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A B S T R A C T   

Non-aqueous phase change emulsions are very unknown and promising multifunctional fluids consisting of phase 
change materials dispersed in carrier fluids, both being oily phases. The oil-in-oil phase change emulsions allow 
the possibility of using the same medium for latent heat storage and transport under more extreme pressure and 
temperature conditions. In this paper, stable emulsions composed of stearic acid with a melting point of 68–71 ◦C 
dispersed in silicone oil have been developed. Stearic acid-in-silicone oil emulsion samples with different phase 
concentrations were evaluated by analysing their thermophysical properties, viscous and viscoelastic behaviour 
and microstructure. Emulsion properties below the melting point of the phase change material were greatly 
influenced by the concentration of the disperse phase. Thus, as the temperature lowered, a well-developed three- 
dimensional network of stearic acid crystalline structures interconnected with each other was formed. 
Furthermore, emulsion physicochemical and thermal stabilities were examined and proved under several 
mechanical–thermal cycles, withstanding more than 100 cycles in the calorimeter. The results indicate that 
stearic acid-in-silicone oil emulsions are an attractive candidate for energy storage applications with a phase 
change enthalpy in emulsions with the 10 wt% of phase change material of 22.32 J/g.   

1. Introduction 

Thermal energy storage (TES) systems are widely used worldwide for 
efficient utilization and conservation of off-peak power, waste heat and 
intermittent energy sources, cleverly exploiting clean energy resources 
and decreasing energy consumption [1,2]. An efficient, attractive and 
innovative method of storing thermal energy storage is latent heat 
storage. Then, the so-called phase change materials (PCMs) use the 
latent heat of the phase transition to quickly store and release a large 
amount of energy during the phase changing process, at a constant 
temperature [3,4]. Thus, PCMs have recently received considerable 
attention as they substantially contribute to harvest cheap and clean 
energy from waste heat sources and solar energy, for direct uses or 
converting to electricity [5,6]. In addition, they also present the po-
tential for effective heat management in various applications such as 
building, industry or electronic devices [7]. Furthermore, PCMs can be 
added to conventional heat transfer fluids (HTFs), obtaining latent 
functionally thermal fluids that exhibit a higher specific heat storage 
capacity than conventional HTFs. Therefore, they show promising ap-
plications in many fields of renewable energy conversion, production, 

and storage since they remain in a fluid state throughout the phase 
change process, allowing for easy pump transportation and circulation 
in the energy storage systems [8–10]. 

In general, four broad categories are used to classify the thermal 
fluids that work with latent heat: (1) ice slurries, i.e., mixtures of ice 
particles and an aqueous solution; (2) clathrate hydrate slurries (CHSs); 
(3) microencapsulated PCM slurries (MPCMSs), in which the PCM 
encapsulated into microcapsules and further dispersed into HTFs; and 
(4) phase change material emulsions (PCMEs), which are formed by 
dispersing PCM droplets into the continuous phase, usually water, with 
the help of the surfactants that reduce the interfacial tension between 
the two phases [11]. The PCMEs, compared with the others PCM sys-
tems, show greater potentials and present several advantages, including 
a simple preparation process, negligible thermal resistance, good oper-
ation stability and low cost, which make them an excellent HTF. 

Most of the PCME existing literature used as novel HTFs are manu-
factured by incorporating PCMs into water with the aid of emulsifiers 
[12–14]. However, the aim of this work is to develop PCMEs by using 
two non-aqueous phases for thermal energy storage application, of 
which, to the best of our knowledge, little work has been done so far. In 
the literature, there are some studies of non-aqueous emulsions 
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especially for cosmetic and pharmaceutical applications [15,16] and 
other uses covering crystallization processes within emulsified systems, 
especially in the food industry [17,18]. However, there is almost no 
research concerning non-aqueous PCMEs as latent functionally HTFs. 
Only recently, the authors have begun to study and develop anhydrous 
PCMEs in previous work [19,20], facing the lack of information 
regarding the availability of suitable surfactants in such systems and 
pointing out the difficulty in developing such systems. In that sense, 
these previous works noted the importance of a good selection of 
immiscible phases, since a partial compatibility of the phases would 
mean a loss of their energy storage properties. 

These almost totally unknown non-aqueous phase change emulsions 
would not only present the advantages that slurries bring to heat transfer 
applications, such as the possibility of using the same medium for 
transport and storage, the high heat transfer rate due to the increase of 
the specific surface area of the PCM or the easy of pumping trans-
portation and circulation [9], but also all those related to the use of oily 
phases, making a difference. Thus, anhydrous PCMEs would allow the 
transport mass and heat in systems where the pressure and temperature 
conditions are more extreme [21], those systems could withstand much 
higher temperature and pressure peaks than current aqueous systems 
without being degraded. Moreover, they will provide a better long term 
chemical stability. And, additionally, this study of non-aqueous phase 
change emulsions will lay the groundwork for the use of PCME in ap-
plications with phase change temperatures above 100 ◦C, offering the 
advantage of the emulsions to applications where the current 
water-based dispersions have been restricted due to the upper temper-
ature limit. Therefore, this work can be considered as preliminary work 
for the next major challenge, the development of emulsions that can be 
used in high efficient thermal solar collectors (100 ◦C), industrial heat 
recovery (<150 ◦C) [22], and low and intermediate temperature solar 
collection systems (100-250 ◦C) [23]. 

Before going any further, it is worth noting that emulsion cooling 
below the disperse phase melting point will lead to droplets solidifica-
tion and, therefore, the formation of a suspension of solid particles. Even 
though it would be more accurate to call them dispersions (being 
emulsions above the disperse phase melting point and suspensions 
below the crystallization temperature), the term phase change material 
emulsion (PCME) is widely accepted in the literature and will be used 
throughout this study. 

