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Microencapsulated phase change materials (MicroPCM) were successfully fabricated by encapsulation of
sodium thiosulfate pentahydrate (SoTP) as core with silica shell using sol-gel method. The chemical
structure, phase analysis, surface morphology, thermal properties and thermal stability of the MicroPCM
were tested using X-ray diffraction instrument (XRD), X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), differential scanning calorimetry (DSC) and
thermogravimetric analyzer (TG), respectively. The effects of core/shell mass ratio, concentration of
emulsifier and stirring rate on the morphology of MicroPCM were studied. In addition, the core/shell
mass ratio impact on the latent heat, thermal stability and supercooling of MicroPCM were also tested.
The results indicates that the MicroPCM have relatively spherical shape. The encapsulation ratio of

MicroPCM decrease with the decrease of SoTP mass percentage. The thermal properties and
Received 12th December 2016

Accepted 14th January 2017 supercooling degree have been greatly improved. The highest encapsulation ratio of the MicroPCM is

94.65%. The thermal conductivity of SoTP is improved from 0.6035 to 0.7718 W (m k)™! after the

DOI: 10.1039/c6ra28056k encapsulation of SoTP with silica. Depending on all results, it can be concludes that the prepared SoTP/
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1 Introduction

In recent years, phase change materials (PCM) have attracted
more and more attention in thermal energy storage because
they have high heat storage density and a nearly isothermal heat
storage process."” Up to now, plenty of researchers have re-
ported various types of PCM, such as stearic acid, paraffin salt,
hydrated and molten salts, which are available for various
thermal applications.>* Along with the rapid development of
thermal energy storage technology, PCM have been widely
applied in the fields of energy-efficient building,”>” solar energy
utilization,®® thermal regulating fabric,""* battery thermal
management system,">™* waste heat recovery,'*'” and so on.
Inorganic hydrated salt have large latent heat and high
thermal conductivity compared with organic PCM.'* However,
the application of inorganic hydrated salt is limited due to its
decomposition, phase segregation and supercooling.*® In order
to overcome the problems of inorganic hydrated salt,
MicroPCM have received great attention for thermal energy
storage in recent years.’*** MicroPCM are tiny core-shell
structure capsules, which have PCM core surrounded by a shell
that prevents the PCM from leaking during the solid-liquid
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silica MicroPCM have great potential for being used in thermal energy storage applications.

phase change process.”** The advantages of MicroPCM are as
follows: preventing leakage of the melted PCM during the phase
change process, increasing heat transfer area and controlling
the volume change of PCM as phase change occurs.”**®

Although MicroPCM have been studied for years, many
researchers focused on synthesizing MicroPCM with organic
PCM as core materials.?® However, researches on MicroPCM
with inorganic hydrated salt as core materials have been re-
ported only in recent years. The inorganic MicroPCM with
sodium phosphate dodecahydrate (DSP) as core and methyl
methacrylate-ethyl acetate (PMMA) as shell were successfully
fabricated by Huang et al.”’ The melting temperature and
enthalpy of the obtained MicroPCM were 51.51 °C and 142.9 ]
g, respectively. After that, Huang et al.?® also successfully
synthesized MicroPCM of disodium hydrogen phosphate hep-
tahydrate (HDHP)/PMMA. The obtained MicroPCM had
a spherical shape with average of 6.8 um in diameter. The
melting temperature and enthalpy of the MicroPCM were about
51 °C and 150 J g™, respectively. Moreover, the supercooling
and thermal properties of HDHP were greatly improved after
being encapsulated by PMMA.

Among the potential candidates of inorganic PCM for
medium temperature thermal energy storage, SOTP is suited
well because of its high heat storage capacity and low cost.”
However, the decomposition, phase segregation and super-
cooling of SoTP limit its practical application. Therefore, the

This journal is © The Royal Society of Chemistry 2017
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MicroPCM technology is used to overcome the problems of
SoTP in this paper.

