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Abstract This study deals with fabrication, thermal prop-
erties and thermal reliabilities of microencapsulated paraffin
by suspension-like copolymerization of ethyl methacrylate
(EMA) with acrylic acid (AA) and styrene (St). Trimethy-
lolpropanetriacrylate  (TMPTA) was employed as
crosslinking agents. The microencapsulated phase change
materials (MicroPCMs) were characterized by using scan-
ning electron microscopy (SEM), differential scanning
calorimetry and thermal gravimetric analysis (TG). The
microcapsule  with P(EMA-co-AA-co-St-co-TMPTA)
copolymer as shell exhibits higher phase change enthalpies
of melting (117.8 J g~ ') and crystallization (115.3J g~
compared with the microcapsule with P(EMA-co-AA-co-
TMPTA) copolymer. TG analysis demonstrated that the
thermal resistant temperatures of these two MicroPCMs
were increased by more than 10 °C compared with the raw
paraffin. The PCMs content of these two MicroPCMs
dropped by <6 % after 1000 thermal cycling. Thermal
images showed that the foam with microcapsule exhibits an
upgraded thermal regulation capacity. As a consequence,
microcapsules with EMA-based copolymer possess good
potentials for thermal energy storage and thermal regulation.
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Introduction

Latent heat storage is an attractive technique for a more
effective use of renewable energy and residual heat. Phase
change materials (PCMs) can generally be used as latent
heat storage materials due to their large heat storage den-
sities and their capacities of preserving a system in a tiny
temperature variation via absorbing/releasing heat at a
nearly isothermal process [1-4]. As a mixture of straight-
chain n-alkanes, the fusion/crystallization of paraffin can
absorb/release large amounts of latent heat. Besides, phase
segregation and super-cooling rarely occur for this PCM
due to its feature of congruent melting [5]. Microencap-
sulation is considered to be one of the most effective
techniques for the integration of PCMs into matrix mate-
rials to provide them energy storage abilities [6]. With
microencapsulation, the outside polymer shell can prohibit
the interplay between PCMs and the matrix material, such
as building materials, fiber and foam. Moreover, the
smaller size of microencapsulation PCMs (MicroPCMs)
can provide a greater surface/volume ratio, which can
enhance the heat transfer rate [7]. Additionally,
MicroPCMs can produce some more merits, such as
avoiding the melted PCMs escaping from matrix material
and reducing volume change rate of the PCMs during
phase change process [2, 6]. These advantages enable
MicroPCMs more safe, stable and effective with respect to
conventional PCMs when used in heat storage and thermal
control applications. For instance, the MicroPCMs can be
incorporated into conventional heat-insulating foams to
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improve their thermoregulation capacities, which are
widely applied in energy-saving construction materials,
thermal regulation materials of clothing and automotive
interiors and transport package of medical and food pro-
duct [8-11].

