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Capsules containing paraffin as phase change core were in situ synthesized by the absorption and po-
lymerization of urea–formaldehyde prepolymer onto the core in the presence of hydrolyzed styrene–
maleic anhydride copolymer as emulsifier in aqueous phase. The particle size and shell content were
controlled. A series of capsules in the form of powder have been synthesized with high thermal enthalpy
capacity due to the high crystallization of the core paraffin. They were stable against coalescence after
heating/cooling cycles. The capsules can find potential applications such as in energy conservation,
functional heat fluid and heat protection materials.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Phase change materials (PCMs) as a kind of crystalline materials,
can store and release latent heat during their phase transition at
a defined temperature range, which can be used in thermal energy
conservation [1]. Paraffin wax is especially promising due to their
characteristics such as nontoxic, chemically inert, low cost, and
tunable phase change temperature and high storage energy ca-
pacity [1,2]. Paraffin wax has broad potential applications, such as
in thermal regulated fabrics, coatings and foams [3–7], buildings
[8,9], active or pumped coolants [10,11], and packed bed heat ex-
changers [12]. In order to prevent melt flowing during solid–liquid
phase transition, encapsulation of PCMs with proper materials as
shells is required. However, most studies are focused on the en-
capsulation of ambient temperature wax at low temperature [1].
For these PCMs with higher phase change temperature are scarcely
reported. Moreover, these capsules have extensive potential ap-
plication in solar energy storage [10], functional heat fluid [11], and
heat protection materials [13,14] for high-performance manage-
ment. In order to promote really utilization of PCM capsules, it is
necessary to investigate in detail the fabrication and properties of
PCM capsules.

Many methods have been searched for encapsulation of PCMs,
such as in situ polymerization [15–18], interfacial polymerization
[19] and complex coacervation [20]. Among these encapsulation
methods, the in situ polymerization, which had also exhibited ex-
cellent function on preparing organic/inorganic composites, espe-
cially nanocomposite, is more favorable due to the resulted special
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structure and a series of capsules containing ambient temperature
PCMs have been fabricated for thermal-regulated fibers [21–27] by
in situ polymerization. However, how to make the polymerization
in situ performed on the interface of PCMs and water is a key
problem, which directly decides the shell structure of PCM micro-
capsules. Moreover, in order to avoid the shell fracturing by volume
change during the phase transition [28], additional cyclohexane is
usually used as an expansion agent to previously leave some free
volume thus to improve thermal stability of the capsules. However,
this expansion agent must be removed by evaporation, which in-
volves additional steps and environmental pollution.

In this report, encapsulation of high melting temperature wax is
reported by an in situ polymerization in the absence of any ex-
pansion agents. The fundamental nature of the polymerization and
encapsulation is provided to well understand the shell-forming
process. A detailed investigation on phase behavior of the encap-
sulated PCMs was performed to well understand the relation be-
tween the phase change stability of the as-prepared PCM capsules
and shell materials. Thermal stability and enthalpy capacity are
systematically characterized by differential scanning calorimeter
(DSC) and polarized optical microscopy (POM).
2. Experimental

2.1. Materials

The paraffin with a phase change temperature range 50–52 �C,
was purchased from Shanghai Huayong Paraffin Ltd., and chosen as
a representative core material. Formaldehyde (37 wt% aqueous
solution) and urea (Beijing Chemical Regent Co.) were used as
precursors to form the shell. Styrene (distilled), maleic anhydride
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Fig. 1. Chemical structures of styrene–maleic anhydride (SMA) and its hydrolyzed form (HSMA) (a), chemical structures and reaction schemes of UF prepolymer and UF polymer (b),
the zeta potential of the O/W emulsion with HSMA as the emulsifier at different pH values and illustrative emulsification and fabrication of PCM capsules (c).
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Fig. 2. FT-IR spectra of bulk paraffin, UF polymer and the capsules. The capsules were
prepared at a fixed amount of HSMA solution 10.0 g as the emulsifier, 75 mL of water
as a dispersion medium, 25.0 g of paraffin as the core material, but with varied feeding
of the UF precursor solution forming the shell. (a) 12.5 g; (b) 50.0 g; (c) 100.0 g; (d)
150.0 g; (e) 200.0 g. Inset figure presents the intensity ratio of two characteristic peaks
at 1645 cm�1 attributed to UF and at 1466 cm�1 attributed to paraffin, and the ratio
dependence on the feeding amount of UF precursor solution.
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and 2,2-azobis-(2-methylpropionitrile) (AIBN) (recrystallized from
methanol prior to use) were purchased from Aldrich Chemical Co.,
used to synthesize styrene–maleic anhydride alternating
copolymer (SMA) as the emulsifier.

