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Abstract Microcapsules containing n-octadecane were suc-
cessfully fabricated by an in-situ polymerization process with
melamine-formaldehyde (MF) prepolymer and a hydrolyzed
copolymer of styrene and maleic anhydride (SMA) as shell
materials. To achieve a long service time of microcapsules
containing phase change materials (microPCMs), the com-
pactness of shells was improved by adding the MF
prepolymer twice. The mechanism of this method was a
two-step coacervation (TSC) under the help of hydrolyzed
SMA compared to a one-step coacervation (OSC). To
understand the influence of both coacervations, properties
of shells were investigated in terms of morphologies, density,
thickness, and stability by means of scanning electron
microscopy (SEM), transmission electron microscopy, and
thermal gravimetric analysis (TGA). The data of shells
thickness were achieved from the cross-section SEM images.
It shows that the average thickness of shells from two kinds
of process are 0.1 μm. The density and stability in water of
shells fabricated by TSC are both higher than that of shells
by OSC. TGA curves show the expected microPCMs of
TSC losing weight from 200 to 400 °C. The release curves,
relationship between time and logarithmic residual weight of
core, show there are two decrease-linear steps after curve
regression. It can be concluded from all these results that the

TSC method may be a promising method leading to a
compact shell structure for various application.
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Introduction

In recent years, phase change materials (PCMs) have
attracted ever-increasing attention because they can absorb
or release large latent heat at their melting points as
surrounding temperature increases or decreases. Thus, they
could be potentially used in active or pumped coolants,
solar and nuclear heat storage systems, and heat exchangers
[1]. Although very high latent heat can be obtained, the
bulk PCMs are not easy to handle in practical application
[2]. The recent advances of microcapsules containing
PCMs (microPCMs) have provided an interesting alterna-
tive for using PCMs in the manufacture of thermoregulated
fibers, fabrics, foams, and building materials [3–8]. In these
studies, a series of microPCMs were fabricated and
properties, including diameter, surface morphology, melting
or crystallization, and thermal stability, were investigated
by means of Fourier transform infrared spectroscopy,
scanning electron microscopy (SEM), differential scanning
calorimetry, thermal gravimetric analysis (TGA) and dif-
ferential thermal analysis [9–12]. Melamine-formaldehyde
(MF) resin [9, 10], urea-formaldehyde resin [11, 12], and
polyurethane [13–15] were usually selected as shell
materials of microcapsule for the PCMs protection. In
practical usages of microPCMs, the volume of PCM in
shells will change obviously during absorbing and releasing
thermal energy. The volume alternant changes originally
bring the liquefied PCMs leaking from the microcapsules.
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And the breakage of the shell will happen based on the
mismatch of thermal expansion of the core and shell
materials at high temperature [13]. Therefore, it is neces-
sary to keep the shell stability and compact for a long-life
with less cracks and lower permeability.

MF resin has been successfully applied as shell material
of microcapsules in fields of carbonless copying paper,
functional textiles, liquid crystals, adhesives, insecticides,
and cosmetics [16]. Furthermore, literatures have shown
that MF has been applied for microPCMs encapsulating
various solid–liquid PCMs with the size range of about
50 nm to 2 mm. Generally, MF resin is adsorbed and cured
on surfaces of core particles though an in situ polymeri-
zation with the help of a polymeric surfactant. Although
MF resin is widespread as shell material, our knowledge
about the physical properties of these shells has developed
very slowly. As the polymic shell is a thin membrane
covering on a particle, it is very difficult to confirm its
properties. However, it is very essential to know the
density, thickness, and stability of shells, which directly
affect the permeability, mechanical strength, and service
time of microcapsules.

In addition, literatures have reported the relationship
between the shell morphologies and permeability [17–20].
In these previous researches the mechanism of controlling
permeability is to decrease the shell defects, such as
methods of adding accessory ingredients, modeling the
degree of cross-linking, and changing the molecular
structure of shell polymer. Also, several new techniques
for compact encapsulation have been developed, such as
increasing the molecular weight of polymer, the expansion
ability, and the mechanical strength [21–23].

