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ABSTRACT: Novel phase-change microcapsules with
paraffin as core and melamine-formaldehyde (MF) resin as
shell were synthesized through in situ polymerization, in
which nano alumina (nano-Al,O;) particles were dispersed
in the shell by mixing nano-Al,O5; with MF prepolymer so-
lution using the direct addition method (i.e., adding nano-
Al O; into the MF prepolymer solution directly) and the
predispersed addition method (i.e., predispersing the nano-
AlLO; homogenously in water under the assistance of
dispersant and wetting agents before mixing with the MF
prepolymer). Scanning electron microscope experiments
demonstrated that the predispersed addition method
yielded the microcapsules having the better dispersion and
less self-agglomeration of alumina, compared to the direct
addition method. Fourier transform infrared spectroscopy,
energy dispersive X-ray spectroscopy, and electron back-

scatter diffraction imaging confirmed that the nano-Al,O;
particles were successfully incorporated in the shell by the
predispersed addition method. The phase change behavior
of microcapsules incorporated with different contents (up
to 12.7% relative to the microcapsule) of nano-Al,O; par-
ticles in the shell was investigated by differential scanning
calorimeter. The results revealed that the encapsulation effi-
ciency for this kind of novel microcapsules was >77% and
the incorporation of nano-Al,O; in the shell affected the
phase change temperature. Thermal gravimetric analysis
indicated that the addition of nano-Al,O3; improved the
thermal stability of microcapsules remarkably. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 124: 689-698, 2012
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INTRODUCTION

Phase-change microcapsules are granular substances
with a core shell structure, where the phase-change
materials form the core enwrapped by the shell ma-
terial.' The microcapsules diameters are in the range
of less than 1 um to more than 1000 pm.? Microen-
capsulated phase change materials have been stud-
ied since the 1970s® and have attracted more and
more attention in recent years. Various techniques
have been used for preparation of phase-change
microcapsules, including in situ polymerization,™”
interfacial polymerization,® ' emulsion polymeriza-
tion,"'? complex coacervation,'® and spray-drying
methods."* Phase-change microcapsules have been
applied in the fields of thermoregulated fibers,>'>'®
heat energy transfers,'”?' and energy-saving build-
ing materials.”*>*
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The shell materials have a great effect on proper-
ties of microcapsules, and the requirements varied
with the applications. The choice of suitable shell
materials plays an important role in the application.
To provide good protection for the core, microcap-
sules have been synthesized with melamine formal-
dehyde (MF) resin,*>?'**  urea-formaldehyde

in,” % and polyurethane as shell materials.
However, the brittleness of these shell materials is
still an obstacle to the industrial application of the
microcapsules.” The studies on the modification of
these microcapsules are seldom reported at present,
and researches on the filling of shell materials with
nano particles are especially rare. Song et al.' fabri-
cated novel phase-change microcapsules that were
filled with silver nano particles, with aminoplast as
the wall and the phase change material bromo-hexa-
decane as the core, through in situ polymerization.
Thermal gravimetric (TG) analysis confirmed that
nanocomposite phase-change microcapsules had
higher thermal stability than that of conventional
phase-change microcapsules. They attributed this to
nanocomposite structure of the microcapsules, in
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TABLE I
The Formula for Preparation of the Microcapsules Incorporated with Different
Amount of Nano-Al,O3

Microcapsules (@) (b) (c) (d) (e) (f)

Core Paraffin (g) 20

Emulsifier (g) 10

Distilled water (mL) 200
Shell Melamine (g) 3

Formaldehyde (mL) 10

Distilled water (mL) 20
Filler Nano-Al,O; (g) 0 06 0.9 2.0 3.0 4.0
Content of nano-Al,O3 in the microcapsule (wt %) 0 22 33 6.8 9.8 127

Content of nano-Al,O5 in the shell (wt %)

0 77 111 211 286 348

which metal silver nanoparticles distributed on the
surface to increase wall toughness and strength.
However, the price of silver is relative high. We
expected that using some inexpensive inorganic
nanofillers might also improve the thermal stability
of the phase-change microcapsules.

In this study, novel phase-change microcapsules
incorporated with nano-Al,O; particles in MF resin
shell were synthesized through in situ polymerization
by using paraffin (melting point 48-50°C) as core ma-
terial. The aims of this work are to compare two dif-
ferent addition methods of nano-Al,O; for the optimal
microcapsule preparation procedure and to investi-
gate the effects of nano-Al,O; addition quantity on
the microstructure, phase change behavior, and ther-
mal properties of the resultant microcapsules.