2.2. Fabrication of capsules

2.2.1. Synthesis of the copolymer emulsifier
A copolymerization of styrene and maleic anhydride at 1:1

molar ratio was carried out by a precipitation polymerization
method. In a 250 mL three-neck flask, 150 mL of toluene, 5.8 mL of
styrene (0.051 mol), 5.0 g of maleic anhydride (0.051 mol) and
0.01 g of AIBN were added under stirring. After being purged with
nitrogen for 30 min, the mixture was heated to 85 �C and refluxed
for 2 h. The copolymer SMA (styrene–maleic anhydrite) was sepa-
rated by filtration, and washed with toluene to remove residual
reactants. The product was finally dried in an oven at 60 �C at
a reduced pressure. The anionic emulsifier was obtained by the
hydrolysis of the SMA copolymer. SMA powder (10.0 g) was dis-
solved in 90 g of 3 wt% sodium hydroxide solution under stirring at
80 �C for 3 h, deriving a transparent solution about 10 wt%, denoted
as HSMA.

2.2.2. Synthesis of precursor
A precursor solution was prepared by mixing 24.0 g of urea and

48.9 g of 37 wt% formaldehyde in aqueous solution. The pH of the
mixture was adjusted to 8.5 with triethanolamine and stirred at
70 �C for 1 h, and then the reaction mixture was cooled down to
ambient temperature and diluted with 100.0 g of water. Sodium
chloride (10 wt%) in respect to the precursor solution (denoted as
UF) was added prior to use.

2.2.3. Synthesis of capsules
The encapsulation of the paraffin was carried out by an in situ

polymerization. After a given amount of HSMA solution was dis-
solved in 75 mL of water, the solution was heated to 70 �C. Paraffin
melt (25.0 g) was dispersed into the aqueous solution with a ho-
mogenizer at a stirring speed of 12 000 rpm for 10 min, forming an
oil-in-water dispersion. Afterwards, a given amount of UF solution
was dropped into the emulsion under stirring, and the reaction
mixture was kept at pH 3.5–4.0 and 70 �C for 3 h to allow the in situ
polycondensation. The resultant dispersion was cooled down to
ambient temperature. After a sequential treatment including
filtration, wash with water and drying at 60 �C in a vacuum oven,
the PCM capsules were obtained.

2.3. Characterization

Gel Permeation Chromatography (GPC) was carried out to de-
termine the Mn and Mw/Mn of SMA with linear polystyrene stan-
dards as the calibration and THF as eluent at a rate of 1.0 mL/min. 1H
NMR and 13C NMR spectra were recorded on a Bruker DMX600
spectrometer with d-acetone as solvent at room temperature. The
zeta potential on the latex surface of paraffin droplet emulsified by
HSMA was measured on a Malvern ZetaSizer Nano ZS at pH 1.5–8.0.
Fourier Transform Infrared spectroscopy (FT-IR) spectra were
recorded on a BRUKER EQUINOX 55 to determine the composition
of the shell. The morphology and average particle size of the
capsules were characterized using a Hitachi S-4300 scanning
electronic microscope (SEM), operated at an accelerating voltage of
15 kV. Particle size and size distribution were also determined by
a Malvern MasterSizer 2000 Particle Size Analyzer. DSC measure-
ments were performed on a METTLER DSC822e differential scan-
ning calorimeter in the range of 10–80 �C at a heating/cooling rate
of 5 �C/min to evaluate the phase transition behavior. The diffrac-
tion patterns were obtained at the temperature of 25–60 �C by
Synchrotron X-ray diffraction (XRD) on a PANalytical X’Pert Pro
MPO instrument with TCU 2000 temperature control unit in Hol-
land. The thermal stability of the capsules was studied in detail by
observation under an Olympus optical microscopy equipped with
a Linkam LTS350 hot stage at a scanning rate of 5 �C/min. The
thermal decomposition of the capsules was characterized on a
Perkin–Elmer Pysris 1 thermogravimetric analyzer (TGA) at a
scanning rate of 10 �C/min under nitrogen.

