
1. Introduction
In recent years, microcapsules of heat storage mate-
rials have attracted for many applications such as
air condition of building, solar heat storage and ther-
mally adaptable fibers [1–3]. Paraffin waxes such as
tetradecane (TD), hexadecane (HD), octadecane
(OD), nonadecane (ND), and eicosane are useful as
one group of numerous heat storage materials that
melt and solidify at a wide range of temperatures,
making them attractive for many applications [4].
Several methods have been carried out to prepare
heat storage microcapsules. The in situ polymeriza-
tion to fabricate the microcapsules and nanocap-
sules containing OD core with melamine-formalde-
hyde shell [5], resorcinol-modified melamine-
formaldehyde shell [6] were reported. Three types

of paraffin waxes (HD, OD and ND) were encapsu-
lated through complex coacervation of natural and
biodegradable polymers, gum arabic-gelatin mix-
ture [7]. Polystyrene (PS) microcapsules containing
paraffin wax were synthesized by suspension like
polymerization [8]. The Self-assembling of Phase
Separated Polymer (SaPSeP) method is one of many
methods applied for the encapsulation of them [9–
12]. The polymer chains formed during polymeriza-
tion in the monomer droplet are diffused and trapped
near the interface based on surface coagulation and
gradually piled at the inner interface resulting in a
polymer shell. After the completion of polymeriza-
tion, heat storage material was encapsulated inside
as the capsule core. Previously, we have prepared the
microcapsule of polydivinylbenzene (PDVB) encap-
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sulated OD (PDVB/OD) by microsuspension poly-
merization utilizing the SaPSeP method [13]. The
prepared capsules are spherical with smooth outer
surface.
Currently, there is a high level of interest in the uti-
lization of natural polymers due to environmantal
awareness. Natural rubber (NR) is one of the most
important biopolymers in Thailand. NR latex is
exuded from the Hevea brasiliensis tree as an aque-
ous emulsion [14]. It displays excellent elasticity
and flexibility widely used in various applications
such as medical gloves and tubing. Therefore, it is
interesting to incorporate NR into PDVB shell. It not
only improves the mechanical properties of PDVB
shell but also reduces the utilization of petrochemi-
cal monomer corresponding with their costs.
In this study, the preparation of microcapsule encap-
sulating OD in polymer composite shell of PDVB
and NR (PDVB/NR/OD) was carried out by suspen-
sion polymerization utilizing the SaPSeP method.
The influence of the molecular weight of NR and its
content on the encapsulation efficiency and thermal
properties of encapsulated OD were investigated.

2. Experimental
2.1. Materials
DVB (Aldrich, Wisconsin, USA; purity, 80%) was
washed with 1 N sodium hydroxide (BDH Prolabo,
Leuven, Belgium) and distilled water to remove
polymerization inhibitors before use. NR (Thai Rub-
ber Latex Co., Ltd., Bangkok, Thailand) was used as
received and oxidized with aqueous hydrogen per-
oxide solution (QReC, Auckland, New Zealand;
30% v/v) in the combination with sonication to
reduce the molecular weight. Poly (vinyl alcohol)
(PVA) (Aldrich, Wisconsin, USA; degree of saponi-
fication, 87–90%) was used as received. Reagent-
grade benzoyl peroxide (BPO) (Merck, Munich,
Germany) was purified by recrystallization. OD
(Aldrich, Wisconsin, USA; 99.5%) was used as
received. Tetrahydrofuran (THF) (QReC, Auck-
land, New Zealand; HPLC grade) was used as
received.

2.2. Microcapsules preparation
The microcapsules of PDVB/NR/OD were pre-
pared by suspension polymerization under the condi-
tions listed in Table 1. The homogeneous organic phase
of DVB/NR and OD at the ratio of 50:50% wt/wt

(approximately 10 wt% of aqueous solution) were
mixed with BPO (8 wt% of monomer) and then
added to the aqueous phase containing PVA (1.5 g of
PVA in 150 g of water). Emulsification was carried
out by homogenization at the speed of 5000 rpm for
5 minutes resulting in the organic phase droplets
dispersed in the aqueous medium. The resulting
emulsions were subsequently transferred to the
reactor and polymerized at 80°C for 8 hours with
the stirring rate at 200 rpm under N2 atmosphere.

