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Abstract

Microcapsules containing phase change materials (PCM) have been attracting much attention due to
its applications in many energy storage fields. However, most PCM microcapsules have relatively low
thermostability with an onset decomposition temperature of about 150 °C, which to some extent restricts
their applications. In this study, high chain ester of dodecanol laurate was first synthesized with raw
materials of 1-dodecanol and lauric acid by esterification reaction under catalysis, and then the ester as
core material was encapsulated using PMMA by emulsion polymerization. The resultant products,
including the ester and the PCM microcapsules, were respectively characterized by using infrared
spectroscopy (IR), differential scanning calorimeter (DSC), thermogravimetry (TG), laser particle size
analyzer and scanning electron microscope (SEM). The synthesized dodecanol laurate have a high
purity according to IR spectrum analysis and suitable phase temperature range of 22-30 °C from DSC
measurement. In addition, the ester also showed good thermal properties with a latent heat of 206
J/g, small super-cooling degree of 0.5 °C and high thermal evaporation temperature of 220 °C, which
would be very suitable for application in PCM energy storage materials. Using the above ester as
core material, the PCM microcapsules were successfully fabricated by emulsification and polymerization
processes. The prepared microcapsules showed perfect spherical shape with size about 865 nm and high
heat storage performance with a latent energy of 118 J/g. Owing to high evaporation temperature of
ester core material itself and further encapsulation, the prepared PCM microcapsules showed higher
thermostability. TG results suggested that the microcapsules had a high onset weightless temperature
which was over 252 °C, it was a significant increment comparing to those PCM microcapsules reported
by most literatures. Moreover, thermo-regulating cotton fibers were fabricated by using the above PCM
microcapsules. It’s seen that the PCM microcapsules deposited on the fibers uniformly and the fibers
had a latent heat of 20.18 J/g.
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1 Introduction

In recent decades, the use of phase change materials (PCMs) for thermal energy storage has
attracted extensive attention owing to increasing energy consumption and environment problems
[1]. Because they can store and release great amounts of energy when undergoing phase change
process, PCMs showed great potential in applications for solar energy storage, thermo-sensors,
food and medicine package and intelligent textiles or fabrics, etc [2-5]. Especially in smart textiles,
since early 1980s PCMs were first used in astronaut suits to against the extreme temperature
fluctuations in outer space [6, 7], thermo-regulating textiles have been successfully developed for
they are able to create a much more effective barrier than conventional textiles to protect the
human body from harsh conditions.

During the processing and usage of the thermo-regulating textiles, it is very important to
prevent leakage of the PCMs in the phase change process. After much researches and practices,
microencapsulation of PCMs is regarded as a considerably feasible solution [8, 9]. A lot of
studies have been performed on microencapsulation of PCMs using some polymers or inorganic
materials as shell [10-14]. The resultant microcapsules or its emulsion can be used to fabricate
the temperature-regulating textiles by finishing or solution spinning.

With increasingly application fields, thermal properties of the PCM microcapsules, especially
thermostability, has become an important criterion. In fact, many synthesized PCM microcap-
sules show lower onset decomposition temperature, which limited the use of the energy storage
systems. A lot of researches reported the preparation and properties of the PCM microcapsules
with paraffin or fatty acids as core and polymeror SiOs as shell. However the thermogravimet-
ric testing results suggest that the volatilization of n-octadecane from the capsules starts before
150 °C [15-24]. As well known, most fabrics will undergo heat treatment under temperature of
over 150 °C during finishing, which leads to remarkable loss of PCM from microcapsule.

The low thermostability of PCM microcapsules significantly cannot meet the high temperature
heat treatment of textiles, the main reason for the poor thermostability of the PCM microcapsules
is due to the lower thermal volatilization temperature of PCMs. So it is necessary to further
develop new high thermostability PCMs. Up to now, lots of PCMs have been discovered, but
very few of them can be used for textile applications since the PCMs in textiles are required to
have suitable temperature range, high latent heat capacity, stable chemical property, to be non-
toxic and comfort. According to the above requirements, a few kinds of PCMs, such as paraffin,
fatty acid and alcohol or their eutectics, are widely used in the fabrication of thermo-regulating
textiles. Among these organic PCMs, fatty acids are preferred due to theirs high latent heat,
broad phase change temperature range and low cost. But most of fatty acids including their
eutectics also show low heat volatility temperature of about 140 °C.