EXPERIMENTAL
Materials

Melamine with purity >99.5% and formaldehyde (37
wt % aqueous solution) used as shell-forming mono-
mers were purchased from Beijing Chemical Reagent
Company, China. Paraffin used as core phase-change
materials with a melting point of around 48-50°C
was also obtained from Beijing Chemical Reagent
Company, China. Sodium salt of styrene-maleic an-
hydride copolymer (SMA) used as emulsifier was
kindly supplied by Shanghai Leather Chemical Com-
pany, China. Acetic acid and triethanolamine, used as
pH controllers, were purchased from Beijing Fine
Chemicals Company and Beijing Chemical Reagent
Company, respectively. Nano-Al,O5 particles with a
diameter of about 100 nm were purchased from
Dalian Luming Nano Science and Technology, China.
Dispersant DP-270 and wetting agent TRITON X-405
were purchased from Beijing Sinmaya Chemicals.

Synthesis of phase-change microcapsules

The synthesis of the microcapsuled paraffin with an
alumina nano particles-filled MF resin shell was car-
ried out in a 500-mL three-neck round-bottomed flask
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equipped with a condenser and a poltytetrafluoro-
ethylene mechanical stirrer, as following procedures.
First, 20.0 g of solid paraffin and 10.0 g of sodium
salt of SMA copolymer were dissolved in 200 mL of
distilled water at 80°C. When the solid paraffin
melted, the mixture was emulsified mechanically
under a vigorous stirring rate of 900 rpm for 2 h by
using a JHS-1/90 high-speed disperse machine
(Hangzhou Instrument Electric, Hangzhou, China).
Then the pH value of the oil-in-water emulsion was
adjusted to 4-5 with 15 wt % acetic acid solution.
Second, the aqueous solution of MF prepolymer
was prepared by mixing 3.0 g of melamine, 10.0 mL
of formaldehyde, and 20.0 mL of distilled water in a
100 mL three-neck round-bottomed flask at 70°C
under a stirring rate of 300 rpm. The pH value of the
prepolymer solution was adjusted to 8.5-9.0 with 10
wt % triethanolamine. After 30 min, the solution
became transparent, and a certain amount of nano-
Al,O5; powder (Table I for detailed process parame-
ters) was added to the prepolymer solution. Two
different methods were applied to disperse the nano-
Al,Oj3 particles in the prepolymer solution. One is the
direct addition method: the dried alumina powder
was mixed into the prepolymer solution directly. The
other is predispersed addition method: 10 g of alu-
mina powder was added in 100 mL of distilled water
containing 1 mL of dispersant and 0.5 mL of wetting
agent, followed by high-speed stirring at 9600 rpm
for 30 min. The obtained alumina aqueous suspen-
sion was added into the prepolymer solution, and
then the mixture was continuously stirred for 10 min.
Third, the stirring rate of the emulsion was
adjusted to 300 rpm, and the prepolymer solution
containing nano-Al,O; particles was added drop
wise to the emulsion at a dropping speed of about
1.5 mL/min to start in situ polymerization. After all
of the prepolymer was added, the stirring continued
for 2 h. The pH of the emulsion was adjusted to 9.0
with 10 wt % triethanolamine solution, which termi-
nated the reaction. Then the resultant microcapsules
were filtered out and washed with distilled water at
approximately 70°C until a pH of 7 was reached.
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The wet microcapsule powders were dried in a vac-
uum oven at 40°C for 24 h to remove the water.

Characterization

Chemical characterization

Fourier transform infrared spectroscopy (FTIR) spec-
tra of solid paraffin, alumina powder, and the micro-
capsules were obtained by using a Bruker Tensor-27
FTIR spectrophotometer at a scanning number of 32
and wave numbers range of 4000—400 cm .

Surface morphology

The morphology of the dried microcapsules was
observed by using scanning electron microscope
(SEM, Hitachi S-4700, Japan) under a performing
voltage of 3 kV.