In this work, novel non-aqueous emulsions prepared with stearic 
acid and silicone oil were explored for developing PCMEs. Stearic acid is 
a very promising PCM for latent heat storage systems since its variation 
in both melting temperature and latent during repeated heating/cooling 
cycles in service is negligible and, therefore, shows a good thermal 

reliability as PCM [24,25]. Moreover, its phase changing temperature of 
around 69 ◦C makes it suitable for applications in the medium temper-
ature range such as solar air heater, solar domestic hot water systems, 
flat-plate solar collectors, etc. [3,26]. In addition, stearic acid is a safe, 
cheap, and environmentally friendly PCM fatty acid. On the other hand, 
silicone oil has been selected as a continuous phase because it is highly 
stable (chemically and heat resistant) and presents a low viscosity [27]. 

With this aim, a comprehensive investigation of the thermorheo-
logical characteristics of stearic acid-in-silicone oil emulsions stabilized 
using a silicone surfactant has been carried out. Firstly, the thermo-
physical properties of the emulsion to secure their applicability for 
thermal energy storage were evaluated. Secondly, the viscous and 
viscoelastic behaviour were studied on the basis of the obtained rheo-
logical properties and finally, the microstructure was also examined. 

2. Materials and methods 

2.1. Materials 

Non-aqueous stearic acid-in-silicone oil (o/o) phase change emul-
sions are dispersions of stearic acid droplets in silicone oil stabilized by a 
selected surfactant. Stearic acid (melting point of 69 ◦C) was purchased 
from Sigma-Aldrich (Spain) and a selected industrial silicone oil, 
ESQUIM FH-100, (polydimethylsiloxane, viscosity 0.1 Pa s at 25 ◦C) was 
supplied by Esquim S.A. (Spain). The emulsion was stabilized by a 
silicone-based non-ionic emulsifier, ABIL Care XL80 (Bis-PEG/PPG-20/5 
PEG/PPG-20/5 Dimethicone (and) Methoxy PEG/PPG-25/4 Dimethi-
cone (and) Caprylic/Capric Triglyceride; HLBcalculated = 11), which was 
kindly supplied by Evonik Nutrition & Care GmbH (Germany). 

2.2. Sample preparation 

Non-aqueous dispersions were prepared according to the method 
detailed elsewhere [19], i.e. mixing all the components of the emulsions 
by a high shear rotor-stator homogeniser, at 80 ◦C. The emulsions were 
prepared at the stearic acid/silicone oil (i.e. disperse/continuous phase) 
weight ratios of 1/99, 5/95 and 10/90, while keeping the surfactant/-
disperse phase weight ratio constant at 1/10. Fig. S2 shows a likely 
structural formulation of the surfactant and its possible stabilisation 
mechanism in the present emulsion. It is worth mentioning that such a 
concentration of surfactant was selected thanks to a pre-study where the 
lowest possible amount of surfactant to maintain a highly stable system 
was selected. The minimisation of the amount of surfactant was carried 
out because there was evidence in several studies with others PCMEs 
that the surfactant presence can reduce the crystallinity of the dispersed 

Nomenclature 

English Letter 
T temperature (◦C) 
G′ loss modulus (Pa) 
G′′ storage modulus (Pa) 
n flow index (− ) 
Ks consistency index (Pa sn) 
R2 coefficient of determination 
ST stearic acid 
SO silicone oil 

Abbreviation 
TES thermal energy storage 
PCM phase change material 
HTF heat transfer fluid 
CHS clathrate hydrate slurries 

MPCM microencapsulated PCM slurries 
PCME phase change material emulsion 
DSC differential scanning calorimetry 
HLB hydrophilic-lipophilic balance 
SAOS small-angle light scattering 
PLOM polarized light optical microscope 

Greeks 
λ wavelength (nm) 
ΔH enthalpy change (J/g) 
η viscosity (Pa s) 
γ̇ shear rate (s− 1) 

Subscripts 
m melting 
c crystallization  

C. Delgado-Sánchez et al.                                                                                                                                                                                                                     



Solar Energy Materials and Solar Cells 245 (2022) 111893

3

phase [20,28]. Thus, to reduce this effect, if any, this fixed surfac-
tant/disperse phase ratio was selected for the present emulsions. 

Each sample was identified by the initials of each phase (ST or SO) 
followed by the amount of this phase in the emulsion. For instance, 
ST10SO90 corresponds to an emulsion prepared as explained above, 
using 10 g of stearic acid, 90 g of silicone oil and 1 g of surfactant (see 
Fig. S1 at the supplementary information). As an example of emulsion 
preparation (sample ST5SO95), 0.5 g of the non-ionic emulsifier was 
dissolved in 95 g of silicone oil at 80 ◦C, until ensuring homogeneity. 
Then, 5 g of stearic acid (pre-conditioned at 80 ◦C to ensure its liquid 
state) was incorporated drop by drop and emulsified under high shear 
conditions (at 20000 rpm) for 10 min using an Ultra-Turrax T25 
homogeniser (IKA, Germany). 

2.3. Methods 

2.3.1. Rheological characterization 
Rheological characterization was performed in terms of steady flow 

viscous tests at constant temperature, viscosity temperature ramps at 
constant shear rate, and small-amplitude oscillatory shear (SAOS) fre-
quency sweep tests. 