3. Results and discussion

The synthesis scheme and structure of the emulsifier are illus-
trated in Fig. 1a. The yield of SMA is about 85%. The peaks at d 3.0–
3.8 ppm with the integral of 1.9512 and d 6.5–7.8 ppm with the
integral of 5.0000 (1H NMR) are assigned to the protons in the
succinic anhydride and benzene ring, respectively. The contents of
styrene and maleic anhydride are calculated to be 50.6 wt% and
49.4 wt% according to the peak integral and their corresponding
proton numbers. The near 1:1 ratio is consistent with the alterna-
tive copolymer characteristics. The peaks at d 127–130 ppm with
the integral of 5.088 and d 135–140 ppm with the integral of 1.004
(13C NMR) are assigned to carbons of benzene, and the peak at
d 170–174 ppm with the integral of 2.000 is assigned to carbon of
succinic anhydride. The calculation of the peak integral and the
carbon numbers gives a weight content of styrene and maleic an-
hydride 50.4 wt% and 49.6 wt%, respectively. Element analysis gives
the contents of C and H element to be 71.82 wt% and 5.02 wt%,
calculating that the weight contents of styrene and maleic anhy-
dride are 51.2 wt% and 48.8 wt%, respectively. Since the homo-
polymerization of maleic anhydride is impossible, the results of 1H
NMR, 13C NMR and element analysis all confirm that the resultant
SMA should be alternative copolymer [29,30]. A GPC trace gives
a molecular weight (Mn) of 1.06�104 and distribution of 2.6 of
SMA. As shown in Fig. 1a, the hydrophobic group of phenyl and
hydrophilic group of carboxyl arrange alternatively along the
backbone, which will be conducive to a decrease of the interface
tension between the oil and water. The polymeric emulsifier was
further transformed into HSMA after being treated with NaOH to
enhance its emulsification capability.



Fig. 3. Scanning electron microscopy images of the PCM capsules. They were prepared using a fixed amount of 50.0 g of UF precursor solution, 75 mL of water, 25.0 g of paraffin, but
increased content of HSMA solution as emulsifier: (a) 2.5 g; (b) 5.0 g; (c) 10.0 g; (d) 15.0 g; (e) 20.0 g.
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When HSMA molecules are adsorbed at the interfaces of paraffin
oil droplets (see Fig. 1c), the charged region is exposed to aqueous
media. This molecular arrangement results in better stability of the
emulsion against coalescence. Such kind of molecular arrangement
results in a relatively strong electronegative field at the surface of
oil droplets, which can prevent oil droplets from coalescing. In fact,
as shown in Fig. 1c, the zeta potential of the emulsion is �55.9 to
�69.8 at pH value region 3.5–4.0. The melt paraffin emulsion in
a hot water remained stable for several weeks. Besides enhances
stability, the anionic HSMA would facilitate a favorable absorption
of UF prepolymer by strong charged interaction and subsequent in
situ polycondensation thereby creating the capsule walls with
a compact shell.

The UF polymer is selected as the capsule shell due to its easier
reaction and crosslink performance [31]. During the initial nucle-
ophilic addition stage in Fig. 1b, formaldehyde (A) molecules react
with urea (B) molecules in basic solution at pH 8.5 and 70 �C for
about 1 h, giving UF prepolymer of some forms including
monomethylol urea (C), dimethylol urea (D) and oligomer (E)
(Fig. 1b). The linear or branched UF prepolymers are water soluble.
These UF prepolymers are positively charged in acidic solution.
After the UF was dropped into the paraffin emulsion at 70 �C, the
anionic carboxyl group of HSMA induced a favorable absorption of
UF prepolymer onto the interface by strong interaction (Fig. 1c). In
acidic media, the positively charged UF prepolymer in the disper-
sion medium reacted to form larger molecules until the insoluble
UF prepolymer deposited onto the surface of paraffin droplets. With
the polycondensation procedure, UF polymer molecules were
mainly crosslinked by methylene linkages forming compact shell.
Owing to the property of UF polymer with the highly cross-linking
structure, capsules with compact, integral and good mechanical
strength are obtained.

