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ABSTRACT

Microencapsulated n-octadecane phase change materials (PCMs) with

polyurethane (PU) and resorcinol-modified poly(melamine-formaldehyde)
(PMF) shells were synthesized through interfacial and in-situ polycondensa-

tion, respectively, and their microstructures and phase change, thermal stabilities, and
anti-osmotic properties were evaluated. FTIR were performed to verify the the quality
of encapsulation of n-octadecane within two shell materials. Optical phase-contrast
microscope and scanning electronic microscopy images indicate a perfect core/shell
microstructure and compact polymeric shells of these microcapsules. Differential
scanning calorimetry measurements demonstrate the high enthalpies for the melting
and crystallization of:the microencapsulated n-octadecane, while wide-angle X-ray
scattering * patterns - have confirmed that the crystallinity of microencapsulated
n-octadecane is identical with that of pure n-octadecane. Although the two microencap-
sulated PCMs have good phase change properties, the encapsulation ratio and
efficiency of the microcapsules with PU shell are much higher than those of PMF shell.
However, the microcapsules with PU shell exhibit good thermal stability but poor

anti-osmotic property in comparison with those of PMF shell.
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Two global issues such as the ener-
gy shortage and environmental pol-
lution are becoming more and more
serious, especially in the develop-
ing countries. Solutions to these
problems include improvement of
the energy efficiency and the uti-
lization of renewable energy
sources. Thermal energy storage is
essential for the two solutions. The
latent heat storage based on phase
change materials (PCMs) is one of
the favourable thermal energy stor-
age methods for renewable energy
source utilization due to its high-

energy storage density and narrow
operating temperature range [1].
PCMs have been used as thermal
storage and control materials
because of the heat absorption and
release that occur upon phase
change. Although the PCMs are
available with a range of transition
temperature for varying applica-
tions, the PCMs bulk is not easy to
handle in practical application
because of the super-cooling
problem and interfacial combina-
tion with the circumstantial materi-
als [2,3]. Microencapsulation is an



important method in various applications to protect
specific functional materials, or to release them into
the outer phase, within a long period of time. Because
microencapsulated PCMs (micro-PCMs) are granular
in shape with a core and shell structure, which protect
them from being affected by the surrounding environ-
ment, they can supply a large heat transfer area so to
reduce the reactivity of the PCMs towards the outside
environment and control the changes in storage mate-
rial volume as the phase change occurs [4,5].
Therefore, micro-PCMs have been widely studied for
applications in thermal energy fields such as heating
and air conditioning of buildings, thermal insulation
materials, and thermal adaptable fibres in recent years
[6-9].

The design and development of a functional tex-
tile with an ability of dynamic heat regulation next to
the skin have attracted more and more attention in
recent years. Many studies have been carried out on
this subject, however, successful applications are
limited and still under investigation [10,11].
Therefore, the micro-PCMs have received great inter-
est to improve its thermal insulation to be used in
these applications. For the applications of garments
and home furnishing products, PCMs should change
phases within a temperature range making human feel
comfortable, so that they could be utilized.for making
protective all-season outfits and for abruptly chang-
ing climatic conditions [9,12]. The well-known
PCMs applied to textiles are linear chain hydrocar-
bons known as paraffin waxes (or n-alkanes) with a
melting temperature (T,,,) of 18-36°C, such as hepta-
decane, hexadecane, octadecane;nonadecane, and
eicosane [13]. These PCMs are non-toxic, non-corro-
sive, chemically inert, easily obtained, and have no
unpleasant odour. They have different phase change
temperatures, T, and crystallization temperature
(T.), depending on the number of carbon atoms in
their structures [14,15]. n-Octadecane is a desirable
PCM for its good ability of thermal storage and
release in an appropriate phase change temperature
range (23-28°C). Obviously, this phase change tem-
perature is comfortable for human bodies, and its
latent heat (241.2 J/g) is higher than that of other
PCMs [16,17].

