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Abstract: Microspheres with phase change properties
were fabricated by polymerization of hexadecyl acrylate
(HA) and different cross-linking agents. The samples
were characterized by scanning electron microscope
(SEM), Fourier transform infrared spectroscopy (FTIR),
thermal gravimetric analysis (TGA). The results show
that, the samples that added cross-linking agents have a
smooth surface and the latent heat of them is different.
The experiments show that all of the cross-linked copo-
lymer shells can be made into temperature controlled
release microspheres. These materials can be poten-
tially applied in the field of thermal energy storage.
B-tricalcium phosphate was encapsulated in microsphe-
res to obtain one with a fast release effect. It will effec-
tively promote bone conduction when these microsphe-
res were implanted into a bone defect. This microsphere
can be used for orthopedic implant or coating of instru-
ment in the future.

Keywords: microspheres; phase change materials; cross-
linking agents; fast release; properties

1 Introduction

Energy storage is a hot research topic in recent years. In
particular, phase-change thermal storage technology is
an important technology that makes rational and effective
use of existing energy, optimizes the use of renewable
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energy and enhances energy efficiency (1,2). Phase change
thermal storage materials use the latent heat of phase
change to achieve the energy storage and utilization
(3,4). The realization of phase change energy storage
technology relies on phase change materials (PCMs). PCM
is a kind of material which can change its phase when it
absorbs or releases heat, and the latent heat reflects the
heat absorption and heat release ability of materials. It
has been developed for many years and the key research
scope focuses on preparation and application of micro-
PCMs with appropriate phase change temperatures and
desirable thermal stability (5-7). PCMs achieve the storage
and release of energy through the latent heat of phase
change (3). At present, these materials have been widely
used in textiles, building materials and some other fields
(3,8). Microspheres have attracted more attention in
recent years. They have potential application in energy
storage, thermal insulation, drug delivery, and some other
fields (9-13). Microspheres can be fabricated by natural
and synthetic polymers (13-16). There are many chemical
and physicochemical methods available to fabricate
microspheres (17-19).

Hexadecyl acrylate polymer (PHA) is a solid-liquid
phase change material, which can absorb and release
heat energy at 39°C. However, it is not suitable for
application since its unstable olefinic bond. It was used
as a shell material in this paper, and further investigations
were made to the effect of different crosslinking agents
on the surface and phase transition properties of
microspheres. In order to expand the application of
PHA in a wider range of fields, we have prepared rapid-
release microspheres using phase change materials
(20). In this research, microspheres with phase change
properties were fabricated by polymerization of hexadecyl
acrylate (HA) and different crosslinking agents, such as
hexadecyl acrylate, allyl methacrylate, 1,4-butylene glycol
diacrylate, trimethylolpropyltriacrylate, divinyl benzene,
pentaerythritol tetraacrylate, which will help increase the
strength and rigidity of the shell material. In addition,
the B-tricalcium phosphate has good biocompatibility
and can promote bio-bone repair, so it was encapsulated
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in microspheres to obtain one with a fast release effect.
It will effectively promote bone conduction when these
microspheres were implanted into a bone defect. This
microsphere can be used for orthopedic implant or coating
of instrument in the future.

2 Experimental

2.1 Materials

Hexadecyl acrylate (HA, purity, 98 wt%, China Zhejiang
Kangde Chemical Inc.) was used as the monomer
in the composition of the shell. Allyl methacrylate
(AMA, purity, 99.7 wt%) was purchased from China
Tianjin Jintongletai Chemical Product Corporation).
1,4-Butylene glycol diacrylate (BDDA; purity, 99.0 wt%)
and trimethylolpropyltriacrylate (TMPTA, purity, 99.0 wt%)
were products of China Liyang Blazer Chemical
Technology Service Center. Divinyl benzene (DVB, purity,
55.0 wt%) was purchased from China Tianjin Jintongletai
Chemical  Product Corporation.  Pentaerythritol
tetraacrylate (PETRA, purity, 99.0 wt%) was also a
product of China Liyang Blazer Chemical Technology
Service Center, which was used as the crosslinking
agents in the composition of the microspheres.
2,2’-azobisisobutyronitrile (AIBN, 98.0 wt%, China
Tianjin Zhiyuan Chemical Reagent Corporation) was
employed as the initiator during the reaction. Sodium
salt emulsion of styrene-maleic anhydride copolymer
(Na-SMA, 19 wt% aqueous solutions, China Shanghai
Leather Chemical Works) was used as surfactant.
B-tricalcium phosphate was purchased from Aladdin
Reagent (China Shanghai) Co., Ltd. (purity, 99.8 wt%).