2.3. Characterizations
Number- and weight-average molecular weights
(Mn and Mw, respectively) and molecular weight
distributions of NR and oxidized NR were deter-
mined using a gel permeation chromatograph (GPC)
(Water 2414, Water, USA) with two poly(styrene-
divinylbenzene) gel columns (Phenogel 5·103 and
5·105 A, 7.8 mm i.d!"30 cm, Phenomenex, USA)
connected in series. The flow rate of THF as eluent
was maintained at 1.0 ml/min with column temper-
ature of 40°C and elution was monitored with
refractive index detector. The columns were cali-
brated with six standard PS samples (2.5·103–
6.0·105, Mw/Mn = 1.05–1.15).
The prepared capsules were observed with an opti-
cal microscope (OM) (SK-100EB & SK-100ET,
Seek, Thailand) and scanning electron microscope
(SEM) (JSM-6510, JEOL, Japan) to investigate the
inner structure and surface morphology of the micro-
capsules, respectively. The ultrathin cross sections
of the capsules were observed with a transmission
electron microscope (TEM) (JEM-1230, JEOL,
Japan). Dried capsule particles were dispersed in
epoxy matrix, cured at room temperature for 24 h
and then microtomed.
The OD content in microcapsule was determined
with thermogravimetric analyzer (TGA) (TGA
4000, Perkin-Elmer, USA) using heating rate of
5°C/min. The latent heats of crystallization (Hc) and
melting (Hm) and the crystallization (Tc) and melt-
ing (Tm) temperatures of OD encapsulated in micro-
capsules in aqueous solution (solid content: ca 10%)
were measured with a differential scanning calorime-
ter (DSC) (DSC 4000, Perkin-Elmer, USA) under a
N2 flow with the scanning temperature range and
rate of 0–40°C and 5°C/min, respectively. To com-
pare Hc and Hm of the encapsulated OD having dif-
ferent wt% in the capsule particles and also bulk
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OD, the Hc and Hm values were used in the unit of
joule per 1 g of encapsulated OD (J/g-OD). They
were calculated from the cooling/heating peak area
of DSC thermogram and OD content obtained from
TGA analysis using the Equation (1):

J/g-OD                                                (1)

where A = Hc or Hm of encapsulated OD in micro-
capsule dispersion obtained from DSC thermogram
(J/g-sample), B = %OD in microcapsule dispersion
obtained from TGA thermogram.

3. Results and discussion
The PDVB/NR/OD microcapsules prepared with var-
ious weight percents of NR (Mn = 308 130 g/mol)
were observed with OM compared with PDVB/OD
capsules as shown in Figure 1. The PDVB/OD cap-
sules (Figure 1a) were spherical and OD core was
completely encapsulated with PDVB shell. When
NR was added, phase separation was not observed

although at the lowest content at the lowest content
as shown in Figure 1b–d. It can be explained that
high molecular weight NR (308 130 g/mol) incor-
porated into the monomer droplets increases the
internal viscosity. Therefore, it may prevent phase
separation of PDVB formed during polymerization.

5
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Table 1. Recipes for the preparation of PDVB/NR capsules
with encapsulated OD by suspension polymeriza-
tiona of DVB/NR/OD droplets prepared by homog-
enizationb

a80°C, 8 hours, stirring rate at 200 rpm, N2
b5000 rpm, 5 min
cMn (polydispersity index; Mw/Mn): 308 130 (2.87), 162 519
(2.19), 146 001 (2.60) and 89 923 (15.62)

Ingredient
NR (wt% of DVB)

0 1 2.5 5
DVB [g] 7.5 7.5 7.5 7.5
NRc [g] 0.0 0.075 0.188 0.375
OD [g] 7.5 7.5 7.5 7.5
BPO [g] 0.8 0.8 0.8 0.8
PVA [g] 1.5 1.5 1.5 1.5
Water [g] 150 150 150 150

Figure 1. The optical micrographs of PDVB/NR/OD particles with NR having Mn 308 130 g/mol. NR (wt% of DVB): (a) 0;
(b) 1; (c) 2.5 and (d) 5