The preparation of micro-PCMs involves enclos-
ing the PCMs in thin and resilient polymer shells to

make the PCMs change from solid to liquid and back
again within the shells. And thus, the shell materials
play an important role in improving the structural
anti-permeability, the release controllability, and the
thermal stability of the microcapsules. Many studies
have demonstrated that poly(melamine-formalde-
hyde) resin (PMF), urea-formaldehyde resin, and
polyurea (PU) are usually selected as the shell mate-
rials of the microcapsules for the PCMs protection
[18-22]. Khilar et al. reported a kinetic model for
describing the dynamics of this microencapsulation
[23]. This model was based on diffusion of the
hydrophilic monomer through the polymeric shell
with an interfacial reaction at the inner surface and
could be used to describe the dependence of the
microcapsule size on the reaction time as a kinetical-
ly controlled process. Fan et al. presented a new
method. to prevent the micro-PCMs from super-cool-
ing by encapsulating n-octadecane and nucleating
agents within the PMF shell [24]. Tamami et al. also
reported a new series of polyureas synthesized by the
polycondensation of 4-aryl-2,6-bis(4-isocyanato-
phenyl)pyridines with various aromatic diamines [25].

However, the brittleness of these shell materials is
still an obstacle to the industrial application of the
micro-PCMs and the studies on the surface modifica-
tion of these microcapsules are seldom reported at
present. In this case, if the microcapsules with tough
shell materials could be prepared, the valuable possi-
bility in an essential application may be expected.
Moreover, the thermal stability and permeability of
the micro-PCMs will also be improved through the
modification of the shell materials [26,27]. Therefore,
in this study, a series of the micro-PCMs based on the
n-octadecane core and the modified PMF and PU as
shell materials were synthesized by different
methods. The aim of this work is to evaluate the
properties of two micro-PCMs with different shell
materials and to investigate the effects of different
shell materials on morphologies, phase change and
releasing behaviours of these micro-PCMs.

EXPERIMENTAL

Materials
Melamine with a purity of above 99.5 wt%, formalde-
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hyde (37 wt% aqueous solution) and 1,3-benzenediol
(resorcinol), 2,4-diisocyanate (TDI) were commer-
cially supplied by Beijing Chemical Reagent Co.,
China. Amine-terminated polyoxypropylene
(Jeffamine T403) was kindly supplied by Yantai
Minsheng Chemical Reagent Co., China. n-Octa-
decane with a purity of 90 wt% was purchased from
Tianjin Alfa Aesar Co., China. Sodium salt of styrene-
maleic anhydride copolymer (SMA) used as emulsifi-
er was kindly supplied by Shanghai Leather Chemical
Company. Ammonium chloride as a nucleating agent
and acetone as an extracting solvent were also obtained
from Beijing Chemical Reagent Co., China.

Synthesis of Microcapsules

The microencapsulated n-octadecane with resorcinol-
modified PMF shell was synthesized by in-situ poly-
merization. The procedure consisted of the synthesis
of pre-polymer solution, the preparation of emulsion,
and the formation of shell material. The pre-polymer
solution was prepared by mixing melamine,
formaldehyde, and distilled water in a round flask.
n-Octadecane, SMA, 5 wt% resorcinol, and distilled
water were emulsified mechanically at 50°C with.a
stirring rate of 8000 rpm for 2 h. Resorcinol was
added to achieve little cross-linking with the
melamine-formaldehyde prepolymer. The prepolymer
solution was added dropwise into the emulsion while
the emulsion was stirred at a rate of 600 rpm: After the
complete addition of the prepolymer, 5 wt% ammoni-
um chloride was added into the solution and it was
continuously stirred at 60°C for 90 min. The pH of the
emulsion was adjusted .to 9.0 with 10 wt% tri-
ethanolamine solution, which terminated the reaction.
Then, the resultant microcapsules were filtered and
washed with 30 wt% ethanol aqueous solution. The
wet powders were dried in a vacuum oven to remove
the water.