Surface elemental analysis

An energy dispersion X-ray microanalyzer was
used, which was attached to the SEM system, to
examine the elemental compositions of the microcap-
sules. The basic principal of energy dispersive X-ray
spectroscopy (EDX) is defined as a microanalytical
technique that uses the characteristic energy spec-
trum of X-rays emitted by the specimen after excita-
tion by high-energy electrons to obtain information
about the elemental composition, as described in the
Ref. ' The data treatment software used a ¢-p-Z
approach to determine the element contents as atom
percentage and mass percentage.32

DSC and thermal gravimetry (TG) analyses

The phase change properties of the dried microcap-
sules and core material paraffin were measured by
using a differential scanning calorimeter (DSC, DSC-
STA Re, METTLER-TOLEDO) at heating and cooling
rates of 10°C/min in a nitrogen atmosphere. For each
sample, the temperature ranges of the heating and
cooling cycles were 0 to 80°C and 80 to 0°C, respec-
tively. The weight of each sample was about 6 * 1mg.

The percentage of paraffin is a key parameter for
the microcapsules.’” Tt determines directly the en-
thalpy, and thus the energy storage efficiency of the
microcapsules. The specific heat of paraffin is a con-
stant in the measured temperature range,™ and
there is no phase transition of MF resin (i.e., the wall
material) in this temperature range. Therefore, the
content of paraffin in the microcapsules can be esti-
mated according to the following equation:

Paraffin content(%)

_ (AHm,microcapsules + AI_Ic,microc«a'tpsules
AHmA,par'affir\ + AHc,paraffirl

) %100 (1)

The formation of M-F prepolymer  R': NHCH,OH, R?: N(CH,0H),

M-F prepolymer + alunina mixer

T
Enulsifying . Polymeriation
Core ——=| Core j—h-
\‘w“/
Paraffin Emulsion of paraffin Microcapsule

Figure 1 Schematic diagram depicting the formation of
the microcapsules filled with nano alumina particles in the
shell. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

where AI_Im, microcapsule and AI_Ic, microcapsule are the
latent heat of melting and the heat of crystallization
of the microcapsules, respectively, and AHp, paratfin
and AH . paratfin are the latent heat of melting and
the heat of crystallization of the phase-change paraf-
fin, respectively.

The thermal stability of the samples was character-
ized by measuring the weight loses with tempera-
ture increasing from 30 to 800°C in nitrogen gas
flow using a thermogravimetric analyzer (TGA,
TGA-STA Re, METTLER-TOLEDO) at a scanning
rate of 20°C/min.

RESULTS AND DISCUSSION
Fabrication of microcapsules

The formation of microcapsules filled with nano-
Al O; particles is presented schematically in Figure
1. According to previous literatures**** about
preparation of the phase-change microcapsule with
in situ polymerization method, we brought out the
formation mechanism of the phase-change microcap-
sule incorporated with nano-Al,O; particles in the
shell. First, the core material, paraffin, was emulsi-
fied under the condition of high temperature and
high stirring rate with SMA as the emulsifier. Dur-
ing this process, the hydrophilic aryl groups of
emulsifer insert into the core paraffin, and hydro-
phobic anionic —COO groups directionally arrange
out of the core paraffin. As a result, the surface of

Journal of Applied Polymer Science DOI 10.1002/app
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core droplets became negatively charged. Second,
the aqueous solution of the MF prepolymer contain-
ing nano-Al,O; was added drop wise into acidic
paraffin emulsion. Under acidic condition, the MF
prepolymer obtained H™ changing into positively
charged active prepolymer. Negatively charged par-
affin droplets had affinity for modified MF prepoly-
mer by static, so the modified MF prepolymer was
adsorbed to the surface of the paraffin emulsion.
Because the environmental condition of MF prepoly-
mer changed from originally alkaline to acidic, the
further polymerization of MF prepolymers was ini-
tialized, and as a result, the crosslinking degree of the
MF prepolymer increased gradually and its solubility
in water decreased. Finally, The MF resin precipitated
from the aqueous phase and formed a compact shell
enclosing the core material finally. The nano-Al,O; is
hydrophilic, and the predispersing process further
increased the hydrophilicity of nano-Al,Os;. On the
contrary, the core material (i.e., paraffin) is hydropho-
bic. Therefore, during the formation of the shell, the
nano-Al,O; particles would prefer to disperse in the
MEF prepolymer aqueous solution rather than enter
into core materials. Moreover, the paraffin core mate-
rial was emulsified before adding MF prepolymer
containing nano-Al,Os, and therefore, the static re-
sistance of the emulsifier would also prevent the
nano particles from entering into core materials. Con-
sequently, the phase-change microcapsules incorpo-
rated with nano alumina particles in the shell can be
prepared by proposed approach in this study.