Isothermal viscous flow measurements, at 40 and 90 ◦C, below the 
crystallization temperature and above the melting point of the dispersed 
phase respectively, were carried out in a controlled-strain rheometer 
Ares-G2 (TA Instruments, USA) equipped with a Couette geometry (cup 
of 30 mm diameter and bob of 27 mm diameter and 42 mm length) on 
steady rotational shear mode. Tests were performed by progressively 
applying an increasing stepped shear rate ramp from 0.01 to 1000 s− 1. In 
addition, downwards and upwards temperature ramps were performed 
by imposing a 1 ◦C/min gradient from 90 to 40 ◦C, at the constant shear 
rate of 1 s− 1. 

On the other hand, small-amplitude oscillatory shear tests were 
conducted on phase change emulsions using a controlled-stress Physica 
MCR 501 rheometer from Anton Paar GmbH (Graz, Austria) and plate- 
plate geometry (1 mm gap and 50 mm diameter). SAOS tests were car-
ried out between 0.03 and 100 rad s− 1 at different constant temperatures 
from 40 ◦C to 90 ◦C, at steps of 5–10 ◦C. The rheological tests were 
carried out within the linear viscoelastic range, previously identified by 
performing stress sweeps at 1 Hz. 

Finally, rotational rheological measurements were performed in 
duplicate using Small-Angle Light Scattering (SALS) analysis to deter-
mine large fluctuations in density and orientation of the samples as well 
as the influence of the deformation direction on the behaviour of the 
disperse phase of the emulsion in the shear field during the phase 
transition. The Rheo-SALS system was attached to the above-mentioned 
rheometer, Anton Paar MCR 501, equipped with specially designed glass 
plate-plate geometry, PP43/GL-HT (gap 0.188 mm). The laser beam 
(wavelength λ = 658 nm) illuminated the sample vertically down be-
tween crossed polarizers and interacts with the microstructure of the 
crystallizing sample and gets scattered. The scattered light transmitted 
through the sample was projected on the screen and photographed using 
a CCD camera. The scattered light depends on the angle between 
polarizer and analyser, allowing two types of measurements: polarized 
(polarizer and analyser parallel) and depolarized (polarizer and analyser 
perpendicular). In the present study, the measurements were carried out 
only in the depolarized configuration. These tests were conducted under 
isothermal and non-isothermal conditions as described above. 

In order to ensure accurate rheological results, every sample was 
measured at least twice. 

2.3.2. Optical microscopy 
A polarized light optical microscope (PLOM) Olympus BX52 (Japan) 

with a digital camera Olympus C5050Z (objectives of 10x and 20x) and 
coupled with an LTS-350 Heating-Freezing Stage controlled by a Linkam 
TP94, manufactured by Linkam Scientific Instruments (UK) was used to 
study the morphology of the emulsion and droplet sizes. Optical images 

of samples were obtained under ordinary and cross-polarized light at 
different temperatures, ranging from 40 to 90 ◦C. Samples were care-
fully poured into a sample holder (76 × 26 mm) and spread under a glass 
coverslip at 90 ◦C and then conditioned to the measurement tempera-
tures, to avoid the alteration of the crystalline structures in the sample 
preparation. The emulsion droplet diameters (d32) were measured using 
Image J software by taking the average of at least 250 droplets and 
calculated following the method described by [29]. 

2.3.3. Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) tests were obtained by using 

a Q-250 DSC calorimeter (TA Instruments, USA). Around 5–10 mg of 
samples were subjected to the following procedure: (a) a first heating 
scan from room temperature to 120 ◦C was carried to remove the 
thermal history of the sample; (b) a cooling ramp, to − 80 ◦C; and (c) a 
second heating ramp, to the same final temperature used for the first 
heating scan. The selected conditions were: heating/cooling rates of 
10 ◦C/min and a flow of 50 mL/min N2 as the purge gas. All thermal 
events were identified, as well as the enthalpy values and crystallization 
and melting temperatures of the samples were determined. The tem-
perature at which the PCM starts to melt, was obtained from the point of 
maximum slope of the leading side of the transition peak and extrapo-
lating the heat flow base line on the same side (T onset); the temperature 
peak was the point at which the largest deviation of the heat flow signal 
from the virtual baseline is measured (T peak) and the enthalpy of phase 
change (ΔH) was calculated as the area under the peak by numerical 
integration. All the results are the average of three replications of each 
one of three different batches of the emulsions prepared. 

3. Results and discussion 

Ideally, a PCME should provide a high density of heat storage 
accompanied with a suitable fluidity and stability. Thus, in order to 
optimise the system, emulsion samples with different fractions of the 
PCM were prepared and studied. Initially, their thermo-physical prop-
erties were analysed to verify the latent heat storage capacity, which is a 
necessary condition to be used in heat storage applications. That is 
because previous results, for other o/o PCMEs, pointed out that the 
crystallinity (and, therefore, the phase change enthalpy) could be 
negatively affected by numerous factors compromising the application 
[20]. Afterwards, the rheological properties of the systems have been 
studied in both, steady and oscillatory conditions, as well as its stability. 
And finally, a more detailed look at the morphology of the emulsions 
through optical microscopy was carried out. 

3.1. Thermo-physical properties 

As mentioned above, thermal properties play a vital role in appli-
cations of PCMEs. DSC curves of the pure components, stearic acid and 
silicone oil, and the PCMEs with different mass fractions of stearic acid 
are illustrated in Fig. 1 and their thermo-physical characteristics 
including melting point (Tm) and enthalpy of melting (ΔHm) along with 
their freezing point (Tc) and enthalpy of freezing (ΔHc) are summarized 
in Table 1. For the sake of comparison, both enthalpies were normalised 
per gram of stearic acid (ST) present in the emulsion. 