The microencapsulated n-octadecane with modi-
fied PU shell was synthesized through interfacial
polycondensation. An oil solution was prepared by
mixing TDI, n-octadecane, and acetone in a round-
bottom flask with stirring for several minutes. An oil-
in-water (O/W) emulsion was formed by pouring the
oil solution dropwise into an aqueous solution with 5
wt% SMA as an emulsifier. Amine-terminated poly-
oxypropylene was dissolved in an aqueous solution

containing 0.1 wt% SMA. Subsequently, the amine-
terminated polyoxypropylene aqueous solution was
added into the emulsion with a stirring rate of 600
rpm. After the addition of all the aqueous amine-ter-
minated polyoxypropylene, the solution was continu-
ously stirred at 60°C for 3 h. The resultant microcap-
sules were filtered and washed with 30 wt% aqueous
ethanol solution at approximately 50°C. The wet
powders were dried in a vacuum oven to remove the
water.

Characterization

Fourier transform'infrared (FTIR) spectra of the sam-
ples were obtained by using a Bruker Tensor-27 FTIR
spectrophotometer. An'Olympus BX50 optical phase-
contrast microscope was employed to investigate the
structure of the microcapsules. Morphologies were
obtained by using a Hitachi S-4700 scanning electron
microscope (SEM). The microcapsules size distribu-
tion was performed by light diffraction using a LA-
920 laser particle-size analyzer and the mean diame-
ters of the microcapsules were determined. Wide
angle X-ray scattering (WAXS) measurement was
carried out by a Rigaku D/max-r C diffractometer (40
kV, 50 mA) with Cu-K, radiation (A = 0.154 nm) with
a scanning rate of 5°min. Differential scanning
calorimetry (DSC) was performed by using a TA
Instruments Q100 differential scanning calorimeter
and all measurements were carried out under N,
atmosphere at a heating or cooling rate of 10°C/min
of each sample with about 10 mg weight. The first
heating scan was carried out from -20 to 50°C and the
sample was held at this temperature for 5 min to
diminish the thermal and processing history before
the formal measurements.

Thermogravimetric analysis (TGA) for the micro-
capsules was carried out at a heating rate of 10°C/min
under nitrogen gas atmosphere by using a TA
Instruments Q50 TGA thermal analyzer. Anti-osmosis
measurement was performed by a 723PC spectropho-
tometer. The releasing rate (weight percentage of the
released substance) of the microencapsulated
n-octadecane was measured by dispersing 10 g
microcapsules in 50 mL acetone as an extraction
solvent with a slight stirring rate of 200 rpm and the
data was conversed through the transmittance of
spectrophotometer.
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RESULTS AND DISCUSSION

Microstructure

The synthesis of two types of the microencapsulated
n-octadecane is performed by in-situ or interfacial
polycondensation with the microcapsule shells fabri-
cated on the surface of the n-octadecane droplets by
polycondensation of the reactive monomers. The
chemical structures of these two types of microcap-
sules were confirmed by FTIR spectra as presented in
Figure 1. In the spectrum of the microencapsulated
n-octadecane with resorcinol-modified PMF shell, one
can see a broad absorption band around 3350 cm-!
corresponding to the hydroxyl, imino, and amino
stretching vibrations. The alkyl C—H and C—N multi-
ple stretching vibrations in the triazine ring are found
around 2950 cm! and 1555 cm!, respectively. The
C-H bending vibrations in methylene group appear at
1490 cm! and 1360 cm-! due to methylene bridges
[8]. The characteristic absorption bands for the
aliphatic C-N vibration appear between 1200 and
1170 cm!, while the characteristic triazine ring bend-
ing vibration is observed at 810 cm-l. Meanwhile,
the broad peak at around 3390 cm-!, which is over-
lapped by the imino and amino stretching peaks, also
corresponds to the phenolic hydroxyl stretching
vibration. The peaks at around 1510..cm-! and
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Figure 1. FTIR spectra of: (a) pure n-octadecane, (b)
microcapsules with PMF shell, and (c) microcapsules with
PU shell.