Recent years, fatty acid esters, as new PCMs, gradually draw many researchers’ attention
because of their high latent heat and thermostability. Most fatty acid esters have an onset
decomposition of above 200 °C due to their higher chain length comparing to relevant fatty acid,
which is significantly more suitable for those high temperature application conditions.

The objective of this work is dedicated to fabricate the high thermostability fatty acid ester
and further encapsulation with it as core material. It is expected the prepared PCM microcap-
sules have good thermostability, high latent heat and small size to meet the application in the
solution spinning. For the fabrication of thermo-regulating fibers, solution spinning is currently
the most feasible method. In general, the thermo-regulating fibers can be prepared by adding
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PCM microcapsules into spinning solution. Therefore, it is a research focus to fabricate PCM
capsules with small grain size and good stability.

2 Experimental

2.1 DMaterials

The reagents, including 1-dodecanol, lauricacid, ferric chloride hexahydrate (FeCl3-6H,0O), Methyl
methacrylate (MMA) and 2,2’-Azobisisobutyronitrile (AIBN), was purchased from Aladdin Indus-
trial Corporation (Shanghai China). N-Hexadecyltrimethylammonium Chloride (CTAC), mesity-
lene andacetone were purchased from Hangzhou Huipu Chemical Industry Co., Ltd. (Hangzhou,
China). All above chemicals were used without further purification during the experiments.

2.2 Synthesis of High-chain Fatty Acid Ester

The high-chain fatty acid esters of dodecanol and lauric acid were synthesized and purified ac-
cording to the method published in literatures [25-27]. The esterification was carried out in a
single-necked flask equipped with magnetic stirring and a Dean-Stark apparatus surmounted with
a reflux condenser. Equimolar amounts of dodecanol, lauricacid and 2 mol% ferric chloride were
mixed in the round-bottomed flask with a certain amount of mesitylene. The mixture was heated
to reflux in boiling mesitylene (162 °C) for 24 h, and then the ester product was obtained by
filtration and further purified by crystallization in acetone.

2.3 Preparation of PCM Microcapsules

The synthesized ester was encapsulated with PMMA as shell by emulsion polymerization. In
a typical experiment, 24 ¢ PCMs, 12 g MMA monomer, 0.2 g AIBN and 1.76 g CTAC were
successively added into 144 ml deionized water and sheared for 10 minutes (20000 rpm) at a
temperature of 45 °C by using a homogenizer (IKA model T25). The above suspension was then
put into a three-necked flask and heated up to 75 °C under a constant rotation of 300 rpm in a
Ny purge atmosphere. The preparation route was schemed as Fig. 1.

After 12 hours polymerization, homogenous PCM microcapsule emulsion was obtained and
then cooled down to zero degree for one hour to erase the unwrapped core material. The PCM
microcapsule powders were collected by filtering above emulsion, and then washed with distilled
water and n-hexane.

Cotton fabrics were dipped into microcapsule emulsions for 5 minutes and then dried in a
laboratory oven for 10 minutes at a temperature of 100 °C, the resultant fabrics were then tested
using SEM and DSC.

2.4 Characterization of the Ester and PCM Microcapsules

FT-IR spectra of the starting raw materials, synthesized ester and PCM microcapsules were
collected on a Nicolet 5 700 spectrometer (ThermoFisher, USA) with universal ATR accessory
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Fig. 1: The preparation route of PCM microcapsules

between 4 000-400 cm ™! wavelengths.

The size distribution of the microcapsules was analyzed on a Malvern Instruments Master Sizer
(Worcestershire, U.K.).

The morphology of the microcapsules and the thermo-regulating cotton fibers were observed
after coated with Au on a JEOL 5 610 scanning electron microscope. All samples were sputter
coated with gold under vacuum and then observed with acceleration voltage of 5 kV.

Thermal behaviors of the PCM ester, the PCM microcapsules and the thermo-regulating cotton
fibers were tested using a differential scanning calorimetry (PYRIS Diamond DSC, PerkinElmer,
USA).The specimens were first weighted accurately and sealed in aluminum pans. The testing
was then performed within a temperature range from 0 to 50 °C at a heating and cooling rate of
10 °C/min under a 20 ml/min Ny gas purge.

Thermal degradation processes of the PCM ester and the PCM microcapsules were recorded on
a thermogravimetry analyzer (PYRIS1 TGA, PerkinElmer, USA) with temperature from 40 °C
to 500 °C at a heating rate of 10 °C/min under a 20 ml/min Ny gas purge. The decomposition
behavior, including onset and 5% weightless temperatures were calculated and analyzed.