In this paper, the MicroPCM with SOTP as core and silica as
shell were synthesized by sol-gel method. The chemical struc-
ture, phase analysis, surface morphology, thermal properties
and thermal stability of the MicroPCM were tested by using X-
ray diffraction instrument (XRD), X-ray photoelectron spec-
troscopy (XPS), energy dispersive X-ray spectroscopy (EDX),
Fourier-transform infrared spectroscopy (FTIR), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), differential scanning calorimetry (DSC) and thermog-
ravimetric analyzer (TG), respectively. The effects of core/shell
mass ratio, concentration of emulsifier and stirring rate on
the morphology of MicroPCM were studied. In addition, the
influence of core/shell mass ratio on the latent heat, thermal
stability and supercooling of MicroPCM was also studied.

2 Experimental
2.1 Materials

SoTP (AR) was used as core and was purchased from Xilong
chemical company. Tetraethyl silicate (TEOS) was used as shell-
forming monomer. Cyclohexane and n-pentanol were used as
suspending media. Sodium dodecyl sulfate (SDS) was used as
emulsifier. 3-Aminopropyltriethoxysilane (APTS) was used as
pH regulator. TEOS, cyclohexane, n-pentanol, SDS and APTS
were of reagent grade and obtained from Sinopharm chemical
reagent company. Deionized water was made by laboratory
ultrapure water filter (China, Nanjing Qianyan instrument
equipment co., LTD, RO).

2.2 Preparation of the MicroPCM

The MicroPCM containing SoTP were prepared via sol-gel
method. The basic recipes for all experiments are shown in
Table 1. The preparation of the microcapsules was carried out
according to the following procedure. Firstly, the mixture of
sodium thiosulfate pentahydrate (SoTP) and 25 ml of deionized
water were heated by using an electric-heated thermostatic
water bath at a temperature of 60 °C until the SoTP totally

Table 1 Recipes for the fabrication of SoTP/SiO, MicroPCM
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dissolved. Secondly, the SOoTP solution was added into 25 ml of
cyclohexane at 60 °C under stirring drop by drop, followed by
the addition of sodium dodecyl sulfate (SDS) and 5 ml of n-
pentanol into the mixture and stirring for 20 min. As a result,
a water/oil microemulsion was formed. Then, TEOS was added
into the water/oil emulsion dropwise. Thirdly, the pH value of
the emulsion was adjusted to 10 by adding 3-amino-
propyltriethoxysilane (APTS), followed by stirring for 12 h.
Finally, the obtained MicroPCM were centrifuged and washed
with ethyl alcohol repeatedly and dried at 40 °C for 18 h.

2.3 Characterization of the MicroPCM

The FTIR spectra of SOoTP, silica and MicroPCM were recorded
by Fourier Transform Infrared Spectrometer (Bruker Dalton,
Tensor II). The wavenumber region was between 500-4000
em ™.

The XRD patterns of SOTP, silica and MicroPCM were carried
out by X-ray diffraction instrument (Dandong Haoyuan Instru-
ment Co., Ltd, DX-2700). The testing voltage was 40 kV and test
current was 30 mA. The scanning mode was step-scan, and its
step size was 0.03 and the integral time was 0.2 s.

The EDX and XPS of MicroPCM were tested by scanning
electron microscope (SEM, ZEISS evo18) and X-ray photoelec-
tron spectroscopy (XPS, ESCALAB 250Xi), respectively.

The morphology of MicroPCM was observed by scanning
electron microscope (SEM, ZEISS evol8) and transmission
electron microscopy (TEM, FEI Tecnai G2 F20 S-TWIN).

The phase change properties of SOTP and MicroPCM were
determined by differential scanning calorimeter (DSC, MET-
TLER TOLEDO, 1/400). The accuracy of the calorimeter and
temperature measurement was within +0.04 pW and +0.1 °C,
respectively. DSC measurements were performed in the
temperature range of —40 °C to 60 °C at a heating rate of 2 °C
min .

