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Microencapsulated heat storage materials have been studied and have attracted
more and more attention in recent years. They have been widely used in many fields,
such as heating and air conditions of building, solar and nuclear heat storage, thermal
adaptable fibers, and climate environmental control for vegetation and seeds in
agriculture, The main advantages of heat storage material encapsulation are providing
large heat transfer area, reduction of the materials reactivity towards the outside
environment and controlling the changes in volume of the storage materials as phase
change occurs. Many methods have been studied to prepare microcapsules.

In this research, micron-sized, monodisperse cross-linked capsule particles
encapsulating n-hexadecane (HD), one of heat storage materials, were produced by
microsuspension polymerization utilizing the Self-assembling of Phase Separated
Polymer (SaPSeP) method of monomer(s)/HD droplets prepared by the Shirazu Porous
Glass (SPG) membrane emulsification technique. The presence of HD accelerated phase
separation of polydivinylbenzene (PDVB) formed in the droplets even in an early stage
of the polymerization. The phase separated PDVB moved toward the interface of the
droplets to form capsule particles. The thermal properties of encapsulated HD and
performance of capsule particles were determined from the viewpoint of heat storage
application.

The heat of melting (H,,) corresponding to the heat of solidification (H;) of the
pure HD used was approximately 230 J/g, and its melting temperature (7,,) corres-

ponding-to solidification temperature (7;) was approximately 15 °C. It was found that

H; of HD encapsulated in PDVB particles was much lower than that of pure HD."

Moreover, 7T; of the encapsulated HD was also approximately 10 °C lower than that of
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the pure HD called supercooling while 7, still remained at 15 °C. The reason of T
decreasing may be based on a compartmentalization effect that is impurities located in
capsule particle can not induce the nucleation of HD encapsulated in the other particles. In
the bulk system, it is known that there is an impurity that works as a trigger for the
nucleation resulting in heterogeneous nucleation. In emulsion, the numbers of impurity
that usually cause heterogeneous nucleation as in bulk phase are distributed among a
large number of isolated droplets. Therefore, the probability for heterogeneous
nucleation for all droplets is drastically reduced. These phenomena are, of course,
negative with regards to application as heat storage materials.

In Chapter 1, to solve the problem with the reduction of H,, the
copolymerizations of DVB and acrylic monomers such as butyl acrylate (BA) and ethyl
acryalte (EA) were carried out. H; increased with an increase of acrylic monomer
content up to that of pure HD. This seems to be based on the fact that the
copolymerization of polar monomers enhances the phase separation of copolymer
chains in HD, eventually resulting in the complete isolation of the HD core from the
polymer shell. This HD core seems to be more smoothly solidified than incompletely
isolated HD locating in the inner interface of polymer shell, leading to the increase of 4
with acrylic monomer content. The double-layered structure consisting of acrylate-rich
inner shell and DVB-rich outer shell was formed in the shell of P(DVB-acrylate)
capsule particles. The acrylate-rich inner shell is expected to contribute to an increase in
H; value of the encapsulated HD due to their hydrophilicity.

In Chapter 2, it was aiso found that PDVB particles of different shell thicknesses
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resulted in different particle shapes. In the case of a thicker shell (DVB/HD = 2/2, w/w),
u single water domain was observed in the HD core encapsulated in spherical capsule
particles. On the other hand, in the thinner shell (DVB/HD = 2/3, w/w) nonspherical
capsule particles without water domain in the HD core were prepared because the shell
strength was insufficient, a part of the shell buckled due to external pressure before the
water penetration. The formation of water domain and its influence on the thermal
properties of encapsulated HD were clarified. The water domain was not observed for
particles taken just after the polymerization and kept at 70 °C, but it was gradually
formed with an increase of the size during cooling process from 70 °C to room
temperature. This is because the density of HD increases with the decrease of
temperature leading to the formation of space inside the capsule particles. When the
shell strength is enough to withstand the external pressure derived from the evacuated
space, water penetrated into HD core through the shell without shape transformation of
the capsule particles. The differential scanning calorimetric (DSC) thermogram of
spherical capsule particles containing water domain had bimodal solidification curve
consisting of lower and higher temperature-side peaks whereas the other ones showed a
sharp single peak without lower temperature-side peak. That ié, the encapsulated HD
containing the water domain required longer time and lower temperature to complete
the solidification than the pure HD, which is negative for its application. However, the
lower temperature-side peak gradually disappeared with an increase of capsule particle
diameter, which seems to be based on the decrease of total interfacial area between the

water domains and encapsulated HD in the capsule particles. The increase of capsule
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particle diameter also improved the problem with supercooling. 7 of the encapsulated
HD increase with particle diameter due to the increase of the probability for
heterogeneous nucleation for all particles.

In Chapter 3, once the spherical particles containing water domain were dried
and the water domain was replaced with air, the problem with partial lowered of T, was
also solved. The air domain was also found in the encapsulated HD core after
solidification because of shrinkage of the HD. The effect of the air domain formed in
the HD core on the thermal endurance, stability of thermal properties with long-term
thermal cycled, of the encapsulated HD was studied by continuously measure
accelerated 100 melting/freezing cycles of aqueous dispersion sample with DSC. It was
found that the presence of the air domain did not affect the thermal properties and
endurance of the encapsulated HD.

In Chaptér 4, the formation of a single water domain in the HD core was also
influenced by the presence of residual monomer in capsule particles. The single water
domain was not formed in the encapsulated HD at low conversion containing high
amount of residual DVB. Tt may be due to the residual monomer affect the shrinkage of
DVB/HD core with the polymerization and during cooling after the pelymerization. The
percentage of water domain increased with conversion resulting in the appearance of
lower temperature-side peak of bimodal solidification curve. Moreover, the presence of
residual monomer also affected the thermal property of the encapsulated HD. The
residual monomer led to the decrease of 7, of the encapsulated HD, which is negative

for heat storage application. However, this influence gradually decreased with an
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increase of the conversion by increase of initiator concentration or polymerization time.

In Chapter 5, the effect of shell strength on the shape and performance of
cross-linked capsule particles was also studied. PDVB capsule particles with various
DVB/HD ratios were prepared. Their shell strengths were determined in the term of
compressive strength and the amount of broken particles with homogenization. PDVB
capsule particles of different shell thicknesses resulted in the different particle shapes
and shell strengths. The thicker shell, spherical particles consisting of a single water
domain in HD core, showed higher shell strength and lower amount of broken particles
than the thinner ones which is nonspherical. In the case of P(DVB-BA) patrticle, it also
showed lower shell strength and higher amount of broken particles than PDVB due to
its lower cross-linked density and glass transition temperature. However, their
performances in the term of thermal recycle usage tested with DSC were not significant
different. Their thermal properties of encapsulated HD showed insignificantly changed
throughout accelerated 100 melting/freezing cycles. Moreover, the capsule' particles
were not broken because no pure HD peak due to the leakage of encapsulated HD by
the thermal cycling was observed in either case.

The field of capsule particle preparation is of great interest and rapidly grows in
recent years for various applications. The micron-sized, monodisperse cross-linked
capsule particles encapsulating HD is successfully prepared by microsuspension
polymerization utilizing the SaPSeP method. The problems with the encapsulation on
the thermal properties of encapsulated HD were improved to prepare excellent capsule

particles with high performance for heat storage application.
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