Polymer shells play a key role in adjusting heat capa-
bilities, thermal stabilities and thermal reliabilities of
microcapsules. Choosing copolymer as shell material had
aroused more and more attentions because the performance
of the copolymer can be controlled by altering its compo-
sitions [12—15]. Ethyl methacrylate (EMA) is an acrylic
monomer with commercial availability at a reasonable
price. Yang et al. [16] utilized polystyrene(PSt), poly-
methyl methacrylate (PMMA) and polyethyl methacrylate
(PEMA) as shell materials to synthesis microcapsules
containing tetradecane. Their results show that the softest
polymer shell of the three, PEMA, could be advantageous
for microencapsulation of n-alkane. Sanchez et al. [13, 14]
used methyl methacrylate (MMA), methyl acrylate(MA),
methacrylic acid (MAA) and styrene (St) as shell-forming
monomer to synthesis paraffin-containing MicroPCMs.
They found that an increased polarity gap between mono-
mers and paraffin could lead to a greater driving force for
phase separation of the copolymer shell formed within the
paraffin droplet. Xu et al. [15] chose acrylic acid (AA), a
water solubility carboxylic acid with significantly higher
water solubility compared with paraffin, to copolymerize
with MAA for microencapsulation of paraffin. However,
there is rare report on preparation of paraffin-containing
microcapsules by copolymerization of EMA with AA.
Moreover, though EMA-based polymers with lower glass
transition temperature (7g) have greater film-forming
abilities as compared with MMA-based polymers, the films
formed by them exhibit low Young’s moduli [17]. Styrene
(St), a commercially available monomer with a rigid group,
can provide a greater strength of copolymer shells. Nev-
ertheless, PSt, which is formed by homopolymerization of
St, is a brittle compound. Accordingly, St can be intro-
duced as a hard monomer to copolymer with soft monomer
to compromise these two aspect. Chen et al. [18] and
Fang et al. [19] prepared phase change material nanocap-
sules with n-alkance as the core and St-butyl acrylate
copolymer (BA) copolymer as the shell. Sanchez et al. [14]
microencapsulated PCMs with a St-MMA copolymer shell.
In addition, highly crosslinked micron-sized spherical
polymer particles have received much attention due to their
superior strength, thermal and solvent resistance [20].
Konuklu et al. [21] investigated microencapsulation PCMs
in poly(ethylacrylate) (PEA) shells by using ethylene gly-
col dimethacrylate, a crosslinking agent with two
crosslinkable functional moieties. Ha et al. [20] success-
fully synthesized crosslinked stable microspheres by using
St and three crosslinking agents. These crosslinking agents
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are ethylene glycol dimethacrylate (EGDMA), trimethy-
lolpropane trimethacrylate (TMPTMA) and pentaerythritol
tetraacrylate (PETRA), in which there are two, three and
four crosslinkable functional moieties, respectively. They
found that the minimum concentrations for forming the
stable spherical particles reduced and the TG onset point of
the microsphere increased with the increase in the number
of crosslinking functional moieties. Additionally, the yields
of microsphere with EGDMA, TMPTMA PETRA were
higher than that of microspheres with DVB. In our previous
study [22], MicroPCMs with crosslinked MMA-based
polymer were fabricated by using three crosslinking agents.
They were 1, 4-butylene glycol diacrylate (BDDA) and
divinylbenzene (DVB), which contain two crosslinkable
functional moieties, and trimethylolpropanetriacrylate
(TMPTA) with three crosslinkable functional moieties. It
was found that the PCMs content of microcapsule with
TMPTA increased compared with microcapsule with
BDDA and DVB due to the higher crosslinking density.
Consequently, the objective of this research was to syn-
thesis MicroPCMs containing paraffin  with ternary
copolymer [P(EMA-co-AA-co-TMPTA)] and tetracopoly-
mer [P(EMA-co-AA-co-St-co-TMPTA)] as shells. Subse-
quently, phase change properties, thermal stabilities and
thermal reliabilities of MicroPCMs were investigated and
compared. Additionally, the MicroPCMs with EMA-based
copolymer were integrated into polystyrene foam (EPSF)
to investigate their temperature-regulated properties.

Experimental
Materials

Ethyl methacrylate (EMA, C.R.) purchased from Sino-
pharm was utilized as shell-forming monomer. Acrylic acid
(AA, C.R.) and styrene (St, C.R.) from Sinopharm were
used to copolymerize with EMA. Trimethylolpropanetri-
acrylate (TMPTA, 80 mass%) obtained from Xinlimei
Technology Ltd., was employed as a crosslinker. Paraffin
(99 mass%) from Alfa was chosen as a core material.
Sodium salt of styrene-maleic anhydride polymer pur-
chased from Shanghai Leather Chemical Works was
selected as a suspension stabilizer. 2,2-Azobisisobutyroni-
trile (AIBN, A.R.) from Sinopharm was chosen as an ini-
tiator. Styrene—butadiene latex (49-51 mass%) obtained
from BASF was utilized as a binder.

