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ABSTRACT: Microcapsules containing paraffin and diethyl ethylphosphonate (DEEP) flame retardant with uncrosslinked and cross-
linked poly (methacrylic acid-co-ethyl methacrylate) (P(MAA-co-EMA)) shell were fabricated by suspension-like polymerization. The
surface morphologies of the microencapsulated phase change materials (microPCMs) were studied by scanning electron microscopy.
The thermal properties and thermal stabilities of the microPCMs were investigated by differential scanning calorimetry (DSC), and
thermal gravimetric analysis (TGA). The flame retarding performances of the microcapsule-treated foams were calculated by using an
oxygen index instrument. The DSC results showed that the crosslinking of the polymer shell led to an increase in the melting enthal-
pies of the microcapsule by more than 15%. The crosslinked P(MAA-co-EMA) microcapsules with DEEP and without DEEP have
melting enthalpies of 67.2 and 102.9 J/g, respectively. The TGA results indicated that the thermal resistant temperature of the cross-
linked microcapsules with DEEP was up to 171°C, which was higher than that of its uncrosslinked counterpart by ~20°C. The incor-
poration of DEEP into the microPCM increased the limiting oxygen index value of the microcapsule-treated foams by over 5%.
Thermal images showed that both microcapsule-treated foams with and without DEEP possessed favorably temperature-regulated
properties. As a result, the microPCMs with paraffin and DEEP as core and P(MAA-co-EMA) as shell have good thermal energy stor-
age and thermal regulation potentials, such as thermal-regulated foams heat insulation materials. © 2015 Wiley Periodicals, Inc. J. Appl.
Polym. Sci. 2015, 132, 41880.
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INTRODUCTION the volume change of the PCMs, increasing the heat-transfer
area, and decreasing the interaction between the PCMs and the
matrix materials.*'>'* These features make them more func-
tional than the conventional PCMs in the application of thermal
insulation materials, which is very useful in the heat-insulating

Phase change materials (PCMs) are attractive materials for ther-

mal regulation and thermal energy storage since they allow stor-

age and release of high quantities of thermal energy per unit

. 1-3 .

mmass a.t app.rommately constant temperature. = A V'arlety of application, such as footwear, clothing, automotive interiors,

PCMs including paraffin, poly ethylene glycols, fatty acid, eutec- . 15-18 . .

. . . . and medical product. Therefore, the integration of

tic materials, salt mixtures and salt hydrates, metals, and their . . . . . . .
. . . . 47 microPCMs into conventional insulating foams to improve their

alloys have so far been investigated for different applications. . . i5-18

. . o . . thermal performance has drawn considerable attention.

As a typical organic PCM, paraffin exhibits some merits with

respect to other PCMs, such as chemically inert and stable, high ~ Polymer shells of the microcapsules play a key role in adjusting

heat of fusion, lack of phase segregation, supercooling or corro-  the performance of microPCMs, such as morphologies, phase

sion problems, and also, an adjustable transition zone.>*® How-  change properties, and thermal stabilities. Microencapsulation

ever, the leakage of the melted bulk paraffin problem restricts — of PCMs with copolymer shells had attracted increasingly inter-

their further applications. Microencapsulation of PCMs with  ests since the properties of the copolymer shells can be regu-

polymer shells is considered to be one of the best ways to lated by modification of their macromolecular compositions.”™?

obtain PCMs confinement.”? Besides, microencapsulated ~ Methacrylic acid (MAA) is one kind of commercially available

PCMs (microPCMs) have some another advantages of lowering ~ carboxylic acid. Because of its water-soluble characteristic, MAA
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Figure 1. Chemical structures of the monomers used in this study: EMA; (b) MAA; (c) PETRA.

