumsdon, Influence of Particle Wettability on the Type and 
Stability of Surfactant-Free Emulsions, Langmuir 16 (2000) 8622–8631, https:// 
doi.org/10.1021/la000189s.

[60] B.P. Binks, Particles as surfactants—similarities and differences, Curr. Opin. 
Colloid Interface Sci. 7 (2002) 21–41, https://doi.org/10.1016/S1359-0294(02) 
00008-0.

[61] E. Vignati, R. Piazza, T.P. Lockhart, Pickering Emulsions: Interfacial Tension, 
Colloidal Layer Morphology, and Trapped-Particle Motion, Langmuir 19 (2003) 
6650–6656, https://doi.org/10.1021/la034264l.

[62] A.H. Nour, Emulsion Types, Stability Mechanisms and Rheology: A Review, 
(2018). https://papers.ssrn.com/abstract=3324905 (accessed May 31, 2023).

[63] R. Pal, Effect of droplet size on the rheology of emulsions, AIChE J 42 (1996) 
3181–3190, https://doi.org/10.1002/aic.690421119.

[64] D.E. Tambe, M.M. Sharma, Factors Controlling the Stability of Colloid-Stabilized 
Emulsions: I. an Experimental Investigation, J. Colloid Interface Sci. 157 (1993) 
244–253, https://doi.org/10.1006/jcis.1993.1182.

[65] B.P. Binks, S.O. Lumsdon, Catastrophic phase Inversion of Water-in-Oil Emulsions 
Stabilized by Hydrophobic Silica, Langmuir 16 (2000) 2539–2547, https://doi. 
org/10.1021/la991081j.

[66] X. Zhang, J. Niu, J.-Y. Wu, Development and characterization of novel and stable 
silicon nanoparticles-embedded PCM-in-water emulsions for thermal energy 
storage, Appl. Energy 238 (2019) 1407–1416, https://doi.org/10.1016/j. 
apenergy.2019.01.159.

[67] J. Chen, R. Vogel, S. Werner, G. Heinrich, D. Clausse, V. Dutschk, Influence of the 
particle type on the rheological behavior of Pickering emulsions, Colloids Surf A 
Physicochem Eng Asp 382 (2011) 238–245, https://doi.org/10.1016/j. 
colsurfa.2011.02.003.

[68] C. Liu, Z. Zheng, C. Xi, Y. Liu, Exploration of the natural waxes-tuned 
crystallization behavior, droplet shape and rheology properties of O/W 
emulsions, J. Colloid Interface Sci. 587 (2021) 417–428, https://doi.org/ 
10.1016/j.jcis.2020.12.024.

[69] R. Aveyard, B.P. Binks, J.H. Clint, Emulsions stabilised solely by colloidal 
particles, Adv. Colloid Interface Sci. 100–102 (2003) 503–546, https://doi.org/ 
10.1016/S0001-8686(02)00069-6.

[70] B. Li, Y. Zhao, X. Chen, Z. Wang, J. Xu, W. Shi, Polymer Crystallization with 
Configurable Birefringence in double Emulsion Droplets, Macromolecules 55 
(2022) 3974–3985, https://doi.org/10.1021/acs.macromol.2c00482.

[71] S. Guttman, Z. Sapir, B.M. Ocko, M. Deutsch, E. Sloutskin, Temperature-Tuned 
Faceting and Shape changes in Liquid Alkane Droplets, Langmuir 33 (2017) 
1305–1314, https://doi.org/10.1021/acs.langmuir.6b02926.

[72] N. Denkov, D. Cholakova, S. Tcholakova, S.K. Smoukov, On the Mechanism of 
Drop Self-Shaping in Cooled Emulsions, Langmuir 32 (2016) 7985–7991, https:// 
doi.org/10.1021/acs.langmuir.6b01626.

[73] S. Arima, S. Ueno, A. Ogawa, K. Sato, Scanning Microbeam Small-Angle X-ray 
Diffraction Study of Interfacial Heterogeneous Crystallization of Fat Crystals in 
Oil-in-Water Emulsion Droplets, Langmuir 25 (2009) 9777–9784, https://doi. 
org/10.1021/la901115x.

[74] N. Denkov, S. Tcholakova, I. Lesov, D. Cholakova, S.K. Smoukov, Self-shaping of 
oil droplets via the formation of intermediate rotator phases upon cooling, Nature 
528 (2015) 392–395, https://doi.org/10.1038/nature16189.

[75] S. Guttman, Z. Sapir, M. Schultz, A.V. Butenko, B.M. Ocko, M. Deutsch, E. 
Sloutskin, How faceted liquid droplets grow tails, Proceedings of the National 
Academy of Sciences 113 (2016) 493–496. doi:10.1073/pnas.1515614113.

[76] J.N. Coupland, Crystallization in emulsions, Curr. Opin. Colloid Interface Sci. 7 
(2002) 445–450, https://doi.org/10.1016/S1359-0294(02)00080-8.

[77] J. Giermanska, F. Thivilliers, R. Backov, V. Schmitt, N. Drelon, F. Leal-Calderon, 
Gelling of Oil-in-Water Emulsions Comprising Crystallized Droplets, Langmuir 23 
(2007) 4792–4799, https://doi.org/10.1021/la070071c.

[78] F. Thivilliers, E. Laurichesse, H. Saadaoui, F. Leal-Calderon, V. Schmitt, 
Thermally Induced Gelling of Oil-in-Water Emulsions Comprising Partially 
Crystallized Droplets: the Impact of Interfacial Crystals, Langmuir 24 (2008) 
13364–13375, https://doi.org/10.1021/la802521f.

[79] K. Golemanov, S. Tcholakova, N.D. Denkov, T. Gurkov, Selection of Surfactants 
for Stable Paraffin-in-Water Dispersions, undergoing Solid− Liquid transition of 
the Dispersed Particles, Langmuir 22 (2006) 3560–3569, https://doi.org/ 
10.1021/la053059y.

[80] E. Fredrick, P. Walstra, K. Dewettinck, Factors governing partial coalescence in 
oil-in-water emulsions, Adv. Colloid Interface Sci. 153 (2010) 30–42, https://doi. 
org/10.1016/j.cis.2009.10.003.

[81] L.E. Low, S.P. Siva, Y.K. Ho, E.S. Chan, B.T. Tey, Recent advances of 
characterization techniques for the formation, physical properties and stability of 
Pickering emulsion, Adv. Colloid Interface Sci. 277 (2020) 102117, https://doi. 
org/10.1016/j.cis.2020.102117.

[82] J. Frelichowska, M.-A. Bolzinger, Y. Chevalier, Effects of solid particle content on 
properties of o/w Pickering emulsions, J. Colloid Interface Sci. 351 (2010) 
348–356, https://doi.org/10.1016/j.jcis.2010.08.019.

[83] V. Vasile, Experimental study of the thermal and rheological behaviour of 
paraffin-in-water emulsions used as a secondary refrigerants, phdthesis, 
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