Preparation of microcapsules
Microcapsules have been fabricated by a suspension-like

polymerization technique. Two phases, an aqueous phase
and an oil phase, were involved in the synthesis system. In
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the case of paraffin, microencapsulation, monomers,
crosslinker, paraffin and oil-soluble initiator were assem-
bled as oil phase. And water and a small amount of sus-
pension dispersive agent formed aqueous phase, while the
preparation of polymer particle without PCM was carried
out through the same technique excepting the oil phase
without paraffin. The two phases were mixed at a wile
agitation of 1050 rpm at 50 °C for 15 min for a formation
of a steady emulsion. Then, suitable polymerization tem-
perature was determined as 85 °C. The polymerization
process maintained for 6 h with a stirring speed of
520 rpm. Once the microcapsules were obtained, they were
concentrated by centrifugation at 2000 rpm for 5 min. And
then the MicroPCMs particles were purified by washing
repeatedly in ethanol solution and filtered. The particles
were dried for 72h at 40 °C. The fabrication of
MicroPCMs under the same condition was repeated three
times. The dry weight of each sample versus different
recipes was measured by electronic balance. Formula
compositions of the samples and the dry weight of
MicroPCMs are given in Table 1. As can be seen from
Table 1, the yield of microcapsule with [P(EMA-co-AA-
co-St-co-TMPTA)] was slightly lower than that of micro-
capsule with [P(EMA-co-AA-co-TMPTA)]. Ha et al. [20]
found that the yields of microsphere with the copolymer-
ization of St with acrylate monomers were higher than that
of microspheres with the copolymerization of St with
DVB. They assumed that this was due to that the residual
vinyl groups connecting with flexible aliphatic unit of
acrylate monomers on the gel and out layer of polymer
particles were easier to react with the oligomer than the
vinyl groups connecting with rigid phenyl group of DVB,
to result in the growth of the polymer. Accordingly, in the
present study, the residual vinyl group in St connects with
rigid phenyl group, whereas the residual vinyl groups EMA
and AA connect with flexible aliphatic unit which were
more favorable to react with the oligomer to lead to a
higher monomer conversion, hence to a higher yield with
P(EMA-co-AA-co-TMPTA) than with P(EMA-co-AA-co-
St-co-TMPTA).

Characterization of microcapsules

Surface features of EMA-based copolymer particles and
MicroPCMs were investigated with a scanning electron
microscope instrument (HITACHI S4800, Japan). Particle
size distributions (PSD) of the MicroPCMs particles were
obtained by using a Nano measurer 1.2.5 Program to
measure from more than 300 MicroPCMs particles on the
SEM micrographs.

Measurement of melting/crystallization temperatures
and melting/crystallization enthalpies of the MicroPCMs
and paraffin was carried out on a differential scanning
calorimetry (DSC, TA, Q2000, USA). Eight milligrams of
the microcapsules or paraffin was sealed in an aluminum
crucible and then tested at a heating/cooling rate of
5 °C min~"' in a constant nitrogen stream of 60 mL min~".
The calculation formula for paraffin content in MicroPCMs
was presented as following [23]:

A[im,MicrOPCMs + AI_I(;MicroP‘CMs
AFIm,PCMs + AHC,PCMS

PCMs (mass%) =

where AH,, micropems and AH,, poms are measured melting
enthalpies of MicroPCMs and PCMs itself, respectively; and
AH_ picropems and AH poys are measured  crystallization
enthalpies of MicroPCMs and PCMs itself, respectively.

Thermal stabilities of EMA-based copolymer/paraffin
microcapsule and paraffin were determined by using a
thermal gravimetric analysis (TG, TA, Q500, USA). The
analyses were conducted with a heating rate of
10 °C min~" in a temperature range of 40-600 °C under a
constant nitrogen stream of 50 mL min~".

The cooling-heating cycle was carried out by using a
closed thermal cycling experiment box (BPH-060B,
Shanghai Yiheng Scientific Instruments Equipment Co.,
Ltd, China) according to literature [24]. The temperature
and latent heat variation after cooling—heating cycle of 500
times were evaluated by the same DSC instrument

A temperature ascending experiment was carried out to
investigate thermal control performances of foam with
EMA-based copolymer/paraffin microcapsule [25, 26].