3 Results and Discussion

3.1 Synthesis and Characterization of Lauric dodecanoate

The esterification reaction was successfully carried out using FeCls as catalyst and mesitylene as
solvent [27]. FeCls shows excellent catalytic activity during the reaction because of hydrolyzed
cationic species of the Fe**. In addition, mesitylene can bring the by-product water out by
reflux of mesitylene, which further increase the esterification reaction degree. The purity of the
synthesized lauric dodecanoate was analyzed by FT-IR spectroscopy and its thermal properties

were also tested by DSC and TG.

FT-IR spectroscopy has been commonly used to verify whether the ester was successfully syn-
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thesized or not. In this study, the reactants, including 1-dodecanol and lauric acid, contain alkane,
carbonyl and hydroxyl groups, which give significant absorptions on the IR curves.

In general, fatty acids show very broad trough of bonded oxygen—hydrogen stretching vibrations
between 2 500 and 2 700 cm™! and fatty alcohols have a similar trough at higher wave numbers
in the range of 3 230-3 550 cm~!. The characteristic carbonyl stretching vibration of saturated
fatty acids usually absorbs in the range of 1 700-1 725 cm™! but the absorption peak will shift to
1 730-1 740 cm™! after esterification. This change of carbonyl stretching vibration is always used
to estimate the esterification reaction degree. The intensity of the absorption peak at 1 710 cm ™!
will gradually decrease but the peak at 1 735 cm ™! peak swell significantly during the esterification
reaction.

As a comparison, the IR spectra of the mixed raw materials and the ester product were collected
and shown in Fig. 2. It is clear that there is much difference on the two IR spectra before and after
esterification reaction, one can estimate the reaction degree and the product purity by analysis
of IR spectrum.
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Fig. 2: The IR spectra of the starting materisls and the sythesized lauric dodecanoate

From Fig. 2, the IR spectrum of the starting materials shows the characteristic peaks at 3 450
and 1 731 cm™! corresponding to the hydroxyl and carbonyl, respectively, which attributes to the
reactants 1-dodecanol and lauric acid. After esterification reaction, one can see that the above
hydroxyl and carbonyl absorption peaks disappear from the IR spectrum of esterification product,
while the carbonyl stretching vibration of acyclic saturated ester is at around 1 731 cm ™.

Above results confirm that the esterification reaction completed successfully and a pure ester
product was obtained. High purity lauric dodecanoate significantly has better thermal properties
and is suitable to be phase change material.

Thermal properties, such as phase change temperature, latent heat, super cooling degree and
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onset decomposition temperature, are the key evaluation indexes for the PCM. The thermal
behaviors of the ester were measured by DSC and TG and the results are shown in Fig. 3.
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Fig. 3: DSC (a) and TG (b) scans of the synthesized ester

From Fig. 3(a), the DSC curve of the obtained lauric dodecanoate shows typical phase change
process in the temperature range of 22-30 °C where a large amount of heat was absorbed and
released with solid-liquid transition. The melting and freezing temperatures and latent heat of
the ester were measured to be 28.12 °C and 22.25 °C and 206.20 J/g, respectively. It is well known
that this temperature range is very comfortable temperature range for human body. Meanwhile,
the ester has a very promising phase change enthalpy of above 200 J/g, which is higher than most
of the inorganic and organic PCMs.

In addition, it has been stated that a good PCM should have small super-cooling degree [28].
According to the measured onset temperatures of melting and freezing, it can be concluded that
the synthesized lauric dodecanoate has a very narrow super-cooling degree of 0.5 °C. The small
temperature difference between melting and freezing indicates that the phase change process
occurs congruently and homogeneously.

Besides thermostability is also an important criterion for PCMs, which determine their ap-
plication range and liability. TGA can be used to evaluate the thermostability of the PCMs by
measuring onset weightless temperature that the material can withstand without chemical decom-
position. In fact, most of organic PCMs like high chain n-alkane, fatty alcohols and acids and their
eutectoids are prone to heat volatilization rather than decomposition under high temperature.

Therefore the heat volatilization temperatures should be taken into consideration in selecting
the encapsulation type and application area for utilization of PCMs. For instance, the PCMs used
in textiles and building materials are expected to have high volatilization point because they will
undergo high temperature treatment during the processing, such as heat-setting of the textile.