1160 cm-! show the phenyl ring and the C-O stretch-
ing vibrations in the phenyl ring, respectively [28].
The presence of the phenyl ring and phenolic
hydroxyl indicates that resorcinol has been linked
into the melamine-formaldehyde copolymer chains.
These assignments indicate that the resorcinol-modi-
fied PMF shell has been formed which implies that
the n-octadecane is successfully encapsulated by the
resorcinol-modified PMF. It was also confirmed in
our pervious work [29]. On the other hand, the spec-
trum of the microencapsulated n-octadecane with PU
shell demonstrates a series of strong absorption bands
corresponding to the hydrogen-bonded N-H stretch-
ing vibrationat 3300~3360 cm! and 1539 cm-! [30].
The C—H stretching vibrations of aliphatic amines are
also observed at 2950 cm-! and 2850 cm-!, respec-
tively. The peak for -N=C=0 in diisocyanates at
2270 cm! disappears due to the reaction of TDI with
the amine-terminated polyoxypropylene, and a band
assigned to the hydrogen bonding with urea carbonyl
stretching appears at 1655 cm™l. The characteristics
bands of PU at 1592, 1409, 1109 and 820 cm™! may
be assigned to the C=C, C-C, and C-O stretching
vibrations and C—H bending vibration in aromatic
groups, respectively [17]. It can be concluded from
these characteristic peaks that the PU shell of the
microcapsules is successfully formed. The FTIR
spectrum of n-octadecane is also displayed as a refer-
ence in Figure 1. All the characteristic peaks for
n-octa-decane can be clearly distinguished in the
spectra of these two microcapsules, which verify that
n-octa-decane has been successfully encapsulated by
the corresponding copolymers.

The microencapsulated n-octadecane with the
PMF and PU shells were firstly observed by an opti-
cal phase-contrast microscope, and their digital
photos are shown in Figures 2a and 2b, respectively,
which demonstrate that these microcapsules are reg-
ular spheres without any obvious disfigurement on
their surfaces. It is notable that both of the microcap-
sules reveal a legible core-shell microstructure,
where a white-colour circle corresponding to the shell
surrounds a dark-colour core which is the encapsulat-
ed n-octadecane, can be clearly distinguished. It can
also be found that the PMF shell material of the
microencapsulated n-octadecane shows a higher
brightness than the PU shell, which indicates that the
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Figure 2. Optical phase-contrast microscope images of: (a)
microcapsules with PMF shell and (b) microcapsules with
PU shell.

latter has much higher cross-linking density. The mor-
phological structures of .the microencapsulated
n-octadecane are also investigated by SEM images, as
shown in Figures 3a-3¢: The two types of the micro-
capsules present a spherical shape with a compact sur-
face, where no disfigurement is found, and their typi-
cal core-shell inner microstructure can also be con-
firmed by the SEM image of a broken microcapsule as
shown in Figure 3c. However, the microcapsules with
the PU shell display a smoother surface than those
with the PMF shell. This result is attributed to their
different polymerization mechanisms. Although the
two microcapsules initiated with the formation of
micelles containing the core droplets of n-octadecane
in aqueous solution through emulsification, the
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Figure 3. SEM images of: (a) microcapsules with PMF shell
and (b and c¢) microcapsules with PU shell.

followed polycondensation mechanisms were
different. During the synthesis process of the
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microencapsulated n-octadecane with the resorcinol-
modified PMF shell as was described in our previous
work [29], the hydrophilic groups of the emulsifier
alternatively arrange along its hydrophobic chains,
thus associated with water molecules and trimly cover
the surface of n-octadecane oil droplets with
hydrophobic chains oriented into the oil droplets and
hydrophilic groups out of the oil droplets. Positively
charged melamine-formaldehyde prepolymers were
attracted by anionic carboxyl groups produced
through the hydrolysis of the hydrophilic groups in
the anionic emulsifier chains. Then, the in-situ poly-
condensation between the melamine-formaldehyde
prepolymers occurs on the surface of the droplets of
n-octadecane to form the PMF shells. Owing to the
non-uniform distribution of the melamine-formalde-
hyde prepolymers on the surface of the oil droplets,
the formed shell was coarse. However, for the synthe-
sis of the microencapsulated n-octadecane with the
PU shell, the micelles consisting of n-octadecane and
TDI was formed in an aqueous emulsion.
Subsequently, another requisite monomer, amine-
terminated polyoxypropylene, is dropped into the
emulsion to react with TDI and forms the PU shell.
This interfacial polymerization is tardy, thus the sur-
face of the shell is smooth. The mean particle diame-
ters of the microcapsules were determined.by the laser

