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ABSTRACT: By composing (Eudragit S) with fatty acids
(stearic acid (SA), palmitic acid (PA), and myristic acid
(MA)), form-stable phase change materials (PCMs), which
can retain the same shape in a solid state even when the
temperature of the PCMs is over the melting points of the
fatty acids, are prepared. The compatibility of fatty acids
with the Eudragit S is proved by microscopic investigation
and infrared (FTIR) spectroscopy. The melting and crystal-
lization temperatures and the latent heats of melting and
crystallization of the form-stable PCMs are measured by
Differential Scanning Calorimetry (DSC) method. The max-
imum mass percentage of all fatty acids in the form-stable
PCMs is found as 70%, and no leakage of fatty acid is

observed at the temperature range of 50-70°C for several
heating cycles. Thermal properties obtained from the DSC
analysis indicate that the Eudragit S/fatty acid blends as
form-stable PCM have great potential for passive solar latent
heat thermal energy storage (LHTES) applications in terms
of their satisfactory thermal properties and utility advan-
tage. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101:
1402-1406, 2006
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INTRODUCTION

Thermal energy can be stored as a change in internal
energy of a material as sensible heat, latent heat, and
thermochemical heat, or as a combination of these.
Latent heat thermal energy storage (LHTES) is based
on the heat absorption or release when a storage ma-
terial undergoes a phase change from solid to liquid or
liquid to gas or vice versa. Solid-liquid transition of
phase change materials (PCMs) has proved to be eco-
nomically attractive for use in thermal energy storage
systems. PCMs themselves cannot serve as a heat
transfer medium. Heat transfer mediums with a heat
exchanger are required to transfer energy from the
source to the PCM and from the PCM to the load.
Therefore, designing of the heat exchanger is an im-
portant part for improving heat transfer in latent heat
storage systems. PCMs also have positive volumetric
expansion on melting, so, volume design of the con-
tainers is also necessary, which should be compatible
with the PCM used.'™

A great variety of PCMs such as salt hydrates, par-
affins, nonparaffin organic compounds and their mix-
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tures for latent heat thermal energy storage systems
have been investigated.'™ The fatty acids in the class
of nonparaffin organic compounds have superior
properties over the other PCM groups, such as con-
gruent melting and cooling, high latent heat of fusion,
self-nucleating behavior, ready availability, nontoxic-
ity, nonflammability, noncorrosive, small expansivity
during solid-liquid phase change, and good thermal
and chemical stability after a large number of acceler-
ated thermal (melt/freeze) cycles.*”® However, the
fatty acids cost more than the other PCMs on a bulk
basis, but they are cheaper to package, so the final
module costs are comparable.

In recent years, there has been growing interest in
developing the polymer-based PCMs as new type of
latent heat thermal energy storage materials for pas-
sive solar LHTES systems. Advantages the of poly-
mer-based PCMs are as follows: (1) such a type of
PCM can retain the similar shape in a solid state even
when the temperature of the blend is over the melting
point of the PCM; therefore, it is called as form-stable
PCM; (2) they do not require any capsulation; thus,
not only the encapsulation problem of PCM is solved,
but also heat resistance caused by capsule shell of
PCM is disappeared by using this kind of form-stable
PCM,; (3) because they contact with the heat transfer
medium in a LHTES system directly, they are cost-
effective; (4) they are easily prepared with desirable
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dimensions. These superior properties over traditional
PCMs have directed the researchers to develop novel
form-stable polymer based PCMs.