TGA curve of the synthesized lauric dodecanoate is shown in Fig. 3(b), where onset heat
volatilization temperature is determined to be 220 °C. Organic PCMs with phase change temper-
ature range of 20-35 °C, such as n-octadecane, dodecanol and mixture of long chain fatty alcohol
and acid, basically start to evaporate before 140 °C. This is mainly due to their low carbon chain
number, therefore it is a feasible way to improve the thermostability of the PCMs by increasing
carbon chain number, for example esterification of fatty alcohol and acid.

In fact for a fatty acid, the increase of carbon chain length after esterification actually improved
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the thermostabiity and durability of the PCM material, which resulted in a much higher onset
volatilization temperature. As another evaluation index, the 5% weight loss temperature of the
present high-chain ester is above 250 °C. Thus, the ester PCM materials can easily withstand a
heat processing at around 200 °C without any thermal decomposition. This increment undoubt-
edly improves the PCM performance against high temperature, which would further expand its
application field.

3.2 Encapsulation of the Synthesized Ester

The synthesized lauric dodecanoate was encapsulated by emulsion polymerization. Compared
with fatty alcohol and acid or their eutectoids, carbon chain length of the synthesized ester is
roughly doubled, which will be helpful to the encapsulation effect due to the disappearance of
polar groups such as the hydroxyl and carbonyl. During the emulsion and polymerization, no
any demulsification and implosion occurred, which indicates that the polymerization is facial and
complete.

Particle size and shape can noticeably change physical and real properties of an encapsulated
PCM. In this sense, the geometric shape of the synthesized PMMA /ester microcapsules was
examined using SEM technique. The SEM images of the prepared microcapsules are shown in
Fig. 4.

Fig. 4(a) and (b) show the SEM micrographs of PMMA /ester capsules under different mag-
nifications. It looks that few broken capsules can be found in the product, which suggest there
is a high polymerization degree during the reaction. As shown in these images, the capsules
have spherical profile with fairly uniform structure and compact surfaces. It is clear that the
microcapsule particles are homogenous and its average size is estimated to be around 1 pm.

5 pm
I

Fig. 4: The SEM images of the prepared PCM microcapsules under different magnifications

The SEM results just stand for local information, in order to further verify the size and distribu-
tion of the prepared PCM microcapsules, the synthesized microcapsules emulsion was measured
using a laser particle size analyzer and the result was shown in Fig. 5.

From Fig. 5, it can be seen that there is only one peak on the size distribution curve which
means the PCM capsules have good monodispersity. The microcapsule size is very concentrated
in the range of 430 nm to 1 800 nm and its mean size was calculated to be D90 865(6) nm. The
small particle size and centralized distribution is very suitable for some special applications, such
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Fig. 5: Size distribution of the synthesized PCM microcapsules emulsion

as thermo-regulated fibers by solution spinning, where need the size of the filler particles to less 1
um due to the diameter of the spinning fibers is small to be about 20 um. Thus small size PCM
microcapsules can meet many special application fields.

As key index of the PCM product, the thermal properties of the sythesized microcapsulesdi-

rectly affect its application. In this study, based on the synthesized ester with high heat enthalpy
and thermostability, the prepared PMMA /ester microcapsules show excelllent thermal propties.

As compasion, the DSC and TG measurement resutls of the PCM microcapsules together with
the ester are shown in Fig. 6 and relavant calculated parameters listed in Table 1.
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Fig. 6: The DSC and TG measurement curves of the prepared PMMA /ester microcapsules together
with the synthesized ester

As the overlapped DSC curves shown in Fig. 6(a), just like the PCM ester, the microcapsules
exhibit the same phase change behaviors during heating and cooling processes. From Table 1, the
temperatures of melting and freezing and supercooling degree were respectively determined as
27.85 °C, 22.91 °C and 0.48 °C for the PMMA /ester microcapsules, which is basically consistent
with that of the ester. The latent heats of melting and freezing were calculated to be 118.25 and
115.69 J/g for PMMA /ester microcapsules, respectively. It is significantly reasonable according
to the feed ratio (2:1) of the core and shell materials, which suggest that the encapsulation degree
of the prepared PCM microcapsules is up to 87%.