The thermal stability of SOTP and MicroPCM was investi-
gated by thermogravimetric analyzer (TG, SETARAM Instru-
mentation, Labsys Evo) at a heating rate of 5 °C min~" in the
range of 25-200 °C in a nitrogen atmosphere with the flow rate
of 20 ml min ", Samples were heated from 30 to 200 °C at a rate

Samples SoTP TEOS SDS Stirring rate The mass ratio SoTP : TEOS : SDS
S1 20¢g 8g 02¢g 600 rpm 1:0.4:0.01
S2 20g 8g 04g 600 rpm 1:0.4:0.02
S3 20¢g 8g 0.8¢g 600 rpm 1:0.4:0.04
S4 20g 8g 12 g 600 rpm 1:0.4:0.06
S5 20¢g 8g 16g 600 rpm 1:0.4:0.08
S6 20g 4g 0.8g 600 rpm 1:0.2:0.04
S7 20¢g 6g 0.8¢g 600 rpm 1:0.3:0.04
S8 20g 10g 0.8¢g 600 rpm 1:0.5:0.04
S9 20¢g 12 g 0.8¢g 600 rpm 1:0.6:0.04
510 20g 8g 0.8¢g 200 rpm 1:0.4:0.04
S11 20¢g 8g 0.8¢g 400 rpm 1:0.4:0.04
512 20g 8g 0.8¢g 800 rpm 1:0.4:0.04
S13 20g 8g 0.8¢g 1000 rpm 1:0.4:0.04

This journal is © The Royal Society of Chemistry 2017
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of 5°C min~' under a constant stream of nitrogen at a flow rate
of 30 ml min™".

Thermal conductivity of the SoTP and MicroPCM were
measured by a DRL-III heat conduction modulus testing
instrument (Xiangtan City Instrument & Meter Co., Ltd.). The
measure precision of DRL-III is better than 3%. The measure-
ments were repeated for three times to ensure the accuracy and

repeatability of the results, and then averaged the results.

3 Results and discussion

3.1 Chemical characterization of MicroPCM

The FTIR spectra of silica, SOTP and MicroCM are shown in
Fig. 1. In FTIR spectral data of the silica, the peak at 3447 cm™*
indicates that there is stretching vibration band of silanol
group. The peak at 1102 cm™ ' represents the asymmetric
stretching vibration of Si-O-Si. The peak at 470 cm " represents
the bending vibration of Si-O-Si. In the spectrum of the SoTP,
there is a broad peak at approximately 3448 cm ™' caused by
O-H stretching vibration. The peaks at 1657 cm ™", 1120 cm ™/,
1003 cm ™" and 671 cm ™" are characteristic peaks of SOTP. The
characteristic peaks of MicroPCM are tested at 3395 cm ™, 1646
em™?, 1134 cm ™!, 1001 em™*, 670 cm ™' and 472 cm ™. This
indicates that the spectra of MicroPCM have the characteristic
peaks of both silica and SoTP, which indicates the success of the
microencapsulated SOoTP as core material.

The phase analysis of silica, SOTP and MicroCM was
observed by XRD and the results are shown in Fig. 2. No
diffraction peak is observed for silica, which indicated that
silica is amorphous. The XRD pattern of SoTP displays diffrac-
tion peaks at 16.6°, 21.3° and 26°, indicating that its high-
crystalline structure. The XRD pattern of MicroPCM exhibits
some diffraction peaks, which is assigned to crystalline SoTP.

:
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Fig. 1 FTIR spectra of SOTP, silica and MicroPCM.
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Fig. 2 XRD of SoTP, silica and MicroPCM.
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Fig. 4 XPS of S3 MicroPCM.
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However, some new diffraction peaks appeared in the XRD
patterns of MicroPCM. This may be due to the residue of other
materials during the preparation process.

The EDX test result shown in Fig. 3 confirms elements in
MicroPCM. The sulfur, sodium, oxygen and silicon element
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peaks appear in the graph. Sulfur, sodium and oxygen are the
elements of SoTP, and oxygen and silicon are the elements of
the silica. The sulfur, sodium, oxygen and silicon elements are
also detected in the XPS test (Fig. 4). However, carbon and
nitrogen elements are detected in the XPS test. The carbon and
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Fig. 5 SEM of MicroPCM with different core/shell mass ratio: (a) S6, (b) S7, (c) S3, (d) S8, (e) S9.
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nitrogen are the components of residue (i.e., APTS, SDS, cyclo-
hexane, n-pentanol) of other materials during the preparation
process. This is consistent with XRD detection results. The EDX
test does not detect nitrogen and carbon element, the reasons
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may be that the amount of residue is low and the detection
accuracy of EDX is lower than that of XPS. In conclusion, these
results indicate that the MicroPCM were successfully
synthesized.
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Fig. 6 SEM of MicroPCM with different ratio of core to emulsifier: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5.
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3.2 Morphology of the MicroPCM