particle-size analyzer as listed in Table 1. In this
study, the samples with two different core/shell mate-
rial weight ratios were prepared for each type of the
microencapsulated n-octadecane. It can be found that
the mean particle size of the microcapsules with the
PU shell is slightly larger than that of PMF shell, and
furthermore, the microcapsules with a high core/shell
weight ratio have a large mean particle size.

Crystallography of
n-Octadecane

Figure 4 shows the WAXS patterns of pure n-octa-
decane and the microencapsulated n-octadecanes with
different shell materials, indicating the crystallinity of
the n-octadecane encapsulated within the two differ-
ent polymeric shells: In the pattern of pure n-octa-
decane, four well-resolved diffraction peaks at 20 of
19.20°, 19.71°%, 23.28°, and 24.60° can be observed,
and they can be indexed as (011), (012), (101) and
(102) reflections of the a-crystal phase of n-octa-
decane segments, respectively. In addition, the reflec-
tion at 20 of 7.61, 42.30, and 44.42° corresponds to
the plane (003), (215), and (205) of the PB-crystal,
respectively [31]. These results indicate that the
crystal of n-octadecane is triclinic [32,33]. As the
PMF and PU shells are amorphous, the reflections
appearing in the patterns of all the microencapsulated

Microencapsulated

Table 1. Phase change properties.and thermal stabilities of pure n-octadecane and the microcapsules with different shell

materials.
Mean T, AH; | Encap.| Encap. Temperatu.re. Temperature| Char
Sample| Core/shell | particle | T,, | AH; (°C) (J/g) | ratio |efficiency E G at rapid yield at
1 0
code | ratio |diameter| (°C) | (Jig) wite) | (%) | Weightloss (C) | yeight loss | 550°C
(wt/wt) (um) a B 2 10 (°C) (wt%)
(Wt%) | (wt%)
1 100/0 - 26.4 |1214.6(24.6 |122.5|216.2 - - - - - -

2 70/30 (PU)| 15.8 | 27.0 |188.9/22.6121.3|187.9| 88.0 87.4 60.6 138.6 161.3 124

3 75/25 (PU)| 176 | 26.8 |171.8|22.8121.6|171.3| 80.1 79.6 48.3 135.0 160.7 8.0

4 70/30 13.9 | 27.1 (135.2]22.6|19.7|136.3| 63.0 90.0 139.3 | 172.0 217.3 0.6
(PMF)

5 75125 14.8 | 26.9 (146.5]23.1|21.4|149.2| 68.3 92.0 122.3 | 160.5 200.7 0.8
(PMF)
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Figure 4. WAXS patterns of the pure and microencap-
sulated n-octadecane with different shells.

n-octadecane should be assigned to the n-octadecane
encapsulated within the microcapsules. It is noticed
that WAXS patterns of these microencapsulated
n-octadecane are similar to those of the pure
n-octadecane, and there is little difference between
the patterns of the microcapsules with PU and PMF
shells. These results indicate that the crystal system of
the n-octadecane encapsulated within<the microcap-
sules is the same as that of pure #=octadecane. An
evaluation of the mean particle size of the two types
of microcapsules demonstrated that n-octadecane was
encapsulated within a spherical room with an average
diameter of 14-16 pum. The ecrystal configuration
implies that, in the case of particle size, the two
microcapsules provide enough space for the motion
of n-octadecane chains, and the crystallization of the
n-octadecane within microcapsules does not exhibit
any confined behaviour. It is concluded that the
n-octadecane encapsulated within the two shell
materials can perform a phase change behaviour.