FTIR spectra

Figure 2 shows the FTIR spectra of nano-Al,Os;, pure
paraffin, and microcapsules with or without nano-
Al O3 particles in the shell. The broad absorption
peaks at approximately 3418 ¢cm ' are associated
with the O—H stretching vibration and N—H
stretching vibration for some samples [i.e., spectra
(@), (b), and (c)]. The peaks at 2957, 2918, and 2850
cm™' arise from the C—H stretching vibration
modes. The peak associated with the C—N multiple
stretching vibration in the triazine ring is found at
1559 cm !, and the characteristic bending vibration
peak for the triazine ring is found at 814 cm '?
Meanwhile, the C—O—C stretching vibration peaks
at 1009 and 1163 cm ™! can be observed, which are
the specific absorption bands of MF resin and con-
firms the existence of the MF shell of the microcap-
sules. In addition, the FTIR spectra of these micro-
capsules (i.e., a-c) also show the characteristic
absorption bands of paraffin in Figure 2(d) at 1464,
1360, and 720 cm ™!, corresponding to the C-H bend-
ing vibrations and the in-plane rocking vibration of
the methylene group, thus confirming the presence
of paraffin in the resultant microcapsules. The FTIR
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Figure 2 FTIR spectra of (a) Microcapsules filled with
alumina in the shell by direct addition method, (b) micro-
capsules filled with alumina in the shell by predispersed
addition method, (c) microcapsules without alumina in the
shell, (d) pure paraffin, and (e) pure nano alumina.

spectra of the alumina is presented in Figure 2(e), in
which the characteristic absorption peaks responsible
for Al—O vibrations are observed around 597 and
451 cm '3 In the spectra of the microcapsules
whose shells were incorporated with nano-Al,O;
particles [Fig. 2(a,b)], the specific absorption peaks
of alumina can be observed, whereas none of these
specific peaks appear in the spectrum of the micro-
capsule whose shell does not contain alumina [Fig.
2(c)]. These results confirm that nano-Al,O3 particles
were successfully dispersed in the microcapsules
prepared through whether the direct addition
method or the predispersed addition method.

Surface morphology

Influence of addition method of nano alumina on
morphology of microcapsules

The SEM photographs of the microcapsules with
alumina-filled shell prepared by different alumina
addition methods are presented in Figure 3. Mass
contents of alumina in both microcapsules are all
2.2%. It can be seen that most microcapsules synthe-
sized through the direct addition method [Fig. 3(a)]
are not spherical, and have a rough surface even for
a few spherical microcapsules. Compared with the
microcapsules synthesized by the direct addition
method, the microcapsules prepared by the predis-
persed addition method [Fig. 3(b)] are all global and
have relative smooth surface. Its particle size distri-
bution is within the range from ~ 70 to 110 pm.

The alumina particles used in this study are nano-
meter sized. It is known that nano alumina is prone
to secondary agglomeration. Without adding any
dispersant or wetting agent, the suspension of alu-
mina particles depends mainly on electrostatic
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Figure 3 SEM photographs of the microcapsules with alumina in the shell prepared by different alumina addition meth-
ods: (a) direct addition method; (b) predispersed addition method.

repulsion and the buoyancy of water. Under the
influence of gravity, the alumina particles tend to
coagulate in MF prepolymer solution along with
irregular Brownian motion. These uneven nano-
Al,O5 agglomerates covered on the surface of micro-
capsules, resulting in a coarse and nonspherical sur-
face. The dispersant and wetting agent can improve
the dispersing ability of alumina in MF prepolymer
solution and then overcome the effects of coagula-
tion, and sedimentation. The dispersant DP 270 is a
neutral low-molecular weight polyacrylic ester con-
taining two parts in its molecular structure.”> One
part is the anchoring group (carboxyl group), which
can be tightly absorbed on the surface of alumina
particles through chemical bonding or hydrogen
bonding, forming a negatively charged absorption
layer. Another part is the water-soluble chain, which
can be stretched in the water, forming a protective
layer with adequate thickness. The modified alu-
mina particles mutually repel each other because of
the steric hindrance effect. A stable suspension of
alumina particles in water is maintained under the
dual effects of steric hindrance and electrostatic
repulsion. The wetting agent TRITON X-405 is an
alkyl phenol polyoxyethylene ether nonionic surfac-
tant that can accelerate the wetting process of the
alumina surface and improve the dispersion effi-
ciency, enhancing the stability of the alumina
suspension.