Table 1 Recipes for varies type of monomers and dry weight of MicroPCMs

Sample EMA/g  AA/g St/g  TMPTA/g Paraffin/g ~ Dry weight of Calculated dry weight
MicroPCMs x £ s/g of MicroPCMs/g

1 3 4 - 3 10

P(EMA-co-AA-co-TMPTA) 4 3 - 3 0

P(EMA-co-AA-co-St-co-TMPTA) 3 2 2 3 0

1 4 3 - 3 10 13.32 £ 0.06 20

2 3 2 2 3 10 12.41 £ 0.07 20

x denotes the average size, and s represents the standard deviation
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MicroPCMs were integrated to EPSF based on a surface
coating technique. The raw foam was immersed into
adhesive solution having 50 gL™' microcapsules dis-
persed therein. This process was allowed to maintain for
1 h. Then, the foam sample was put into oven for 30 min
with a constant temperature of 60 °C. Foam-a contained
P(EMA-co-AA-co-St-co-TMPTA)/paraffin microcapsule,
and Foam-b without microcapsule was used as a reference.
Both of these foams were kept in a refrigerator set at 4 °C
for 1 h and then placed in a beaker immersed into 40 °C
thermostatic bath. Surface temperatures of foams with and
without microcapsulates at various moments with
increased temperatures were analyzed by using an infrared
thermography (FLIR, T400).

Results and discussion

Morphologies and particle size distributions
of microcapsules

The surface features of the microcapsule particles obtained in
each case were investigated with SEM, as shown in Fig. 1.
MicroPCMs with P(EMA-co-AA-co-TMPTA) as shell have
spherical profiles. However, MicroPCMs with P(EMA-co-
AA-co-St-co-TMPTA) possessed a rod-like shape besides the
spherical shape, showing an inhomogeneous morphology. A
similar appearance was observed in other MicroPCMs whose
macromolecular compositions contained St [27, 28]. This fact
could be related to a decreased polarity of St. Water solubility
of Stis 0.5 gL' (20 °C), which is about one-eighth of that of
EMA (4 gL, 20 °C). And the polarity of St is more similar
to paraffin, which may lead to a less thermodynamically
favored reaction system, thus to a more irregular morphology
of the microcapsule [13]. Additionally, it is apparent that
MicroPCMs particles with P(EMA-co-AA-co-TMPTA) as
shell were severely agglomerated. Nevertheless, the reunite
of the MicroPCMs particles got obviously improvement by
introducing St to the copolymer shells. The result was in

Fig. 1 SEM micrographs of
microcapsules: a paraffin/
P(EMA-co-AA-co-TMPTA)
microcapsule; b paraffin/
P(EMA-co-AA-co-St-co-
TMPTA) microcapsule
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accordance with the finding of Ma et al. [29]. They prepared
MicroPCMs with P(BA-co-MMA-co-DVB) and P(BA-co-
St-co-DVB) and found that MicroPCMs showed better dis-
perse ability when MMA was replaced by St. Ha et al. [20]
and Shan et al. [12] investigated the influence of the degree of
crosslinking on the morphology of microcapsule with St-
based shell and MMA-based shell. They assumed that the
high degree of crosslinking within the polymer prevents from
coagulation between the particles due to the improved hard-
ness and the elastic modulus. Accordingly, this fact could be
explained considering the change of mechanical strength
when St was introduced to the polymer shell. The incorpo-
rated rigid group of St can increase stiffness of polymer chain
by limiting the movement of molecular chain, leading to an
increase hardness and strength of the shell to prevent the
particle aggregation in course of the polymerization or during

post-treatment. Hence, an improved dispersity of
MicroPCMs  particles with P(EMA-co-AA-co-St-co-
TMPTA) was obtained.

Figure 2 shows particle size distributions (PSD) of
microcapsules. Figure 3 shows that the PSD of these par-
ticles differed from one another. Paraffin/P(EMA-co-AA-
co-TMPTA) microcapsule showed unimodal PSD, while
microcapsules with P(EMA-co-AA-co-St-co-TMPTA) as
shell showed multimodal PSD. The particle diameters of
the microcapsules with ternary copolymer shell and tetra-
copolymer shell have size distribution in a range from 0.4
to 50 um and from 0.7 to 64 pum, respectively. The mean
particle size was 7 um for the former and 21 pm for the
latter. Apparently, sizes of microcapsules increased, and
PSD was wider with the presence of St in the copolymer
shell. One factor that may be contributing toward the
higher diameter and wider size distribution is the poorer
stability of monomer—paraffin mixture droplet when St was
introduced to the copolymer shell [13]. Another probable
factor is an increased viscosity of the monomer—paraffin
mixture droplet resulting from the incorporation of St with
higher viscosity (0.78 m Pa s, 20 °C) as compared with
EMA (0.63 m Pa s, 20 °C), which can cause the monomer
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Fig. 2 Particle size distribution of microcapsules: a paraffin/P(EMA-co-AA-co-TMPTA) microcapsule; b paraffin/P(EMA-co-AA-co-St-co-
TMPTA) microcapsule
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Fig. 3 DSC curves of paraffin and microcapsules: a paraffin; b microcapsules (before cycling); ¢ microcapsules (after cycling)