Phase Change Behaviour

The phase change enthalpies and phase change
temperatures of pure and the microencapsulated
n-octadecane with different shell materials were
measured by DSC, and the heating and cooling
thermograms are shown in Figure 5. The melting and
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Figure 5. DSC thermograms of pure and microencap-
sulated n-octadecane with different shells (The numbers of
the thermograms correspond to the sample codes in Table 1).

crystallization parameters of all the samples obtained
from DSC analysis are listed in Table 1. It is observed
that a single peak appears on the DSC thermogram
for each sample, whereas its shoulder of the peak
becomes wider when n-octadecane is encapsulated
within the microcapsules. This phenomenon indicates
that the phase-changeable temperature range of the
microencapsulated n-octadecane is extended. The
melting peak temperatures of all the microcapsules
are higher than that of n-octadecane, which may be
attributed to low thermal conductivity of the shell
materials. As it was discussed in our previous study
[29], the thermal conductivity of the shell materials
affects the heat transfer rate from the outside to the
PCM inside the shells, which in turn affects the phase
change temperatures of the microcapsules. In
addition, it is also found that the microcapsules with
low core/shell weight ratios have higher melting peak
temperatures in comparison with microcapsules hav-
ing higher core/shell weight ratios. This finding is
attributed to the poor thermal conductivity caused by
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their thick shells as well as the crystals of n-octadecane
formed by the heterogeneous nucleation of the
inner wall, which can lead to a higher melting
temperature.

However, it is observed that two peaks appear on
the cooling thermograms for both the pure and the
microencapsulated n-octadecane, corresponding to
two crystallization temperatures of n-octadecane (i.c.,
its a- and P-crystal phases) [8]. It is evident that
a-peak is enhanced when n-octadecane is encapsulat-
ed. During crystallization of the microencapsulated
n-octadecane, a-peak is attributed to the heteroge-
neously nucleated liquid-rotator transition, which
may be due to the crystallization of n-octadecane on
the inner wall of the microcapsules, and B-peak is
attributed to the homogeneously nucleated liquid-
crystal transition [34]. These crystalline bulk phases
emerge in-between one another and exhibit a very
wide temperature region during the melting process;
therefore there is only one single melting peak in the
DSC heating thermogram (Figure 5). In addition, it is
also noted that the a-peak appearing on the DSC
cooling thermogram of pure n-octadecane is slender
compared to that of the microencapsulated
n-octadecane. This can be attributed to the
heterogeneous nucleation caused by the impurity of
n-octadecane [29].

It is also observed that there is a declined crystal-
lization peak temperatures of the microencapsulated
n-octadecane in comparison with that of pure
n-octadecane, which is attributed to the crystallization
behaviour confined to the inner space of the micro-
capsules as well as the poor thermal conductivity of
shell materials. The microcapsules with the PMF shell
at a core/shell weight ratio.of 70/30 exhibit the most
significant confined crystallization behaviour due to
their smallest mean particle size among the four
samples, and thus the largest decrements in the T_s
(oo and ) were obtained. In the opposite, the micro-
capsules with the PU shell at a core/shell weight ratio
of 75/25 have a large particle size of around 16 um
therefore, the confinement of crystallization is not
remarkable. The melting and crystallization behav-
iours of the microencapsulated n-octadecane are
affected not only by the mean particles, but also by the
shell materials. As it is evident in Table 1, pure
n-octadecane has a high latent heat of fusion (AH,;,) of

214.6 J/g and a high enthalpy of crystallization (AH,)
of 216.2 J/g. The phase change enthalpies of all
microcapsules, which are normalized to the amount of
n-octadecane in terms of the core/shell weight ratios,
are lower than that of pure n-octadecane. It is note-
worthy that both T ;s and T_s of the microcapsules
with PU shell are closer to pure n-octadecane, while
the two corresponding parameters of the samples with
PMF shell decline remarkably. These results indicate
that PU can encapsulate n-octadecane more
efficiently during the interfacial polycondensation
than the PMF in in-situ polycondensation, and thus,
preserves the phase change properties of the core
material much better than the PMF shell. This is an
indication that the encapsulation efficiency of PMF
shell materials is lower than that of PU materials
during the synthesis of the microencapsulated
n-octadecane.

