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a b s t r a c t

Microparticles loaded by sodium phosphate dodecahydrate (DSP) were prepared according to the solvent
evaporation–precipitation method using various organic solvent and cellulose acetate butyrate (CAB)
crosslinked by methylene diisocyanate (MDI) as coating polymer. The effects of the solvent on the capsule
morphology and the entrapment efficiency of water-soluble materials were investigated. The surface
morphology has been investigated by SEM and it was found that the ‘goodness’ of the solvent, i.e. as
defined by solubility parameters, strongly influences the morphology of the microparticles. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC) were employed to investigate the ther-
mal stability and the thermal properties of these microencapsulated phase change material. The results
showed that the thermo-physical properties are strongly dependant on the core content and the synthe-
sis conditions. Thus, the microparticles with high loading content are found suitable for thermal energy
storage.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the few past decades, preparation of uniform microparti-
cles has received a great interest in the textile area to add new
functionalities to the textile fabric (Erkan & Sariisik, 2004; Nelson,
1991, 2002). Amongst them, thermal insulation textile (Leitch &
Tassinari, 2000; Pause, 1995) and more specially microencapsula-
tion of phase change materials (PCMs) have attracted more and
more attention in recent years (Cho, Kwon, & Cho, 2002; Colvin
& Bryant, 1988; Fan, Zhang, Wang, Li, & Zhu, 2004; Mondal,
2008; Sarier & Onder, 2007; Zhang, Tao, Yick, & Wang, 2004 ). Until
now, the research and development work of textile containing
PCMs are essentially focused on organic compounds. The use of salt
hydrates and their supercooling property are yet exploited for
specialized thermal storage applications (Hirano & Saitoh, 2002;
Hirano, Saitoh, Oya, & Yamazaki, 2001) and can be applied for a
textile application (Talvenmaa & Meinander, 2007).

Microcapsules production can be achieved by means of physical
or chemical techniques. One of them was based on solvent extrac-
tion/evaporation allowing the preparation of a wide range of
microspherical and microcapsular products (Arshady, 1990). The
functional performance of the microcapsules depends on the mor-
phology, the chemical nature and the surface characteristics of the
polymeric shell influenced by the process parameters. Thus, many
ll rights reserved.
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factors such as polymer nature and concentration (El Bahri &
Taverdet, 2007), emulsifiers concentration (Kistmundsdottir & Ing-
varsdottir, 1994), stirring speed (Mana, Pellequer, & Lamprecht,
2007), temperature (Fundueanu et al., 2005) were selected as
parameters controlling the encapsulation efficiency.

Cellulose derivatives and more specially cellulose acetate buty-
rate are ideally suitable for the preparation of microparticles by
solvent evaporation. Fundueanu et al. (2005) have shown that
the particle morphology is affected by the solvent choice and its
evaporation temperature. Indeed, a high temperature allows a ra-
pid shell formation characterized by a homogeneous and porous
structure with large pores, while at low temperature a more com-
pacted heterogeneous porous structure is obtained. Besides, the
thermo-chemical and physical properties of the CAB polymeric
film can be improved by crosslinking CAB with a diisocyanate via
the urethane bond formation (Laskar, Vidal, Fichet, Gauthier, &
Teyssié, 2004; Uda & Hijikigawa, 1988). We recently reported the
development of a precipitation method intended for the entrap-
ment of hydrated salt within CAB to form a polymeric capsule wall
(Salaün, Devaux, Bourbigot, & Rumeau, 2008). In this study, we
have shown that the chemical structure, the morphology and the
thermal properties of the microparticles were deeply influenced
by the amount of CAB and MDI introduced in the system. Thus,
the optimal microparticles properties were obtained when the
ratio (MDI to CAB) was found in the range of 0.4–1.

During the evaporation solvent process the polymer precipi-
tated and encapsulated the dispersed particles upon solvent
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evaporation. So the physico-chemical characteristics of the solvent,
the interaction between polymer and solvent influence the forma-
tion and the morphology of the microparticles. Thus, the main
parameter in this process is the difference between the solubility
parameters of the polymer and those of the solvent and the med-
ium (Moldenhauer & Nairn, 1992). The main objective of this study
was to design solvent systems on the basis of the comparison of
the solubility parameters of the solvent, polymer and aqueous ac-
tive substance phases, which produce microparticles with opti-
mum properties. The solvent solubilizing CAB and the solvent of
the continuous phase were selected on the basis of the Hansen sol-
ubility parameters (Hansen, 1967, 1969). The influence of these
solvents on the morphology, loading content and thermal proper-
ties was also investigated.
2. Experimental