The high density poly(ethylene) (HDPE)/paraffin
composites as form-stable solid-liquid PCM were pre-
pared and investigated in terms of thermal character-
istics and thermophysical properties.”'? In these stud-
ies, it was reported that the HDPE/paraffin blends as
form-stable composite PCMs could be used as direct
contact heat exchangers in LHTES applications. Exper-
iments and simulations have been conducted to eval-
uate the characteristics and performance of encapsu-
lated paraffin in crosslinking agents in terms of encap-
sulation ratio and energy storage capacity.’® It is
found that a higher coating ratio led to a higher par-
affin encapsulation and then lower product hydrophi-
licity. Thermal cyclic tests shows that the encapsulated
paraffin keep up with its geometrical profile and en-
ergy storage capacity even after 1000 cycles of opera-
tion. A new material for low temperature LHTES is
developed from acrylamide during its polymerization
process by keeping water as a PCM within its three-
dimensional network.'* The shape of the resulting
material is suitable for end use without any support or
even coating. A thermoplastic-elastomer, poly(sty-
rene—butadiene-styrene) (SBS)/paraffin(P) as form-
stable composite PCM was developed to determine its
thermal performance in another study.'” The SBS/P
blend as a form-stable PCM exhibits the same phase
transition characteristics as paraffin and up to 80% of
latent heat of paraffin. A stable heat storage tile mod-
ule was investigated, and it is concluded that the
proposed matrix type modules could be used as
LHTES material with no outer container.'® The poly-
(ethylene glycol) (PEG)/fatty acid blends,'” thermal
energy storage systems based on poly(vinyl chloride)
blends,'® binary blends of polyethers with fatty ac-
ids," and poly(ethylene oxide)/stearic acid blends®
are investigated by calorimetric, spectroscopic, and
optic methods. The encapsulations of low melt tem-
perature phase change materials (PCM) such as par-
affin waxes in bisphenol-A epoxy and styrene-ethyl-
ene-butylene-styrene (SEBS) polymers were stud-
ied.?! In the study of Shuo et al., the results showed
that, in the case of paraffin/epoxy, the interaction
between these components is sufficient to provide ad-
equate thermal and mechanical performance. The
thermoplastic SEBS/paraffin system demonstrates ex-
cellent thermal and mechanical performance.

Eudragits belong to a group of commercially avail-
able acrylic resins and are fully polymerized copoly-
mers of methacrylic acid and acrylic acid or
methacrylic ester in varying ratios.”

Eudragits are used for coating crystals, rounded
granules, microtablets, and pellets. It is also used for
granulation as the first stage in building up matrix
structures, particularly with freely soluble drugs. It
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acts as a film former or binding agent for the palletiz-
ing of drugs.”

The aim of this study is to prepare form-stable
PCMs, Eudragit S (methacrylic acid methyl methacry-
late copolymer)/fatty acid (myristic, palmitic, and
stearic acids) blends. In this study, Eudragit S is espe-
cially chosen to retain high fatty acid content because
of its encapsulation property. The blends are analyzed
by microscopy and FTIR spectroscopy to reveal max-
imum encapsulation without leakage and secondary
interactions between Eudragit S and fatty acids. The
thermal properties of the developed PCMs, such as
melting and crystallization temperatures and the la-
tent heats of fusion and crystallization, are determined
by using DSC technique.

EXPERIMENTAL
Materials

Eudragit S (molecular weight: 135,000 g/mol com-
posed of a 1:2 copolymer of methacrylic acid and
methyl methacrylate) is a commercial product from
Rohm Pharma (Darmstadt, Germany), with a number
average molecular weight of 135,000 g/mol is ob-
tained from Rohm Pharma with a ratio of methacrylic
acid groups of 1:2 (i.e., 33% methacrylic acid 66%
methyl methacrylate copolymer). Fatty acids (purity
>98%) used as PCMs in this work are myristic acid
(C3H,,COOH), palmitic acid (PA; C;sH;,COOH),
and stearic acid (SA; C;;H;5COOH). These acids were
obtained from Aldrich.