The thermal stabilities of the esters and PMMA /ester microcapsules were also evaluated by
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Table 1: The DSC data of both the synthesized PCM microcapsules and ester

Sample Tom (°C)  Tpm (°C)  AHn (J/g) Toc (°C)  Tpe (°C)  AH:. (J/g) AT (°C)
Lauric dodecanoate  24.25 (8)  28.12 (5)  206.20 (7)  23.75 (8) 22.25 (3)  204.73 (6) 0.50
PCM microcapsules  23.62 (3) 27.85 (4) 118.25 (9)  23.10 (4) 2291 (5) 115.69 (4) 0.52

Note: Tom represents onset melting temperature; T, represents melting peak temperature; T, represents
onset cooling temperature; T}, represents cooling peak temperature; AHy, represents melting enthalpy; AH,
represents solidification enthalpy; AT represents supercooling degree.

means of TGA as shown in Fig. 6(b). It can be seen that there is a single degradation process from
200 °C to 310 °C for the lauric dodecanoate, but it is two steps for the PCM microcapsules. Where
the first one occurring in the temperature range of 230-350 °C is related with the evaporation of
the esters sealed in the microcapsules, while the second step in 400-490 °C is attributed to the
degradation of the PMMA shell.

The onset decomposition temperature, 5% weight loss temperature, temperature of maximum
decomposition and weight loss percent are presented in Table 2. From the results, one can see that
Toa, Tswi%, Tmax and Toq of the microcapsules are largely higher than those of pure core material.
An increment of about 30 °C indicates that encapsulation can further improve the stability of the
PCM.

Table 2: The TGA data of both the PCM microcapsules and ester

Sample Toa (°C) Tsw% (°C) Tmax (°C) Tea (°C) AY (wt%)
Lauric dodecanoate 220.32 (2) 238.12 (5) 268.56 (7) 302.25 (6) 95.73 (4)
PCM microcapsales S0P 25012 (4) 26785 (2) 313.10 (8)  382.86 (3)  62.08 (5)

ond step  402.23 (3)  408.10 (1) 43156 (4)  463.42 (5)  36.22 (7)

Note: Toq represents onset decomposition temperature; Txy9, represents 5% weight loss temperature; Tiax rep-
resents maximum decomposition temperature; Teq represents ending decomposition temperature; AY represents
weight loss percent.

In addition, both onset decomposition temperature and 5% weight loss temperature of the
PCM microcapsules are higher than 250 °C. This means that the fabricated PCM microcapsules
can withstand high temperature heat treatment processing. Moreover, the weight loss percent
regarding the first stage is determined as about 62%, which is well agree with the encapsulation
ratio calculated by considering the DSC data.

Above results suggest that PCM microcapsules with high latent heat, small size and high
thermostability can be successfully fabricated by emulsion polymerization by using the synthesized
ester as core material. Owning to its prominent thermostability, the PCM microcapsules are
potential energy storage material and expected to be applied for the preparation of thermo-
regulating fibers by solution spinning.

3.3 Application of the PCM Microcapsules

The increment in mass of the cotton fiber before and after dipping treatment reached to 15.66%,
which suggested that large amount of PCM microcapsules were deposited on the fibers. Then
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SEM and DSC testing of the thermo-regulating cotton fibers were carried out after washing.

The SEM images of the prepared thermo-regulating cotton fibers are given in Fig. 7. It can be
observed that lots of PCM microcapsules were adhered on the surface of the cotton fibers and
the gaps between the fibers.
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Fig. 7: SEM images of the thermo-regulating cottonfibers (a) 500x; (b) 5000x; and (c¢) DSC scan of
the fibers

The latent heat of the thermo-regulating fibers was measured by DSC, the melting occurred in
a range of 21.68~32.23 °C with a melting enthalpy of 20.18 J/g. Based on the above results, the
prepared PCM microcapsules are suitable for thermal comfortable textiles.

4 Conclusion

In the study, a novel ester PCM material, lauric dodecanoate, was successfully synthesized by
esterification using 1-dodecanol and lauric acid. The synthesized dodecanol laurate showed high
purity, suitable phase change temperature range, good thermal properties with latent heat of 206
J/g, small supercooling degree of 0.5 °C and high thermal evaporation temperature of 220 °C,
which is very suitable for application in PCM energy storage materials.

By using lauric dodecanoate as core material, the PCM microcapsules were successfully fabri-
cated by emulsion polymerization. The prepared microcapsules showed perfect spherical shape
with mean size about 865 nm and high heat storage performance with a latent energy of 118
J/g. The prepared PCM microcapsules also showed higher thermostability with an onset decom-
position temperature of 250 °C, which is a significant improvement comparing with those PCM
microcapsules reported in literatures. The application for the thermo-regulating cotton fibers
indicates that the PCM capsules can be treated on the fibers in abundance with a high latent
heat. The excellent performance of the developed PCM microcapsules would undoubtedly be a
very promising energy storage material.
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