2.2 Fabrication of microspheres

The dispersed o0il phase consists of 03 g
2,2’-azobisisobutyronitrile (AIBN), 0.02 mol hexadecyl
acrylate (HA) and 0.01 mol crosslinking agents
(Figure 1). The aqueous phase was fabricated by dissolving
100 mL H20 and 7 g sodium salt emulsion of styrene-
maleic anhydride copolymer (Na-SMA). The oil phase
was added into the aqueous phase under a stirring rate of
500 rpm. After being emulsified by a homogenizer at
1500 rpm for 15 min, the reaction was carried out for
6 h under a stirring rate of 550 rpm at 85°C. Finally,
the product was washed with ethanol at 50°C and was
vacuum-dried at 45°C for 24 h.
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2.3 Characterization

Fourier transform infrared spectroscopy (FTIR) spectra was
recorded on a Bruker Vector 22 spectrometer (Germany) at
natural temperature. The micrographs of the microsphere
were observed by scanning electron microscope (SEM,
Hitachi S4800, Japan), samples were coated with a layer
of gold. Thermal Gravimetric Analysis (TGA) plots were
obtained by thermogravimetry (NETZSCH STA 409 PC/
PGTG-DTA, Germany), with a heating rate of 10°C/min
in a nitrogen atmosphere, in the range of 20°C-800°C.
The thermal behavior of the microsphere was obtained
using a differential scanning calorimeter (DSC, NETZSCH
DSC 200 F3, Germany) in the range of from —20°C to 80°C
at a heating or cooling rate of 10°C/min in a nitrogen
atmosphere. Particle size distribution of the microspheres
was obtained by a laser particle size analyzer (Horiba
LA-300, Japan). X-ray photoelectron spectroscopy (XPS,
K-alpha, Thermofisher, United States) was used for
element analysis.

3 Results and discussion

3.1 Chemical characterization

In Figure 2, compared with PHA, the bands at 2926 cm™
and 2856 cm™ are assigned to stretching vibration of
-CH, and -CH,, respectively. The bands corresponding
to C-H stretching vibration of polymer shells are
overlapped with hexadecyl acrylate structural unit
in each microsphere spectrum. The band at 1468 cm!
is assigned to the deformation vibration of —~CH,. The
bands at around 1468 cm™ and 1410 cm™, which can
be observed in both hexadecyl acrylate structural
unit spectrum and each microspheres spectrum, and
717 cm™ are attributed to a long-chain horizontal
rocking vibration absorption peak containing more
than four —CH,_ groups in the molecule, these are the
characteristic bands for hexadecyl acrylate structural
unit. The bands at 1735 cm™ and 1162 cm™ are assigned
to C=0 stretching vibration and C-O stretching of the
ester group in the polymer shell, due to the presence of
the crosslinked structure, the peak at that point appears
offset, this may be due to the induced effect causing
a change in the distribution of electron clouds in the
molecule, causing a change in the bond force constant,
which shifts the frequency of the group. The band at
1497cm™ observed in the spectra of HA-DVB polymer
can be assigned to the benzene ring bending vibration.
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Figure 1: The chemical structure of cross-linking agents: (a) allyl methacrylate (AMA), (b) divinyl benzene (DVB), (c) 1,4-butylene glycol
diacrylate (BDDA), (d) trimethylolpropyltriacrylate (TMPTA), (e) pentaerythritol tetraacrylate (PETRA)
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Figure 2: FTIR spectra of the microspheres with various cross-linking
agents.

The FTIR test results showed that the monomers had
effective polymerization reaction and the target products
were obtained.

The particle size distributions of the microspheres are
shown in Figure 3. The particle size ranged mainly from
25 pm to 100 pm for HA-AMA, HA-TMPTA and HA-PETRA
microspheres, and from 3 pm to 10 pm for the HA-BDDA
and HA-DVB microspheres. The particle size distributions
of the five microspheres are different. This may be caused
by the difference of the surface tension between the
organic phase and the aqueous phase.

3.2 Morphology of microspheres

SEM micrographs of the surface of various micrographs
are shown in Figure 4. The capsules show a regular
spherical shape except the shell that obtained only by
PHA. It is observed that the surface of the micrographs is
spherical and smooth, without any defects, this indicates
that the addition of cross-linking agent has no obvious
effect on the surface morphology of microspheres and
this will be beneficial to the application of microspheres
in the field of phase change material, washing materials
and drugs.

3.3 Thermal properties and thermal stability

Thermal properties of microspheres fabricated with
different cross-linking agents are shown in Figure 5
and summarized in Table 1. As shown in the curve, the
endothermic peaks of microspheres fabricated with
AMA, BDDA, TMPTA and PETRA as crosslinking agents
decreased slightly, the endothermic peaks of microspheres
fabricated with DVB as crosslinking agents significantly
improved by 2.3°C. This phenomenon shows the phase
transition temperature of the microspheres decreased
with the increase of functional groups of the cross-linking
agents. This is because cross-linking agents with complex
structures destroy the regularity of the macromolecular
chains and this is not conducive to crystallization. In
addition, microspheres fabricated using DVB has the
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Figure 3: Particle size distribution of the microspheres: (a) HA-AMA, (b) HA-BDDA, (c) HA-PETRA, (d) HA-DVB, (e) HA-TMPTA.