Preparation of blends

The blends of Eudragit S with fatty acids are prepared
by solution casting method. Solutions of Eudragit S
and one of the fatty acids in chloroform are prepared
in separate beakers and fatty acid solution is added to
Eudragit S solution dropwise. Then chloroform is
casted at room temperature in 15 days. The blends are
prepared at 40, 50, 60, 70, and 80% w/w fatty acid
compositions to obtain the maximum encapsulation
ratio without leakage of the fatty acid from the blends
when the temperature is between the melting point of
the Eudragit S and that of the MA, PA, and SA.
Thermal properties of the Eudragit S/fatty acid
blends as form-stable PCMs such as the melting and
crystallization, glass transition temperatures, and la-
tent heats are measured by using a DSC (SETERAM
DSC 131) instrument. Indium is used as a reference for
temperature calibration. The analyses are performed
in the temperature range of 20-100°C for the pure
acids and 20-200°C for the blends at the same heating
rate (5°C/min) and under a constant stream of argon
at a flow rate of 60 mL/min. The temperature accuracy
is £0.01°C, and heat flow repeatability is 0.2 uW. A
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Figure 1 The micrographs of form-stable PCMs obtained
by optical microscopy (a) 30% Eudragit S/70%SA; (b) 30%
Eudragit S/70%PA; (c) 30%. Eudragit S/70%MA.

small quantity of sample (usually from 5 to 10 mg) is
sealed in a small aluminum pan. The temperature of
melting and crystallization are onset temperature ob-
tained by drawing a line at the point of maximum
slope of the leading edge of the DSC peak and extrap-
olating base line on the same side as the leading edge
of the peak.

Infrared spectra of Eudragit S, fatty acids, and form-
stable PCMs (the blends) are obtained on a KBr disk
by using a Jasco 430 model FTIR spectrophotometer.
Morphology of the blends is investigated by a Laica
optical microscope.

RESULTS AND DISCUSSION
Characterization of Eudragit S/fatty acid blends

In the blends, the Eudragit S serves as a supporting
material for the fatty acids, which melt and solidify in
its matrix. So, the fatty acid seepage is not observed
even when the blend is heated over the melting tem-
perature of the PCM. This property makes them pos-
sible for use in solar LHTES systems without an outer
container. On the other hand, it is naturally expected
that the holding ability of the Eudragit S over the
melting point of the PCM gets weak with increasing
the amount of the fatty acid in the blend. In the ex-
periments, the mixture mass percentage of all fatty
acids in the blends is determined as 70 under the
condition of no leakage of fatty acids after several
heating cycles. It means that the confining possibility
of fatty acid by Eudragit S is inversely proportional to
the amount of fatty acid used in the blend and the
leakage of the fatty acid begins when the ratio is over
the 70 wt %.

The morphologic investigations on the Eudragit
S/fatty acid blends are carried out to observe the
dispersion of the fatty acid into Eudragit S by using an
optical microscope. The micrographs of Eudragit
S/PA and Eudragit S/SA blend as form-stable PCM
are given as example in Figure 1.

Figure 1 shows that Eudragit S/MA, Eudragit
S/PA, and Eudragit S/SA blends form single phase
distribution with encapsulating property of Eudragit S
in the blend. The particle sizes of the blends increase
in the order of Eudragit S/SA, Eudragit S/MA, and
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Figure 2 FTIR spectral peaks obtained for Eudragit S, SA
and Eudragit S/SA blend.

Eudragit S/PA. It is due to particle size of the fatty
acids in bulk.

On the other hand, the compatibility of fatty acids—
Eudragit S system can be attributed to the interactions
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Figure 3 DSC curves of fatty acids.
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Figure 4 DSC curve of Eudragit S.

between the blend components. Figure 2 shows the
FTIR spectra of Eudragit S, Eudragit S/SA, and SA as
an example. The C=0 stretching peak is observed at
1714 cm ! for the blend, as it is seen at 1731 and 1702
cm ™' for Eudragit S and SA, respectively. The self-
association peaks (—OH stretching) are at 3550, 3478,
and 3415 cm ™ for Eudragit S and at 3552, 3475, and
3413 cm ! for SA. The peaks shift to 3556, 3478, and
3413 cm ™! for 30% Eudragit S/70% SA blend. The
changes in the peaks of carbonyl and hydroxyl group
stretching are due to the interactions of carbonyl and
hydroxyl groups and hydrogen bonds between the
blend components.