Besides all the above-mentioned technologies, MF
shells are all fabricated by in situ polymerization with a
process of one-step dropping monomers for suitable
thickness and structure of shells. The mechanism of one-
step dropping monomers means a one-step coacervation
(OSC) of prepolymer [24–32]. These microcapsules
cannot be satisfied with the nonpermeable need of some
special core materials such as PCMs, liquid crystal, and
biological active materials, which are not expected to be
released and contaminated by our environment. Therefore,
it is a very important approach to fabricate compact shells
and realize the microcapsulation coacervation mechanism
of shell.

It is interesting to note that relative to one-step
coacervation, the above problem may be successfully
solved by a two-step coacervation (TSC) technology, which
relies upon a process of adding MF prepolymer twice and
leading to TSC on core particles. In this paper, the influence
of different coacervations on the properties of microcapsule
shells had been investigated.

Experimental

Materials

Styrene–maleic anhydride (SMA) copolymer solid
(Scripset®520, Hercules, USA) was used as a dispersant.
A small percentage of the anhydride groups have been
established with a low molecular weight alcohol and it is
fine, off-white, free flowing power with a faint, aromatic
odor. Nonionic surfactant, NP-10 [poly (ethylene glycol)
nonylphenyl] from Sigma Chemical, was used as an
emulsifier. The prepolymer of MF resin (solid content 50±
2wt%) was purchased from Shanghai Hongqi. Chem.
(Shanghai, China). The n-octadecane purchased from Tianjin
Fine Chemical (Tianjin, China) was encapsulated as the core
material. All other chemical reagents were analytical purity
and supplied by Tianjin Kermel Chemical Reagent Devel-
opment Center (Tianjin, China).

Fabrication of TSC microPCMs

Microcapsulation by coacervation proceeds along three
main steps:

(1) Phase separation of the coating polymer solution.
SMA (10.0 g) and NP-10 (0.2 g) were added to
100 ml water at 50 °C and allowed mix for 20 min.
And then a solution of NaOH (10%) was added
dropwise adjusting its pH value to 4–5. The above
surfactant solution and n-octadecane (32 g) were
emulsified mechanically under a vigorous stirring rate
of 3,000 rpm for 10 min using a QSL high-speed
disperse machine (Shanghai Hongtai Ltd., Shanghai,
China).

(2) Adsorption of the coacervation around the core
particles. The encapsulation was carried out in a
500 ml three-neck round-bottomed flask equipped
with a condensator and a tetrafluoroethylene mechan-
ical stirrer. The above emulsition was transferred in
the bottle, which was dipped in steady temperature
flume. Half of MF prepolymer (16 g) was added
dropwise with a stirring speed of 1,500 rpm. After 1 h,
the temperature was increased to 60 °C with a rate of
2 °C/min. Then another half of prepolymer (16 g) was
dropped in a bottle at the same dropping rate.

(3) Solidification of the microparticles. Then the temper-
ature was increased to 75 °C. After polymerization for
1 h, the temperature was decreased slowly at a rate of
2 °C/min to atmospheric temperature.

At last, the resultant microcapsules were filtered and washed
with pure water and dried in a vacuum oven. In addition, we
could control the average diameter of microcapsules by stirring
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speed. Also, the OSC microPCMs were fabricated in this work
according to the above process by adding the same amount
(32 g) of prepolymer shell material in one step.

Characterization

MicroPCMs colloids in emulsion

After polymerization for 1 h, microPCMs were fabricated
in emulsion. 1 ml of the above colloidal solution was
extracted and spread on a clean glass sheet (1×3 cm).
Photographs of the microcapsules retained in emulsion
were taken by an optical microscope (MiVnt Image analyze
system, China).

