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ABSTRACT

Phase Change Materials (PCM) emulsions or micro-nano-encapsulated into organic and inorganic shells
have attracted scientific interest for their potential to enhance the thermal capacity and the efficiency of
heat transfer liquids. In this work, RT21HC, a commercial PCM with transition temperature at 21 °C, has
been successfully nano-encapsulated into Poly(methyl-methacrylate) (PMMA) shells by an emulsion
polymerization process after the selection of proper surfactant and synthesis parameters, in order to
obtain complete encapsulation and stable colloidal dispersions. Water-based colloidal dispersions con-
taining 10 wt% PCM were obtained and characterized from point of view of microstructure, colloidal sta-
bility, rheological properties, apparent heat capacity and thermal diffusivity, in order to show the
potential of these colloidal dispersions as advanced heat management fluids. With the aim to mitigate
the phenomenon of PCM crystallization supercooling that is caused by nano-confinement and is cause
of apparent thermal capacity loss, the effect of incorporation into the nano-capsules of two fatty esters,
two fatty alcohols and a fatty acid as nucleating agents, has also been studied.

© 2023 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

Achieving higher levels of energy efficiency represents one of
the main challenges and targets for the near future by various
international institutions and for humanity in general, in order to
mitigate the precariousness in the supply of some energy
resources, as recently experienced due to the war in Ukraine, and
to address the need to deal with the enormous issue of climate
change caused by greenhouse gas emissions. EU has recently
updated its energy efficiency targets for 2030 as part of the Euro-
pean Green Deal package, with the objective to reduce greenhouse
gas emissions of at least 55%, with a reduction of 36% for final
energy consumption and 39% for primary energy consumption by
2030 compared to the 2007 Reference Scenario. The achievement
of these ambitious and noble objectives also passes through the
development of more efficient technologies in the field of heat
storage and transfer, able to exploit renewables more effectively.
Actually, heating and cooling constitutes about 50% of total EU
energy consumption and, according the European Green Deal’s Cli-
mate Target Plan, it is necessary to increase renewable energy
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shares in this sector in order to achieve the EU’s energy and climate
targets cost-effectively [1].

Phase change material emulsions (PCMEs) and nano-
encapsulated PCMs have risen interest in recent years as potential
heat transfer and heat storage fluids, capable of increasing the
energy efficiency of facilities in which the fluids are used. These
new materials consist of a base fluid, a suitable heat transfer fluid,
and an emulsified or an encapsulated PCM, which should be
immiscible with the base fluid [2-7]. The idea is to exploit the
latent heat of melting and crystallization of PCM to increase the
apparent thermal capacity of the system conferring increased ther-
mal storage and transfer properties. The continuous phase, the
base fluid, confers greater thermal conductivity and lower viscosity
than PCM. The emulsified or encapsulated PCM have also the
advantage to be pumped through a heat transfer circuit indepen-
dently from the physical state of dispersed droplets/particles.
One of the two main problems related to these systems is the phe-
nomenon of supercooling, i.e. the reduction of the crystallization
temperature caused by the fact that the process generally proceeds
by homogeneous nucleation, and therefore through the formation
and growth of nuclei, whose probability is greatly reduced in
nanoconfined systems [8]. The second is the colloidal instability
that is caused by different phenomena, such as coalescence of
emulsion droplets that causes their aggregation and growth, Ost-
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wald ripening that is a thermodynamically driven process causing
the growth of big droplets at the expenses of smaller ones and
phase inversion/phase separation due to temperature or composi-
tion changes. Colloidal instability can cause phase separation and
creaming phenomena that hinder the functional properties of the
PCM emulsion system. One of the strategies to improve colloidal
stability and PCM coalescence and leakage is micro-
encapsulation (capsules with sizes in the 1 pm to 1000 pm range)
and nano-encapsulation (1-1000 nm range) into solid and stable
shells. Mainly organic shells have been considered for these appli-
cations such as formaldehyde derivatives, PMMA, polystyrene, Ara-
bic gum, chitosan/gelatin, amino plastics, agar/gelatin/gum Arabic,
urea-formaldehyde resin, to cite some. Several physical (spray dry-
ing and cooling, vibrational nozzle, centrifugal extrusion, solvent
evaporation etc.) and chemical methods that are mainly polymer-
ization methods, have been developed so far [9].