The effects of core/shell mass ratio, concentration of emulsifier
and stirring rate on the morphology of MicroPCM were studied.
The morphology of the MicroPCM was observed by SEM. Fig. 5
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shows the SEM photographs of the obtained MicroPCM with
different core/shell mass ratio. The obtained microcapsules
present some irregular particles (see Fig. 5a and b), indicating
that the well-defined microcapsules cannot be achieved under
the core/shell mass ratio of 1:0.2 (Sample S6) and 1:0.3
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Fig. 7 SEM of MicroPCM synthesized at various stirring rates: (a) S10, (b) S11, (c) S3, (d) S12, (e) S13.
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(Sample S7). As shown in Fig. 5¢, the MicroPCM for core/shell
mass ratio of 1:0.4 (Sample S3) has relatively smooth,
compact surface and uniform size with spherical shape. As
shown in Fig. 5d and e, the MicroPCM for core/shell mass ratio
of 1: 0.5 (Sample S8) and 1 : 0.6 (Sample S9) also have compact
and smooth surface with spherical shape. However, the
MicroPCM of S8 and S9 have non-uniform sizes.

The morphology of MicroPCM with different concentration
of emulsifier is shown in Fig. 6. It can be seen that the
MicroPCM of S1, S2, S3 and S4 have relatively compact and
smooth surface with spherical shape. The S5 MicroPCM pres-
ents some irregular particles. In addition, the particle size
distribution of S3 is more uniform than that of S1, S2, S4 and S5.
The particles of MicroPCM are agglomerate together easily with
higher emulsifier content. This indicates that the content of
emulsifier has a great influence on morphology of the
MicroPCM.

The morphology of MicroPCM synthesized at various stirring
rates is presented in Fig. 7. It can be seen that with the increase
of stirring rate, the MicroPCM gradually formed spherical shape
and the globular surface became smoother. However, when the
stirring rate is higher than 600 rpm, the particle size distribu-
tion of the MicroPCM was more and more nonuniform with the
increase of the stirring rate. In the stirring rate range of 200-
1000 rpm, the MicroPCM synthesized at 600 rpm have relatively
uniform size, smooth and compact surface with spherical shape
than that of others.

Fig. 8 TEM of S3 MicroPCM.
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Fig. 8 displays the TEM image of S3 MicroPCM and the
partial enlarge image. It can be seen from Fig. 8a, the MicroPCM
are regular spherical. Moreover, two crystal structures are found
in partial enlarge image of the MicroPCM edge (Fig. 8b). This
indicated the core of SOTP was surrounded by the shell of silica.

3.3 Thermal properties of the MicroPCM

The latent heat, melting and solidified temperature of the SOTP
and MicroPCM were investigated using DSC. The measurement
data are presented in Table 2. The melting DSC curves of SOTP
and MicroPCM with different core/shell mass ratio are shown in
Fig. 9. The melting temperature and enthalpy of SOTP is
47.76 °C and 210.74 k] kg™, respectively. The melting temper-
ature of MicroPCM are very close to each other as well as to that
of bulk SOTP. This may suggest that the encapsulation of SOTP
in silica has little influence on the melting process of core
material. The melting enthalpy of S6, S7, S3, S8 and S9 is 199.47,
189.06, 149.46, 130.78 and 127.62 kJ kg™, respectively. The
melting enthalpy value of MicroPCM becomes lower than that
of the bulk SoTP because only SoTP has enthalpy during the
heating process. The encapsulation ratio of the SoTP is calcu-
lated by the following equation:**

_ AHwicrorcm

1009 1
AHpewm * o @)

where 7 is the encapsulation ratio of the SOTP, AHysicropem and
AHpcm represents the melting enthalpy of the MicroPCM and

Table 2 DSC data of the SOTP and MicroPCM with different core/shell mass ratio

Melting Solidifying
Temperature Latent heat Temperature Latent heat Encapsulation ratio
Samples (9] (kJ kg™ {9} (k] kg™) of the paraffin (%)
STP 47.76 210.74 — —
S3 47.26 149.82 —25.08 79.97 71.09
S6 47.66 199.47 —18.68 105.03 94.65
S7 47.69 189.46 —15.56 75.2 89.9
S8 46.41 130.78 —20.67 69.1 62.06
S9 47.25 127.62 —25.24 32.18 60.56

7244 | RSC Adv., 2017, 7, 7238-7249
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Fig. 9 The melting DSC curves of SOoTP and MicroPCM with different
core/shell mass ratio.