as the constituent in the polymer shell can produce a great
polarity gap between the monomers and the paraffin, thus pro-
viding a strong driving force for phase separation during sus-
pension polymerization process.” Shan et al'® synthesized n-
octadecane-containing microcapsules by copolymerization
methylmethacrylate (MMA) with methacrylic acid (MAA) as
shell. Sanchez et al.’ studied microencapsuation of PRS paraffin
with P(MMA-co-MAA-co-methyl acrylate(MA)) terpolymer
shells by a suspension-like polymerization. Additionally, Yang
et al.'" prepared tetradecane-containing microcapsules by in situ
polymerization with polystyrene, PMMA, polyethyl methacrylate
(PEMA) as encapsulation materials, respectively. Their study
indicated that the softer shell, PEMA, might be favorable for
the microencapsulation of PCMs. n-Octadecane was microcap-
sulated with p(butyl methacrylate-co-MAA) as shell in our pre-
vious work.'? Nevertheless, microencapsulation of PCMs by
copolymerization of EMA with MAA as shell is rarely reported.
Additionally, though EMA-based polymers with lower glass
transition temperature (T,) have greater film-forming abilities
as compared with MMA-based polymers, the films formed by
them exhibit low Young’s moduli.'® Crosslinking can provide a
better mechanical strength of the shell of the microcapsule.
Therefore, one of the major objective of this study was to pre-
pare microPCMs by the uncrosslinked and crosslinked P(MAA-
co-EMA) copolymer as shells and paraffin as core for thermal
energy storage and thermal regulation. Pentaerythritol tetraacry-
late (PETRA) was employed as the crosslinking agent. The
chemical structures of EMA, MAA, and PETRA are shown in
Figure 1. However, the chemical constitution of both polymer
shells and paraffin are easily flammable,?® so it is important to
improve the fire resistance of the microPCMs. Although,
halogen-containing flame retardants possess excellent retardant
performance, the combustion of them may cause inevitable
severe environmental impact since they give rise to toxic and
dense smoke.”' As a halogen-free flame retardants, phosphorus-
containing flame retardants has become a popular green substi-
tute for conventional flame retardant additives for polymers
since they are quite effective in enhancing the flame resistance
of polymers and do not generate toxic smokes.”>”** In addition,
Gao et al?' incorporated phosphorus-containing flame retard-
ant into rigid polyisocyanurate-polyurethane (PIR) foams to
improve their flame resistance. They found that incorporation
of phosphorus-containing flame retardant into PIR foam can
significantly decrease the smoke production rate and rate of
smoke release of PIR foam. Nevertheless, little information is
available on the incorporation of phosphorus-containing flame
retardants into microPCMs. Hence, the other objective of this
study was to prepare microPCMs incorporated diethyl ethyl-
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phosphonate (DEEP), a strong fire retardant with a wide liqui-
dus temperature range (—83 to 198°C),”> to improve fire
resistant of the microPCM. Subsequently, the microPCMs with
and without flame retardants were integrated into polystyrene
foams to improve their temperature-regulation and fire resist-
ance performance. And the morphologies, phase change proper-
ties and thermal stabilities of the microcapsules, as well as the
temperature-regulation and fire resistant performance of the
microcapsule-treated polystyrene foams were also investigated.

EXPERIMENTAL

Materials

Methacrylic acid (MAA, C.R., Sinopharm Chemical Reagent,
Ltd.) and ethyl methacrylate (EMA, C.R., Tianjin Damao
Chemistry Reagent) were employed as monomers. Paraffin (99
wt %, Alfa) and diethyl ethylphosphonate (DEEP, C.R., Sino-
pharm Chemical Reagent) were used as core materials. Pentae-
rythritol tetraacrylate (PETRA, 80 wt %, Xinlimei Technology)
was employed as a crosslinking agent. 2,2’-Azobisisobutyroni-
trile (AIBN, A.R., Sinopharm Chemical Reagent) was used as an
initiator. Sodium salt of styrene-maleic anhydride polymer
(SMA, Shanghai Leather Chemical Works) was selected as a sus-
pension stabilizer. Styrene-butadiene latex (49-51 wt %, BASF)
was utilized as a binder.