From the DSC results, it can be settled that the incorporation of 
stearic acid into silicone oil with the aid of surfactant in the PCMEs has 
little impact on the phase transition enthalpy of the first (Table 1), which 
is really positive for heat storage applications. However, when 
compared to pure stearic acid, a slight decrease in both enthalpies (ΔHm 
and ΔHc) for PCMEs is reported, pointing out that some emulsion 
components may slightly affect the crystallinity of the sample [19,28]. 
This effect seems to be intensified with the increase of the concentration 
of silicone oil, but the small amount of sample used for the DSC test gives 
rise to relatively high values of phase change enthalpies’ standard de-
viations of all the samples (see Table 1), making it difficult to establish a 
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clear trend [24,30]. 
On the other hand, melting and crystallization temperatures clearly 

decrease with silicone oil content. This observed depression in the 
melting point and heat of fusion is usually correlated with molecular 
interactions among the different constituents of the emulsion with the 
stearic acid that partially disrupts the crystalline structure and, prob-
ably, leads to crystallites of smaller sizes. Considering the T onset, which 
is less affected by heating/cooling rates of the DSC test, it is important to 
underline that whereas the largest freezing point drop is of about 16 ◦C, 
the melting point is modified in a little greater extent specially for the 
sample ST1SO99 (Tc drops approximately 18 ◦C). This fact is consistent 
with the partial compatibility of ST with other molecules inducing a 
more homogeneous crystallization. As a consequence, the super-cooling 
degree is almost non-existent for T onset, and rises from 7 to 15 ◦C for T 
peak, which is in line with other phase change systems found in litera-
ture [31,32]. Therefore, the melting and crystallization events in 
emulsions seem to be affected by the emulsification process and the 
concentration of the dispersed phase, particularly at low ST content i.e. 
emulsion ST1SO99. This effect is probably caused by the high ratio sil-
icone oil/ST resulting much more affected by the processing conditions. 
This agrees with numerous thermal reliability studies that have been 
carried out on stearic acid applying repeated working cycles, where 
similar behaviour where the phase change temperatures and enthalpies 
decrease slightly has been observed after strong processing [30,33]. 
Moreover, it is also likely that silicone oil and surfactant form a pro-
tective barrier that slows down the crystallization process. 

For industrial applications, a PCME must present a suitable thermal 
stability after a long-term utility period and be able to resist cyclic 
repeated melting and crystallization cycles. In this sense, a thermal 
cycling test was conducted to determine the thermal reliability of pre-
pared PCMEs. Fig. 2 portrays DSC curves of ST10SO90 after 100 thermal 
cycling and shows negligible changes in the melting and crystallization 
curves after thermal cycling. Therefore, in terms of thermal reliability, 

stearic acid-in-silicone oil emulsions can be potentially considered for 
thermal energy storage and transport applications. 

Finally, not only in terms of thermal reliability but also in terms of 
thermal storage capacity the present emulsions show interesting fea-
tures. Similar values of phase change enthalpy (ΔHm) of ST10SO90, 
21.51 ± 3.6 J/g, have been observed in others aqueous PCMEs. Those 
PCME with the same application and with analogous PCM (usually 
paraffins) concentration exhibit very similar values such as 23.3 J/g or 
21.1 J/g [28], 19.3 J/g [34], or even lower ones such as 16.5 J/g [35] 
and 13.9 J/g [8]. Although some of these aqueous emulsions can been 
prepared with higher PCM concentrations and, therefore, higher phase 
change enthalpies, the great advantage of the of the here-developed 
anhydrous PCMEs is the possibility of reaching working temperatures 
much above the boiling point of water. Moreover, as noted in the 
introduction, this development may serve as a basis for the development 
of new non-aqueous PCME with applications in others temperature 
ranges. 

3.2. Rheological measurements 

The rheological behaviour of emulsions has become increasingly 
important for today’s formulator in optimising the performance and the 
attributes of final products [36]. Then, the rheological properties are 
closely related to their final structure, dispersed phase volume fraction, 
viscosities of the phases, droplet size or stability of the emulsion [37]. 
Hence, the rheological characteristics of samples will also have a major 
influence on the heat transfer process, making it necessary to test the 
applicability of the PCME systems as HTFs. 

3.2.1. Steady-state flow measurements 
During in-service operations, stearic acid-in-silicone oil emulsions 

must be able to recover their rheological properties, after being sub-
jected to a heating-cooling cycle. Therefore, this would give us infor-
mation on how suitable our material is to be applied as a latent 
functionally HTF. For this purpose, heating/cooling temperature sweep 
tests, at a constant shear rate of 1 s− 1, were performed to check the 

Fig. 1. DSC crystallization and melting curves of the PCMEs with different mass 
fractions of the stearic acid and the pure components. Inset: more open- 
ended scale. 

Table 1 
Thermo-physical properties of the stearic acid and the PCMEs.   

CRYSTALLIZATION MELTING 

Tc onset (◦C) Tc peak (◦C) ΔHc (J/g) ΔHc (J/g of ST) Tm onset (◦C) Tm peak (◦C) ΔHm (J/g) ΔHm (J/g of ST) 

Stearic Acid 64.3 ± 0.8 62.9 ± 0.9 231.74 ± 8.3 231.74 ± 8.3 66.9 ± 0.1 70.9 ± 1.1 229.13 ± 8.3 229.13 ± 8.3 
ST10SO90 62.3 ± 0.9 60.6 ± 0.1 22.32 ± 4.4 225.45 ± 44.9 65.4 ± 0.3 67.7 ± 0.4 21.51 ± 3.6 217.22 ± 36.6 
ST5SO95 59.1 ± 0.4 57.4 ± 2.2 10.68 ± 0.7 214.65 ± 10.7 59.4 ± 0.5 66.5 ± 0.3 10.38 ± 0.6 208.64 ± 8.0 
ST1SO99 48.2 ± 1.6 44.5 ± 2.9 2.2 ± 0.1 220.46 ± 12.3 48.6 ± 2.1 60.1 ± 1.8 1.98 ± 0.1 197.91 ± 10.9  

Fig. 2. DSC spectra of ST10SO90 after thermal cycling.  
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stability of the system. Subsequently, steady state flow curves at 
different temperatures and linear viscoelastic properties of the resulting 
emulsions at different temperatures were also evaluated. 