The micro and nano-encapsulation of organic PCMs into PMMA
shells has already been reported by different authors, with partic-
ular interest towards the study of the physico-chemical properties
of the capsule/PCM system [10-14] for thermal energy storage
applications, but more rarely towards the properties of colloidal
suspensions of them [15,16], that could serve as advanced heat
management fluids.

In this work, a commercial PCM material, RT21HC, with nomi-
nal phase change temperature at 21 °C, has been successfully
nano-encapsulated into Poly(methyl-methacrylate) (PMMA)
through a one-pot emulsion polymerization method. Stable, con-
centrated colloidal suspensions of the nano-capsules in water have
been produced with the aim of studying their performances as heat
transfer and heat storage fluids. We also show that by incorporat-
ing five different organic nucleating agents (two fatty esters, two
fatty alcohols and a fatty acid) into the nano-capsules it is possible
to mitigate the phenomenon of supercooling that affects nano-
confined systems.

2. Materials and methods

In the synthesis of each of the 6 PMMA-nanoencapsulated PCM
dispersions investigated in this work, three solutions have been
prepared: solution A has been obtained by dissolving 0.037 g of
Sodium-dodecylsulfate (SDS, greater than 99%, provided by
Sigma-Aldrich) into deionised water (Millipore, Billerica MA, USA,
18.2 MQ cm); solution B by mixing 3 g of RT21HC, a paraffin based
material commercialised by Rubitherm Technologies GmbH as a
PCM (nominal phase change temperature of 21 °C with heat stor-
age capacity of 190 J/g including latent and sensible heat in the
13-28 °C temperature range), 6 g of methyl-methacrylate (MMA,
99 % provided by Alfa -Aesar) and in some cases 0.3 g of a nucleat-
ing agent reported later in this section; solution C by dissolving
0.04 g of ammonium peroxydisulfate (APS, 98% provided by Alfa-
Aesar) into deionised water, used as MMA polymerization initiator.
An intermediate emulsion has been obtained by slowly adding
solution B to solution A at 25 °C under stirring and ultrasonication
using a Sonics VCX-130 tip-sonicator operated at 50 W and 20 kHz
for 5 min. Once the emulsion has been prepared, Solution C con-
taining the polymerization initiator has been added and the tem-
perature of the mixture has been raised to 85 °C for about 1 h,
until the total weight reduced to 30 g by water evaporation. All
the described operations have been carried out under pure nitro-
gen stream. The five nucleating agents that have been tested are
PCM materials with transition temperatures in the range 30-
60 °C and different chemical properties: two alcohols are 1-
octadecanol (melting point (MP) = 59 °C) and 1-hexadecanol
(MP = 46 °C); two esters are methyl-stearate (MP = 37-41 °C)
and methyl-palmitate (MP = 32-35 °C); the fatty acid is dodecanoic
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acid (MP = 44 °C). Sample R is the reference sample, prepared with-
out a nucleating agent; samples OD, HD, MS, MP and DA are those
containing respectively 1-octadecanol, 1-hexadecanol, methyl-
stearate, methyl-palmitate and dodecanoic acid as nucleating
agents. The final concentration of PCM into the colloids is 10 wt%
and that of nucleating agent is 1 wt%, where present. Table 1
reports a summary on samples compositions and main data on
PCM and nucleating agents.