Preparation of Microcapsules

Microcapsules  containing paraffin  were prepared by a
suspension-like polymerization method, which was described in
detail in Ref. 26. The reaction medium involves two phases, i.e.,
a continuous phase and a discontinuous phase. The continuous
phase containing water and small amount of suspension stabi-
lizer was transferred to the glass reactor with mild agitation.
The discontinuous phase consisting monomers, crosslink agent,
paraffin, and initiator was added into the continuous phase.
Next, the discontinuous phase was added into the continuous
phase and was maintained for 15 min under vigorous agitation
(1000 rpm) and a constant temperature of 35°C to form a sta-
ble oil-in-water emulsion. The polymerization process was
allowed to continue under vigorous agitation (540 rpm) and a
constant temperature of 85°C. The microencapsulation of paraf-
fin and DEEP as core materials was conducted in a similar
manner. Except, DEEP was also added into the mixture of
monomers, PETRA, paraffin, and AIBN to form the discontinu-
ous phase. Once obtained, the microcapsule particles were sepa-
rated by centrifugation and filtration, and then repeatedly
washed with 30 wt % ethanol solution at about 60°C. Finally,
the samples were dried at 60°C for 48 h. The recipes varying
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Table I. Recipes for Varies Type of Monomers and Core Materials

Sample MAA (g) EMA (g) PETRA (g) Paraffin(g) DEEP (g)
1 4 3 = 10 =
2 4 3 3 10 -
3 4 3 - 6 4
4 4 3 3 6 4

with the type of monomer and core material are presented in
Table I

Characterization of Microcapsules

The morphologies of the microcapsules were observed by using
a HITACHI SU1510 scanning electron microscope (SEM). More
than 200 microcapsules were measured on the SEM micro-
graphs to determine the diameters of the microcapsules.

Phase change temperatures and phase change enthalpies of the
microcapsules were determined by using a differential scanning
calorimetry (DSC, TA, Q2000). These measurements were car-
ried out at a scanning rate of £5°C min~ ' in the temperature
range from 0 to 50°C under a nitrogen atmosphere flow of
50 mL min~'. Each sample was placed in a sealed aluminum
crucible of 40 uL prior to the measurement. The content of par-
affin within the microPCMs was calculated by the following
formula:
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Paraffin content of = (AHuy micropcns AHc,micmPCMs)/
(AHm, pcMs T AHL:, PCMS)

where AH, micropcms and AHc micopcms are melting enthalpy
and crystallization enthalpy of microPCMs, respectively; AH,,
pcms and AH. poms are melting enthalpy and crystallization
enthalpy of PCMs, respectively.*”

(1

The mass loss of paraffin and microPCMs with increasing tem-
perature was examined with a thermalgravimetric analysis
(TGA, TA, Q500) in a nitrogen atmosphere (flow rate was
50 mL min~'). The heating rate was 10°C min~' from 50 to
500°C.

Application of the Microcapsules to the Foams

The microcapsules were incorporated to polystyrene foams by a
coating method. The crosslinked paraffin/P(MAA-co-EA) micro-
capsule with and without DEEP were mixed with a 240 g/L
styrene-butadiene latex binder solution in distilled water. The
foam samples were impregnated into this solution at 10 rpm
rotating speed at a condition of ambient air and temperature.
Then, the foams were dried in an oven at 70°C for 1 h. The
concentration of the microcapsules was maintained 50 g/L in
the solution.