2.1. Materials

Cellulose acetate butyrate (CAB) (13.5 wt.% acetyl and 38 wt.%
butyryl content, average Mn ca. 30,000) was purchased from
Fig. 1. Schematic representation of the various stages of the microencap
Aldrich. The degree of substitution of butyryl was 1.7, of acetyl
1.05 and of hydroxyl 0.25. Diphenyl methylene diisocyanate
(MDI) (Suprasec 2030, Hüntsman ICI; blend of MDI isomers, 4,40-
diphenyl methylene diisocyanate principally) was used to react
with CAB. Sodium phosphate dodecahydrate, Na2HPO4�12H2O
(DSP) was employed as core material. Non-ionic surfactant, Span�

85 (sorbitan trioleate) was purchased from Aldrich, and used as
emulsifier. Acetone, toluene, carbon tetrachloride and chloroform
used were reagent grade.
2.2. Preparation of microparticles

Microencapsulation by solvent evaporation basically consists of
four steps (Freitas, Merkle, & Gander, 2005). The active substance is
dispersed in an organic solvent containing the polymeric wall.
Next, this phase is emulsified in an immiscible polymer non-sol-
vent continuous phase. Polymer coating around the active sub-
stance particles occurs as a result of portioning of the polymer
solvent from the dispersed phase to the continuous phase, accom-
panied by solvent evaporation. Finally, solid particles are recovered
after washing, filtration and drying. In our study, the experimental
sulation process by the solvent evaporation–precipitation method.
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procedure is derived from an interfacial polymerization used for
the polyurethane microcapsule preparation coupled with a solvent
evaporation.

The preparation of the microparticles was carried out according
to the following method. An aqueous phase containing 15 g of hy-
drated salt was emulsified at a stirring rate of 8500 rpm with a
homogenizer (ultra turrax�, Ika, Germany) at room temperature
(or at 35 �C for batch 1) in 50 ml of an organic phase. The organic
phase was prepared by dissolving the surfactant in a non-volatile
solvent (carbon tetrachloride or toluene). After 15 min, when the
expected droplet size of the emulsion was reached, a solution con-
taining 2.5 wt.% (or 5 wt.%) of CAB previously solubilized in 30 ml
of a volatile solvent (acetone or chloroform) is added. The mixture
was stirred continuously using a blade stirrer at a lower speed
(600 rpm) under ambient pressure and the temperature was in-
creased at 1 �C/min until 60 �C to allow the progressive evapora-
tion of volatile solvent. The complete crosslinking of the
microparticles was carried on by a drop-wise addition of a solution
containing 2.5 wt.% of MDI in 10 ml of toluene (or carbon tetra-
chloride), until the polymerization was completed (2 h). The resul-
tant microparticles were recovered by filtration and washed with
toluene to remove remaining MDI and dried at room temperature
for one night. A schematic description of the various stages of the
microencapsulation process is given in Fig. 1.

2.3. Analysis of the microparticles

The microscopic aspects of the particles were observed by opti-
cal microscopy (Axioskos Zeiss) equipped with a camera (IVC 800
12S). The surface morphology of the microparticles and their com-
positional analysis were observed with the help of a scanning elec-
tron microscopy (Philips XL30 ESEM/EDAX-SAPPHIRE) at an
accelerated voltage of 12 kV.

The thermal behavior of the particles was recorded using a TA
instrument type DSC 2920 piloted on PC with TA Advantage con-
trol software. Indium was used as standard for temperature cali-
bration and the analysis was made under a constant stream of
nitrogen (50 ml/min). Samples were placed in aluminum pans
which were hermetically sealed before being placed on the calo-
rimeter thermocouples. The sample space was purged with nitro-
gen at a constant flow (50 ml/min) during the experiments.
Transition temperatures and enthalpies were obtained from a least
four independent experiments on (10.0±)-mg samples with a
scanning speed of 2 K min�1. The temperature ranges presented
Table 1
Preparation of microparticles. Influence of the solvent choice on microparticle characteris

No. of
batch

Organic solvent Yielda

(%)
Salt contentb

(wt.%)
Tg

c (�C) St
of

Continuous phase
(solvent B)

Dispersed phase
(solvent A)