Influence of added amounts of alumina on morphol-
ogy of microcapsules

Figure 4 presents the SEM photographs of the micro-
capsules containing different amounts of alumina in
the shell prepared by the predispersed addition
method. Figure 4(a) also shows the conventional
microcapsules using paraffin as core material and
MF resin without alumina filler as shell for compari-
son. The dispersion of the spherical microcapsules is
relatively homogeneous without significant agglom-
eration. The surface of the microcapsules is relatively
smooth and compact without any disfigurement of
the shell, and the average size is about 80 pm. How-
ever, the high-magnification photo reveals that some
nanoparticle-like raises exist on the surface of micro-
capsules. These nanoparticles are resulted from MF
resin aggregate,” and commonly existed on the sur-
face of phase change microcapsules having MF resin
shell #1216223637 s shown in Figure 4(b-f), the
microcapsules filled with 7.7%, 11.1%, 21.1%, 28.6%,
and 34.8% nano-Al,O; in the shell are also spherical.
There is no obvious difference among microcapsules
(@), (b), and (c) in shape and size distribution, indi-
cating that the addition of a small amount of alu-
mina particles has no negative effect on the forma-
tion of microcapsules. Furthermore, Figure 4
indicates that the surface roughness of the microcap-
sules increases with increasing amount of alumina
in the shell. It can be been that the surfaces of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEM photographs of the microcapsules containing different amounts of nano alumina in the shell: (a) 0%, (b)

7.7%, (c) 11.1%, (d) 21.1%, (e) 28.6%, and (f) 34.8%.

microcapsules (d), (e), and (f) are obviously rougher
than those for microcapsules (a), (b), and (c). When
alumina was added in the shell of microcapsules,
the raises are MF resin nanoparticles and nano-
Al,O5; nanoparticles covered by MF resin. With the

Journal of Applied Polymer Science DOI 10.1002/app

increase of addition amount, the alumina agglomer-
ate increase, leading to the size of alumina covered
by MF resin becoming larger. Some broken micro-
capsules can be seen in Figure 4(f) for 34.8% alumina
relative to the shell, indicating that excessive
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Figure 5 EBSD image of the microcapsule with 34.8%
alumina in the shell.

alumina have negative influence on the adsorption
of shell material on the surface of core. A possible
explanation is that extensive agglomeration of alu-
mina particles occurs in the MF resin shell when the
amount of alumina reaches a critical value, leading

to a nonuniform distribution of alumina in the shell
and poor interface adhesion.

To determine the composition of these raised par-
ticles and the distribution state of nano alumina in
the shell, we obtained electron backscatter diffraction
(EBSD) image of the microcapsule with 34.8% alu-
mina in the shell, as shown in Figure 5. EBSD is
based on the acquisition of diffraction patterns from
bulk samples in the SEM. The backscattered electron
signal increases with the atomic number of the sub-
stance.”® The EBSD image of the microcapsule sur-
face shows that there are many bright spot-like
regions (One of them was marked by black circle in
the image as a sample) in contrast to the matrix, cor-
responding to a high atomic number region.”® The
diameter of these bright spot-like regions is about
100 nm, consisting with that of nano-Al,O3 used in
this study. Therefore, the bright spot-like regions in
the EBSD image represent nano-Al,O; incorporated
in the shell of the microcapsule.

Surface elemental analysis

EDX was used to study the surface elemental com-
position of the microcapsules. Figure 6 shows the

) 2 4 6 a

kel

0 2 4 6 8

iR 1749 cts ¥4F: 0.000

keV|

Figure 6 EDX spectra of the microcapsules: (a) without nano-Al,O; and (b) incorporated 34.8% alumina in the shell.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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TABLE II
Experimental Data of EDX Analysis
Microcapsules @ (b) (c) (d) (e) (f)
Weight content of 0 005 08 28 332 4.09
element Al (wt %)
Atomic content of 0 002 038 137 158 194

element Al (atm %)

EDX curves of the microcapsules (a) and (f). Table II
presents the elemental content of Al in microcap-
sules a-f. The elements C, N, and O, which are the
component elements of paraffin and MF resin, all
appear in the spectrum of microcapsule a, while the
element Al is detected, in addition to C, N, and O,
on the surface of microcapsules b-f. These EDX
results, together with the results of FTIR, SEM, and
EBSD, confirm the existence of alumina particles on
the surface of microcapsules b-f. Meanwhile, Table II
shows that the content of Al increases from 0.02% in
microcapsule b to 1.94% in microcapsule f with
increasing nano-Al,O; dosage.