droplet more difficult to break into a smaller one [30]. Both ~ Phase change properties of microcapsules

two factors may lead to a greater aggregation of monomer—

paraffin mixture droplet in the encapsulation process, hence ~ DSC curves of pure paraffin as well as microcapsules using
to an increased diameter with a relatively wider PSD of  bipolymer and ternary polymer as shells are given in Fig. 3a,
microcapsules with P(EMA-co-AA-co-St-co-TMPTA) as  b. There are two phase change peaks on both cooling curve
shell. and heating curve of paraffin and paraffin-containing
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microcapsules. Some researchers pointed out that paraffin, a
mixture of n-alkane, can probably experience multi-step
phase transition since several stable and partially ordered
phases exist in some of the n-alkane [3, 31, 32]. Accordingly,
the minor peak at the lower temperature represents solid—
solid phase transition, the order—disorder transitions in
PCMs. The main peak corresponds to solid—liquid phase
change, the melting/fusing process of paraffin. It is clear that
the melting peak temperature of both microcapsules with
ternary and tetracopolymer as shell increased by approxi-
mately 1.5 °C and the crystallization peak temperature of
these microcapsules decreased by around 2.5 °C as com-
pared with pure paraffin. This suggests that EMA-based
copolymer shell with low thermal conductivity, which cov-
ered on paraffin, would hinder phase change transferring
from passing through MicroPCMs [33, 34].

The phase change enthalpies and PCM content of micro-
capsules are the critical factor in microencapsulation of PCM. It
is in direct relation to thermal storage capability and thermal
regulation of MicroPCMs [35]. The phase change enthalpies
and phase change temperature corresponding to solid-liquid
transition (melting and freezing) of the microcapsules and the
content of PCMs in the microcapsules are given in Table 2.
Figure 4b and Table 2 show that both MicroPCMs with ternary
copolymer and tetracopolymer have more than 30 % higher
melting enthalpies than PEMA-encapsulated tetradecane
slurry (80.6 J g~ ') by Yang et al. [16] and slightly higher than
that (101 J g~") of paraffin/PMMA microcapsule synthesized
by Maet al. [25]. Moreover, it was found that the PCMs content
of all the as-prepared microcapsules was higher than that
(25.7-48.8 mass%) of caprylic acid/PEA microcapsule cross-
linked with EGDMA containing two crosslinkable functional
moieties by Konuklu et al. [21], and that (27.7-50.7 %) of
n-hexadecane/PBA microcapsules crosslinked with three
crosslinking, which also contain two crosslinkable functional
moieties by Alay et al. [36]. These results suggest that the phase
change property of microencapsulated paraffin can be satis-
factorily applied in thermal energy storage and thermal regu-
lation. Nevertheless, it is evident that paraffin content was
marginally increased by about 5 mass% when St introducing to
the copolymer shell. Paraffin/P(EMA-co-AA-co-St-co-
TMPTA) microcapsule has the higher phase change enthalpies

Table 2 Thermal properties of MicroPCMs with different recipes

X. Qiu et al.
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Fig. 4 TG curves of paraffin and microcapsules: a paraffin; b paraf-
fin/P(EMA-co-AA-co-TMPTA) microcapsule; ¢ paraffin/P(EMA-co-
AA-co-St-co-TMPTA) microcapsule; d P(EMA-co-AA-co-TMPTA);
e P(EMA-co-AA-co-St-co-TMPTA)