In order to study the evolution of the apparent viscosity during the 
phase change process, Fig. 3 (A) collects the viscosity dependence on 
temperature of the ST10SO90 system, measured at a shear rate of 1 s− 1 

while subjecting sample to a 1 ◦C/min cooling/heating ramp. After 
processing, the sample was cooled from 90 ◦C to 40 ◦C at 1 ◦C/min and 
then heated from 40 ◦C to 90 ◦C at the same rate. As can be seen, during 
the cooling stage, emulsion viscosity slowly increases until 65 ◦C where 
undergone a sharp rise, and thereafter the evolution is slowed down 
again. This jump in viscosity matches with the onset of the crystalliza-
tion peak of the dispersed phase observed in DSC scans in Fig. 1. On the 
other hand, during the subsequent heating cycle, viscosity follows the 
reverse pathway with the increasing temperature, but with a more 
abrupt drop at around 65 ◦C, agreeing with the melting peak of the 
disperse phase (see again Fig. 1). The small variations between the 
outward and return paths are consequence of the different mechanisms 
involved in the melting and crystallization processes that gives rise to 
the supercooling phenomenon [38]. Additionally, during the heating 
cycle, an unusual peak in viscosity is observed at around the melting 
point of stearic acid, followed by a sharp drop to approximately the 
starting values, which can be related to the melting of the disperse phase 
and the collapse of its crystalline structure. Regarding the viscosity 
maximum, this behaviour has been also reported in the literature for 

similar systems and its origin is a matter of debate [39,40]. However, it 
seems to be related to a change in the microstructure of the droplets 
because of the shape relaxation while the subsequent increase of tem-
perature [39,41]. From the operational point of view, a positive fact is 
that after the cooling and heating cycle, the emulsion is able to retain the 
previous viscous properties even after being subject to a phase change, 
point out a suitable rheological stability. 

Fig. 3 (B) shows same testing as above, but only during the cooling 
ramp, at different disperse phase concentrations. Going deeper in the 
analysis of their behaviour with decreasing temperature, again, all 
emulsion viscosities increase rapidly once the phase change process 
takes place, as the dispersed phase begins to solidify at the freezing 
temperature. This behaviour is attributed to the formation of solid 
particles with a much higher viscosity than the liquid droplets and, 
therefore, less prone to deformation under shear stress [42]. This is in 
line with the evolution of pristine ST, with a much lower viscosity in 
molten state and clearly larger values below the freezing point of the 
solid state (exceeding the instrument limit). In this sense, the apparent 
viscosity of PCMEs below the freezing point reaches higher values with 
increasing the dispersed phase concentration. This fact gives clear 
indication that the development of stearic acid crystals exerts a major 
role in the rheological behaviour of PCMEs, as has been reported by 
other authors [28,32]. It is also noteworthy that the steep rise in vis-
cosity occurs at lower temperatures as the concentration of stearic acid 
decreases, which is fully in line with DSC results of the previous section, 
where the crystallization temperature decreased accordingly. 

In order to more accurately interpret the reported viscosity changes, 
small-angle light scattering (SALS) analyses were carried out on the 
emulsions at the extreme temperatures of the range covered (90 and 
40 ◦C). The scattering patterns obtained from the crossed-polarized 
rheo-SALS analysis are shown as insets in Fig. 3 (B). There were signif-
icant differences in the scattering patterns obtained at the start and end 
of the cooling ramp. Initially, at 90 ◦C, emulsion displays no scattering 
with crossed-polarizers configurations (note that central dot is caused by 
the main beam), as expected for the molten state of any crystallisable 
structures. However, with decreasing temperature, both an increase in 
the scattered intensity as well as change in shape to elliptical or four- 
lobe pattern are observed, which proves the appearance of stearic acid 
crystals growth during crystallization [43]. A trend to a circularly 
symmetric pattern means that growing morphologies tend to randomi-
zation in space which is expected for the low concentration of crystalline 
structures (see the inset in ST1SO99 emulsion, Fig. 3 (B)) [44]. Then, the 
appearance of an indistinct circular pattern may be related to the 
development of random array of quasi-crystallites smaller than the 
wavelength of the incident beam [45]. In emulsions with a higher 
concentration of stearic acid (inset in ST10SO90, Fig. 3 (B)), depolarized 
SALS image seems to evolve into a four-lobe pattern, a characteristic 
signature of spherulitic overgrowing morphologies or the existence of 
rod-like crystalline structures [44,46]. 

After analysing and confirming that this system can be stable during 
the phase change process, a more detailed study of the rheological 
properties of the emulsion before and after the phase change was carried 
out. 