Evaluation of the Microcapsule-Treated Foams
To investigate the temperature-regulated performances of the
experiments

microcapsule-treated foams, heating-up were

Figure 2. SEM micrographs of microcapsules: (a) uncrosslinked paraffin/P(MAA-co-EMA); (b) crosslinked paraffin/P(MAA-co-EMA); (c) uncrosslinked
paraffin-DEEP/P(MAA-co-EMA); (d) crosslinked paraffin-DEEP/P(MAA-co-EMA).
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Figure 3. DSC curves of microcapsules: (a) paraffin; (b) uncrosslinked paraffin/P(MAA-co-EMA); (c) crosslinked paraffin/P(MAA-co-EMA); (d) uncros-
slinked paraffin-DEEP/P(MAA-co-EMA); (e) crosslinked paraffin-DEEP/P(MAA-co-EMA). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

carried out on three foams according to Refs. [28,29. Foam-b,
Foam-c contained crosslinked paraffin-DEEP/P(MAA-co-EMA)
microcapsule and crosslinked paraffin/P(MAA-co-EMA) micro-
capsule, respectively, whilst Foam-a is a raw foam board
employed as a reference. Each piece of foams was about 1.0 g
with a dimension of 30 X 30 X 30 mm’. All the foams were
placed in a refrigerator to cool to 15°C, and then put into a
thermostatic bath maintaining a constant temperature of 40°C.

qu\"‘li)} WWW.MATERIALSVIEWS.COM
1

41880 (4 of 8)

The temperature distributions of the surface of the foams were
determined by using an infrared thermography (FLIR, T400).
The surface of the foams was observed from a distance of
30 cm between the lens of the infrared thermography and the
foam at an ambient temperature of 25°C. Images of the surface
of all foams with increasing temperature were taken at different
times from 18 to 40°C, which were downloaded by FLIR
ResearcherIR software.
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Table II. Thermal Properties of MicroPCMs with Different Recipes
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Sample Tom (°C) Tom (°C) AH (J/9) Toc (°C) Toc (°C) AH. (J/g) Paraffin content (wt %)
1 28.6 30.7 89.0 26.2 25.6 89.3 54.2
2 28.6 29.3 102.9 27.4 26.3 103.2 62.6
8 26.1 29.1 48.0 28.0 271 47.6 29.0
4 25.7 28.7 67.2 28.4 27.5 66.6 40.7
Paraffin 26.3 29.3 166.0 28.8 27.5 163.1 100

Tom, melting onset temperature; Tom, melting peak temperature.

Tem, Melting endset temperature; AH,,, melting enthalpy.

Toc, crystallization onset temperature; Ty, crystallization peak temperature.
Tec, Crystallization endset temperature; AH,, crystallization enthalpy.

The limiting oxygen index (LOI) test is generally used as an
effective method for comparing and rating the fire behavior of
materials.”® Hence, the LOI test was selected to evaluate the
flame retarding performance of the treated foams with paraffin-
DEEP microcapsules. The LOI values were calculated by using
an oxygen index instrument (LFY-605, Shandong Textile Science
Research Institute) according to Ref. 30.

RESULTS AND DISCUSSION

Morphologies of Microcapsules

The morphologies of the microcapsule particles obtained in
each case were investigated with SEM shown in Figure 2. All
microPCMs particles have spherical profiles. However, the
uncrosslinked microPCMs exhibit distinctly different morpholo-
gies with respect to the crosslinked ones. There were many
wrinkles on the surface of the uncrosslinked microPCMs par-
ticles; however, no wrinkle could be observed on the surface of
the crosslinked microPCMs particles. Furthermore, many dam-
aged shells could be observed on the surface of the uncros-
slinked microPCMs particles. Nevertheless, in the case of the
crosslinked microPCMs particles, there were plenty of small
polymer particles adhering to some big polymer particles, and
few of these microPCMs particles cracked. This seems to suggest
that crosslinking can increase the mechanical strength of the
microPCMs. The higher mechanical strength of the crosslinked
microPCMs can resist the particle shells shrinkage brought
about the difference in density between the copolymer shell and
the shell forming monomers,”" and also resist external pressure
resulting from post-treatment of the samples,
centrifugation.

