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Aiming to identify the validity of fabricating microencapsulated phase change material (PCM) with
polymethylmethacrylate (PMMA) by ultraviolet curing emulsion polymerizationmethod using iron (III) chloride
as photoinitiator, SA/PMMAmicrocapsules were prepared and various techniques were employed to determine
the ignition mechanism, structural characteristics and thermal properties of the composite. The results shown
that the microcapsules containing SA with maximum percentage of 52.20 wt% formed by radical mechanism
and only physical interactions existed in the components both in the prepared process and subsequent use.
The phase change temperatures and latent heats of the microencapsulated SA were measured as 55.3 °C and
102.1 J·g−1 for melting, and 48.8 °C and 102.8 J·g−1 for freezing, respectively. Thermal gravimetric analysis re-
vealed that SA/PMMAhas good thermal durability inworking temperature range. The results of accelerated ther-
mal cycling test are all shown that the SA/PMMA have excellent thermal reliability and chemical stability
although they were subjected 1000melting/freezing cycles. In summary, the comparable thermal storage ability
and good thermal reliability facilitated SA/PMMA to be considered as a viable candidate for thermal energy stor-
age. The successful fabrication of SA/PMMA capsules indicates that ferric chloride is a prominent candidate for
synthesizing PMMA containing PCM composite.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Development and utilization of renewable energy sources have re-
ceived increasing attention in recent years due to the exhaustion of con-
ventional fossil fuels, increasing of combustion-generated pollutants
and the continuing rise in energy prices. The direct solar radiation is
considered to be the most promising cornerstone for solving the global
energy crisis worsening gradually in view of its well-known features.
However, the large-scale utilization of this form of energy confronted
with a lot of technical and economic problems. Thermal energy storage
(TES) remains among the ranks of these problems, especially when
talking about long-term storage, due to the intermittent and instability
characteristics of solar energy. A suitable TES forms not only reduces the
mismatch between supply and demand, decreases the excess energy
wasted, but also improves the performance and reliability of energy
systems. Unfortunately, energy stored in suitable forms which can be
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conveniently converted into the required style is a present day chal-
lenge to the technologists [1].

The basic types of thermal energy storage techniques can be classi-
fied as sensible heat storage, latent heat storage and thermo-chemical
energy storage [2]. Among these ways of thermal energy storage, latent
heat thermal energy storage (LHTES) using phase change materials
(PCMs) as storage media is a particularly attractive technique because
the advantage of high heat-storage efficiency, temperature stability,
and easy control in the phase change process [1,3]. What's more,
LHTES system requires smaller weight or volume of material for given
amount of energy when compared with the conventional sensible
heat energy storage system due to the high storage density. The unique
features makes LHTES and PCMs widely applied in many fields, such as
water- and air-heating systems, solar greenhouses, solar cookers, heat
transfer and building materials [1–4].

Various chemical substances (more than 160000 [5]) have been in-
vestigated as PCMs for LHTES applications, which are usually classified
into two major categories: inorganic and organic compounds [1,6].
Although most inorganic PCMs have the advantages of high volumetric
latent heat storage, relatively high thermal conductivity, cheaper and
readily available, they often suffer from serious supercooling and
phase segregation during the solidification process. Compared with in-
organic PCMs, organic PCMs avoid the above disadvantages inherent
ustry Press. All rights reserved.
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in inorganic compounds and possess good stability and relatively high
latent heat [6,7]. Among the investigated organic PCMs, stearic acid
(SA), a kind of linear chain fatty acid, is the mostly employed PCM for
practical LHTES applications [8–10]. Due to the fact that different
PCMs have different characteristics, undesirable and desirable proper-
ties, an evaluation system of three levels and six attributes based on
the VIKOR method was established in previous study [11] to sort out
the optimal PCM comprehensively. The results also shown that SA is
the optimal PCM among the candidates for low-temperature thermal
energy storage because of its desirable features of high heat energy
heat capacity, negligible super-cooling, smaller volume change and
good thermo-chemical stability after long-term utility period. Another
important advantage of this fatty acid is it can be obtained from vegeta-
ble and animal oils which provide a continuous supply [6]. However,
employing SA in traditional manner has several defects, i.e. low thermal
conductivity and leakage during phase change process which cause the
necessity of using special stored devices and additional heat exchange
surface, increasing the associated cost and thermal resistant between
the PCM and the environment [12]. In order to overcome these draw-
backs,many techniques are investigated andmicroencapsulation is con-
sidered to be probably the best solution [13,14].