At high temperatures, above the melting point of stearic acid, all 
emulsions show a Newtonian behaviour with similar viscosity values to 
the silicone oil, whereas the viscosity of pure stearic acid is significantly 
lower at 90 ◦C (Fig. 4 (A)). An increase in the disperse phase concen-
tration does lead to a shorter separation between droplets and a signif-
icantly higher specific surface area, both enhancing the interaction 
between droplets and usually leading to a viscosity raise [47,48]. Thus, 
it would be expected a higher viscosity with increasing concentration of 
disperse phase. However, this is not the result found at high tempera-
ture. Even though the effect of the droplet size is analysed in detail in the 
next section, this result seems to be related to the relatively low con-
centration of the dispersed phase, where the influence of droplet size on 
the viscosity is of minor importance and the formation of 

Fig. 3. Temperature dependent viscosity at 1 s− 1 under 1 ◦C/min heating/cool 
ramps conducted on: A) ST10SO90 emulsion (cooling and heating) and B) pure 
components and stearic acid-in-silicone oil emulsions at different disperse 
phase concentration (cooling). Inset of SALS crossed-polarizers images. 
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non-flocculated emulsions, as can be clearly seen in Fig. 4 (A) [49]. 
On the contrary, as can be observed in Fig. 4 (B) at 40 ◦C, after 

crystallization, the disperse phase concentration exerts a major influ-
ence on the flow curves of dispersions and modifies their rheological 
behaviour. Then, all samples display a remarkable shear-thinning 
response, characterised by a drop of up to five orders of magnitude in 
viscosity and with a trend to reach a limiting viscosity in the high shear 
rate region. 

As a result, the Sisko model fits fairly well the flow behaviour ob-
tained over the whole shear rate range studied (R2 > 0.99) and is useful 
for analysing this tendency: 

η= η∞ + Ks γ̇n− 1 (1)  

where Ks and n are the consistency and flow indexes, respectively, and 
η∞ is the high-shear-rate limiting viscosity. These fitting parameters are 

shown in Table 2. The decrease in flow index (and n < 1) with increasing 
disperse phase concentration reflects a more apparent shear-thinning 
behaviour. Even though this result could be partially attributed to the 
viscosity increase of the stearic acid droplets after their solidification 
during phase change, the magnitude of the modification in the flow 
behaviour is not consistent with these moderately diluted non- 
flocculated dispersions. Therefore, this result hints structural changes 
in the emulsion microstructure related to the crystallization of the steric 
acid, apart from the solidification of the dispersed phase. 

As deduced from Fig. 4 (B), a notable increase in viscosity values is 
noticed as concentration rises, which is in line with the previously re-
ported apparent viscosities in the low-temperature zone of the temper-
ature sweeps shown in Fig. 3 (B) and Ks evolution gathered in Table 2. 
Moreover, parameters recorded in Table 2 reveal that larger disperse 
phase concentrations lead to a more complex microstructure with 
stronger inter-droplet interactions that provoke an increase in the flow 
resistance and, therefore, in the consistency index, Ks [31]. 

On the other hand, all systems present an interesting trend to reach a 
similar high-shear-rate limiting viscosity, close to that of the oil forming 
the continuous phase (see η∞ values in Table 2). This reveals that 
dispersion microstructure is highly susceptible to shear, which is clearly 
positive from the application standpoint because, commonly, industrial 
processing and pumping operations involve shear rates within the 
intermediate-high shear regime (1-1000 s− 1) [50]. More specifically, 
shear rates of 1 s− 1 are typical shear rates of fluid drainage [51], the 
range 10–10000 s− 1 are typical shear rates for mixing and stirring, and 
100 –1000 s− 1 for pipe flow [52]. As an example, it can be mentioned 
that lubricant greases with a marked shear thinning behaviour and 
having much higher low-shear apparent viscosities (approximately 107 

Pa s) can be successfully pumped in piping flow experiments [53]. 
Finally, the SALS images (inset Fig. 4 (B)) also give us information 

about the effect of applied shear in rotational measurements under 
isothermal conditions. Preferential orientation of scatters along the flow 
direction is the consequence of elongated crystalline structures (threads) 
[44,54]. Differences, as in the case of static measurements shown in the 
inset of Fig. 3 (B), result from the stronger impact of the applied 
deformation and the significant effect of the increase in deformation on 
the pre-formed structure. As crystalline structures are supposed to be 
rigid and confined into the disperse phase, this behaviour is consistent 
with their orientation close to the shear direction. Then, this pattern in 
the polarized rheo-SALS set-up suggests that there is a continuous 
structure in the flow direction [46]. Then, whereas liquid PCM particles 
are spherical, after crystallization, solid and distorted particles are ex-
pected to appear. The distorted shape results in a higher surface area of 
the particles that may strengthen the interaction forces. Therefore, such 
an interrelated microstructure would largely affect the flow behaviour 
and becomes stronger as PCM content increases [55]. Consequently, at 
low shear rates it leads to a notable viscosity increase and, as shear rate 
rises, the progressive orientation of the structures gives rise to the vis-
cosity fall. This behaviour is very common for emulsions of 
phase-shifting materials and has been previously reported [14,28,56]. 

Dynamic viscoelastic moduli within the linear viscoelastic region 
provide a fingerprint of the viscoelastic system under non-destructive 
conditions and give structural information in a regime where excita-
tion does not disturb the equilibrium microstructure of the sample. Thus, 
the system rheology is examined without disrupting its structure as 
continuous shear techniques (i.e. viscous flow tests) do. 

Oscillatory frequency sweep tests were conducted to obtain infor-
mation about the developed microstructure after crystallization. The 
response of the dynamic measurements, the storage (or elastic) modulus 
G′ and the loss (or viscous) modulus G′′ are shown in Fig. 5. Each system 
was also investigated at different temperatures within the application 
temperature range, since temperature had an important effect on 
viscoelastic properties, especially when a phase change material is 
involved. 

At low temperature, frequency sweep curves show that the elastic 

Fig. 4. Viscous flow curves of emulsions and pure components at: A) 90 ◦C and 
B) 40 ◦C, the curves of the emulsions were calculated by Eq. (1). Inset of SALS 
crossed-polarizers images. 

Table 2 
Values of Sisko’s model parameters.  