The composition of the capsules was characterized as shown in
Fig. 2. The multiple absorption peaks around 3000–2800 cm�1 are
associated with the aliphatic C–H stretching vibration, the ab-
sorption peak at 1466 cm�1 is attributed to the C–H bending, and
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Table 1
Phase transition properties of the capsules from DSC measurements

Sample no. Core contenta (wt%) DHm (J g�1) DHc (J g�1) Tm (�C) Tc (�C)

Bulk 100 �204.8 203.7 53.2 50.5
1 97.9 �200.4 201.2 53.3 50.4
2 94.0 �192.6 195.3 53.4 50.2
3 83.3 �170.6 171.2 53.5 50.0
4 76.9 �157.5 158.4 53.9 49.8
5 72.0 �147.4 149.4 54.2 49.3
6 65.8 �134.7 139.6 54.2 49.2
7 59.9 �122.6 125.7 54.3 49.1
8 54.3 �111.2 114.3 54.3 49.0
9 48.1 �98.5 102.4 54.4 48.5

DHm: the melting enthalpy; DHc: the crystallization enthalpy; Tm: the melting
temperature; Tc: the cooling temperature.

a The core content is calculated by the enthalpy of the capsules [21].
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the absorption peak at 720 cm�1 is assigned to the group of CH2

inplane vibration. These characteristic peaks represent the core
material paraffin. The absorption peak at 1645 cm�1 is attributed to
the –C]O stretching vibration, and the absorption peak at
1550 cm�1 is assigned to the group of –C–N– stretching vibration.
These are characteristic peaks assigned to the shell material UF
polymer. With the increased feeding of UF precursor, the peaks
become stronger in intensity, meaning the increase of the shell
(inset Fig. 2). The content of shell can be controlled by altering
feeding amount of UF precursor. Besides the shell content, another
important parameter particle size for the capsules was also sys-
tematically investigated.
10 20 30 40 50 60 70 80

-2

-1

0

1

2

e

d

c

b

a

Bulk

Bulk

a

b

c

d

e

H
e
a
t
 
f
l
o
w
 
(
W
 
g
-
1
)

E
n
d
o

E
x
o

Temperature (°C)

Fig. 5. DSC traces of bulk paraffin and the capsules at a given heating and cooling rate
of 5 �C/min. The capsules were synthesized at a fixed amount of 10.0 g of HSMA, 75 mL
of water, 25.0 g of paraffin, and increased feeding amount of UF precursor solution: (a)
12.5 g; (b) 50.0 g; (c) 100.0 g; (d) 150.0 g; (e) 200.0 g.

10 15 20 25 30 35 40 45 50

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
) X1

X1

X1

X1

X1

X5

X5

X5

X5

X5

2  (degree)

25 °C

60 °C

49 °C

25 °C

51 °C

Fig. 7. X-ray diffraction patterns of the capsules containing 28.0 wt% shell content at
different temperatures.
The particle size is very important in practical application, and
herein it is mainly controlled by adjusting the feeding amount of
HSMA at a given shell content. In Fig. 3, from (a–e), the particle size



Fig. 8. Optical and polarized micrographs of the representative samples with varied shell content after being treated by heating to 60 �C thereafter cooling down to 25 �C. The
capsules were synthesized at a fixed amount of 10.0 g of HSMA solution, 75 mL of water, 25.0 g of paraffin, and varied feeding amount of UF precursor solution: (a and b) 12.5 g;
(c and d) 50.0 g; and (e and f) 100.0 g.
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decreased with the increase of HSMA amount. The average particle
diameter is 20 mm (Fig. 3a) when 2.5 g of HSMA solution was used,
and the diameter decreased to about 5 mm (e) when 20 g of HSMA
solution was used. Moreover, the capsules’ surface becomes much
smooth. Particle size and size distribution were also determined by
a Malvern MasterSizer 2000 Particle Size Analyzer. Fig. 4 shows the
effect of HSMA solution content on particle size and distribution of
the PCM capsules. With increasing the amount of HSMA solution,
the capsule average diameter decreased and their size distribution
became narrower. The size analysis is consistent with SEM results.