such as

Phase Change Properties and Thermal Stabilities of
Microcapsules

The heating and cooling thermograms of pure paraffin and the
microcapsules with various monomers and core materials are
shown in Figure 3. The DSC curve of paraffin and all the
microcapsules had two phase change peaks on both cooling and
heating processes. The main peak corresponds to solid-liquid
phase change of the paraffin, while the minor peak represents
solid—solid phase transition of the paraffin. The uncrosslinked
paraffin microcapsules, the crosslinked paraffin microcapsules,
the uncrosslinked paraffin-DEEP microcapsules and the cross-
linked paraffin-DEEP microcapsules melt at 28.6, 28.6, 26.1,
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and 25.7°C, respectively, and crystallized at 26.2, 27.4, 28.0, and
28.4°C, respectively, while pure paraffin has a melting point of
26.3°C and a crystallization point of 28.8°C. It was found that
the melting points and crystallization points of all microPCMs
decreased or increased slightly in comparison with those of
pure n-octadecane. These results are consistent with earlier

(a)
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Figure 4. TGA curves of paraffin and microcapsules: (a) paraffin and
microcapsule with uncrosslinked paraffin/P(MAA-co-EMA); (b) microcap-
sule with crosslinked paraffin-DEEP/P(MAA-co-EMA). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 5. Thermal images of foams heated at different times: (a) t=25 s; (b) =200 s; (c) t=260 s; (d) t=290 s; (e) t=315s; (f) t=380 s. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

findings,'#?**"*? indicating that the low thermal conductivity

of the polymer can slow down heat transferring through the
microPCMs.

The phase change enthalpy and the percentage of PCM in
microcapsules is the key factor for microPCMs. It determines
directly energy storage efficiency of microPCMs.”> The phase
change enthalpies corresponding to solid-liquid transition
(melting and freezing) of the microcapsules and the content of
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PCMs in the microcapsules are given in Table II. It was found
that the paraffin content of the crosslinked microPCMs without
and with DEEP were significantly increased by about 8 and
12% as compared with their uncrosslinked counterparts. This is
consistent with the result obtained from the morphologies anal-
ysis, indicating that the crosslinking of the polymer shell can
provide a greater mechanical strength of the polymer shell,
which could lead to an increase of paraffin content, thus to an

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41880
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Table IIL. Surface Temperature at the Center of the Foams with the Heat-
ing Time

Heat-up time (s) Ttoam-a (°C) Ttoamb (°C) Ttoam- (°C)
25 18.3 171 17.6
200 34.2 29.3 27.4
260 35.1 30.7 29.2
290 35.6 32.7 31.6
315 36.0 34.3 33.9
380 36.7 36.1 36.0

Tfoam-a, foam without microcapsule; Tfoam-b, Microcapsule-treated foam
with DEEP; Tfoam-c, microcapsule-treated foam without DEEP.

enhancement of the heat capacity of microPCMs.*"** The cross-
linked paraffin/P(MAA-co-EMA) microcapsule has the highest
phase change enthalpies of melting (102.9 J/g) and crystalliza-
tion (103.2 J/g) as well as the highest paraffin content (62.6 wt
%). Apparently, the melting enthalpy of this microcapsules was
slightly higher than that (94.8 J/g) of P(MMA-co-MA-co-MAA)/
paraffin microcapsule prepared by Sénchez et al.’ and that (99.0
J/g) of P(MMA-co-AA)/paraffin microcapsule fabricated by Xu
et al,** and similar to that of (101.0 J/g) of the paraffin wax
phase in PMMA microcapsules fabricated by Ma et al,*® and
that (101.6 J/g) of paraffin/P(BMA-co-MAA) microcapsule pre-
pared in our previous work.'> Moreover, the paraffin content of
this microcapsule was comparable to those (60.0-70.0 wt %) of
the above microPCMs prepared by other acrylic resin as
shell.>'>**%> However, the paraffin content of the microPCMs
was decreased by around 12% when DEEP was introduced to
the core materials since the DEEP loadings occupied a fraction
of the interior space of the microcapsules.