To clarify this assumption, the utilization of the
lower molecular weight NR was studied.
The original NR was oxidized with various amounts
of aqueous hydrogen peroxide solution (30% v/v)
in the combination with sonication for 1 hour to
reduce its molecular weight. The obtained NR hav-
ing different Mn measured with GPC was used for
the preparation of PDVB/NR/OD capsules.
The PDVB/NR/OD capsules prepared with NR
(1 wt% of DVB) having different molecular weights
(Mn: 162 519, 146 001 and 89 923 g/mol) were
shown in Figure 2. All of conditions show that the
spherical particles were obtained. In the case of
162 519 g/mol NR (Figure 2a), it clearly shows het-
erogeneous particle where PDVB/NR shell encap-
sulate OD core. This indicates that using the lower
molecular weight NR than the original one
(308 130 g/mol; Figure 1) may reduce the internal
viscosity resulting in the formation of the core-shell
particles. However, when further decreased molec-
ular weight NR (Mn: 146 001 and 89 923 g/mol)
were used, the homogeneous particles were observed
as shown in Figure 2b and 2c. These phenomena
may be due to their molecular weight distributions
being quite high as shown in the term of polydisper-
sity index. They are 2.52 and 15.62 for 146 001 and
89 923 g/mol, respectively. This means that they still
have many long chains polymer which easily obstruct
the phase separation. In the case of 162 519 g/mol
NR, although the Mn is higher than those of the lower
ones, its molecular weight distribution is quite nar-
row (polydispersity index; 2.19) resulting in less
long chain polymer components. This indicates that
not only molecular weight of NR but also polydis-
persity index affect the formation of polymer cap-
sule. However, we will discuss this phenomenon in
more detail in the future. Therefore, NR having Mn
about 162 519 g/mol was selected to prepare the
PDVB/NR/OD capsules in the further study.
To increase NR content, the study of influence of
NR weight content on the preparation of the capsule
was shown in Figure 3. When low NR contents (1
and 2.5 wt% of DVB) were added, the spherical
microcapsules were obtained as shown in Figure 3b
and 3c. They clearly show PDVB/NR shell encapsu-
lating OD core. However, at higher NR content
(5 wt% of DVB), the polymer chains seem to be
distributed throughout the particles. These results
suggested that during polymerization the present of

low concentration NR did not inhibit phase separa-
tion of PDVB chains formed in the monomer
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Figure 2. The optical micrographs of PDVB/NR/OD parti-
cles prepared with various molecular weight of
NR at 1#wt% of DVB. Mn (polydispersity index)
of NR [g/mol]: (a)#162#519 (2.19); (b)#146#001
(2.52) and (c)#89#923 (15.62)



droplets. Therefore, PDVB chains can easily dif-
fuse to the interface and adsorb there to form the
polymer shell resulting in the formation of the poly-
mer capsule. Nevertheless, the increases of NR con-
tent until reaching a critical value (5 wt% of DVB)
reduced phase separation due to high internal vis-
cosity. In this case, the formed PDVB could not dif-
fuse to the droplet interface resulting in homoge-
neous morphology particles.
The surface morphology of the capsules observed
with SEM (Figure 4) support the results of OM that
PDVB/OD and PDVB/NR/OD with NR 1 wt% of
DVB have smooth outer surface of PDVB shell. No
hole was observed indicating the complete encapsu-
lation of the polymer shell. It is consistent with
ultrathin cross-section TEM micrograph (Figure 5)
showing the PDVB shell encapsulating OD core. In
contrast, the rough outer surface of PDVB/NR/OD
with NR 5 wt% of DVB was observed which may
be due to incomplete encapsulation or less phase

separation of formed PDVB chain to the outer sur-
face. The distribution of PDVB and NR chains
throughout the particles inhibit the formation of
strong PDVB shell resulting in uneven surface par-
ticles.
TGA analysis showed the degradation temperature
and the composition of the capsule. The degrada-
tion of PDVB/NR/OD capsule (Figure 6 curve d)
consists of three steps weight loss corresponding to
the decomposition of water, OD (Figure 6 curve a)
and PDVB (Figure 6 curve c), respectively. In com-
parison with OD, the decomposition temperature of
encapsulated OD was slightly higher than that of
bulk OD due to the encapsulation. The NR (1 wt%
of DVB) degradation was not observed due to low
content. The OD content was further used for the
calculation of heat of transitions of the encapsulated
OD in the following section.
The thermal properties of encapsulated OD were
measured with DSC. DSC thermograms of encap-
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Figure 3. The optical micrographs of PDVB/NR/OD particles with NR having Mn 162,519 g/mol. NR (wt% of DVB): (a) 0;
(b) 1; (c) 2.5 and (d) 5



sulated OD in PDVB capsules (Figure 7) showed
that the Hm (153.0 J/g-OD) and Hc (151.8 J/g-OD)
of encapsulated OD were lower than those of the
bulk OD (241.7 and 247.0 J/g of Hm