1 Carbon
tetrachloride

Acetone 52.3 74.2 115 Fe
ag

2 Carbon
tetrachloride

Acetone 52.0 57.9 124 Ir
ro

3 Carbon
tetrachloride

Chloroform 92.0 77.1 127 A
ro

4 Toluene Chloroform 41.6 23.8 131 Ir
ve

5 Toluene Chloroform 68.4 49 124 A
ag

6 Toluene Toluene 33.1 77.8 117 Pe

a The yield is identical to monomer conversion.
b Determined by TGA.
c Determined by DSC.
d Observed by SEM.
in this work were from �30 to 80 �C (batch 2), �30 to 100 �C
(batches 3, 4 and 6) and �30 to 60 �C for batch 5. The thermal pro-
gram used for batch 2 (isothermally held at �30 �C for 3 min, ramp
at 2 �C/min to 80 �C, isothermally held at 80 �C for 3 min, ramp at
2 �C/min to �30 �C, isothermally held at �30 �C for 3 min, ramp
at 2 �C/min to 80 �C, isothermally held at 80 �C for 3 min, ramp at
2 �C/min to �30 �C) was used to show the crystallization behavior
of the hydrated salt and specially its incongruent melting and the
dehydration phenomenon occurring during this test.

Thermogravimetric analyser (TA Instruments type TGA 2950)
was used to record the thermograms in the temperature range
from 30 to 800 �C with a heating rate of 10 K min�1 in a flow of
nitrogen gas at 60 ml min�1. The salt content was calculated as
the ratio of the residual weight at 600 �C divided by the residual
weight at 150 �C corresponding to the weight of the fully dehy-
drated salt and the microparticles containing the fully dehydrated
salt, respectively.

The encapsulation yield was calculated as the ratio of the mass
of microparticles shell (after correction of salt content determined
by thermogravimetric analysis (TGA), Table 1) obtained at the end
of the process and the mass of initial substances added including
CAB and MDI. To remove the effects of residual moisture and water
content, the TGA spectra were normalized to 100 wt.% at 140 �C.
3. Results and discussion

3.1. Solvent selection according to CAB solvency

3.1.1. Empirical approach
The prediction of the solubility of a polymer in an organic liquid

was proposed by Hansen (Hansen, 1967). The Hansen solubility
parameters consist of three components, with a dispersion term
dd, a polar term dp, and a hydrogen-bonding term dh, which to-
gether make up the total solubility parameter dt, and their relation-
ship can be expressed as in Eqs. (1) and (2):

d2
t ¼ d2

d þ d2
p þ d2

h ð1Þ

dt ¼
ffiffiffiffi
E
V

r
ð2Þ

where, E is the vaporization energy of the compound, and V is the
molar volume of a compound. Furthermore, according to Hansen,
the region of good solubility can be characterized by the distance
tics: Yield, salt content, and appearance of microcapartciles.

ate and surface, appearance
microparticlesd

Note

w particles, deformed and some broken particles,
gregation, smooth surface

15 g of DSP 2.5%-wt of CAB

regular shape, large distribution, aggregation,
ugh surface

15 g of DSP + 5 g H2O
2.5%-wt of CAB

lmost spherical shape, narrow size distribution
ugh surface

15 g of DSP + 5 g H2O
2.5%-wt of CAB

regular shape, large distribution, aggregation,
ry rough surface

15 g of DSP + 5 g H2O
2.5%-wt of CAB

lmost spherical shape, narrow size distribution,
gregation, smooth surface

15 g of DSP + 5 g H2O
5%-wt of CAB

licules, irregular shape 15 g of DSP + 5 g H2O
2.5%-wt of CAB
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between solvent and polymer and defined as a sphere in the three-
dimensional space of the solubility parameters. The corresponding
interaction radius for solvent i and polymer j is therefore given by
Eq. (3):

Rij ¼ ½4ðdd;i � dd;jÞ2 þ ðdp;i � dp;jÞ2 þ ðdh;i � dh;jÞ2�
1
2 ð3Þ

This means that a polymer is probably soluble in a solvent if the
Hansen parameters for the solvent lie within the solubility sphere
for the polymer. In order to predict the solubility, the distance Rij

must be less than the radius of interaction Rj of the polymer. A sim-
ple composite affinity parameter, the RED (Relative Energy Differ-
ence) number, has been defined according to Eq. (4):

RED ¼ Rij

Rj
ð4Þ
3.1.2. Calculation of Hansen parameters for CAB
The values of dd, dp, dh were estimated based on the chemical

structure of the polymer unit with the approaches published by
van Krevelen & Hoftyzer (1990) and Hoy (1989). As the results of
the two methods for estimation of Hansen solubility parameters
are of the same order of accuracy, the average results were taken.