SEM morphologies of microPCMs

The microPCMs were dried in a vacuum oven at 40 °C for
24 h. Then the surface morphological structure was
examined by means of a XL30 PHILIPS SEM. SEM
experiments were performed at 10 kV after carefully
coating with gold-palladium without cracking the shells.

Thickness and density of shells

MicroPCMs (5 g) and paraffin (20 g) were blended to form
a homogeneous mixture. After the blend was dried at room
temperature, it was carefully cut to form a cross-section by
an ultramicrotome (RMC MT-7000, USA). Then half-
shelled microcapsules were obtained by removing core
material and paraffin with alcohol and distilled water. After
the pure shell material had been dried at 40 °C for 2 h, it
was very interesting that we could achieve the SEM
morphologies of the inside of the shells and the shell
thickness. The SEM images were analyzed by MiVnt
Image analyze system automatically and the thickness of
shells was measured by analyzing in a computer system.
Each sample was analyzed at least twice and the average
value was recorded. As the observed thickness may be not
the equatorial thickness, the average value will be larger
than recorded data. Also, the diversity of samples may lead
the thickness value to a larger value. The density of shell
(ρ) was measured by using an MDMDY-300 density
machine (Guangdong, China). The mechanism used to test
cumulate density of powder following the equation of

r ¼ W

V
ð1Þ

where W is the weight of shell and V is the volume of shell.
Using a gas displacement technique to measure volume, the
density machine completes each sample analyses in less
than 5 min.

MicroPCMs stability in water

Ten grams of dried microcapsules was immersed in 100 ml
of pure water. A copper net took out several microcapsules
from water after a period of time and then the latter were
dried at room temperature. The result of compactness was
evaluated through observing changes of shell morpholo-
gies through a HITACHI H-800 transmission electron
microscopy (TEM).

Thermal stability of microPCMs

The thermal stability characterization was performed on
a Dupont SDT-2960 TGA analyzer at a scanning rate of
2–5 °C/min in a flow of 40 ml/min nitrogen.

Measurement of permeation

The permeation of microPCMs will be different in various
extraction solvents. In this study, ethyl alcohol was applied
as a good solvent, which can easily extract the core material
of n-octadecane. Under the strong effect penetrability of
ethyl alcohol molecules, n-octadecane molecules will be
extracted through the shells. Thus, we can achieve a
qualitative analysis by comparing the permeations of
different structure microPCMs. To avoid the deposition of
microPCMs, a spread method was applied to investigate the
permeation.

One milliliter of pure water suspension with the
percentage weight of dried microPCMs being 10% was
spread homogeneously with a wire bar on a polyethylene
terephthalate (PET) film. Poly(vinyl alcohol) played a role
as a binder between the PET film and the microcapsules.
The film was cut into 1×1 cm squares.

The squire films were soaked in glass vessels containing
30 ml of ethyl alcohol with a density of 0.97 g/ml. The
glass vessels were sealed to avoid volatility, with light
stirring at a room temperature. The penetration properties of
different microcapsules were evaluated by an UV/visible
spectrophotometry in ethyl alcohol. From changes of
transmittance of light, we got the relationship between
the core material penetrating time and the residual weight
(wt%) of core material. In this process, the optical density
(OD) of the dispersing medium was measured and
converted into the concentration of n-octadecane using a
calibration curve,

Residual weight %ð Þ ¼ OD0 � ODt

OD0
� 100% ð2Þ

where OD0 is the OD of all encapsulated core material in
ethyl alcohol and ODt is the OD of encapsulated core
material in ethyl alcohol at a point of permeation time (t).
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Results and discussion

Mechanism of TSC

Hydrolyzed SMA is a kind of polymeric surfactant that is
soluble in water but sufficiently amphiphilic to be adsorbed
by surfaces and interfaces, particularly by dispersed solid or
liquid phases [31]. In addition, hydrolyzed SMA plays two
important roles during the formation of microcapsules:
dispersant and anionic polyelectrolyte [32, 33].