of melting (117.8 7 g') and crystallization (11537 g™ ")
accompanying with the higher paraffin content (70.8 mass%)
in comparison with paraffin/P(EMA-co-AA-co-TMPTA)
microcapsule. Sanchez et al. [14] microencapsulated paraffin
by a copolymerization of St and MMA. The result shows that
when an MMA/St proportion rose to 5.0 the polymer tended to
polymerize outside the bead in a segregated way due to the
hydrophilicity of MMA monomer. Zhou et al. [37] and
Jang et al. [38] prepared St-based and 4-tert-butylstyrene (tBS)-
based copolymer for oil absorbency. They assumed that the St
and tBs monomer with phenyl group may have some stereo
effect to produce the crosslinked polymer with a large cavity in
which oil will fill. Accordingly, the increase in paraffin content
in present study may be due to the hydrophobicity and stereo
effect of the St, which could lead to a better paraffin absorbing
and paraffin holding, thus to a higher paraffin content of
MicroPCMs with P(EMA-co-AA-co-St-co-TMPTA).

Thermal stabilities of microcapsules
TG curves of microencapsulated paraffin and paraffin itself

are given in Fig. 4. The mass reduction of paraffin began at
around 146 °C and came to an end at roughly 207 °C.

Sample Uncycled/cycled Tom/°C Tom/°C AH/T g_1 To./°C T, o/°C AH/J g_l Paraffin content/mass%
1 Uncycled 26.2 30.7 108.4 28.6 25.6 106.2 65.2

2 Uncycled 26.4 30.7 117.8 28.5 24.9 115.3 70.8

1 Cycled 25.3 29.1 93.8 28.8 27.2 101.8 59.4

2 Cycled 26.4 29.5 104.4 28.5 27.2 112.6 65.9

Paraffin 26.3 29.3 166.0 28.8 27.5 163.1 100

Tom melting onset temperature, Ty, melting peak temperature, T, crystallization onset temperature, T, crystallization peak temperature
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These mass-loss stages may be attributed to the evapora-
tion or the decomposition of paraffin [12, 39]. The thermal
degradation of EMA-based copolymer has one stage with
the initial mass-loss temperature of roughly 366 °C for
ternary copolymer and 379 °C for tetracopolymer, which is
due to the decomposition of macromolecular chains. It is
obvious that TG curves of microcapsules with ternary
copolymer and tetracopolymer have a similar profile, and
both of them degraded in two stages. The first stage started
at approximately 156 °C for microcapsule with ternary
copolymer and 164 °C for microcapsule with tetracopoly-
mer, respectively. These are in agreement with the obser-
vation made by other researcher [12, 39—41]. This suggests
that the first mass-loss step is probably a consequence of
the diffusion of n-alkane out of polymer shell, which may
be evaporate or decompose as temperature rose. It can also
be found that the second thermal degradation of both
microcapsules with ternary copolymer and tetracopolymer
started at much the same initial mass-loss temperature as
EMA-based copolymer. The result indicates that this
degradation stage resulted from the decomposition of shell
material. Additionally, it is evident that the initial mass-
loss temperature of both microencapsulated paraffin was
remarkably increased by over 10 °C as compared with pure
PCM. This suggests that EMA-based copolymer shell
could prevent paraffin in MicroPCMs from rapid mass loss
[42, 43]. In addition, it can be found that the resistant
temperature of MicroPCMs with P(EMA-co-AA-co-St-co-
TMPTA) as shells was increased by 8 °C in comparison

Fig. 5 Thermal images of
foams heated at different times.
atr=0s;br=410s;
ct=712s;dt=2807s

with the MicroPCMs with P(EMA-co-AA-co-TMPTA) as
shells. This result is consistent with the finding of Ma et al.
[29]; the onset decomposition temperature of MicroPCMs
with P(BA-co-St-co-DVB) was higher by 9.4 °C than that
of MicroPCMs with P(BA-co-MMA-co-DVB), indicating
that thermal resistant temperature is also in relation to the
introduction of benzene ring to the copolymer shell. The
rigid ring can constrict atom of the macromolecular chain
to rotate to increase the rigidity of the polymer chain shell,
which could lead to an enhanced thermal resistant tem-
perature of MicroPCMs with P(EMA-co-AA-co-St-co-
TMPTA) shell.