Microencapsulation is a process of coating individual particles or
droplets with a continuous film to produce capsules in a micrometer to
millimeter in size, known asmicrocapsule. The ultimate aim formicroen-
capsulatedPCMs (MEPCMs) is to achievenanosize particles andhigh ratio
of the surface area to volumewhich is expected to overcome the low ther-
mal conductivity problem and provide an inert shell which protects sen-
sitive PCMs from environment or makes PCMs easier and/or safer to
handle [6,13,15]. In addition, the MEPCMs can be easily incorporated
into many matrixes [13]. MEPCMs are composed of two main parts:
PCM as core and polymer or inorganic materials as shell. Therefore, wall
material selection also is the crucial procedure in fabricating capsules
and an appropriate shell may regulate the properties of the microcap-
sules, such as morphologies, heat capacities and thermal stabilities [1,6].
Up to now, various polymers or inorganicmaterials have been extensively
used for the encapsulation of PCM, such as polyurea [16], gelatin/acacia
[14], silica [17] and polymethyl methacrylate (PMMA) [18–20]. The cur-
rent finding on MEPCMs indicated that methyl methacrylate (MMA) as
the monomer for shell had attracted more and more attention [21,22].
PMMA is a thermoplastic, transparent and commercially available acrylic
resin with the attractive properties of non-toxic, easy handling and pro-
cessing, relative chemical resistance and high impact strength, which
makes it to be a promising polymer for preparingmicrocapsules contain-
ing PCMs in TES applications [23]. Beyond these, slightly hydrophilic
properties of themonomer also give them higher solubility and reactivity
in water, which finally improve the efficiency of PCM encapsulation [13].

Several physical and chemical methods are used for producing
MEPCMs with PMMA shell such as the suspension copolymerization-
solvent volatile method [24], emulsion polymerization technique [18,23,
25,26], solution casting method [19], self-polymerization method [27],
in-situ polymerization method [28], suspension polymerization [21] and
irradiation-initiated emulsion polymerization method [20,29,30]. There
are many signs suggesting that a well-designed photo-polymerization
might provide a number of features compared to traditional thermal-
activated process, such as higher reaction rate because of the rapid and
energy efficient initiation, easily spatial and temporal operation due to
the reaction rate and molecular weight of the polymer could be tuned
by varying light intensity or irradiation time,minor risk of colloidal desta-
bilization as the reaction is carried out at ambient temperature [31]. These
suggest that light-induced polymerization might be a substantially im-
proved technology for fabricating PMMA basedMEPCMs and this feasi-
bility has been identified by S. Ma et al. [20] and our group [29,30]. But
beyond these, to the best of our knowledge, studies focused onMEPCMs
using photopolymerized method are still rare. On the other hand, the
used photoinitiators, a very important and necessary component in
UV irradiation induced polymerization system, are all traditional radical
and cationic initiators such as Photocure®1173 (2-Hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone), Photocure®2959 (1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propan-1-one) and
etc. [19,20,29–32]. These widely used organic initiators have enviable
price although it has good performance of ignition, e.g., the cost of
Photocure®2959 would be 150 to 200 times as much than traditional
inorganic initiators according to the announced price on the Website
of Sigma-Aldrich Company. Therefore, many attempts have been
made to initiate the polymerization of vinyl monomers using inorganic
photoinitiator [33,34] and the results indicate that iron complexes (like
[Fe(bipyridine)3]3+ and [Fe(C2O4)3]3−)may be themost promising one
in the presence of amines [34–36]. However, as far as we know, there
are few works that have been done on the UV-induced emulsion
photopolymerization of MMAusing Fe(III) as initiator, let alone prepar-
ingMEPCMs. Therefore, it isworthwhile to identify the feasibility of fab-
ricating MEPCMs by ultraviolet irradiation-initiated method using iron
(III) chloride as initiator and investigate the difference of thermo-
chemical property. It is not difficult to understand that the studies like
this are expected to develop a new manufacturing approach of the
MEPCMs, which is one of the essential goals of green chemistry.

On the basis of this understanding, together with the greater impor-
tance of TES, SA/PMMAMEPCMswere fabricated via UV initiated emul-
sion polymerization method using iron (III) chloride as initiator in
current work aiming to develop an excellent composite PCM, evaluate
the differences of performance and reduce the preparation cost. And
on this basis, Fourier transformation infrared spectroscope (FT-IR),
scanning electronic microscope (SEM), differential scanning calorime-
try (DSC), thermogravimetric analyzer (TGA), thermal performance
test and accelerated thermal cycling test (ATC)were employed to inves-
tigate the chemical characteristics, thermal properties and reliability of
composite, respectively.