Figure 1 illustrates the complex process for forming the
TSC microcapsules. Figure 1a depicts the chemical struc-
ture of SMA and hydrolysis polymer. As a kind of polymer
dispersant, SMA molecules will be hydrolyzed by NaOH
and then the −COO group insert and directional arrange on
oil droplet surface. In Fig. 1b, hydrophilic groups of
carboxyl arrange alternatively along the backbone chains
of SMA molecules. When hydrolyzed SMA molecules are

adsorbed at the interfaces of oil droplets, it is easy for the
molecules to have such directional arrangement with
hydrophobic groups oriented into oil droplet and hydro-
philic groups out of oil droplet. This kind of molecular
arrangement brings results in a relatively strong electron
negative field on the surface of oil particles. Anionic
polyelectrolyte hydrolyzed SMA has anionic carboxyl
groups that can interact with positively charged MF
prepolymer below the ζ potential. The MF prepolymer is
in affinity with these particles by static. Then, the reaction of
microencapsulation took place under acid and heat effect on the
surface of oil particles of emulsion, which formedmembrane of
capsule in such a way. Figure 1c shows the formation process
of the TSC by another prepolymer (MF) addition. Under the
effect of heat, the second coacervation will be cross-linked to
form another part of shells. This method, including twice-
addition prepolymer and twice increasing–decreasing temper-
ature courses, lead to expected compact shells.

Fig. 1 Sketch mechanism of the
fabrication process of TSC
microcapsules: a chemical
structures of SMA alternating
copolymer and hydrolysis poly-
mer, b the structure of a TSC
microcapsule, and c the process
of fabrication microcapsules
by TSC
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MicroPCMs in emulsion

To bring the coacervation process to a clear understanding,
optical microphotographs of microcapsules were taken to
illuminate the details. Figure 2a,b shows morphologies of
core material dispersed by hydrolyzed SMA after 5 and
10 min at room temperature. At the beginning of the 5 min,
the organic core material was dispersed into particles in
water with the help of hydrolyzed SMA molecules.
However, these particles had not been separated from each
other directly due to the molecule linkage of the hydrolyzed
SMA. Being emulsified for 10 min, the core particles were
ultimately separated through the regulation of hydrolyzed
SMA molecules.

In a previous study [34], we have drawn a conclusion
that microPCMs with the average diameter of 1–5 μm,
fabricated under stirring speed of 3,000 rpm, is the perfect
range of size ensuring both narrow size distribution and
enough rigidity. Based on the experiment, MF prepolymer
(32 g) was dropped into the above emulsion with a stirring
speed of 3,000 rpm. The prepolymer cured on core particles
in 60 min by increasing the temperature to 60 °C slowly at
a rate of 2 °C/min. Figure 2c shows the optical micro-
photographs of microcapsules with fleecy or pinpoint
morphologies. Imaginably, these incompact structures may
lead to cracking or releasing of core material such as the
one showed in Fig. 2d.

Compared with OSC microcapsules, Fig. 2e shows the
optical microphotograph of TSC ones. The prepolymer
covered on particles without cracks and the size distribution
of particles is uniform with global and distinct shape.
Moreover, there is nearly no conglutination between each
microcapsule in very stability solution system.

SEM morphologies of shells

Figure 3a shows SEM morphology of dried OSC micro-
capsules with the size of 1–5 μm. These microcapsules
have a rough morphology and a little polymer occupies the
interspaces of microcapsules. It can be contributed to the
unencapsulated core material and the uncovered shell
material. Especially, the surfaces have many protrusions,
which may have occurred by incomplete cross-linking or
high-speed chemical reaction. In Fig. 3b–c (×10,000), it is
clearly that the surfaces of microcapsules seem to be coarse
and porous. It is interesting to note that there is a depressed
center on a microcapsule reflecting the lower rigidity of
shell in Fig. 3d. We may draw a conclusion from these