The interaction radius, Rj, for CAB was chosen to include as
many solvents in the solubility sphere and partial solvents on the
surface of the soluble region, and, exclude as many non-solvents
as possible. Twenty-nine solvents were tested to evaluate solubili-
zation of cellulose acetate butyrate and are tabulated in Table 2. As
a result, most of solvents dissolving CAB are included in the spher-
ical region which is expressed by Eq. (3) with Rj = 9, dd = 17.7,
dp = 6.6 and dh = 8.9 MPa1/2 (Fig. 2).
Table 2
Solubility parameters and relative energy difference, RED, of various solvents for CAB.

Solvent da (MPa½) dd
a (MPa½) d

Diethyl ether 15.6 14.5
Dichloromethane 20.2 18.2
Acetone 19.9 15.5 1
Chloroform 18.9 17.8
Methanol 29.6 15.1 1
Tetrahydrofuran 19.5 16.8
n-Hexane 14.9 14.9
Carbon tetrachloride 17.8 17.8

Ethyl acetate 18.2 15.8
Ethanol 26.5 15.8
2-Butanone 19.1 16.0
Cyclohexane 16.8 16.8
Dichloroethane 20.0 17.4
Acetonitrile 24.4 15.3 1
Water 47.8 15.6 1
Nitromethane 25.1 15.8 1
Toluene 18.2 18.0

Isobutyl acetate 16.8 15.1
n-Butanol 22.2 15.8
Butyl acetate 17.4 15.8
Xylene 18.1 17.8

Propanoic acid 19.9 14.7
N,N-Dimethylformamide 24.9 17.4 1
Cyclohexanone 19.6 17.8
Benzaldehyde 21.4 19.4
Dimethyl sulfoxide 26.7 18.4 1
Ethylene glycol 33.0 17.0 1
Benzylalcohol 23.8 18.4
Nitrobenzene 22.2 20.0

a d is the Hildebrand solubility parameter, and dp, dd and dh are the Hansen partial solu
cohesive forces.
3.2. Formation of microparticles by the solvent evaporation–
precipitation method

The encapsulation process was achieved as a liquid phase sepa-
ration conducted in an organic phase: (1) the core material was
well dispersed into an organic solvent (A); (2) the wall material
(CAB) was dissolved in solvent (B) and added to the previous solu-
tion; and (3) solvent (B), called a coacervation agent, which dis-
solves solvent (A) in order to desolvate partially the wall
material but not completely, and a crosslinker (MDI) are added
to the dispersion. The polyurethane shell is formed by reaction of
the hydroxyl groups of CAB with isocyanate groups of MDI at the
interface. Interfacial polymerization occurs rapidly at 60 �C. Fur-
thermore, MDI monomers can be hydrolyzed slowly at the inter-
face to form amines which react with MDI monomer to form a
part of the shell. In this way, DSP particles are gradually coated
by the partial desolvated macromolecular aggregates or the formed
coacervates. If the rate of coacervate addition is too fast, polymer
precipitation easily occurs (Tianyong, Xuening, Jian, & Chunlong,
1999). During this encapsulation method, the polymer precipitated
and encapsulated the dispersed particles upon solvent (B) evapora-
tion. So the physico-chemical characteristics of the solvent, the
interaction between polymer and solvent would influence the for-
mation of the microparticles.

In order to validate the above criteria as the selection guides to
appropriate solvents, four solvents were selected from candidates
(solvent A) and non-candidates (solvent B), and used to produce
microparticles: acetone and chloroform from candidates; toluene
and carbon tetrachloride were chosen to initiate the polymer coac-
ervation and precipitation. Six different batches of microparticles
were prepared using three couple of organic solvents. Two of these
batches (1 and 2) were prepared to study the effect of water in the
dispersed phase on the characteristics of the microparticles in
p
a (MPa½) dh

a (MPa½) Solubility RED

2.9 5.1 Non-solvent 0.924
6.3 6.1 Solvent 0.332
0.4 7.0 Solvent 0.680
3.1 5.7 Solvent 0.527
2.3 22.3 Non-solvent 1.718
5.7 8.0 Solvent 0.245
0.0 0.0 Non-solvent 1.379
0.0 0.6 Partial solvent 1.178

5.3 7.2 Solvent 0.485
8.8 19.4 Non-solvent 1.265
9.0 5.1 Solvent 0.626
0.0 0.2 Non-solvent 1.230
5.3 4.1 Solvent 0.557
8.0 6.1 Solvent 1.409
6.0 42.3 Non-solvent 3.883
8.8 5.1 Solvent 1.481
1.4 2.0 Partial solvent 0.962

3.7 6.3 Solvent 0.722
5.7 14.5 Non-solvent 0.759
3.7 6.3 Solvent 0.605
1.0 3.1 Partial solvent 0.896