SoTP, respectively. The calculated results are listed in Table 2.
The encapsulation ratios of the S6, S7, S3, S8 and S9 were
calculated to be 94.65%, 89.9%, 71.09%, 62.06% and 60.56%,
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Fig. 10 The solidified DSC curves of SoTP and MicroPCM with
different core/shell mass ratio.

m
E
=
g T, =4833°C
é AH = 144.75 Kl/kg
3
Z L
I 1 I 1 1 1 " 1 "
-40 -20 0 20 40 60

Temperature (°C)

Fig. 11 The melting and solidified DSC curves of S3 MicroPCM.
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respectively. The results indicate that the encapsulation ratio of
MicroPCM decreases with the decrease of mass content of
SoTP.

The solidified DSC curves of SoTP and MicroPCM with
different core/shell mass ratio are shown in Fig. 10. As can be
seen, the SoTP and MicroPCM have serious supercooling
phenomenon observed. Especially, the SoTP has no
exothermic peak in the cooling process. This indicates that the
SoTP is no crystal in the cooling process because H,O evapo-
rate from SoTP during the heating process. However, the
MicroPCM have an exothermic peak in the cooling process.
The solidified temperature of S6, S7, S3, S8 and S9 is 18.68,
—15.56, —25.08, —20.67 and —25.24 °C, respectively. The
solidified enthalpy of S6, S7, S3, S8 and S9 is 105.03, 75.02,
79.97, 69.1 and 32.18 kJ kg ', respectively. Although the
MicroPCM have serious supercooling phenomenon, they are
improved compared with that of pure SoTP. This may suggest
that the shell of MicroPCM promotes the crystallization of the
SoTP. In addition, the DSC of S3 MicroPCM after 10 heating
and cooling cycles were tested. The results are shown in
Fig. 11. The melting and solidified enthalpy of S3 MicroPCM
are 144.75 and 70.20 kJ kg™', respectively. The melting
enthalpy is still almost two times of the solidified. This indi-
cates that the low solidified enthalpy of MicroPCM is not due
to the loss of water during heating and cooling cycles, which
may be due to the heterogeneous nucleation of SOTP.

3.4 Thermal stability of the MicroPCM

Thermal stability of PCM is crucial to thermal energy storage.
The thermal stability of SOTP and MicroPCM was tested by TG
and the results are shown in Fig. 12. It can be seen that the
thermal degradation process of SOTP shows a weight loss with
the rising of temperature. It can be considered that the weight
loss is caused by the dehydration of hydrated salt. The weight
loss of SoTP, S6, S7, S3, S8 and S9 is 11.4%, 5.59%, 5.03%,
5.31%, 6.19% and 4.85% before 100 °C, respectively. The results
indicate that the thermal stability of the SOTP can be improved
by microencapsulating SoTP with silica shell. This may attrib-
uted to the shell of MicroPCM preventing the evaporation of
H,0 in the heating process to some extent.
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Fig.12 The TG curves of SoTP and MicroPCM with different core/shell
mass ratio.
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Fig. 13 DSC of MicroPCM before and after thermal cycles. (a) DSC
curves of S3 MicroPCM before and after thermal cycles. (b) Enthalpy
values of SOTP and S3 MicroPCM before and after thermal cycles.
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Moreover, the phase change latent heat values of S3
MicroPCM after 10, 50, 100 and 200 heating and cooling cycles
were tested. Fig. 13 shows the melting enthalpy values of the
SoTP and MicroPCM before and after thermal cycles. The
melting enthalpy of S3 MicroPCM is 144.56, 139.64, 132.52 and
123.99 kJ kg™! after 10, 50, 100 and 200 thermal cycles,
respectively. The melting enthalpy of the MicroPCM decreases
by 3.51%, 6.79%, 11.55% and 17.24% after 10, 50, 100 and 200
thermal cycles, respectively, compared with that without
thermal cycle. The decrease in enthalpy with increasing cycle
numbers may be due to the decomposition of SOTP. However, it
can be seen from the figure, the SOTP has no melting enthalpy
after 10 thermal cycles. This is because SoTP does not crystal-
lize during the first cooling process (the first solidified DSC
curve of SoTP is shown in Fig. 10). This indicated that the
thermal ability of SoTP has been greatly improved after
encapsulated in silica.
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Fig. 14 The cooling curves of SoTP and MicroPCM with different
core/shell mass ratio.
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Fig. 15 The thermal conductivities of SoTP and MicroPCM with
different temperature.
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3.5 Supercooling degree test of MicroPCM