Fig. 2 Optical microphotographs of microcapsules: a core material
dispersed by hydrolyzed SMA in water for 5 min, b core material
dispersed by hydrolyzed SMA in water for 10 min, c microcapsules by
OSC, d a crack OSC microcapsule, and e microcapsules by TSC

�
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defects that OSC could not achieve a perfect coacervation
on cores slowly and tightly in enough time under condition
of mass shell material. Figure 3e reflects the surface

morphology of piled microcapsules fabricated by TSC. It
appears that nearly all these smooth microcapsules have a
diameter of about 2 μm with regularly shaped globe.
Moreover, not only is there nearly no concavoconvex and
wrinkle embedded in shell surfaces, but also little polymer
is pilling between piled microcapsules. These results reflect
that the method of twice-dropping prepolymer has de-
creased the roughage through molecules regulation of the
second-dropped polymer. At the same time, the flaws may
be decreased by padding the second cross-linking on the
previous coacervation.

Density and thickness of shells

Density and thickness of shells are useful parameters
reflecting the compactness of shells. Originally, the thick-
ness data can be measured from cross-section SEM images
as shown in Fig. 3f. In this study, a series of microcapsules
were fabricated with various weight ratios of core (32 g)
and shell materials from 1.0 to 2.0 (core: shell) by two
kinds of coacervation methods to evaluate encapsulation

Fig. 3 SEM photographs of
microcapsules dried in a vacu-
um oven at 40 °C for 24 h: a, b
surface morphology of piled
OSC microcapsules, c, d the
rough surface morphology of
OSC microcapsules, e surface
morphology of piled TSC
microcapsules, and f cross-
section of TSC microcapsules
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effect. All the microcapsules had the same preparation
materials and environmental conditions. At least 50 shells
for each sample were measured and the average data were
recorded by a MiVnt Image analyze system automatically.

The data in Fig. 4a show that the thickness of OSC and
TSC shells are both decreased with the increasing of value
of weight ratios. And at the same weight ratios, all the
thickness of TSC shell is less than that of OSC. This may
be attributed to two aspects. First, the TSC may decrease
the structure defects, such as holes and caves. Second, this
method of TSC allows the prepolymer to regulate their
molecules on core material with enough reaction time for
higher cross-linking density.

The data of density affected by various weight ratios are
shown in Fig. 4b. At the same weight ratio of 1.0, the
densities of OSC and TSC are 1.75 and 1.67 g/cm3,
respectively. With the increasing of weight ratio, both
densities of OSC and TSC shells are decreased. And at the
weight ratio point of 2.0, both kinks of microcapsules have
a shell density of nearly 1.58 g/cm3.

Shell stability in water

Usually, we may simply evaluate the compactability and
stability of shell by observing the morphologic changes of
shell in water during different times. This method will be
helpful to understand the structures of shells. In our
previous study, it had been found that the smaller
microPCMs usually had the less stability in water [34].
Therefore, in this study, dried microcapsules with a
diameter of 1 μm were applied for convenience to indicate
the endurance of shells in water by means of TEM. Though
observing the 1-μm microPCMs in water with the worst
stability, we can conclude the practical effect of TSC.
Subpanels a and b in Fig. 5 show the dried OSC
microcapsules after being immersed in water for 60 and
120 min, respectively. It is found clearly that the micro-
capsules are not spherical in shape because of absorbing
water. And after 150 min, the polymer shell peeled off from
the core particles as shown in Fig. 5c. The peeled shells
were in spreading state and the core material has been
separated without covering. We show particular interest to
Fig. 5d depicting the compact TSC microcapsules after
being immersed in water for 150 min. Not only did the
capsules still kept the original global sphere and size nearly
without peeling and expansion, but the core material was
also safely protected, avoiding releasing.

By referring back to Figs. 2 and 3, these above results
are understandable in view of molecular structure of shells.