2. Experimental

2.1. Materials

SA (Commercial Grade, Beijing Chemical Co. Ltd., China) and MMA
(Analytical Reagent, Aladdin company, China) were used as PCM and
shell-forming monomer, respectively. The monomer was washed by 5%
NaOH solution (VMMA:VNaOH = 5:1) and deionized water in a separatory
funnel for several times to remove the polymerization inhibitor and then
double distilled under reduced pressure prior to use. Ethyleneglycol
dimethacrylate (EDMA, Shanghai Hechuang Chemical Co. Ltd.) was used
as crosslinking agent and cetyl trimethyl ammonium bromide (CTAB,
Shanghai Zhongqin Chemical Reagent Company) was served as emulsifi-
er. Hexahydrated ferric chloride (Analytical Reagent) supplied by Tianjin
Chemical Reagent Factory and used as the source of iron (III) complexes.
The other photosensitive reagent, Photocure®1173, Photocure®2959 and
BDK (2, 2-dimethoxy-2-phenylacetophenone) were bought from Sigma-
Aldrich Company. In addition, deionized water was self-made by our
laboratory.

2.2. Preparation of SA/PMMA microcapsules

UV photo-initiated emulsion polymerization method was employed
to prepare the SA/PMMA capsules. Typical synthetic process is as follows:
40 ml deionized water, a certain amount of SA and 0.2 g CTAB were
poured into 250 ml beaker and the pH value of the aqueous solution
was adjusted to 2.0 by hydrochloric acid. Then, the given mass of
FeCl3·6H2O was added and the mixture was heated above melting
point of SA under magnetic stirring until SA melted completely. After-
ward, the heating was stopped and 5.0 g refined monomers were
added. The above solution containing all ofmaterials was firstly dispersed
vigorously by a homogenizer (ultra-turrax high speed homogenizer, Ika
T50 basic, Germany) at 10000 r·min-1 about 5 min, and then continued
to disperse with an ultrasonication cleaner (Kunshan, KQ3200DE,



Fig. 1. Conversion–time curves for PMMA synthesized with different initiators.

Fig. 2. Effect of initiator consumption of on the conversion of MMA.
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China) for another 10min at the room temperature to form an emulsion.
The Oil/Water emulsions were poured into a tailored low columned
quartz container and irradiated by UV light of 2500 W without stirring
for desired time. Finally, in order to remove the unreacted reactants and
uncoated SA, the resultant was filtered and washed with warm distilled
water (approx. 70 °C) and ethyl alcohol several times till the filtrate be-
comes clear. The residue was collected, dried under vacuum at 50 °C for
24 h and the incompact white powers were obtained and recorded as
SA/PMMA.

In order to discuss the efficiency of the light initiator and compara-
tive study, the controlled experiments were also carried out and the
conversion ratio (CRO) of MMA was investigated in the same way
only without SA added. In the process of reaction, 2 ml reactants were
collected at regular intervals and 0.05 ml hydroquinone solution
(5wt%), 25mlmethanol was added to stop the reaction and precipitate
the products. The residue was collected and dried at 105 °C for 24 h and
the CRO is calculated according to the Eq. (1), where w1 andw2 are the
mass in g of products and reactants in the solution, respectively.

CRO ¼ w1=w2 � 100% ð1Þ

2.3. Characterization of SA/PMMA microcapsules

Thermal energy storage properties of SA and SA/PMMAmicrocapsules
were determined by DSC (NETZSCH DSC200F3, Netzsch Ltd. Germany)
at a heating rate of 5 °C per minute and temperature range from 0 °C to
100 °C in a purified nitrogen atmosphere. The surface morphology and
microstructure were observed by using a SEM (JSM-6701, JEOL Ltd.,
Japan). Before the investigation, all specimens were sputter-coated with
gold in vacuumconditions to avoid charge accumulations and all analyses
were performed at room temperature at acceleration voltage of 20 kV.
The spectroscopic analyses of rawmaterials and the as-prepared samples
were performed on a KBr disk in the range of 4000–400 cm−1 by using a
FT-IR (Nicolet Nexus 670, USA) instrument. The thermal stability was de-
termined bymeans of thermogravimetry on a TGA (NETZSCH STA-449F3,
Netzsch Ltd. Germany). The analyses were carried out under N2