Thermal properties

The typical DSC curves for fatty acids, Eudragit S and
Eudragit S/fatty acid blends are given in Figures 3-7,
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Figure 5 DSC curve of Eudragit S/MA blend as form-
stable PCM.
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Figure 6 DSC curve of Eudragit S/PA blend as form-stable
PCM.

respectively. Figures 3 and 4 are taken as a reference to
evaluate the changes in thermal properties of the
form-stable Eudragit S/fatty acid blends. Glass tran-
sition temperature of Eudragit S is not clearly ob-
served in the blends because of the small percentage of
Eudragit S in the blends. Thermal properties obtained
from these curves are given in Table I. The changes in
the melting temperatures of the fatty acids are in the
range of 0.02—0.82°C, while the changes in the crys-
tallization temperatures of the fatty acids are between
0.62 and 1.27°C in the blends. These changes are not
significant for a LHTES application. Heat of melting
and heat of crystallization values of the blends deter-
mined by DSC are slightly higher than expected from
the theoretical values calculated by eq. (1)
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Figure 7 DSC curve of Eudragit S/SA blend as form-stable
PCM.
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TABLE 1
Thermal Properties of Fatty Acids, Eudragit S, and Eudragit S/Fatty Acid Blends (70/30 wt %) as Form-Stable PCMs

Heat of melting

Heat of

Melting point (°C) J/g) Freezing point (°C) crystallization (J/g)
Myristic acid (MA) 51.80 178.14 51.74 181.63
Palmitic acid (PA) 60.42 233.24 59.88 237.11
Stearic acid (SA) 66.82 258.98 66.36 263.32
Eudragit S/MA 51.82 132.47 50.47 133.01
Eudragit S/PA 59.60 170.64 59.26 170.92
Eudragit S/SA 66.70 184.22 65.43 184.88

Glass transition temperature of Eudragit S: 164.88°C.

AHE/PA= Wrs%AHE, (1)

where AHgps, Wiga % and AHg, are the calculated
latent heat of fatty acid in form-stable Eudragit S/ fatty
acid blend, mass percentage of the fatty acid in the
blend, latent heat of pure fatty acid, respectively. This
is probably due to the facilitated formation of hydro-
gen bonding between the hydrogen atom from the
carboxylic group in acid groups and the carbonyl ox-
ygen from the Eudragit S chain, which, in turn, en-
hances the formation of crystalline structures. Results
from FTIR spectra of the blends are in good agreement
with this conclusion. The similar results are reported
for polyethyleneoxide/fatty acid blends by Pieli-
chowski and Flejtuch."”

By considering the melting and crystallization
points of the form-stable Eudragit S/fatty acid blends,
it is remarkably noted that they are suitable for pas-
sive solar space heating and solar building heating at
an operating temperature range of 50-70°C. Further-
more, the heat of melting and crystallization of form-
stable PCMs are as high as compared to some salt
hydrates and paraffins used for low temperature
LHTES system.'™

CONCLUSIONS

It is possible to prepare form-stable Eudragit S/fatty acid
blends as a novel LHTES material. In the blends, the fatty
acid compound is dispersed into the matrix of solid
polymer and it serves as a latent heat storage material
when the polymer acts as a supporting material. There-
fore, as long as the operating temperature is below the
melting point of supporting material the blends can keep
its shape even when the PCM undergoes phase change
from solid to liquid. The maximum mass percentage of
the investigated fatty acids in the blends under the con-
dition of no seepage of the fatty acid in melted state is
found as high as 70%. The satisfying thermal properties
of the form-stable Eudragit S/MA, Eudragit S/PA, and
Eudragit S/SA blends make them possible for LHTES
applications at the temperature range of 50-70°C. By

using this kind of form-stable PCM, the encapsulation
problem of PCM is solved and also heat resistance
caused by capsule shell is disappeared. The prepared
form-stable PCMs are cost-effective materials because of
their direct usage advantage without outer container in a
LHTES system. Besides, Eudragit S/fatty acid blends
have an additional advantage of easy preparation with
desirable dimensions.

The authors are grateful to Dr. Menderes Suigmez for his
help in microscopy investigations.
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