5.3 12.4 Solvent 0.785
3.7 11.3 Solvent 0.835
6.3 5.1 Solvent 0.424
7.4 5.3 Solvent 0.557
6.4 10.2 Solvent 1.109
1.0 26.0 Non-solvent 1.968
6.3 13.7 Solvent 0.557
8.6 4.1 Solvent 0.771

bility parameters [MPa1/2] representing the polar, dispersive and hydrogen-bonding



Fig. 2. 3-Dimensional plot of the cellulose acetate butyrate sphere of surface affinity and the tested solvents used.
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presence of carbon tetrachloride. The influence of the organic sol-
vents solubilizing CAB was performed from the batches 2 and 3.
The batches 4 and 5 were prepared to study the effect of a change
in the DSP/polymer ratio on the characteristics of the microparti-
cles in the presence of toluene. The batch 6 was used for
comparison.

Figs. 3 and 4 show the SEM pictures of the microparticles pre-
pared in the presence of carbon tetrachloride (batches 1, 2 and 3)
and toluene (batches 4, 5 and 6), respectively. From these figures,
it seems that the morphology of the microparticles greatly de-
pended on the solvent system. In the case of carbon tetrachloride
Fig. 3. Scanning electron (a) and optical (b) micrographs and of CAB/MDI microparticle
as continuous phase, the only successful batch was the one that
contained chloroform (batch 3). The use of acetone results in dehy-
dration of DSP and therefore in incompletely covered particles.
Furthermore, the increase of water content in the dispersed phase
(batch 2) allows to obtain a more uniform shell but also aggregated
particles (Fig. 3). Spherical particles with relatively uniform size
(mean diameter about 3 lm) were observed for the substitution
of acetone for chloroform in the batch 3. However, even with this
batch, the amount of aggregated particles remains relatively high.
This phenomenon can be induced by the tendency of the micropar-
ticles to aggregate when the volume of the inner phase decreases
s from batch nos. 1, 2 and 3 at a magnification of 500 and 64 times, respectively.



Fig. 4. Scanning electron (a) and optical (b) micrographs of CAB/MDI microparticles from batch nos. 4, 5, and 6 at a magnification of 500 and 64 times, respectively.
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during the solvent removal as compared with the continuous
phase. The decreasing of the dispersed phase volume increases
the number of collisions of the particles and therefore the aggrega-
tion. Furthermore, the CAB precipitates slowly due to slow removal
of chloroform allowing the formation of smoother shell. These par-
ticles were clearly separated from each other, and with this batch,
the efficiency of particle formation was high, and typically over
90% of the wall material in the batch formed round particles.

The substitution of carbon tetrachloride for toluene modifies
the rate of polymer precipitation at the interface and therefore
the surface appearance of the microparticles (Fig. 4). Toluene is a
partial solvent for CAB and therefore decreases the rate of coacer-
vation. Nevertheless, the density mismatch causes severe sedimen-
tation problem during the process. Closed examinations (Fig. 5)
revealed that the particles were formed as a sticky aggregate of
smaller polymer droplets rather than a continuous film. Since the
wall material was formed by interfacial polymerization with the
adding of MDI, the formation of aggregated structure is due to a
limited solubility of oligomer in solvent. Moreover, subsequent
reaction with hydroxyl groups of CAB from other outer shell parti-
cles and entanglement to form solid particles which then aggregate
at the interface promote this phenomenon. Yield was slightly high-
er (68.4%) if the concentration of the CAB solution was 5% (batch 5)
rather than 2.5% (batch 4) which was due to the increase of the vis-
Fig. 5. Scanning electron micrographs of CAB/MDI microparticle
cosity. The viscosity of the CAB solution also greatly affected the
formation of aggregates and the particle size distribution. Thanks
to the stabilizing effect of highly viscous solution, sedimentation
effect was reduced allowing the formation of smoother surface.
The amount of aggregated polymer was decreased markedly, but
the formed particles still seemed to be partially adhered to each
other. Use of toluene as solvents A and B (batch 6) did not produce
microparticles but only a film containing dispersed DSP particles
(Fig. 4). Although the solubility of CAB in toluene is low, there
might have been some polymer–toluene interactions that did not
promote the precipitation of the CAB optimally. Therefore, the
encapsulation yield obtained was slightly lower.

Figs. 3 and 4 depict also OM images of the microparticles pro-
duced with various organic solvents and the aggregation structure
of the microparticles disappears when they are suspended in solu-
tion. Spherical and mono-sized particles were ascertained from the
microscopic images. The obtained microparticles are better defined
when toluene was used as continuous phase rather than carbon
tetrachloride. Furthermore, the use of chloroform as non-solvent
with carbon tetrachloride results in the formation of tiny droplets
of hydrated salt dispersed in the polymeric matrix. For optical
analysis of batch 6, microparticles were dispersed in toluene (be-
fore water) to avoid film formation (see in SEM micrograph in
Fig. 4), toluene swells and partially solubilizes CAB which does
s from batch nos. 4 and 5 at a magnification of 2000 times.
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not react with MDI, and as a result, mono-sized particle are
observed.