atmosphere at a flow rate of 20 ml·min−1 and a linear heating rate of
10 °C·min−1 from room temperature to 800 °C. The particle size distribu-
tion (PSD) of the resin and capsules were determinedwith a laser diffrac-
tion particle size analyzer (MASTERSIZER 3000,Malvern Instruments Ltd.,
UK) in a diluted dispersion of the particles inwater. Themolecularweight
and its distribution of PMMA resinwas investigated by theway of gel per-
meation chromatography (WATERS 1515, Waters Corp. USA) at room
temperature using tetrahydrofuran as solvent and eluent. In order to de-
termine thermal reliability of SA/PMMA, ATC test (1000melting/freezing
processes) and thermal energy storage/retrieval performance experiment
were also conducted using a home-made device which described in Ref.
[9,29,30]. After repeated numbers of thermal cycling, DSC analysis, FT-IR
spectrophotometer, morphology and TGA were employed to evaluate
the thermal reliability of the samples.

3. Results and Discussion

3.1. Feasibility of fabricating SA/PMMA employing iron (III) chloride as
initiator

The effect of photo-initiator on the conversion of MMA photo-
polymerization which determined by gravimetry is described in Fig. 1.
As can been seen, no matter which kind of photoinitiator was used,
the conversion percentage increased with the extension of radiating
time and the maximum yields were achieved in 30 min of irradiation.
This result is sharp against several hours traditionally with a heat-
activated polymerization process in a dispersed medium to reach the
limiting conversions [31]. The higher reaction rate is due to the turbid
dispersed medium could be even beneficial to the photochemical
process since light is scattered many times, which might increase the
quantumyield of thephotoinitiator [35]. However, enormous difference
of accomplished conversion existed in different initiator and the ferric
chloride has the biggest ignitor efficiency under the experimental con-
ditions. The reason of this differencemay lie in two aspects, the initiated
pathways and the UV absorption properties of the initiator. The radical
species generated in the aqueous phase and then penetrated into the
monomer droplets to trigger the polymerization for the water-soluble
photo-initiator, while it readily incorporated in monomer droplets be-
fore UV irradiation for the oil-soluble photo-initiator. According to the
results of thermal induced emulsion polymerization, more resultants
will be received when particles formed by other processes using
water-soluble initiator than droplet nucleation [35]. On the other
hand, as we all know, [Fe(III)(H2O)6]3+ is the dominant species at
low pH (b2.5) [37]. The main absorption bands of iron salt in water
([Fe(III)(H2O)6]3+) are 220 and 300 nm [31]. So, the iron (III) chloride is
the optimumphotoinitiator in our irradiation conditions because themax-
imum absorption for Photocure®1173 is about 245 nm, 280 nm and
331 nm and Photocure®2959 is around 276 nm and 331 nm, respectively.

The effect of ferric chloride usage amount on the conversion of mono-
mer is shown in Fig. 2. It is clear that the conversion percentages of MMA
increased firstly, then slightly decreased and the CRO receivedmaximum
value whenmass ratio of ferric chloride andMMA is 0.7 wt%. This is con-
tributed to the changes of polymerization rate which could be initiated
with different efficiency by the excitation of iron complexeswith different
ligands (usually is solvent). The hexaaquo complexes, in present study is
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[Fe(III)(MMA)6]3+ and [Fe(III)(H2O)6]3+, have typical Ligand-to-Metal
Charge Transfer (LMCT) absorption bands which extend into the visible
region [34].When the ligands arewatermolecules, the photo polymeriza-
tion of MMAwill proceed via a radical mechanism [34]. When the exter-
nal power was given, the central iron ion in the excited complexes will
accept an electron from one of the ligands, resulting in the formation of
Fe(II) ion and a free radical (OH·) [31,35,37] which then initiated the po-
lymerization occurring by thewell-known additionmechanism. The con-
cise mechanism is represented in Fig. 3. In the case of high mass ratio of
Fe(III) with MMA, partially Fe(III) combined with MMA and the mecha-
nism proceed via the direct oxidation of the monomer to yield an initiat-
ing cation radical, which described in Ref [31] in detail. Due to the lower
radical production efficiency of the [Fe(III)(MMA)6]3+ complex, the con-
version is gone down at the limited period time.
Fig. 3. Mechanism of free radical ejected in the presence of Fe(III) complexes at the
aqueous solution.
3.2. Determination of optimum core-shell mass ratio