A Malvern Zetasizer Nano ZS based on dynamic light scattering
(DLS) technique has been used for the evaluation of particles size
distribution within the colloids and {-potential. Thermal diffusivity
measurements with statistical uncertainty of 2% were carried out
in the 14-32 °C temperature range using a home-made device
exploiting the photoacoustic effect. Details about the technique
and device are reported elsewhere [17]. The solid-liquid transi-
tions of encapsulated PCM have been investigated using a differen-
tial scanning calorimeter DSC Q2000 (TA Instruments), equipped
with a refrigerated cooling system RCS 90. Experiments were per-
formed at scanning rates of 1-5 °C/min, in hermetically-sealed alu-
minum T, pans and under inert N, atmosphere. Dynamic
viscosities (|t) have been obtained utilizing a rotational rheometer
Physica MR-101 (Anton Paar) operating with a coaxial-cylinder
geometry (cup: CC27/T200/SS and bob: B-CC27/P6) and a Peltier
jacket P-PTD 200. Flow curves were obtained at temperatures
ranging from 10 to 50 °C and shear rates between 1 and 100 s~'.
The residual powders deriving from dried colloids have been
observed via field-emission scanning electron microscopy (FE-
SEM) with a SIGMA Zeiss instrument (Zeiss Microscopy GmbH Ger-
many), operating in high-vacuum conditions at an accelerating
voltage of 20 kV. Sample R and its residual solid have been inves-
tigated by X-ray diffraction using a Malvern-Panalytical Empyrean
diffractometer using the Cu-K,, radiation and a PIXcel3D solid state
detector.

3. Discussion

All the samples obtained with the procedure described in the
previous section look as white stable colloidal dispersions. Fig. 1
shows a diagram representing samples preparation procedure
and a picture of sample R that is representative of all samples.

The procedure exploits an emulsion polymerization process to
create colloidal dispersions of capsules of PMMA containing
RT21HC PCM in water. The initial emulsion is made up of droplets
containing the MMA monomer and PCM, where, due to the slight
solubility of MMA in water, a gradient with a higher concentration
towards the droplet/water interphase is established, while RT21HC
is virtually insoluble in water. The higher concentration of MMA at
the interphase allows its interaction with APS initiator, which is
injected into the continuous phase, whose dianion dissociates to
give radicals according to the equilibrium:

[05S0—0S05 ]2~ =2 [SO4]~

that catalyse the polymerization reaction of MMA at 85 °C to give
the formation of PMMA capsules.

In order to investigate the nature of the dispersed material that
has been obtained through the emulsion polymerization proce-
dure, drops of diluted samples have been dried on aluminium sam-
ple holders and observed by FE-SEM. Fig. 2 shows micrographs of
all resulting solids.

The micrographs show the actual formation of PMMA capsules
in all samples with sizes in the 25-80 nm and similar morpholo-
gies. The capsules appear almost spherical with sometimes polyhe-
dral deformations that are probably due to the packing during the
drying process and the high concentration. Where the packing of
particles is lower, as shown for sample MP, the appearance is more
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Table 1
Samples composition summary.

Journal of Molecular Liquids 377 (2023) 121576

Sample PCM Nucleating Agent (NA)
name Commercial Melting T Latent Heat (kJ/  Concentration into final Chemical name Melting T Concentration into final
name (°C) kg) colloid (°C) colloid
R RT21HC 21 °C 190 10 wt% Reference sample, no - 1 wt%
NA

oD 1-octadecanol 59
HD 1-hexadecanol 46
MS methyl-stearate 37-41
MP methyl-palmitate 32-35
DA dodecanoic acid 44

MMA

e Emulsioning by sonication Polymerization initiation

PCM

N2 stream

+
Nucleating agent \

SDS/Water
solution

PMMA shell

— PCM

SDS shell

N2 stream
/\ <,
Polymerization initiator \

Emulsion

=D

nano-encapsulation

85 °C N2 stream
1:00 h .

Fig. 1. Diagram showing the nano-encapsulated PCM colloids preparation.

spherical. In some cases, as shown for sample OD, sporadic
exploded or incomplete capsules are also visible, showing the
internal hollow structure.