3.3. Thermal properties of the microparticles

The permeability properties of the microparticles are also gov-
erned by the thermal properties of microparticles wall membranes.
Tg recorded changes can be related to some physico-chemical mod-
ifications occurring in the polymer during solvent evaporation pro-
cess (Torres, Boado, Blanco, & Vila-Jato, 1998) e.g. it is closely
related to the film formation. In this study, a second run was nec-
essary to clearly distinguish the Tg of microparticles. The Tg of var-
ious microparticles is lower than the one of the raw CAB (133 �C).
Thus, the crosslinking reaction between CAB and MDI causes a de-
crease in the Tg value due a decrease in the extent of hydrogen
bonding. Besides, the glass transition temperature of capsule wall
was found to decrease with increasing the core content material,
indicating a plasticizing effect of DSP. Significant differences were
observed when formulations made using acetone were compared
with those made from chloroform and when carbon tetrachloride
was substituted by toluene. These changes recorded could be re-
lated to some physico-chemical changes and to the rate of precip-
itation occurring in the microparticle shell during solvent
evaporation. As seen in the previous part, the substitution of ace-
tone for chloroform decreases the rate of polymer precipitation
and results in higher encapsulation yield. Therefore, CAB network
with higher crosslink density is obtained since the NCO/OHaccessibles

molar ratio increases and consequently higher Tg value. The use of
toluene, a partial solvent, as solvent B rather than carbon tetrachlo-
ride, a non-solvent results in an increase of Tg value whereas the
salt content decreases. Toluene is effective for swelling CAB allow-
ing the salt diffusion through the polymer membrane and there-
fore promotes the reaction between MDI and water molecules to
the detriment of the crosslink reaction between CAB and MDI.
Then, these oligomers could react with a small amount of CAB to
form a crosslinked network explaining the higher Tg value of the
batch 4. The increase of CAB concentration (batch no. 5) and the
substitution of solvent A for toluene influence the viscosity and
the solidification rate of the polymer phase. The increase of poly-
mer solution viscosity delays salt diffusion through the polymer
membrane and promotes the precipitation of a highly concen-
trated polymer solution. Therefore, once the polymer is solidified,
the encapsulated salt does not easily escape from the shell and
can act as plasticizer agent, e.g. Tg value decreases.

3.4. Thermal stability

The thermal degradation of DSP has been already reported else-
where (Ghule, Bhonghale, & Chang, 2003). The thermal dehydra-
tion and condensation processes of disodium hydrogen
dodecahydrate show a loss of 59.3% weight in the entire dehydra-
Table 3
Results of thermogravimetric analysis.

Sample Step I Step II

Temperature
range

Mass losses (%) Temperature
range

Mass losses (%

DSP 30–246 59.3 246–345 3.3
CAB 250–370 86.4 370–520 13.6

Batch 1 100–240 0.5 240–320 10.2
Batch 2 100–220 1.3 220–315 9.6
Batch 3 100–203 10.3 203–315 2.6
Batch 4 100–200 0.0 200–320 26.6
Batch 5 100–225 15.7 225–320 15.2
Batch 6 100–200 0.5 200–322 13.8
tion process contributing to the loss of 12 water molecules be-
tween 30 and 84 �C. Furthermore, in the temperature range from
246 to 345 �C, Na4PO7 formation resulting from the condensation
process was observed. Between 345 and 600 �C no weight loss
was observed. Besides, the thermal degradation of CAB occurs in
two consecutive stages, with the first being the main one. The first
was in the range of 250–370 �C with a weight loss of 86.4% and it
represented the main thermal degradation of the cellulose acetate
chains. The char formed from the first step of the degradation is
oxidized during the second stage of decomposition, in the range
of 370–520 �C with a weight loss of 13.6% (Table 3).