For microencapsulated phase change material, PCM is employed as
the core to store thermal energy during the phase transition and the poly-
mer, inorganic material or organic–inorganic hybrid material is used as
Fig. 4. Photograph images of SA/PMMA before (a, c, e) and after (b, d, f) leakage expe
shell to encapsulate the PCMs,which in turn isolates them from the exter-
nal environment [38]. Therefore, the higher content of PCMs in microen-
capsulated PCMs will result in the higher heat storage capacity and
excellent viability as well as the less usage of the material due to the
shell has no contribution for latent thermal energy storage capacity [39].
However, the excessive PCM located in the emulsionwill result in incom-
plete encapsulation or thin wall, which ends the result in leakage. There-
fore, a series of SA/PMMA capsules with an increased core-shell mass
ratio of 45%, 50%, 53% and56%were prepared to identify the optimal com-
position. In order to ensure that the as-prepared samples are all form-
stable and no leakage, all of the pre-drying specimens which were fabri-
cated in different recipes were placed on the filter papers and heated at
70 °C for 2 h in an oven and the leakage was determined by gravimetric
analysis and visual surface inspection. Only the samples which have a
mass change less than 1% before and after heating are defined as form-
stabilized MEPCMs. Partly photograph images of leakage experiment are
shown in Fig. 4. As seen from the photographs, the as-prepared PCMs
are all powders with slightly yellowish appearance due to the usage of
iron (III) chloride. The sample stack started to crack firstly with the in-
crease of PCM percentage, and eventually emerged leakage along with
the propagation of crack when SA mass fraction is larger than 53%. On
the basis of the above experimental facts, it can be concluded that 53%
is the optimal SA mass fraction to fabricate SA/PMMA MEPCMs against
the PCM seepage problem.

3.3. Morphology and chemical characteristics of SA/PMMA microcapsules

Surface roughness and particle size play a vital role in thermal deg-
radation, heat transfer rate, storage and transportation properties in
their fruitful use [1,38,40]. SEM observations of PMMA (a) and SA/
PMMA (b) and their particle size distribution graph (c) have been
given in Fig. 5. It can easily be seen in Fig. 5(a) and (b) that most of
PMMA and SA/PMMA have exactly spherical structure with smooth
and compact profiles, but somewhat ellipsoid in shape. The similar ap-
pearance of PMMA and its composite, as differentiated from SA, togeth-
er with the results of leakage experiment, indicates that SA was
successfully encapsulated. The obvious distinction lies in the different
sizes of the resin and its composites. From Fig. 5(c), the SA/PMMA cap-
sules have larger average diameter (approx. 290 nm) and broaden dis-
tribution than neat resin (about 150 nm). The mean diameter in PSD
curves are all larger than that observed in SEM micrograph due to
riment fabricated with the SA percentage of 50% (a, b), 53% (c, d) and 56% (e, f).



Fig. 6. FT-IR spectra of SA, PMMA, SA/PMMA capsules.

Fig. 5. SEMmicrographs (a, b) and particle size distribution diagram (c) of PMMA and SA/
PMMA.
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adhere and aggregate of the particles. The dimension of encapsulated
PCM is mainly controlled by the size of emulsified core material which
is related directly to the inputted energy, stability, characteristic viscosity
and interfacial tension of the emulsion [40,41], although the thickness of
shell can be changed largely by the shell structure [30]. In this study, the
oil-in-water emulsionwhich canbe stable up to 30minwas formedfirstly
due to the hydrophobic functional groups of C\\H and similar density of
the oil phase [42]. Vigorous stirring is benefit for produce smaller droplets
and emulsions with a narrow droplet size distribution. As reported in
water-in-oil emulsion previously, the smaller droplet size results in
higher viscosity. In order to reduce the viscosity of the emulsion, the
fine droplets come closer and coalesce which eventually result in the
growing up of the droplets. Due to the higher concentration of dispersed
phase (oil phase), coalescence would be faster in SA/PMMA preparation
process andhence the decrease in the viscositymight broaden the droplet
size distribution and increase the particle size [40]. Moreover, the feature
of molecular self-assembly makes backbone chains in fine droplet
reassembling, and finally the microstructure of monomer exposed on
the droplets surface is formed because of the shorter hydrophobic seg-
ment and relatively good water-solubility of MMA. This orientation of
molecular groups eventually results in the formation of capsules with
core/shell structure under the UV initiated polymerization.