Figure 4 presents the TGA curves of paraffin and microcapsules.
It is clear that the temperature at 5% mass loss (Tgs) of both
the uncrosslinked and crosslinked microcapsules were more or
less higher than that of the raw paraffin. This result indicates
that the copolymer shell can prohibit the paraffin from losing
mass too quickly with increasing temperature.”®?” In addition,
it can be found that Tj o5 of the crosslinked paraffin microcap-
sules was increased by 7°C as compared with the uncrosslinked
paraffin microcapsules. Furthermore, in the case of the core
containing paraffin and DEEP, the Tyos of the crosslinked
microcapsules was remarkably enhanced by 18°C in comparison
with their uncrosslinked counterpart. This result is in accord-
ance with the contrast analysis of PCM content. This suggests
that crosslinking may also result in a higher mechanical strength
of the copolymer shell and, hence in a greater thermal stabilities
of microPCMs.>!** Nevertheless, the T, o5 of the microcapsule
containing paraffin and DEEP was lower than the microcapsule
containing paraffin by 22 and 11°C for the crosslinked one and
for the uncrosslinked one, respectively. This is possibly due to
DEEP evaporation before boiling point (198°C),* leading to a
rapid loss of paraffin-DEEP microcapsules in contrast with par-
affin microcapsules.
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Temperature-Regulated Property of Microcapsule-Treated
Foams

Thermal images of the surface temperature distribution of
foams without and with microcapsules in means of infrared
thermography are presented in Figure 5, and the surface tem-
perature at the center of the foams with the heating time is
given in Table III. The zero time was taken when the foams
were placed in a thermostatic bath. Thermal images showed
that both microcapsule-treated foams with and without DEEP
undergo a less distinct heating effect than the raw foam without
microcapsules. Thermoregulatory effect observed for the
microcapsule-treated foam without DEEP with respect to the
raw foam was roughly 7°C, 6°C, 4°C, 2°C after 200 s, 260 s,
290 s, and 315 s, respectively. Similarly, the thermoregulatory
effects for the microcapsule-treated foam without DEEP in con-
tact with the raw foam of about 5°C, 4°C, 3°C, and 2°C after
200 s, 260 s, 290 s and 315 s, respectively, were observed. These
results indicated that both the microcapsule-foams with and
without DEEP possessed temperature-regulated properties,
which is due to the amount of heat absorbed by paraffin in its
melting process with increasing temperature. Besides, due to the
higher heat capacity of the microcapsule-foam without DEEP as
against the microcapsule-foam with DEEP, the microcapsule-
foam without DEEP exhibits a better temperature-regulated
property with regard to the microcapsule-foam with DEEP.

Flammability of Microcapsule-Treated Foams

The calculated LOI values of the treated foams with the microcap-
sules are presented in Table IV. As seen from Table IV,
microcapsule-treated foams with DEEP increased the LOI value
by 9% and 6% for the crosslinked microcapsule-treated foam
without DEEP and the uncrosslinked microcapsule-treated foam
without DEEP, respectively. Furthermore, it was found that the
LOI value of the microcapsule-treated foams with DEEP was
higher than that (17%) of the form-stable PCM blend as com-
posed by paraffin and ethylene-propylene-diene-terpolymer rub-
ber (EPDM).?° These seem to suggest that the incorporation of
DEEP flame retardant could improve the fire resistance of the
PCM-treated materials. The enhanced LOI value is positively due
to the DEEP loadings. And the improved fire resistance of the
paraffin-DEEP microcapsule-treated foams can be explained by
the fire suppression mechanism of phosphorous-containing fire
retardant. On the one hand, the thermal decomposition of DEEP
is an endothermic process with water vapor release, which can
smother the flames by diluting the amount of oxygen in the sur-
rounding air and reducing the ambient temperature.”**> On the
other hand, the decomposition procedure of DEEP can form a
cohesive and impact char layer, which can act as an excellent insu-
lator and effectively inhibit the underlying flammable component