Phase change behavior

The DSC thermograms of the microcapsules with
different amounts of alumina in the shell are dis-
played in Figure 7, and the specific data of phase
change behavior are presented in Table IIl. Figure
7(a) shows that all the heating curves have about the
same shape with two peaks, implying that the paraf-
fin used in this work may be a compound of two
linear-chain alkanes with different numbers of
carbon atoms. Table III shows that the melting tem-
peratures of the paraffin are 33°C and 53.8°C,
whereas the melting temperatures of microcapsule
(a) without alumina in the shell are 33.6°C and
54.1°C, slightly higher than those of pure paraffin.
The heat resistance of the MF resin shell leads to the
lag in phase change. The melting temperatures of
microcapsules (b)-(f) are 36°C—40°C and 54°C-62°C,
higher than those of microcapsule (a), indicating that
the addition of alumina to the microcapsule shell
provides extra protection to the core material paraf-
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Figure 7 DSC curves of the microcapsules containing dif-
ferent amounts of alumina in the shell: (a) heating curves,
and (b) cooling curves.

fin.! With increasing alumina content, the crystalliza-
tion temperatures of microcapsules (b)-(f) increase
initially and then decrease, probably because the
small amount of alumina in the shell of the micro-
capsules might mainly play the role of nucleating
agent during crystallization, while excess nano-
Al,O5 existing in the core-shell interface might inter-
fere with the crystallizing of core materials.

TABLE III
Phase-Change Properties of Pure Paraffin and the Microcapsules Containing
Different Amounts of Alumina in the Shell

Average
Samples Tm (°C) AH,, (J/8) T. (°C) AH. (J/g) enthalpies (J/g)
Paraffin 33.0 53.8 168.1 49.0 29.0 164.5 166.3
(a) 33.6 54.1 112.7 47.3 28.7 106.5 109.6
(b) 36.9 55.5 1153 49.1 31.8 110.6 113.0
(0) 374 56.1 98.3 48.4 31.9 87.9 98.1
(d) 38.7 60.2 101.4 43.1 26.1 89.4 95.4
(e) 38.6 59.9 94.4 432 26.2 88.5 91.4
) 39.8 61.6 84.1 42.6 25.2 79.1 81.6

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Theoretical and Experimental Contents of Paraffin in
Microcapsules
Microcapsules (a) (b) (c) (d) (e) (f)
Ideal paraffin 726 712 704 678 65.6 635
content/%
Experimental 659 68.0 59.0 574 550 49.1
paraffin content/%
Encapsulation 091 096 084 085 084 0.77
efficiency

Similarly, Wang et al. also*™* reported that the

core-shell interface could obviously affect the crystal-
lization behavior and structure of the n-alkane
encapsulated in the microcapsule.

Table III also summarizes the phase change enthalpy
of paraffin and the microcapsules. Microcapsule (a) has
a phase change enthalpy of 110 J/g, lower than the
value of 166 J/g for paraffin because the shell did not
undergo phase changing within the experimental tem-
perature range. As a result, the percentage of paraffin
in the microcapsules can be estimated according to the
measured enthalpy by using eq. (1).>'** The ideal
paraffin content in the microcapsules is calculated
according the actual dosage of paraffin, MF resin, and
nano-Al,Oz;. The amounts of paraffin and MF resin
used were fixed in the synthesis of microcapsules. The
ideal content of the paraffin should decrease with
increasing of nano alumina dosage. Here, the encapsu-
lation efficiency was defined to represent how much
fed paraffin had been encapsulated in the shell, which
can be derived from following equation:

Encapsulation efficiency(%)
_ Experimental paraffin content
Ideal paraffin content

x 100 (2)