The interactions between SA and PMMA were investigated by FT-IR
spectroscopy and the typical spectra are shown in Fig. 6. In the spectra
of SA, the peaks at 2919 cm−1, 2849 cm−1 represent the symmetric and
asymmetric stretching vibration of aliphatic C\\H group, respectively,
which usually overlaps with the stretching vibration of O\\H group. The
absorption peak at 1700 cm−1 is assigned to the C_O group stretching
vibration. The peak at 1471 cm−1 corresponds to the bending vibration
of \\CH2, 1301 cm−1 represents the in-plane bending vibration of
C\\H, 940 cm−1 and 720 cm−1 corresponding to the out-plane bending
vibration and rocking vibration of the functional group of C\\H, which
are all characteristic for aliphatic chain of SA. The FT-IR spectra of
PMMA exhibits two main absorption peaks, the most intensive absorp-
tion band at 1730 cm−1 represents stretching vibration of carbonyl
group and thepeak around1147 cm−1 belongs to the stretching vibration
of C\\O [18,20,25]. When take the spectra of SA, PMMA and SA/PMMA
into comprehensive consideration, it is clearly seen that each of the char-
acteristic peaks belonging to SA and PMMA preserve itself. Moreover, no
significant new peak is observed in the infrared spectrum of the capsules
which confirm the good compatibility and just a physical interaction be-
tween SA and PMMA. These results coincided with the conclusions of
other researches about PMMA containing paraffin [20], n-docosane [26],
n-octacosane [25], fatty acid eutectic [18] and SA [9,30]. On the other
hand, the evidence of successful encapsulation is still existed in the spec-
trum of SA/PMMA. The slightly red-shifted position of the carbanyl group
which is sensitive to the physical attractions and the decreased strength
of the characteristic peaks of SA suggest that SA is well coated and there
are physical interactions between hydrogen atom of hydroxyl group of
fatty acid and oxygen atom of carbonyl group of PMMA [39].
3.4. Thermal properties of SA/PMMA microcapsules

Thermal energy storage properties of the raw material and SA/
PMMAwere investigated by DSC analysis and the results are illustrated
in Fig. 7. As can be seen in Fig. 7, each DSC curve of the samples



Fig. 7. DSC thermogram of SA and SA/PMMA.
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possesses two sharp phase change peaks which represent the solid–liq-
uid or liquid–solid phase transition of SA and its composite. The extrap-
olated onset temperature (Tom and Toc), peak temperature (Tpm and Tpc)
and extrapolated end temperature (Tem and Tec) of SA are determined to
be 55.0 °C, 59.2 °C and 61.5 °C for melting (m) and 46.5 °C, 48.8 °C and
52.9 °C for crystallization (c), while the corresponding temperature
of SA/PMMA is evaluated to be 51.8 °C, 55.3 °C, 59.0 °C and 49.9 °C,
48.8 °C, 44.1 °C, respectively. Both DSC curves exhibit identical shapes
also indicating that there is no chemical reaction between the core
and the shell material and the thermal energy storage property of
MEPCMs comes from the core. However, SA/PMMA has lower melting
temperature, slightly higher crystallizing temperature and smaller
super-cooling degree than SA. Due to the similar volume expansion co-
efficient of SA and PMMA [27], it seems that the deviation of phase
change temperature is not caused by the additional stress which came
from the change of fatty acid volume restricted by the walls [43]. How-
ever, it is in agreement with the conclusion of PCMs/porpous media
composite, that is, a weakly attractive interaction between fluid mole-
cules and surface ofmatrixwill result a depressedmelting phase change
temperature [44]. We believe that the above proposal is also satisfied
with the SA/PMMA capsules. The beneficial attractive interaction in SA/
PMMA is attributed to the damage of carbonyl acid dimeric structure in-
duced by the interaction between SA and PMMA [27,30]. In addition,
the decreased super-cooling degree of the capsules seems to announce
that the validity of encapsulation could slightly decrease the supercooling
degree of the PCMs [25].

On the other hand, the latent heat (△H) obtained as the area under
the peaks of the phase transition for melting (△Hm) and crystallizing
Table 1
Comparison of thermal properties of some composite PCMs with PMMA shell in literatures

Core material Tpm/°C Tpc/°C Latent heat/J·g−1

n-Docosane 41 40.6 54.6–48.7
n-Eicosane 35.2 34.9 84.2–78.5
n-Heptadecane 18.2 18.4 81.5,-84.7
n-Octacosane 50.6 53.2 86.4–88.5
Lauric(58%)-myristic acid(42%) eutectic 34.81 – 80.75
SA 60.4 50.6 92.1–95.9