Thermal reliabilities of microcapsules

Figure 3c shows DSC curves of the microcapsule with
P(EMA-co-AA-co-TMPTA) and P(EMA-co-AA-co-St-co-
TMPTA) as shells which experienced thermal cycles. The
melting points of the microcapsules with ternary and tetra-
copolymer were slightly changed by 0.9 and 0.1 °C,
respectively, when their crystallizing point moderately var-
ied by 0.2 and 0.1 °C, respectively, after thermal cycles.
Apparently, all the variations in the phase change tempera-
tures of the EMA-based microcapsules resulting from 1000
thermal cycles are trivial. Furthermore, after thermal
cycling, the reduction rate in the melting enthalpies and
crystallization enthalpies of EMA-based microcapsules was
lower than 15 %. Meanwhile, the PCMs content of these two
MicroPCMs dropped by <6 % after thermal cycling. It is
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evident that there were no notable changes in the phase
change enthalpies of both MicroPCMs with ternary and
tetracopolymer shell after thermal cycling tests. However,
the declines of PCM content of the as-prepared MicroPCMs
were slightly higher than those of MicroPCMs with butyl
methacrylate (BMA)-based, BA-based or stearyl methacry-
late-based (SMA) polymer as shell by using pentaerythritol
triacrylate (PETA) which also has three crosslinkable func-
tional moieties in our previous study [32, 44]. This is prob-
able attributed to an increased toughness of the BMA-based,
BA-based or SMA-based (SMA) polymer shells brought
about by longer flexible side chains as compared with the
EMA-based polymer shell, which can better resist internal
pressure in the process of thermal cycle.

Temperature-regulated property of microcapsule

Surface temperature distribution images of foam with
microcapsule prepared by P(EMA-co-AA-co-St-co-
TMPTA) as shell and untreated foam are shown in Fig. 5.
The timer was started when MicroPCMs-treated foam and
untreated foam were taken out of the refrigerator. Mean-
while, the surface temperatures of these two foams were
measured by infrared thermography and shown in Fig. 5a.
Then they were placed in a thermostatic bath, and the mea-
surement of their surface temperature was continued.
Obviously, the measured temperatures of the surface center
of infrared thermography were almost the same at the
beginning (Fig. 5a). As canbe seen from Fig. 5, itcan alsobe
observed that MicroPCMs-treated foams had a less distinct
thermo-affected experience than the untreated foam. Ther-
moregulatory influence on the MicroPCMs-treated foam
with respect to the reference foam was 10.5, 9.3, 6.7 °C after
410,712 and 807 s, respectively. The result indicates that the
thermoregulation capacity of MicroPCMs-treated foam was
improved attributed to a given ability of heat storage in the
melting process of paraffin as temperature increased. The
upgraded thermoregulation capacity can result in a sustain-
able improvement in human thermal comfort when the
MicroPCMs-treated foams introduced into energy-saving
construction materials and thermal regulation materials of
clothing and automotive interiors.

Conclusions

Microencapsulation of paraffin was performed by a suspen-
sion-like copolymerization of ethyl methacrylate (EMA) with
styrene (St) and acrylic acid (AA). Trimethylolpropanetri-
acrylate (TMPTA) was employed as crosslinking agents.
SEM photographs indicated that MicroPCMs with P(EMA-
co-AA-co-TMPTA) as shell have spherical profiles, while
MicroPCMs with P(EMA-co-AA-co-St-co-TMPTA)
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possessed a rod-like shape besides the spherical shape. The
diameter of them was about 0-65 pm. The microcapsule with
P(EMA-co-AA-co-St-co-TMPTA) copolymer as shell exhi-
bits higher phase change enthalpies of melting (117.8 J g™ 1)
and crystallization (115.3 J g~') compared with the micro-
capsule with P(EMA-co-AA-co-TMPTA) copolymer. In
addition, TG investigation showed that the initial mass-loss
temperature of MicroPCMs with ternary copolymer and
tetracopolymer was remarkably increased by 10 and 18 °C,
respectively, as compared with paraffin. Moreover, the melt-
ing enthalpies of these two MicroPCMs dropped by <15 %,
and the paraffin content of them dropped by <6 % after 1000
thermal cycling. Thermal images showed that the foam treated
by microcapsule with ternary shell shows an upgraded thermal
regulation capacity. As a consequence, microcapsules with
EMA-based copolymer shells possess good potentials for
thermal energy storage and thermal regulation.
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