It is important to retain as high enthalpy as possible of the
capsules, whilst the capsules are not coalesced during melt/cooling
cycles. Their thermal behavior was characterized by DSC analysis
(Fig. 5). Two main transition peaks were clearly observed, in which
a peak should be attributed to the heterogeneously nucleated ro-
tator–liquid transition and b peak to the homogeneously nucleated
crystal–rotator transition [22–24,32]. The enthalpy decreased with
the increase of shell content, while the melt and freezing temper-
atures were slightly changed. The results are summarized in Table 1.
As shown in Fig. 6, the enthalpy decreased linearly with the core
content. On the other hand, the core content can be calculated from
the enthalpy of the capsules [21], and then shell content is the
relative residual.

Fig. 7 shows the X-ray diffraction patterns of the capsule con-
taining 28.0 wt% shell content at different temperatures. At 25 �C,
two main diffraction peaks of a and b were clear, indicating a high
crystallization of the core paraffin. With the temperature increased
gradually up to 51 �C, the b peak absolutely disappeared and the
intensity of a peak decreased remarkably, clearly indicating the
completion of whole crystal–rotator transition and part of rotator–
liquid transition. At 60 �C, no characteristic diffraction peaks were
found except for a broad scattering peak owing to amorphous UF
polymer, indicating a complete melt of the core paraffin. When the
temperature decreased gradually up to 49 �C, the a peak appeared,



Fig. 9. Polarized optical micrographs of the capsule containing 28.0 wt% shell content at some representative temperature stages: (a) 25 �C; (b) 54 �C; (c) 60 �C; (d) 50 �C;
(e) 25 �C.
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indicating a partial crystallization of the core paraffin. At a lower
temperature of 25 �C, the a and b peaks clearly appeared, sug-
gesting the completion of liquid–rotator transition and rotator–
crystal transition. The XRD results are consistent with the above
DSC results.

In order to evaluate the thermal stability of the PCM capsules
during the phase transition, the morphological evolution was ob-
served under a polarized optical microscope at a temperature
scanning rate of 5 �C/min within 25–60 �C. As seen in Fig. 8a and b,
the capsules were completely coalesced when the shell content was
rather low for example 2.1 wt%. This can be understood by the
leakage of the melt paraffin core from the cracked shell. When the
shell content was increased to 16.7 wt% (Fig. 8c and d), the capsules
were partially coalesced with the spherical contour distinguished.
When the shell content was increased up to 28.0 wt% (Fig. 8e and f),
the capsules were intact while the solid powder form was well
retained after many melting/crystallization cycles. In order to
further characterize the phase transition of the capsules, the mor-
phology of a representative capsule was observed at different
temperatures (Fig. 9). At a low temperature 25 �C, the capsules
were in individual spherical shape with a clear core–shell structure
(Fig. 9a). The colorful texture was clearly discerned, indicating the
interior paraffin core was crystalline. With the temperature in-
creased gradually up to 54 �C, the capsules started to partially melt
(Fig. 9b). At 60 �C, no colorful texture was observed, indicating
a complete melt of the core paraffin (Fig. 9c). It should be noticed that
the capsules remained individually without any coalescence. With
the temperature decreased up to 50 �C, the melt core paraffin started
to partially crystallize (Fig. 9d). At a lower temperature for example
25 �C, the crystallization degree increased remarkably (Fig. 9e) with
the capsules intact remained. The polarized optical microscopy
results are consistent with the above DSC and XRD results.

The thermal decomposition of the capsules was characterized
by TGA (Fig. 10). All the capsules have no mass loss at high
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temperature 200 �C. There existed a remarkable mass loss for the
bulk paraffin at 250 �C. Up to 500 �C, the paraffin was completely
lost. For the capsules, the onset temperature was slightly increased,
while there existed mass residual at 500 �C. With the increase of
the shell content, the residual mass was increased as shown in inset
Fig. 10. The good thermal stability is important in practical appli-
cations especially for melt processing.

4. Conclusions

In conclusion, the capsules containing high melt temperature
paraffin as a representative phase change material have been
synthesized by in situ encapsulation by polymerization of urea–
formaldehyde precursor. The particles’ size, size distribution and
shell content can be controlled. The capsules are sufficiently robust
to keep the powder form unchanged after heating/cooling cycles,
meanwhile the thermal capacity keeps a high level due to the high
crystallization of the core paraffin. The method can be extended to
such paraffin samples with a broad melt temperature tunable
ranging from higher temperature to ambient temperature. The PCM
capsules will be potentially useful in energy conservation, func-
tional heat fluid and heat protection materials.
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