Paraffin 28 – 101

Paraffin wax 55.8 50.1 106.9–112.3

Capric(86%)-stearic acid(14%) eutectic 20.20 20.14 116.25
SA 55.3 48.8 102.1–102.8
process (△Hc) were found to be 195.6 J·g−1 and 197.4 J·g−1 for SA
and 102.1 J·g−1 and 102.8 J·g−1 for SA/PMMA capsules, respectively.
The mass content of SA in capsules is further calculated as 52.20%
through dividing the measured enthalpy of microcapsule by the value
of SA based on the assumption that microencapsulation does not affect
the enthalpy of core materials. The calculated percentage of SA is very
close to the fabricatedmass fraction (53%) indicating that all of SA is en-
capsulated successfully. Moreover, the comparison of thermal energy
storage properties of the as-prepared SA/PMMAwith that of the differ-
ent composite PCMs using PMMA as wall material available in litera-
tures is given in Table 1. It can be easily observed that the latent heat
of SA/PMMA capsules prepared in the present study is higher than
most of composite prepared by traditional technology or UV curing
method using organic initiator. The comparable thermal storage ability
confirmed that iron (III) chloride is an effective and practical photo-
initiator to synthesize PMMA containing PCM composite.

The other crucial issue, the resistance against thermal degradation
which limited the application area of the composite PCMs, was also in-
vestigated by TGA and the results are shown in Fig. 8. As can be seen in
Fig. 8, the SA degrades in one step as PMMA resin degrades in two steps,
which is similar to the observation of Alkan [19]. The two degradation
steps of PMMA are not easily distinguishable in TG analysis (Fig. 8(a)),
but it can be clearly observed in Fig. 8(b) due to the two maximum
endothermic peaks that emerged at 295 °C and 375.9 °C. For the SA/
PMMA composite, the first thermal decomposition step occurs roughly
at 215 °C and ends at 320 °C and the secondweight loss processes with-
in 320–430 °C. It is hard to determine the causes of the first weight
change due to the fact that the initial degradation temperature of SA
and PMMA is very close to each other. Thanks to the volatilization of
the SA that is complete when temperature increased to 320 °C, we can
safely conclude that the second degradation around 410 °C, about 40%,
attributes to the decomposition of PMMA. Therefore, the rest of weight
loss, which is higher than the SA content in SA/PMMA, corresponds to
volatilization of the SA and other volatile species. Due to degradational
temperature of SA/PMMA is higher than 200 °C, the prepared form-
stable PCMs are supposed to be applied in the thermal energy storage
system when working temperature is lower than 200 °C.

3.5. Thermal reliability of SA/PMMA microcapsules

The economic feasibility of LHTES system depends on the life of the
thermal energy storage medium. Therefore, the comprehensive knowl-
edge of the thermal properties and thermal reliability of a potential PCM
should be verified by a thermal cycling test to assure the long term sta-
bility before usage. The surface morphology and chemical stability of
SA/PMMA after 1000 ATC test is demonstrated in Fig. 9. As shown
in Fig. 9(a), all of the cycled microcapsules maintain the original
spherical shape. Thanks for the higher number-average molecular
weight (8.16 × 104, Mw/Mn = 2.196) and good mechanical strength of
Encapsulation ratio/% Method References

28 Emulsion polymerization [26]
35 Emulsion polymerization [18]
38 Emulsion polymerization [23]
43 Miniemulsion polymerization [25]
50 Self-polymerization [27]
51.8 UV irradiation

(1173 as photoinitiator)
[9]

61.2 UV irradiation
(2959 as photoinitiator)

[20]

66 UV irradiation
(1173 as photoinitiator)

[29]

67 Emulsion polymerization [45]
52.2 UV irradiation

(Iron(III) chloride as photoinitiator)
This study



Fig. 8. TG (a) and DSC (b) analysis of SA, PMMA and SA/PMMA.

Fig. 9. SEM image (a) and FT-IR spectroscopy (b) of SA/PMMA after 1000 thermal cycles.

Fig. 10. DSC thermogram of SA/PMMA before and after 1000 thermal cycles.
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PMMA, the skeleton was stable against the leakage of SA from the
blends and no particles prone to rupture or be deformed. Also, compar-
ing the FT-IR spectra of SA/PMMA before and after thermal cycling in
Fig. 9(b), it is clearly seen that the position of characteristic peaks did
not changed after thermal cycling, indicating that the chemical struc-
ture and chemical properties of SA/PMMA and its components is stable
when it endure repeated thermal cycling.