Fig. 5 TEM photographs of microcapsules in water: a OSC micro-
capsules in water for 30 min, b OSC microcapsules in water for
60 min, c OSC microcapsules in water for 90 min, and d TSC
microcapsules in water for 90 min

�
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When hydrolyzed SMA molecules were absorbed at the
interfaces of the oil particles, the molecules had directional
arrangement with hydrophobic groups oriented into oil
droplet. It was easy for water to permeate in the shells
through cracks and capillary. The force of interface
adhesion between core and shell would reduce due to the
static electricity force decreased by the effect of water
molecular. Then, OSC microcapsules were swelled and
destroyed with time prolongation. Comparatively, shell of
TSC microPCMs had less cracks and capillary, which also
decreased the effect of water molecular.

Thermal stability of microcapsules

Figure 6 shows thermogravimetric (TGA/DTG) curves of
microcapsules prepared during various coacervation times.
The blue and red lines are curves of TGA and DTG curves,
respectively. Both left and right axes are residual weight
(wt%) of TGA curves and lost weight ratio of DTG curves.
The microcapsules were decomposited with increasing tem-
perature according to presenting residual weight (wt%). The
curves may reflect thermal stability and structure of polymeric
shell. Figure 6a shows that pure n-octadecane lost its weight
at the beginning temperature of 137 °C and lost weight
completely at 207 °C. To know the compactness of
encapsulation effect, we compared TGA curves of the OSC
microcapsules fabricated by prepolymer dropping rates of
0.5 (Fig. 6b) and 1.0 ml/min (Fig. 6c). Contrastively, both
kinds of OSC microcapsules containing n-octadecane lost
weight rapidly at the temperature of 100 °C. The loss of
weight in the beginning may be some water and other
molecule ingredients. And then the weight decreased sharply

from 160 to 350 °C because of the cracking of shells. The
weight loss speed of microcapsules was distinctly less than
that of pure n-octadecane. Though it indicates that the OSC
method can encapsulate the core material, we can draw a
conclusion that the lower dropping speed of shell material
has little effect on improving the shell compactness.

Figure 6d shows a TGA curve of the expected TSC
microcapsules fabricated with dropping shell material speed
of 0.5 ml/min. It loses weight between 200 and 400 °C. We
also find that the beginning losing-weight temperature of
TSC is higher than that of OSC, which indicates that the
method of TSC has a better effect on protecting of core
material.

Permeability of microPCMs

Release rate depends largely on the polymer structure of
shells, which in turn is influenced by the conditions
employed in preparation. A typical SEM morphology of
microcapsules after releasing is shown in Fig. 7. The arrows
indicate a broken shell structure formed during releasing
process. Moreover, the weight ratio of core and shell will
greatly affect the permeability. For example, we have
discussed that penetrability of microPCMs with average
diameter of 5 μm is lower than that of 1.5 μm. And their
penetrability with a mass ratio of 1:1 (core/shell) is lower
than that of 3:1 and 5:1 under the same core material
emulsion speed [34]. Considering the above results, only
one kind of microPCMs fabricated with a mass ratio of 1:1
and diameter of 5 μm were selected in this study to simplify
the relationship between the fabrication process and the
permeability. In addition, these shell structures were
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fabricated by controlling the prepolymer dropping speeds at
0.5, 1.0, and 2.0 ml/min, respectively.

Figure 8 shows curves of relationship between the
percentage residual weight (wt%) of core material in
microcapsules and the time course of the transmittance.
Five systems, coded as A–F, were measured in extraction
solvent. Although the resultant microcapsules had been
filtered and washed with water, there was still a little
unencapsulated n-octadecane and other fabrication materi-
als attaching on shells. Therefore, the initial transmittances
in media are 98, 98, 98, 97, and 99%, which were nearly
equal values. The rate of permeation of OSC microcapsules
shell decreases in the order of system A, B, and C. It can be
concluded that the shell prepolymer dropping rates affect

the penetrability directly. The total PCM permeated time
from shells is just in 45 min of system A, compared to
90 min of system B and 125 min of system C. Especially,
the release profile of system A is directly just in one step,
but systems B and C have multisteps. Comparatively, the
rates of permeation of TSC microcapsules decrease in the
order of systems D, E, and F with multisteps. At the same
time, the rates of permeation of TSC microPCMs are all
lower than that of OSC ones even when fabricated at the
same dropping rate. Moreover, the data in systems D, E,
and F nearly do not change in the beginning of 50 min, and
system F begins to change rapidly at the time of 90 min.