Sisko’s model parameters  

η∞ (Pa s) Ks (Pa sn) n (− ) R2 

ST10SO90 0.078 145.00 0.04 0.999 
ST5SO95 0.085 41.81 0.12 0.998 
ST1SO99 0.080 2.43 0.31 0.990  
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modulus is almost independent of frequency and remains clearly above 
the loss modulus (Fig. 5), which develops (or tends to develop) a min-
imum that depends on the testing temperature and concentration. 
Therefore, the so-called “plateau region” is noticed pointing out the 
formation of a gel-like structure when the disperse phase remains in its 
solid crystalline state [57]. 

From Fig. 5, it is obvious that the liner viscoelastic behaviour of 
dispersions strongly depends on the disperse phase concentration, 
especially when ST content increases from 1 to 5 wt%. Thus, ST1SO99 

presents lower G′ and G′′ values and a crossover between both linear 
viscoelastic functions at high frequencies, and exhibits a less evident 
plateau region. Higher disperse phase concentrations (samples ST5SO95 
and ST10SO90) induce a more developed plateau region and a 
remarkable rise of four orders of magnitude in both moduli. Then, larger 
dispersed phase concentration favours the formation of stronger gel-like 
characteristics [58]. Thus, as the volume fraction of the disperse phase 
increases, the number of stearic acid crystals grows, decreasing the 
distance between the droplets and increasing the total area of the 
interface [39,59]. 

In general, below the melting point of the stearic acid, as tempera-
ture increases, both G’ and G’’ undergo a progressive lowering, while 
maintaining their rheological behaviour (Fig. 5). At temperatures close 
to the phase change, the plateau region becomes less evident, and then, a 
weaker gel is formed as temperature increases. 

The reported rheological behaviour that emerges at temperatures 
around and below the dispersed phase change may be related to the 
formation of well-developed three-dimensional network as a conse-
quence of the crystallization of the disperse phase. Thus, the formed 
crystalline structures are probably interconnected with each other, 
enhancing the network rigidity as temperature lowers [60]. In addition, 
taking into account that in the molten state a non-flocculated dispersion 
of spherical droplets is obtained and the disperse phase concentration is 
relatedly low (Fig. 5), the solidification of the PCM may be accompanied 
by other processes that significantly change the microstructure of the 
sample. According to this, such viscoelastic behaviour is consistent with 
a microstructure where stearic acid forms a crystalline network 
expanded through the whole volume, swollen by the silicone oil. Thus, 
the solid-like stearic acid deformable network would contribute to the 
enhancement of elastic and viscous properties. 

As shown in Fig. 5, before the phase change, when the temperature 
raises, both moduli decrease very slightly in all samples, in line of the 
previously reported evolution of the apparent viscosity with tempera-
ture (Fig. 3). 

It is worth mentioning that, unexpectedly ST10SO90 seems to show a 
minor increase of the viscoelastic functions at 60 ◦C (Fig. 5 (C)) which 
approximately corresponds the onset of the melting process in Fig. 1. 
This is consistent with the local viscosity maximum observed in the 
temperature sweeps portrayed in Fig. 3, which is more intense as 
disperse phase concentration increases. This outcome is probably caused 
by the consolidation of the network structure of the crystalline struc-
tures due to the onset of a phase change. The liquefaction of the 
dispersed phase initially leads to a shape relaxation process and, at 
concentrations high enough, to the jamming of the dispersed structures 
due to their expansion giving rise to a change in the network. Similar 
behaviour was observed in other systems where a phase change of one of 
the system components takes place [39,40]. 

At temperatures close to melting point disclosed in Table 1 (50 ◦C for 
ST1SO99 and 65 ◦C for ST5SO95 and ST10SO90) the drop of viscoelastic 
moduli become more apparent and slopes of these functions increases, 
but G’ still remains over G’’ (for ST1SO99 a crossover appears at high 
frequencies) pointing out a small network weakening. In all systems, the 
gel collapses sharply at higher temperatures (e.g., 90 ◦C), with a sudden 
drop of G′ and G’’. Thus, a fluid-like behaviour or the terminal region of 
the mechanical spectrum is observed, where G’’>G′ and both moduli 
exhibit a power-law dependence on frequency with log-log slopes of 1 
and 2, respectively. Finally, it is worth noting that the transition tem-
perature from gel-like to liquid-like response lowers as concentration 
does, particularly for ST1SO99, in line with the viscosity evolution 
during cooling reported in Fig. 3 (B). 

3.3. Microstructure 

As already mentioned, the macro-properties of the samples are 
closely related to their micro-morphologies [61]. Thus, optical images of 
samples were obtained at two different temperatures (before and after 

Fig. 5. Storage (left-hand column) and Loss (right-hand column) moduli as a 
function of frequency of the emulsions: A) ST1SO99, B) ST5SO95 and C) 
ST10SO90, at different temperatures. 
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the melting point of the PCM, Fig. 6 row (1) and Fig. 6 row (2), 
respectively) at different disperse phase concentrations (see the columns 
of Fig. 6). Fig. 6 also gathers images of the emulsions at 40 ◦C with 
cross-polarized light to identify the presence of crystalline structures and 
their distribution throughout the sample (Fig. 6 row (3)). 

At 90 ◦C, above their melting point, where both phases are low- 
viscosity liquids, optical microscope clearly shows a fairly homoge-
neous distribution of isolated stearic acid droplets, dispersed in a sili-
cone oil continuous medium (Fig. 6 (A1), (B1) and (C1)). Therefore, at 
high temperature, when the disperse phase is melted, all emulsions 
present a non-flocculated microstructure, a fact that would explain their 
Newtonian flow behaviour. 