The TG and DTG curves of various microparticles are shown in
Figs. 6 and 7. The residual weight of each sample is related to the
difference of chemical structure and the DSP amount contained
in the core. The thermal degradation of CAB/MDI microparticles oc-
cur in four main steps. The weight loss starts at 100 �C with evolv-
ing water. The weight loss of microparticles at temperatures
between 200 and 420 �C (steps II and III) may be attributed to
the decomposition of CAB/MDI network. Thus, from 280 �C, the
degradation and the depolymerization of polyurethane polymer
and oligomers were observed. Most of the reactions implied in
the degradation mechanism lead to the formation of crosslinked
compounds with urea groups. This step was followed by a recom-
bination in urea oligomers, which were degraded at higher temper-
ature, between 420 and 600 �C (step IV). While no change in onset
temperature of degradation (T10wt.%, 10% weight loss temperature)
of samples from batch nos. 1, 2, 3 and 4 is observed, it is decreased
by about 100 �C in the case of sample no. 5 and it is increased by
about 10 �C in the case of sample no. 6. It can be explained by
the fact that the surface of sample no. 6 is smoother, which results
in the decrease of the diffusion rate of the core material. Whereas,
the weight losses of the first stage for the samples no. 5 is probably
due to the elimination of the adsorption water of the microparti-
cles and the hydration water of the hydroxyl groups of CAB. Owing
to the high thermal decomposition temperature of the CAB/MDI
crosslinked shell, the weight loss rates of microparticles (batch
nos. 1, 2, 3, 5 and 6) decrease between 280 and 320 �C. As a result,
the slopes of TGA curves of microparticles become smaller. As seen
in Figs. 6 and 7, the thermal degradation of microparticles was
influenced by the surface roughness, the particle size and the salt
content. Thus, the rate of degradation of samples with a high salt
content (batch nos. 1, 3 and 6) was slightly lower than those with
a low salt content (batch nos. 2, 4 and 5).

3.5. Characteristics of absorbing and releasing heat energy by the
microparticles

The salt hydrates have not been investigated as heat storage
materials to the same extent as the organic phase change materi-
als. These materials present some disadvantages due to their insta-
bility, following dehydration in the process of thermal cycling and
Step III Step IV

) Temperature
range

Mass losses (%) Temperature
range

Mass losses (%)

– – – –
– – – –

320–428 10.7 428–600 2.1
315–420 25.2 420–600 2.8
315–420 8.2 420–600 2.0
320–390 38.2 390–600 11.4
320–420 21.1 420–600 5.3
322–375 4.6 375–600 3.5



Fig. 6. TG curves of microparticles from batch nos. 1, 2, 3, 4, 5 and 6.

Fig. 7. DTG curves of microparticles from batch nos. 1, 2, 3, 4, 5 and 6.

Fig. 8. DSC curves of microparticles from batch no. 2 (N2, 2 �C/min).
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a high degree of supercooling. The major instability of DSP is phase
separation due to a semi congruent melting at 36 �C (Ryu, Woo,
Shin, & Kim, 1992). Due to the porous morphology and the pres-
ence of no encapsulated salt in the batch no. 1, the DSC analysis
was not performed. Fig. 8 displays the DSC curves of microparticles
from batch no. 2 during two heating and cooling cycles. It can be
seen that, the phase change temperature of the microparticles
associated with a lower latent heat was very close to 0 �C. Further-
more, a wide endothermic peak was appeared in the first run of the
DSC curves (from 20 to 60 �C), suggesting a melting process of a
mixture of DSP/water associated with a loss of hydroscopic water
molecules, e.g. a dehydration of the PCM (Table 4). When these
Fig. 9. DSC curves of microparticles from

Table 4
Thermal properties and peak assignments of microparticles synthesized in this study.

Sample 1st Peak 2nd Peak

Tm Onset (�C) Tm Peak (�C) Tm Onset (�C) Tm Peak (�C)

Batch 2 �5.21 1.11 50.33 53.88
Batch 3 �5.57 1.05 56.28 79.83
Batch 4 �6.11 0.0 43.26 79.97
Batch 5 – – 26.69 37.55
Batch 6 25.05 27.89 36.81 43.10

Fig. 10. DSC curves of microparticles
microencapsulated PCM were subjected to a heating process for
the second time, they could not be melted (2nd run in Fig. 8). Thus,
they remained in an uncrystalizable state and can be rejected sum-
marily for latent heat storage purposes. Fig. 9 shows the DSC
curves of microparticles from batch nos. 3, 4 and 6. It can be seen
that, the DSC curves present two endothermic peaks during the
heating process (Table 4), and the absence of exothermic peak cor-
responding to the crystallization is also observed. Therefore, rehy-
dration of the inorganic salts hydrates from the melting solution
cannot be further proceeded. From the DSC curves of the Fig. 10,
phase change temperatures for melting and freezing were deter-
mined as 26.69 and �0.50 �C for the microparticles from batch
no. 5, suggesting that the thermal properties in a heating process
of the microencapsulated PCM was similar to its core of DSP. The
latent heat of fusion of these microencapsulated PCM was
140.4 J/g, less than 279 J/g of DSP due to the existence of the
CAB/MDI shell.
4. Conclusion