The reason for the above-mentioned phenomena may be
attributed to two aspects. One is that the prepolymer
concentration in solution determined by the dropping rate
will affect the shells’ formation speed. Under rapider
dropping rate, the shell will be formed faster with enough
shell material, which brings disfigurements, such as micro-
crack, microcavity, and capillary on shells. These disfigure-
ments may lead the core material to penetrate with lower
resistance. Contrarily, shells will form slowly under the
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Fig. 8 Curves of the percentage residual weight (%) of core material
in microcapsules in extraction solvent. The systems correspond to the
conditions of coacervation methods and prepolymer dropping speed:
A (filled square) OSC, 2.0 ml/min; B (filled circle) OSC, 1.0 ml/min;
C (filled triangle) OSC, 0.5 ml/min; D (open square) TSC, 2.0 ml/
min; E (open circle) TSC, 1.0 ml/min; and F (open triangle) TSC,
0.5 ml/min

Fig. 7 A typical SEM morphology of broken microcapsules during
releasing
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situation of low prepolymer concentration in solution. The
prepolymer molecules will adhere on core particles
compactly. On the other hand, the channels and disfigure-
ments of penetration in shells are decreased by the twice-
dropping fabrication method. The core material that
penetrates the TSC shells needs longer distance and more
time. Therefore, system F presents the best resistance of
core material.

Permeability coefficient of the shell (k)

Generally, the kinetic theory of penetrability is determined
by the structure and characteristic of shell. Fundamentally,
by comparing the permeability coefficient of the shells (k),
the minimum can be chosen fabricated by different
preparation processes. Most of release properties observed
in experiments have been analyzed by kinetic theories
based on Fick’s law with an assumption that the release rate
is proportional to the concentration gradient of solutes [19,
20]. As each microcapsules system has different structure
shell and core material, it is considered to be a complex
system [21] and is required to employ different strict
treatment to understand the release mechanism and to
characterize such complex system clearly. In this study, we
expect to get the compatible kinetic theory applied to the
transfer of n-octadecane out of the TSC shell through the
release curves of microcapsules in 20% (wt%) ethanol.

Figure 9 shows the release curves of systems C and F. It
is a linear relationship between time and logarithmic
residual weight of core of system C in Fig. 9a. Linear
regression fit the first-order kinetic release theory [21],

2:303 log qmc=q1 ¼ kt ð3Þ
where qmc is the residual weight of core material at time t;
q∞ is the total weight of core material. The calculated value
of k1 (unit of k is s−1) is

k1 ¼ �2:625� 10�3 ð4Þ

Figure 9b shows the release curve of system F with two
decrease-linear steps (lines a and b) after curve regression.
Lines a and b separate at the release time of 90 min and the
release rate of the first step is lower that the of the second
step. The TSC shell release curve of n-octadecane has a
special release behavior, which reflects a complex shell
structure. According to the calculation of Eq. 3, the value of
k2 and k3 are

k2 ¼ �3:333� 10�4 ð5Þ

k3 ¼ �5:8333� 10�4 ð6Þ

By comparing the values of k1, k2, and k3, it shows

k2 > k3 > k1 ð7Þ

Conclusion

To increase the compact properties of MF shell microPCMs
containing n-octadecane, a method of TSC encapsulation
through an in situ polymerization was applied by dropping
the shell material twice. All the evidences demonstrate that
twice coacervations reduced the cracks on shells and
increased the compactness of shells. Especially, we confirm
that the shell resistance permeability is increased by TSC
shell technology from the values of permeability coefficient k.
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