Fig. 3a shows the XRD profiles of colloid R, above and below
RT21HC melting point and that of corresponding residual dry solid.
The XRD of colloid above melting temperature has broad bands
due the contribution of PMMA around 14°, incapsulated liquid
RT21HC at 20° and water at about 29° and 42°. Below the melting
point of RT21HC two peaks at 21.5° and 23.5° appear, correspond-
ing to its crystalline form, while the broad amorphous band at 20°
disappears, corresponding to its liquid form. The same behavior is
observed for the residual dry solid, where in absence of the contri-
bution from water, the quasi-amorphous peaks of PMMA at 14°,
29° and 42° are discernible. The time resolved XRD in the 15°-
30° range of colloid R during the heating from 10 °C to room tem-
perature in Fig. 3b shows the detail of complete melting of the
incapsulated RT21HC in about 15 min.

Table 2 shows a resume of colloidal properties obtained using a
Malvern Zetasizer Nano ZS. All samples show high negative (-
potentials due to the absorption of SDS on the surface of capsules,

indicating good emulsion stability, though some degree of aggrega-
tion is present, considering the difference of Z-Ave values with
respect to what is observed from SEM micrographs. With exception
of sample MS, all other colloids containing a nucleating agent show
higher Z-Ave values and Polydispersity Indexes with respect to
sample R.

Fig. 4 shows thermal diffusivity measurements obtained with a
photo-thermo-acoustic device, of the colloids, compared to that of
water. The temperature region where phase change happens has
been cut since it leads to meaningless artifacts on thermal diffusiv-
ity. All samples show lower thermal diffusivity values with respect
to pure water of the order of 6-10% due to the lower diffusivity of
dispersed materials (especially in solid state) compared to water.

Fig. 5 shows DSC profiles of all colloidal dispersions. The pres-
ence of nucleating agents does not seem to affect the melting pro-
cess: the onset of the peak, that is at 18.5 °C for sample R, its shape
and the area giving a latent heat of 11.9 J/g change only slightly by
adding nucleating agents. Conversely, the onset of solidification
peak is much more affected, since nucleation and subsequent
growth of crystals is the process more kinetically hindered, espe-
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Fig. 2. FE-SEM of dried samples. Sample R (a); sample OD (b); sample HD (c); sample MS (d); sample MP (e); sample DA (f).
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Fig. 3. (a) XRD profiles of colloid R and its residual solid above and below RT21HC melting temperature. (b) Time resolved XRD profiles of colloid R during RT21HC melting.
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Table 2
DLS and {-potential results.

Sample DLS Z-Ave (nm) Polydispersity Index ¢-potential (mV)
R 145 0.17 -70
oD 179 0.32 -55
HD 161 0.24 -83
MS 152 0.17 -82
MP 207 0.28 -83
DA 162 0.25 -77
0.160
o water
O-- Sample R
0.155 m-- Sample OD
o Sample HD
- o-- Sample MS
0.150+ } Sample MP
—_ A-- Sample DA
L2
c 0.145+
\E/ 4 -
3 0.140 3
0.135 %
0.130 T T T T T
10 15 20 25 30 35
T (°C)

Fig. 4. Thermal diffusivity of colloids compared to water.
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cially into nano-confined systems like this, because the probability
of formation of a nucleus and its growth is proportional to the
involved volume.

Crystallization onset is at about 10.7 °C for sample R. Sample OD
shows the least supercooling with two main exothermic peaks, the
first with onset already at about 19 °C and the second around 13 °C.
Sample HD shows a similar behavior but with higher supercooling,
with first peak at about 16.7 °C and second at 8.4 °C. Multiple
endothermic contributions are also present for sample DA, even
if not so broad, with first onset around 14-15 °C and second
around 9 °C. Samples MP and MS, containing the two esters, show
behaviors more similar to sample R with one single endothermic
contribution with onset at 10.4 °C and 11.3 °C, respectively.
Fig. 6 reports the apparent thermal capacity enhancement of each
colloid with respect to pure water, considering these DSC data, cal-
culated as:

)

(1)