CAB/MDI microparticles containing an hydrated salt as phase
change material were prepared by an interfacial polymerization.
batch nos. 3, 4, and 6 (N2, 2 �C/min).

from batch no. 5 (N2, 2 �C/min).
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The SEM analysis showed that the surface morphology is affected
by many interrelated parameters, specially the nature of solvent
used, and their boiling point. The SEM pictures show also that
these microparticles are porous and spherical in shape. The surface
appearance of microparticles depends on the rate of polymer pre-
cipitation at the interface. Thus, their surface is generally smooth
when the polymer precipitates slowly due to slow removal of the
organic solvent and a resulting porous morphology was obtained
with a relatively faster precipitation of the polymer. Furthermore,
better thermal stability at high temperature and the thermal deg-
radation were strongly influenced by the loading content and the
surface roughness. Microparticles from batch no. 5 were found
most suitable for latent heat storage purposes on the basis of their
stability in melting temperature and latent heat of fusion.
Appendix 1. Method of Hoy

The structural unit of CAB is

O

O
OR

OR

O

OR O

OR

OR

O

OR

with R= H, OCH3 or OCH2CH2CH3

The method of Hoy is a group contribution method, thus for each

chemical group in the molecule, contributions are added to the to-
tal. It contains four additive molar functions, a number of auxiliary
equations and the final expressions for dd, dp and dh (Hoy, 1989).

1/2 3/2 1/2 3/2 (P)
Group
 Fti (J cm
mol�1)
Fpi (J cm
mol�1)
DTi
 Vi

(cm3 mol�1)
5.5 –CH3–
 1669.25
 0.0
 0.121
 118.525

8.8 –CH2–
 2367.2
 0.0
 0.176
 136.84

10 –CH–
 1760.0
 0.0
 0.13
 95.6

0.5 –OH
 337.5
 242.5
 0.0245
 5.325

4 –O–
 940.0
 864.0
 0.072
 25.8

5.5 –COO–
 3520.0
 2904
 0.22
 130.35

2 Ring
 �96.0
 122.0
 �0.007
 –
Sum 10,497.95 4132.5 0.7365 512.44
Fti is the molar attraction function, Fpi its polar component; Vi is the
molar volume of structural unit of CAB. DTi

(P) is the Lyderson cor-
rection for non-ideality, used in the auxiliary equations.

From the Hoy’s method:

dt ¼
Ft þ B

�n

V

where B, the base volume, is equal to 277, and �n is given by the fol-
lowing auxiliary equation:

�n ¼ 0:5
DTðPÞ

¼ 0:5
0:7365

¼ 0:6789

Therefore dt ¼ 21:3 MPa
1
2

dP ¼ dt
1

aðPÞ
FP

Ft þB=�n

� �
with aðPÞ ¼ 777DðPÞT

V
thus dP ¼ 7:2 MPa

1
2

dh ¼ dt
aðpÞ �1

aðpÞ

� �1
2

¼ 6:9 MPa
1
2

dd ¼ ðd2
t � d2

p � d2
hÞ

1
2 ¼ 18:8 MPa

1
2

Appendix 2. Method of Krevelen and Hoftyzer

Addition of the group contribution gave:
Group
 Fd (J1/2 cm3/2

mol�1)

Fp

2 (J1/2 cm3/2

mol�1)

Eh
(J mol�1)
5.5 –CH3–
 2310
 0.0
 0.0

8.8 –CH2–
 2376
 0.0
 0.0

10 –CH–
 800
 0.0
 0.0

0.5 –OH
 105
 62,500
 10,000

4 –O–
 400
 2,560,000
 12,000

5.5 –COO–
 2145
 7,263,025
 38,500

2 Ring
 380
Sum 8516 9,885,525 60,500
dd ¼
P

Fd

V
¼ 16:6 MPa

1
2

dp ¼
ð
P

F2
pÞ

1
2

V
¼ 6:1 MPa

1
2

dh ¼
P

Eh
V

� �1
2

¼ 10:9 MPa
1
2

Appendix 3. Results and average

The results of the two methods for estimation of the Hansen
parameters are of the same order of accuracy, the average results
were taken.
Hoy
 Krevelen–Hoftyser
 Average
dd ðMPa
1
2Þ
 18.8
 16.6
 17.7
dp ðMPa
1
2Þ
 7.2
 6.1
 6.6
dh ðMPa
1
2Þ
 6.9
 10.9
 8.9
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