From these micrographs, the calculated diameters of the droplets 
slightly increase with the dispersed phase fraction, (3.41 μm in 
ST1SO99, 4.19 μm in ST5SO95 and 6.58 μm in ST10SO90). According to 
those results, mean particle size increase with disperse phase concen-
tration. However, their contribution to the bulk viscosity is not high 
enough to modify the emulsion flow behaviour, due to the relatively low 
concentration or volume fraction of the disperse phase. Therefore, at 
90 ◦C, the viscosity of the emulsions becomes close to the continuous 
phase viscosity (Fig. 4 (A)). 

On the other hand, during cooling, the microstructure of the emul-
sion is greatly modified evolving from a non-flocculated state to a more 
complex arrangement (see Fig. 6 row (2)). Thus, self-assembled struc-
tures clearly appear when the temperature of the sample decreases to 
40 ◦C, as a consequence of the crystallization of the disperse phase, as 
can be seen by inspecting the same samples under cross-polarized light 
in Fig. 6 row (3), where the light areas correspond to crystals of stearic 
acid [62]. The crystal microstructure exhibited various morphologies 
depending on disperse phase concentration. These crystals may protrude 

from the freezing droplets inducing self-shaping depending on crystal 
morphology [63], and can be ranged from thin crystallised layer to 
larger droplets that crystallise in a globular form. Higher concentrations 
of stearic acid in the emulsion tended to large rod-like structures. As an 
example, ST5SO95 allows us to analyse the development of the new 
microstructures, since a three-dimensional crystalline network can be 
observed together with small globules of crystallised particles (Fig. 7). 
This can also be seen more clearly in Fig. 8 with lower magnifications. 
There are many studies currently discussing about the different crys-
tallization mechanisms of droplets in emulsions [64,65]. It has even 
been shown that the polydispersity of the emulsion affects the rate of 
crystallization and, therefore, any structure that may form [66]. The 
latter, together with the different droplet sizes and quantities, explains 

Fig. 6. Micromorphology of the phase change emulsion at different concentrations: column (A) ST1SO99, column (B) ST5SO95, column (C) ST10SO90; under an 
optical microscope (20x): row (1) at 90 ◦C; row (2) at 40 ◦C; row (3) at 40 ◦C under crossed-polarized light. 

Fig. 7. Detail of the micromorphology under cross-polarized light of ST5SO95.  
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why different structures are observed in emulsions with different 
dispersed phase concentrations. 

What is clear is that non-spherical shapes are triggered by the crystal 
formation into the droplets upon emulsion cooling. As was assumed in 
the previous section, emulsion droplets deviated from the initial 
spherical shape, resulting in a higher surface area of the particles, 
strengthening the interaction force, which is very common in crystal-
lised systems [32,42]. It has also been observed that crystals protruded 
from the droplet interface and a three-dimensional network are formed 
developing an extended microstructure in the system. Therefore, this 
complex crystal deformable microstructure with strong inter-droplet 
interactions is consistent with the above results and would explain the 
reported rheological properties. 

Finally, the emulsions microstructure at high temperature has been 
also evaluated after experiencing 10 heating-cooling cycles. According 
to the micrographs shown in Fig. 9, PCMEs only showed a slight increase 
in droplet size after thermal cycling (4.189 μm in ST1SO99, 4.785 μm in 
ST5SO95 and 6.922 μm in ST10SO90). This result points out that the 
stearic acid-in-silicone oil emulsions exhibit good thermal stability and 
is reliable with the results obtained in the previous analyses. Thus, even 
though droplets are broken by PCM crystals during the cooling cycle, 
initial microstructure of the emulsion is recovered when reheated up to 
90 ◦C, revealing the high effectiveness of the surfactant. 

4. Conclusions 

At present, formulating a non-aqueous PCME for thermal storage and 
heat transfer applications is both promising and challenging. This study 
assesses in detail the thermal and rheological performance of stearic 
acid-in-silicone oil emulsions as well as their microstructural and 
viscoelastic properties at different temperatures. The obtained results 
make evident that a stable PCME can be successfully fabricated by 
selecting an appropriate silicone surfactant. 

Emulsions were characterised by a Newtonian behaviour at high 
temperature, above the melting point of the PCM, and a pronounced 
non-Newtonian shear thinning behaviour, described quantitatively by 

the Sisko model, at temperature below the melting point of the PCM. 
After crystallization, the results show an increase in low-shear-rate 
viscosity of up to 5 orders of magnitude for the most concentrated 
emulsion. This increase was due to the occurrence of an interrelated 
microstructure of crystals which would largely affect the flow behaviour 
of the emulsion and becomes stronger as PCM content increases. Indeed, 
structural information obtained by non-destructive essays shows as a 
well-developed three-dimensional network of crystalline structures 
interconnected with each other was formed as a consequence of the 
crystallization of the dispersed phase. Interestingly, such a microstruc-
ture is highly susceptible to shear, which is clearly positive from the 
application standpoint, as industrial processing and pumping operations 
usually involve shear rates within the intermediate-high shear regime. 

On the other hand, samples were subjected to heating/cooling tem-
perature sweep tests under steady shear, optical microscopy and DSC, 
checking not only the rheological and microstructural stability of the 
system but also its thermal reliability during in-service operations. The 
present PCMEs were able to resist heating-cooling cycles and remain 
stable for at least one month, keeping their properties and heat storage 
capacity practically intact. Consequently, the PCMEs show great po-
tential for use as a novel HTF in thermal energy storage systems. A more 
in-depth study about the energy transport characteristics and the eval-
uation of the performance in a pilot plat device, close to the industrial 
applications, will be the path to continue this study. 
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