Table IV. LOI Values of Foams with Different Type of Microcapsules

Sample LOI (%)
Foam with uncrosslinked paraffin microcapsule 17
Foam with crosslinked paraffin microcapsule 17

Foam with uncrosslinked paraffin-DEEP microcapsule 23
Foam with crosslinked paraffin-DEEP microcapsule 26
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contacting with oxygen and heat directly. Additionally, the
decomposition procedure of phosphorous-containing fire retard-
ant can also function in the vapor phase through an H radical
capture mechanism to slow down the combustion rate?"*
Besides, the LOI value of the crosslinked microPCMs as shells was
modestly enhanced by 3% when compared with the uncrosslinked
microPCMs. This result accords with the conclusion obtained in
the evaluation of PCM content and thermal stability. This sug-
gests that an increased DEEP content is possibly obtained when
crosslinking was introduced to the shell.

CONCLUSIONS

Microcapsules containing paraffin and diethyl ethylphosphonate
(DEEP) flame retardant with uncrosslinked and crosslinked poly
(methacrylic acid-co-ethyl methacrylate) (P(MAA-co-EMA)) shells
were fabricated by a suspension-like polymerization. The DSC
results showed that the crosslinking of the polymer shell led to an
increase in the melting enthalpy of the microcapsules by more than
15%. The crosslinked P(MAA-co-EMA) microcapsule with DEEP
and without DEEP have melting enthalpies of 67.2 and 102.9 J/g,
respectively. The TGA results indicated that the thermal resistant
temperature of the crosslinked microcapsules with DEEP was up to
171°C, which was higher than that of its uncrosslinked counterpart
by ~20°C. The incorporation of DEEP into the microPCM
increased the LOI value of the microcapsule-treated foams by over
5%. Thermal images showed that both microcapsule-treated foams
with and without DEEP possessed favorably temperature-regulated
properties. As a result, the microPCMs with paraffin and DEEP as
core and P(MAA-co-EMA) as shell have good thermal energy stor-
age and thermal regulation potentials, such as thermal-regulated
foams heat insulation materials.

REFERENCES
1. Regin, A.; Solanki, S.; Saini, J. Renew. Sustain. Energy Rev.
2008, 12, 2438.

2. Farid, M.; Khudhair, A.; Razack, S. Energy Convers. Manag.
2004, 45, 1597.

3. Jegadheeswaran, S.; Pohekar, S. Renew. Sustain. Energy Rev.
2009, 13, 2225.

4. Pasupathya, A.; Velraja, R. Renew. Sustain. Energy Rev. 2008,
12, 39.

5. Sanchez, L.; Rodriguez, J.; Carmona, M.; Romero, A,
Sanchez, P. J. Appl. Polym. Sci. 2011, 120, 291.

6. Wang, T.; Huang, J; Zhu, P; Xiao, J. Colloid Polym. Sci.
2013, 291, 2463.

7. Konuklu, Y.; Paksoy, H.; Unal, M.; Konuklu, S. Energy
Convers. Manag. 2014, 80, 382.

8. Alay, S.; Gode, E; Alkan, C. J. Appl. Polym. Sci. 2011, 120,
2821.

9. Sanchez, L.; Tsavalas, J; Sundberg, D. Sdnchez, P;
Rodriguez, J. Ind. Eng. Chem. Res. 2010, 49, 12204.

10. Shan, X.; Wang, J.; Zhang, X.; Wang, X. Thermochim. Acta
2009, 494, 104.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

41880 (8 of 8)

Applied Polymer

SCIENCE

Yang, R.; Xu, H.; Zhang, Y. Sol. Energy Mater. Sol. Cells
2003, 80, 405.

Qiu, X;; Song, G.; Chu, X Li, X.; Tang, G. Sol. Energy
2013, 91, 212.