Encapsulation Ratio and Efficiency

Encapsulation ratio and efficiency, as two important
parameters, are used to describe the phase change
properties of microencapsulated n-octadecane, which
were determined by analysis of the DSC thermo-
grams. The enthalpies of the microencapsulated
n-octadecane from solid-liquid phase change strongly
depend on the encapsulation ratio and efficiency of
the microencapsulated n-octadecane, which affects
the efficiency of the micro-PCMs. The encapsulation
ratios can be calculated by eqn (1) on the basis of the
fusion heat obtained from the DSC analysis:

AH .
R(%) — m,Micro— PCMs % 100 (1)
m,PCM
where,
AHm,Micro-PCMs . Latent heat of fusion of the

microencapsulated n-octadecane;

AHp, peMm : Latent heat of fusion of pure n-
octa-decane;
R : Encapsulation ratio

The results are summarized in Table 1. Whereas, the
encapsulation ratio represents the exact weight per-
centage of the core material in the microcapsules,
while the core/shell weight ratio is considered as the
dry weight ratio of the feed raw materials. It is found
that, because the interfacial polycondensation



between TDI and amine-terminated polyoxypropy-
lene was not performed completely, the encapsulation
ratio was always higher than the value derived from
the core/shell weight ratio. However, the fabrication
of PMF onto the surface of the n-octadecane droplets
was partially failed, resulting in a lower encapsulation
ratio than the core/shell weight ratio. Evidently, the
encapsulation ability is poor for the in-situ polycon-
densation due to its mechanism and weak ability for
the melamine-formaldehyde prepolymers to integrate
into the polymer shells. In the case of interfacial poly-
condensation, the encapsulation ratio is more suitable
to evaluate the efficiency of the microencapsulated
n-octadecane. Furthermore, the encapsulation effi-
ciency can be calculated by the phase change
enthalpies obtained from the DSC thermograms
according to the following equation:

AH , vicro-pems + AH ¢ picro-peus

E =
AH,, pey +AH  pey 2)

where,
AH, Micro-pcMs : Enthalpy of the microencapsulat-
ed n-octadecane crystallization;

AH; pem : Enthalpy of pure n-octadecane
crystallization;
E : Encapsulation efficiency.

For the microencapsulated n-octadecane with the PU
shell at a core/shell weight ratiewof 70/30, the
encapsulation efficiency of n-octadecane is only
87.4%. While the core/shell weight ratio increases to
75/25, the encapsulation efficiency declines to
79.6%.

Owing to the increase of the core/shell ratio, the
shell becomes thin and fragile, and the core material
can leak out from the microcapsules easily, resulting
in the low encapsulation efficiency. However, it can
be noticed that the microcapsules with the PMF shell
have much lower encapsulation efficiency than those
with the PU shell, which is attributed to the fragile
shell material based on PMF. It is clear that PMF is
more brittle than PU, and it breaks more easily. Thus,
the low encapsulation efficiency is mainly attributed
to the leakage of n-octadecane from the broken micro-
capsules. It is also deduced from the above results that
the optimal core/shell weight ratio is 70/30 for the
synthesis of the microcapsules with PU shell, while
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(a) 70/30 (PU)
(b) 75/25 (PU)

(c) 70/30 (PMF)

804 (d) 75/25 (PMF)
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Figure 6. TGA thermograms of microcapsules with different
shells.

the core/shell weight ratio of 75/25 is the optimal
value for a PMF shell.

Thermal Stabilities

Effects of the shell materials on the thermal stabilities
of the microcapsules are also investigated by means
of TGA technique. Figure 6 shows the TGA thermo-
grams presenting the sample mass loss as a function
of the temperature, and the obtained data are also
summarized in Table 1. The thermal decomposition of
all the samples takes place in the programmed tem-
perature range of 25-550°C which occurs through a
two-step degradation pattern. The weight loss starting
at about 95°C and 130°C at the first stage corresponds
to the softening and cracking of the PMF and PU
shells, respectively, followed by the leaking out of
n-octadecane from the microcapsules. After removing
the whole n-octadecane from the microcapsules, the
shell materials begin to decompose at the second
stage of weight loss. It is notable that the weight loss-
es of all the microcapsules with the PMF shell occur
at much lower temperatures than those of the PU shell
either at the first or the second stages, which can be
concluded that the stability of the PMF material is
poor. In addition, the microcapsules with low weight
ratios of the core/shell materials exhibit better thermal
stabilities compared to high core/shell weight ratios,
and thus result in high char yields.
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Figure 7. Release curves of microcapsules with different
shells.