Figure 4: SEM micrographs of (a) HA-AMA, (b) HA-BDDA, (c) HA-PETRA, (d) HA-TMPTA, (e) HA-DVB, (f) PHA.

highest latent heats of melting. The results show that
the microspheres fabricated by HA and DVB have better
structural regularity and application potential. HA-TMPTA
microspheres did not show significant endothermic peaks
and exothermic peaks, it indicates that the presence of
TMPTA affected the crystallinity of the material and leaded
to a decrease in the crystallinity of the microspheres.
Thermal stability is one of significant factors in
evaluating microspheres for their applications. Figure 6
shows the TGA plots of PHA, HA-AMA, HA-BDDA,
HA-TMPTA, HA-PETRA and HA-DVB shells. The extracted
value at the temperature for occurrence of mass loss
of 5 wt% (Td5%), and the temperature of HA-AMA is
approximately 40°C above that of PHA. It is believed that
the cross-linked copolymer shell exhibits better thermal
stability than that of PHA. The thermal decomposition
temperature of PHA shell is approximately equivalent

to that of the cross-linked copolymer shells. There is no
obvious difference between the shells.

3.4 Application

To verify the temperature controlled release properties
of HA-AMA, HA-BDDA, HA-PETRA, HA-TMPTA and
HA-DVB, microspheres were prepared using p-tricalcium
phosphate as core materials. The release principle of
temperature controlled release microspheres is simple
and the microspheres can be effectively controlled by
temperature. This kind of microsphere can be widely used
in food, medical, construction, textile, daily chemical
and other fields. The experiment in Figure 7 validates
the actual release effect of temperature controlled
release microspheres. The microspheres are placed in
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Figure 5: DSC curve of microspheres with various cross-linking
agents.

Table 1: Thermal properties of microspheres with various cross-
linking agents.

Material T /°C Tw/°C AHm/)g* T /°C Tpc/°C AHc/)g?
PHA 33.9 39.8 116.4 29.3 24.2 115.9

HA-AMA 14.7 25.8 42.03 17.5 10.9 41.83
HA-BDDA 10.0 19.7 58.56 14.9 8.2 58.54
HA-TMPTA 2.7 16.4 24.60 15.4 6.1 25.64
HA-PETRA 9.4 19.1 63.64 13.4 5.9 63.28
HA-DVB 18.3 31.6 70.68 28.4 15 69.03

Note: T, - on set temperature on DSC heating curve; T, - peak
temperature on DSC heating curve;

AHm - enthalpy on DSC heating curve; T - on set temperature on
DSC cooling curve;

T~ peak temperature on DSC cooling curve; AHc — enthalpy on DSC
cooling curve.
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Figure 6: TG curve of the microspheres with various cross-linking
agents.
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the water bath. When the temperature is lower than the
phase transition temperature of the shell material, the
microspheres are suspended in the water and after
the temperature is increased to the phase transition
temperature, the shell material undergoes a phase
change and the microspheres gradually rupture and
form the film. The core material sank at the bottom of
the tube after the core material was released. The release
process of various microcapsules is recorded as shown in
Figure 7. Due to the different phase transition temperatures
of the microcapsule shell materials, the melting and
release rates of the microcapsules are different. The release
times of HA-TMPTA, HA-PETRA, HA-BDDA, HA-AMA and
HA-DVB were 86 s, 93 s, 98 s, 116 s and 142 s, respectively.

It can be seen from the SEM image in Figure 8 that the
HA-PETRA microspheres were released after the particles
were melted. And the ratio of Ca/P of the particles analyzed
by EDS is 1.67. In addition, the XPS elemental analysis of
the HA-PETRA microcapsules with completed release is
carried out as shown in Figure 9, and the Ca/P ratio is 1.30,
which is closed to the test result of EDS, so these results
indicating that the released particles were B-tricalcium
phosphate. The separation phenomenon of the core and
the shell indicates that HA-AMA, HA-BDDA, HA-PETRA,
HA-TMPTA and HA-DVB can be used as shell materials to
realize the preparation of microspheres and have obvious
temperature controlled release effect. This verification is
of great significance for carrying out the later research and
application.

4 Conclusions

In this study, microspheres could be obtained by using AMA,
BDDA, PETRA, DVB and TMPTA as the cross-linkers. All of
the cross-linked copolymer shells exhibit better thermal
stability than that of PHA. The latent heats of microspheres
fabricated by various cross-linking agents are different. The
cross-linking agents with complex structures destroy the
regularity of the macromolecular chains and it will affect
the crystallization of microspheres but it has no effect on
their surface morphology. The latent heat of microspheres
fabricated by DVB as cross-linker is the largest and the particle
size of the microsphere is uniform. Since the crystal structure
is destroyed by varying degrees, the various microspheres
have different lower phase transition temperatures, so
that all of the cross-linked copolymer shells can be made
into temperature controlled release microspheres and the
experiments show that all kinds of microcapsules have
significant temperature-controlled release effect.
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Figure 7: Release effect verification experiment of the temperature controlled release microspheres.
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Figure 8: SEM picture and EDS analysis of HA-PETRA microspheres
after melting.
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Figure 9: XPS analysis of HA-PETRA microcapsules after release of
B-tricalcium phosphate.
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