(XPCM Chpy T XPMMACPoyn + Xwa[ercpwa[e,) AT + Lpey _
AT

AHy, = 100(

CP water

where Xpcy, Xpuma, and Xyqer are the weight fractions of PCM,
PMMA capsules and water, respectively; Cp,,, Cppps@Rd Cpypper aT€
the corresponding specific heats; Lpqy is the measured latent heat
of phase change of encapsulated PCM; AT is the real working range
evaluated from DSC measurements, as the temperature difference
between the end-sets of melting and solidification processes. This
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Fig. 5. DSC profiles of colloids at 1 °C/min heating rate and 1-5 °C/min cooling rate. Sample R (a); sample OD (b); sample HD (c); sample MS (d); sample MP (e); sample DA (f).
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graph shows that OD resulted as the best nucleating agent, giv-
ing > 10% enhancement of emulsion thermal capacity within a AT
of 14 °C. This enhancement is of course related to the working tem-
perature range that is mainly determined by the supercooling.
Hence, the mitigation of this phenomenon with effective nucleating
agents is of paramount importance to shrink the temperature work-
ing range around the transition temperature and boost-up the
apparent thermal capacity of these colloids.

Dynamic viscosity measurement for all samples collected at
10 °C and 40 °C, below and above the PCM melting temperature
respectively, compared with water as a reference, are shown in
Fig. 7. The viscosity of all colloids is of course increased with
respect to water due to the presence of colloidal capsules with
an average increase of about 130%, both at 10° and 40 °C, except
for samples containing the two fatty alcohols as nucleating agents,
i.e. samples OD and HD that also show a non-Newtonian shear-
thinning behaviour that is more evident especially at lower tem-
perature. The shear-thinning behaviour is often observed in con-
centrated colloidal systems and its origin has been matter of
debate into the scientific community [18,19]. Fluid layering per-
pendicular to shear gradient has been pointed to as one of the pos-
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sible origins of the phenomenon [20,21], while other authors
pointed to the influence of particle stiffness on the appearance of
the phenomenon [22], or to the decrease in the relative contribu-
tion of entropic forces during shear application [18]. In the case
of present study, we deal with very similar systems as shown from
colloidal and microstructural characterization and no evidence can
be found for the origin of the emergence of shear-thinning from
these properties for the samples containing 1-hexadecanol and 1-
octadecanol. A possible explanation is that for samples OD and
HD at lower temperature, where the phenomenon is more evident
and where the Brownian motion of particles is reduced, particles
clustering is more favoured with respect to other samples due to
interaction between the fatty alcohols and the SDS stabilizing
layer. The disruption of the clusters under shearing could be the
origin of the observed shear-thinning.

4. Conclusions

Concentrated colloidal dispersions in water of PMMA nano-
capsules with sizes of less than 100 nm containing RT21HC, a com-
mercial PCM with transition at 21 °C, with a concentration of 10 wt
% with respect to the whole dispersion, have been successful pre-
pared and characterized from the colloidal and thermophysical
point of views. Different nucleating agents such 1-octadecanol,1-
hexadecanol, methyl-stearate, methyl-palmitate and dodecanoic
acid have been incorporated into the PMMA nano-capsules with
the aim of reducing the phenomenon of supercooling and increase
the apparent thermal capacity of the fluids. All the suspensions
show good colloidal stability, moderate reductions of thermal dif-
fusivity with respect to water, which is within the range 6-10 %,
and moderate increase of dynamic viscosity, with Newtonian beha-
viour except for the samples containing fatty alcohols as nucleating
agents that show a shear-thinning behaviour at 10 °C. It has been
found that among the 5 nucleating agents incorporated into the
nano-capsules, 1-octadecanol is the most effective in reducing
solidification supercooling that is caused by nano-confinement,
leading to a 5% increase of apparent thermal capacity with respect
to reference sample not containing nucleating agents and an abso-
lute increase of more than 10% with respect to pure water. This
result demonstrates the potential of using these advanced colloidal
systems as promising efficient fluids for thermal management and
cooling applications.

10 xWater ©OA
o MP oOD
oR aMS

S e aHD
s 283 8 a6 4 8 .
5888588 ¢88538¢832°:

Dynamic viscosity (mPa-s)

0.1 —

1 10 100
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Fig. 7. Dynamic viscosity curves at 10 °C (left) and 40 °C (right).
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