The supercooling degree of SoTP and MicroPCM was investi-
gated. The temperature changes during the cooling process
were recorded, and the results are shown in Fig. 14. It is
observed that the SoTP and S6 do not melt. There is no latent
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heat released during the cooling process. This indicates that the
supercooling of SOoTP and S6 can be as high as several dozen
degrees Celsius. The supercooling of S7, S3, S8 and S9 was 2.75,
2.56, 3.01 and 8.26 °C, respectively. The results indicate that the
encapsulation of SOTP with silica has an important significance
in reducing the supercooling degree of inorganic hydrated salt.
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Fig. 16 Thermal images of SOTP and MicroPCM heated at different times.
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3.6 Thermal conductivities of MicroPCM

The thermal conductivities of SoTP and S3 with different
temperature are shown in Fig. 15. At 20 °C, the thermal
conductivities of SOTP and S3 were measured to be 0.6035 and
0.7718 W (m k)', respectively. In addition, the thermal
conductivities of SOTP and S3 decrease with the increase of
temperature. But the thermal conductivity of S3 is always higher
than the bulk SoTP. This may suggest that the heat transfer area
of SOoTP increased after its microencapsulation and the thermal
conductivity of silica is higher than SoTP. Therefore, the
thermal conductivity of SoTP/silica MicroPCM is higher than
that of SOTP.

3.7 Temperature-regulated property

The temperature-regulated property of PCM is an important
thermal performance for the energy storage. The SoTP and S3
were placed in a thermostatic bath with 60 °C. The thermal
images of the surface temperature distribution of SoTP and S3
are shown in Fig. 16. It can be seen that the morphologies of
SoTP and S3 are stable when the heating time is 5 s, 60 s, 180 s
and 360 s. With the increase of the heating time, the SOTP and
S3 absorb heat continuously until the solid to liquid phase
change occurred. The melting behavior of SOTP can be obvi-
ously seen after the SOTP and S3 heated to 540 s. While the
leakage or morphology change behavior of S3 can not be found
until the SOTP and S3 heated to 1440 s. It can also be seen that
the temperature of S3 is 51.9 °C, 54.6 °C, 55.8 °C and 56.4 °C at
900 s, 1080 s, 1260 s and 1440 s, respectively. As the above
mentioned, the melting temperature of SOTP is 47.76 °C, it can
be concluded that the microencapsulation of PCM with silica
provide compact and airtight shell for preventing the leakage of
the melted SoTP.

4 Conclusion

The inorganic MicroPCM were successfully synthesized by
using SOTP as core and silica as shell via sol-gel method. On the
basic of the analysis of influence factors, the additive amount of
emulsifier, stirring speed and core/shell mass ratio greatly
affected the surface morphology and thermal property of
MicroPCM. When the stirring speed is 600 rpm and the core/
shell/emulsifier mass ratio is 1:0.4:0.04, the obtained
MicroPCM have a compact and smooth surface with a spherical
shape. In addition, the influences core/shell mass ratio on the
latent heat, thermal stability and supercooling of MicroPCM
were investigated. The results indicate that the latent heat
values of MicroPCM decrease with the decrease of core/shell
mass ratio. The supercooling, thermal stability and thermal
conductivity of SOTP have been greatly improved after the
encapsulation of SoTP in silica. In addition, the leakage of SOTP
has been solved through MicroPCM technology. The highest
encapsulation ratio of the MicroPCM is 94.65%. The thermal
conductivity of SOTP can be improved from 0.6035 to 0.7718 W
(m k)" after the encapsulation of SOTP with silica. Based on all
results, it can be concluded that the prepared SoTP/silica
MicroPCM have potential for thermal energy storage.
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