0 and Hc
0, respec-

tively). This phenomenon is quite general for the
encapsulation as also observed by other researchers
[3, 5, 6, 9–11, 15–19]. The possible reason of the
reduction of Hm and Hc of encapsulated heat storage
materials is that the phase separation between the

polymer shell and heat storage material core was
incomplete as in the case of PDVB/HD microcap-
sules prepared by suspension polymerization [11].
Moreover, the capsules may have some unreacted
monomers or oligomers incorporated at the inter-
face between polymer shell and heat storage mate-
rial core as in the case of PS/HD microcapsules pre-
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Figure 5. TEM micrographs of cross sections of PDVB/OD
capsule

Figure 6. TGA thermograms of (a) bulk OD, (b) NR latex,
(c) PDVB and (d) PDVB/NR/OD capsule (1 wt%
of DVB) measured at the heating rate of 5°C/min

Figure 7. DSC thermograms of bulk OD (dot line) and
encapsulated OD (solid line) in PDVB particles
measured at the scanning rate of 5°C/min

Figure 4. SEM micrographs of PDVB/NR/OD particles
with NR having Mn 162 519 g/mol. NR (wt% of
DVB): (a) 0; (b) 1 and (c) 5



pared by suspension polymerization [16]. They may
act as a compatibilizer and increase the miscibility
between polymer and heat storage material leading
to the decrease of their phase separation in the
monomer droplet. However, to overcome this prob-
lem, the copolymerization with more polar monomers
is a good idea as copolymerization of PDVB with
methyl acrylate, ethyl acrylate and butyl acrylate
[11]. In the case of phase transition temperature, Tm
of encapsulated OD (28.3°C) was almost the same
as that of bulk OD (30.0°C). In contrast, Tc was
shifted to lower temperature compared to bulk OD.
This phenomenon is called supercooling. Super-
cooling leads to the reduction of Tc resulting in a
release of latent heat at a lower temperature or over
a wider temperature range. This effect may limit the
applications. To prevent supercooling, nucleating
agents were incorporated in the heat storage materi-
als core during the encapsulation process. However,
increasing nucleating agent content decreased the
latent heat [20, 21]. At the present, there is still no
good solution to overcome this problem.
In the case of PDVB/NR capsules, the thermal
properties of encapsulated OD were similar as those
of OD in PDVB capsule. Hm and Hc of encapsulated
OD were much lower than those of the bulk ones
while a slightly lower than those of OD in PDVB
capsule. It may be due to the presence of NR in OD
matrix at the interface of capsule shell and OD core
reduces the crystallization of the encapsulated ones.
However, in the case of homogeneous particle, the
increase of NR weight percent up to 5 showed
greatly decreasing of heat of transition of the OD
(Table 2). It may be due to the distribution of NR

and PDVB, which restricts the crystallization of
OD. Tm of the encapsulated OD was almost the same
as that of the bulk ones while Tc was also shifted to
the lower temperature compared to bulk OD (Fig-
ure 8). However, due to their high total surface area
compared to bulk OD, these PDVB/NR/OD cap-
sules are quite acceptable for energy storage appli-
cations even having a slightly lower latent heat.

4. Conclusions
The microcapsule of PDVB/NR encapsulating OD
was successfully prepared by suspension polymer-
ization utilizing the SaPSeP method. Using high
molecular weight NR, the capsule could not be
formed even though at 1 wt% of DVB. This is due
to the presence of NR in the monomer droplet
increasing the internal viscosity which prevents
phase separation of PDVB formed during polymer-
ization. However, the reduction of NR molecular
weight leads to the formation of polymer capsule at
the appropriate NR content. It was also found that
the increase of NR content gradually reduced phase
separation of PDVB due to the increase of internal
viscosity. Therefore, it can be concluded that both
molecular weight and content of NR are important
factors affected on the preparation of PDVB/NR/
OD capsule. The thermal properties of encapsulated
OD in the PDVB/NR capsule were lower than those
of bulk as in the case of PDVB capsule.
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