Table IV summarizes the experimental and ideal
paraffin contents and encapsulation efficiencies for
the microcapsules incorporated different amounts of
nano-Al,O3 in the shell. The results reveal that hat
the encapsulation efficiency is >0.77 for all micro-
capsules, and microcapsule (b) has the highest
encapsulation efficiency of 0.96, indicating that ma-
jority of paraffin had be encapsulated in the shell
through our processing procedure. It can be also
found that, with increasing alumina content, the
encapsulation efficiency increases initially and then
decreases, implying that the insulating effect of the
shell is improved with addition of a small amount
of alumina, but further addition would result in neg-
ative effect on the encapsulation efficiency. A possi-
ble explanation is that the large surface areas of
nano-Al,Oj particles enable them to be closely com-
bined with the MF resin to form a composite shell
that has high strength to resist crack,' on the condi-

100 4
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80 % - TT%
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100 200 300 400 500 600 700 800

Temperature (°C)

Figure 8 TG curves of the microcapsules containing dif-
ferent amounts of alumina in the shell.

tion that the amount of alumina added is not exces-
sive. Excessive amounts of alumina can lead to
agglomeration of particles, resulting in an uneven
distribution of alumina particles in the shell and
poor adhesion with the shell.*® As a result, some
formed shell might have loose and porous struc-
tures, so that the core material could leak out easily,
reducing the paraffin content in the resultant micro-
capsule. Obviously, the more dosage of nano-Al,O;,
the more agglomerates of alumina. The lowest
encapsulation efficiency of microcapsule (f) is prob-
ably due to the leakage of paraffin from broken
microcapsules, which have been observed in Figure
4(f). These results also suggest that excessive alu-
mina should have negative effect on the adsorption
of shell material on the surface of core. Accordingly,
the maximum dosage of nano-Al,O; can reach 12.7%
in the whole microcapsule or 34.8% in the shell.

Thermal stability

Figure 8 shows the TG thermograms of the micro-
capsules with different amounts of alumina in the
shell, and the TG data are also summarized in Table
V. It is observed that the weight loss profiles of all
the microcapsules are quite similar, and weight loss
occurs through two-step degradation. The first stage

TABLE V
Thermal Properties of the Microcapsules Containing
Different Amounts of Alumina in the Shell

Microcapsules @ @ (@ @ (@ (@

Theoretical alumina content 0 7.7 11.1 21.1 28.6 34.8
in the shell (%)

Weight loss temperature
for peak 1 (°C)

Weight loss temperature
for peak 2 (°C)

308 322 335 328 330 323

428 430 425 424 423 425
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of the weight loss is attributed to the evaporation of
paraffin. A sharp weight loss occurs at around 308°C
for microcapsule (a) without alumina in the shell, and
about 322-335°C for microcapsules (b)-(f). The
increase in decomposition temperature of about 20°C
indicates that the addition of alumina in the shell can
improve the thermal stability of the microcapsules
significantly. This increase can be attributed to the
increased wall toughness and strength' as a result of
the reinforcing effect of nano alumina. The second
stage of the weight loss for all of the microcapsules
occurs in the temperature range 423-430°C, corre-
sponding to the degradation of the shell materials.

CONCLUSIONS

a. Phase-change microcapsules with paraffin (melt-
ing point around 48-50°C) as the core and MF
resin as the shell were synthesized by in situ poly-
merization. The nano-Al,O; particles were success-
fully incorporated in the wall of the microcapsules
by mixing alumina with the MF prepolymer solu-
tion through the predispersed addition method,
which were confirmed by FTIR, EDX, and EBSD
experiments. SEM showed that the surface rough-
ness of the microcapsules increased with increas-
ing amount of alumina added.

b. DSC results showed that the incorporation of
alumina to the shell affected the phase-change
temperature of the microcapsules. With increas-
ing alumina content, the melting temperature
increased and the crystallization temperature
first increased and then decreased. Besides, DSC
results demonstrated that the encapsulation effi-
ciency was >77% for all microcapsules. In com-
bination with SEM analysis, the DSC results
suggested that the maximum addition quantity
of nano-Al,O; in the microcapsules might be
12.7% (34.8% of the shell).

c. TG analysis revealed that the microcapsules with
nano-AlOj; in the shell have higher thermal sta-
bility than those without nano-Al,O3. The decom-
position temperature increased by an average of
20°C with the addition of nano-Al,Os.
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