Anti-osmosis
The anti-osmosis is an important parameter represent-
ing the durability during the use of the microcapsules,
and determines the application prospect of the micro-
PCMs. The high cross-linking between the macromol-
ecules can lead to a tight chain structure, and thus'a
highly compact material is achieved by anti-osmosis
technique. However, a weak tightness of. the shell
materials can make the core materials‘diffuse easily
through the shell layers, which resultsiin poor durable
microcapsules. The reason is that the shell is not
closely knit and there are lacunas or capillaries in the
shell, resulting in high release’ rates. On the
contrary, the smooth and' orbicular shell with high
toughness can increase the tightness, and thus can
decrease the release rates of the core materials. As a
result, the anti-osmosis'is enhanced. The tightness of
the shell materials is affected by the chemical structures
as well as the higher mass ratio of core and shell. Anti-
osmosis test measured by the weight loss of the extract-
ed microcapsules (i.e., releasing rate of n-octadecane
from the microcapsules) can be used to evaluate the
sealing performance of the PU and PMF shells, and thus
estimate the durability of the microcapsules prepared in
this study.

Figure 7 presents the releasing rates of the microen-
capsulated n-octadecane with PU and PMF shells as the
function of the storage time, which indicates a

significant influence of the shell materials on the anti-
osmosis test. The microencapsulated n-octadecane with
PMF shell has a higher releasing rate than with PU shell.
It is understandable that the polyurea shell containing
long alkyl segments has a tight structure, resulting in
low permeability. However, when the releasing time
elapses over about 200 min, the microcapsules with PU
shell exhibit a very high releasing rate. This can be
attributed to the low cross-linking of the PU shell, which
may result in poor durability. In addition, it is also found
that the weight ratio of the core/shell materials demon-
strates a significant influence on the release behaviours
of the microcapsules.

As can be seen in Figure 7, it is clearly suggested that
the release rate of the microcapsules increases with
increase in the weight percentage of the core materials.
The reason is that the shell of the microcapsules with
high core/shell weight ratio is very thin. Therefore, the
core material releases fast from the microcapsules,
which results in a high releasing rate.

In summary, the two types of the microencapsulat-
ed n-octadecane were synthesized on the basis of the
shell material modification to achieve better proper-
ties than the conventional systems. As it is expected,
these microcapsules have high physical strength and
toughness to bear certain pressure or an impact load,
which leads to a certain solution to the crack and leak-
age problems of core materials through the well-
organized synthesis and some available protective
materials. These microcapsules also exhibit satisfac-
tory performances in thermal stability and structural
durability for further industrial applications.
Furthermore, these two types of microencapsulated
n-octadecane have potential applications in diverse
areas, such as building heating/cooling systems,
thermo-regulated fibers, fabrics, coatings, foams,
home furnishing products and building materials,
which make solar energy or large amounts of other
excess heat to be utilized effectively.

CONCLUSION

The microencapsulated n-octadecane with the modi-
fied PMF and PU shells were prepared through in-situ
and interfacial polycondensation, respectively. The
optical phase-contrast microscope and FTIR spectra
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confirmed that n-octadecane was successfully encap-
sulated within the shells of the two materials, while
the SEM images indicated that these microcapsules
have a perfect core/shell microstructure and compact
polymeric shell. Although the two types of the
microencapsulated n-octadecane have good phase
change properties, the encapsulation ratio and encap-
sulation efficiency of the microcapsules with PU
shell are much higher than the case of PMF shell.
However, the microcapsules obtained with PU shell
also exhibit a good thermal stability, though poor
anti-osmotic property in comparison with those hav-
ing PMF shell.
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