Farid, M.; Khudhair, A.; Razack, S.; Al-Hallaj, S. Energy
Convers. Manag. 2004, 45, 1597.

Zhang, Y.; Zhou, G.; Lin, K;; Zhang, Q.; Di, H. Build. Envi-
ron. 2007, 42, 2197.

Sarier, N.; Onder, E. Thermochim. Acta 2007, 454, 90.

Borreguero, A.; Rodriguez, J.; Valverde, J.; Arevalo, R.; Peijs,
T.; Carmona, M. J. Mater. Sci. 2011, 46, 347.

Borreguero, A.; Rodriguez, J.; Valverde, J.; Arevalo, R.; Peijs,
T.; Carmona, M. J. Appl. Polym. Sci. 2013, DOI: 10.1002/
APP.38226.

You, M.; Zhang, X.; Wang, J.; Wang, X. J. Mater. Sci. 2009,
44, 3141.

Ai, Z; Zhou, Q. Xie, C.; Zhang, H. J. Appl. Polym. Sci.
2007, 103, 1815.

Cai, Y;; Hu, Y.; Song, L; Tang, Y. J. Appl. Polym. Sci. 2006,
99, 1320.

Gao, L.; Zheng, G.; Zhou, Y.; Hu, L.; Feng, G.; Zhang, M.
Polym. Degrad. Stab. 2014, 101, 92.

Gui, H.; Zhang, X.; Dong, W.; Wang, Q.; Gao, J.; Song, Z.
Polymer 2007, 48, 2537.

Sener, A.; Demirhan, E. Mater. Des. 2008, 29, 1376.

Marosfoi, B.; Garas, S.; Bodzay, B.; Zubonyai, E; Marosi, G.
Polym. Adv. Technol. 2008, 19, 693.

Feng, J.; Ma, P; Yang, H.; Lu, L. Electrochim. Acta 2013,
114, 688.

Qiu, X.; Li, W5 Song, G.; Chu, X,; Tang, G. Energy 2012,
46, 188.

Su, J.; Wang, L.; Ren, L. J. Appl. Polym. Sci. 2006, 101, 1522.

Su, J; Wang, L; Ren, L; Huang, Z.; Meng, X. J. Appl
Polym. Sci. 2006, 102, 4996.

Sanchez, P; Sdnchez, M.; Romero, A.; Rodriguez, J.;
Sénchez, L. Thermochim. Acta 2010, 498, 16.

Song, G.; Ma, S.; Tang, G.; Yin, Z.; Wang, X. Energy 2010,
35, 2179.

Qiu, X;; Li, W, Song, G.; Chu, X.; Tang, G. Sol Energy
Mater. Sol. Cells 2012, 98, 283.

Sari, A.; Alkan, C.; Karaipekli, A. Appl. Energy 2010, 87, 1529.

Qiu, X;; Song, G.; Chu, X,; Li, X.; Tang, G. Thermochim.
Acta 2013, 551, 136.

Xu, J.; Wan, X.; Zhang, B.; Wang, Y.; Guo, B.; Zhang, Y.;
Wang, X. Chin. J. Acta Polym. Sin. 2009, 11, 1154.

Ma, S.; Song, G.; Li, W.; Fan, P.; Tang, G. Sol. Energy Mater.
Sol. Cells 2010, 94, 1643.

Su, J; Wang, L; Ren, L; Huang, Z.; Meng, X. J. Appl
Polym. Sci. 2006, 102, 4996.

Li, W.; Wang, J.; Wang, X.; Wu, S.; Zhang, X. Colloid Polym.
Sci. 2007, 285, 1691.

Xiang, H.; Jin, Q.; Chen, C.; Ge, X;; Guo, S; Sun, J. J. Power
Sources 2007, 174, 335.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41880



info:doi/10.1002/APP.38226
info:doi/10.1002/APP.38226
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l