Fig. 10 illustrates the DSC curves of SA/PMMA composite before and
after experiencing 1000 heating–cooling cycles and the corresponding
thermographic data are shown in Table 2. The DSC curves of the cap-
sules before and after cycling is almost overlapped and the changes of
temperature or enthalpy observed in Table 2 also would be ignored.
The reasonable changes of phase change temperature and enthalpy in-
dicating that SA/PMMA has a good thermal reliability in repeated melt-
ing and freezing process.

The thermal durability of the SA/PMMA was also determined by TG
analysis and the mass loss curves are displayed in Fig. 11. It is obvious
that the recycled SA/PMMA has negligible weight variations compared
with the pristine substance. This suggests that no chemical degradation
or chemical reaction occurred during thermal cycling which is consistent
with the result of FT-IR. Combine the results of SEM, FT-IR, TG and DSC of
SA/PMMAendured 1000 cycling, it isworth noting that the SA/PMMAhas
good thermal reliability, stability and durability which are all necessary
characteristics for a composite PCM with practical application.
3.6. Thermal energy storage and release performance of SA/PMMA
microcapsule

The heat storage/retrieval performance and its reliability were veri-
fied by comparing the heating–cooling process of SA/PMMA before and
after 1000 thermal cycling. The typical heating (a) and cooling (b) curves



Table 2
Thermal property of SA/PMMA composite before and after thermal cycling

Samples Melting (solid–liquid phase transition) Freezing (liquid–solid phase transition)

Tom/°C Tpm/°C Tem/°C ΔHm/J·g−1 Toc/°C Tpc/°C Tec/°C ΔHc/J·g−1

SA/PMMA composite 51.8 55.3 59.0 102.1 50.0 48.8 44.1 102.8
SA/PMMA after thermal cycling 51.9 55.4 58.7 101.9 49.6 48.6 44.8 102.5
Changes (absolute deviation) 0.1 0.1 −0.3 −0.3 −0.4 −0.3 0.7 −0.3

Fig. 11. TG curves of SA/PMMA before and after 1000 thermal cycles.

Fig. 12.Heating (a) and cooling (b) curves of SA/PMMA before and after repeated thermal
cycling.
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of the PCMs are shown in Fig. 12. As seen fromFig. 12, the temperatures of
uncycled and cycled composite increased (Fig. 12 (a)) or decreased
(Fig. 12 (b)) with time elapsing and the phase change then occurred.
Themelting and solidification timewere estimated as 330 s and 550 s ac-
cording to themethod of constructing their outer tangent lines which are
described in Ref [39]. It would be specially mentioned that the similar
trend and indistinguishable changes of the temperature curves indicate
that the twoPCMshave similar thermal energy storage property although
the cycled SA/PMMA endured 1000 cycling. This result also demonstrates
that SA/PMMA not only has excellent heat storage property but also can
be implemented to transfer energy in different time and space. In addi-
tion, the melting times are less than cooling times and the melting or
freezing temperatures for all PCMs in Fig. 12 are lower than those from
DSC because the measurement principle between heating–cooling test
and DSC method are different [46].

4. Conclusions

In summary, this work aims to develop a new method to fabricate
MEPCMs with PMMA shell using iron (III) chloride as initiator which
is beneficial to reduce the prepared cost. For this aim, SA/PMMA cap-
sules were synthesized via UV curing emulsion polymerization method
and various characterization techniques were employed to investigate
the conversion percentage, polymerized mechanism, morphology and
thermo-chemical properties. The polymerization appeared to be com-
pleted by the radical mechanism within half an hour when ferric chlo-
ride mass is 0.7 wt% of the monomer. The SA/PMMA composite
exhibits regular spherical shape with the larger particle size than its
resin due to the fact that only physical interactions existed between
hydrogen atom of hydroxyl group of SA and oxygen atom of carbonyl
group in PMMA. The as-prepared capsules melt at temperature of
55.3 °C with latent heat of 102.1 J·g−1 and freeze at temperature of
48.8 °C with latent heat of 102.8 J·g−1. The maximum percentage of
SA was confined as 52.20 wt% without seepage of melted SA according
to the determined phase change enthalpy. The results of DSC, FT-IR, TG
and thermal energy storage/release analysis are all showed that SA/
PMMA have good thermal reliability, thermal durability and chemical
stability although they endured 1000 thermal cycling, indicating it can
be used repeatedly in long term. The comparable thermal energy stor-
age ability with similar composite prepared by thermal inducing tech-
nology and the excellent reliability not only indicate that SA/PMMA is
a promising MEPCMs for TES but also verify that ferric chloride is a po-
tential initiator for synthesizing PMMA encapsulated composite PCM.
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