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A B S T R A C T

The innovative form-stable phase change materials (PCMs) were fabricated by incorporating capric-myristic-
stearic acid (CMS) ternary eutectic mixture with cellulose acetate (CA) phase inversion membrane. CMS as
model PCM, with melting point near ambient temperature as the temperature range was most valuable in
practice. Effects of different SiO2 amounts on surface features, structural morphology and absorption capacity of
CA membrane were investigated. The SiO2 nanoparticles created porous structure and increased CMS
incorporation capability of CA membrane, the maximum absorption capacity of CA-SiO2 membrane was
∼80.3 wt.%. The enthalpies of melting of form-stable PCMs were 76.6 kJ/kg for CA membrane and 99.8 kJ/kg
for CA-SiO2 membrane, respectively. The SiO2 nanoparticles increased remarkably thermal stability property of
form-stable PCMs. As compared to CA-SiO2 membrane, the control temperature time of CMS/CA-SiO2 form-
stable PCMs was increased by ∼46.8%. The developed form-stable PCMs demonstrated good thermal storage/
retrieval property and thermal insulation capability.

1. Introduction

The mismatch between energy supply and demand during energy
conversion and delivery is a critical problem in the numerous applica-
tions such as building heating/cooling systems, the utilization of solar
energy, industrial waste heat recovery and air-conditioning systems, etc
[1–5]. Thermal energy storage can solve the problem and significantly
increase the efficiency of systems; among various methods for the
storage of thermal energy, the storage and retrieval of thermal energy
by using phase change materials (PCMs) have attracted extensive
attentions due to their high energy storage capacity and small
temperature variation during phase transition process [6–8].

Among the large number of PCMs, fatty acids and/or their eutectics
have been extensively studied as a promising type of solid-liquid PCMs
due to their superior properties such as appropriate melting tempera-
ture range, high heat storage capacity, little or no super-cooling, low
vapor pressure, non-toxicity, non-corrosiveness, and good chemical/
thermal stability [9–13]. However, fatty acids and/or their eutectics
have to be placed in specially designed devices/containers in practical
application to prevent the leakage during solid-liquid phase transition

process. Such a situation not only raises thermal resistance, but also
increases the operational costs. To solve this problem, Form-stable (or
shape-stabilized) PCMs have become a research hotspot in thermal
energy storage/retrieval field; because they possess the advantageous
properties including no need for additional encapsulation, cost-effec-
tiveness, stable shape, and easily fabrication for applications with
preferred sizes/dimensions [14–35].

The so-called form-stable PCMs are actually composite materials
consisting of PCMs (to store and release thermal energy) and supporting
materials (to maintain the solid shape of form-stable PCMs). There are
various methods to fabricate form-stable PCMs: (1) encapsulating or
microencapsulating PCMs (e.g., fatty acids and/or their eutectics) into
polymeric structure by self-polymerization, in-situ polymerization and
solution casting method [17,18]. (2) Encapsulating PCMs into three-
dimensional network via sol-gel method [19,20]. (3) Absorbing PCMs
into porous materials like expanded graphite [21–25], diatomite
[26–28], carbon nanospheres [29], attapulgite [30,31], expanded
perlite [32–35] and vermiculite [36,37]. (4) Stable PCM fibrous mats
by electrospinning composite spin dope containing both PCMs and
polymer matrix [38–41]. Among various fabricated methods, direct

http://dx.doi.org/10.1016/j.tca.2017.03.027
Received 20 December 2016; Received in revised form 8 March 2017; Accepted 30 March 2017

⁎ Corresponding authors.
E-mail addresses: yibingcai@jiangnan.edu.cn (Y. Cai), qfwei@jiangnan.edu.cn (Q. Wei).

Thermochimica Acta 653 (2017) 49–58

Available online 01 April 2017
0040-6031/ © 2017 Elsevier B.V. All rights reserved.

MARK
www.sp

m.co
m.cn

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://dx.doi.org/10.1016/j.tca.2017.03.027
http://dx.doi.org/10.1016/j.tca.2017.03.027
mailto:yibingcai@jiangnan.edu.cn
mailto:qfwei@jiangnan.edu.cn
http://dx.doi.org/10.1016/j.tca.2017.03.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2017.03.027&domain=pdf


incorporation of molten PCMs into porous matrix is a quite straightfor-
ward method to obtain form-stable PCMs. It is well known that overlaid
nanofibrous mat is an excellent candidate to incorporate substantial
amount of fatty acid and/or their eutectics for form-stable PCMs. In our
previous research, fatty acids and/or their eutectics were successfully
absorbed in and then supported by electrospun nanofibrous mats
including polyamide 6 [41,42], polyacrylonitrile and its derived carbon
[43], SiO2 [44,45] and cellulose acetate [46]. Although these methods
for form-stable PCMs have successfully prevented the leakage of fatty
acids and/or their eutectics, the application range is still restricted due
to some drawbacks: (1) the preparation process is complex and will
increase cost, (2) the efficiency of thermal energy storage is still low by
introducing of large amount of supporting materials, (3) the resultant
form-stable PCMs have not tunable dimensions/sizes.

The phase inversion membrane induced by immersion precipitation
technique possess excellent properties including excellent toughness,
high biocompatibility, high selectivity, simple making process, good
film-forming performance and low cost [47,48]. The porosities of phase
inversion membrane can be exceptionally high; hence, they have the
potential to be utilized as the supporting materials for the preparation
of form-stable PCMs. However, to the best of our knowledge, the
investigations on form-stable PCMs with fatty acid and/or their
eutectics being encapsulated in and/or supported by phase inversion
membrane through physical absorption have not been reported. There-
fore, in this study, cellulose acetate (CA) phase inversion membrane
was firstly prepared and chosen as supporting materials. The motiva-
tion of SiO2 nanoparticles addition was further to create surface porous
structure and specific surface area of phase inversion membrane, and
then increased incorporation capability of CA phase inversion mem-
brane [49–51]. Subsequently, capric-myristic-stearic acid (CMS) tern-
ary eutectic mixture was prepared as a model PCM followed by being
absorbed in and supported by CA and/or CA-SiO2 phase inversion
membrane to fabricate form-stable PCMs. Morphological structures,
CMS absorption capacity, thermal energy storage property, as well as
thermal insulation property of the resultant form-stable PCMs were
investigated. The fabricated form-stable PCMs demonstrated good
thermal storage/retrieval capability and great temperature regulation
ability. It is envisioned that this innovative type of form-stable PCMs
play an important role in the potential applications of temperature-
regulating textiles and building energy efficiency (e.g., wallboards/
concretes, roofs and/or floor boards).

2. Experimental

2.1. Materials

The powders of cellulose acetate (CA, Mn = 29,000 g/mol), capric
acid (CA), myristic acid (MA) and stearic acid (SA), the SiO2 nanopar-
ticles (white powder, with average particle size of ∼15 nm), acetone
and N,N-dimethylacetamide (DMAc), were supplied by the Shanghai
Chemical Regents Co. (Shanghai, China). All of the chemicals/materials
were used without further purification.

2.2. Preparation of CMS ternary eutectic mixture

Capric-myristic-stearic acid (CMS) ternary eutectic mixture was
prepared using theoretical calculation and experimental procedure in
literature [11–16]. Mass ratio of CA, MA and SA in the eutectic mixture
was determined as 76.97:18.55:4.48. The CMS mixture was heated to
80 °C for 2 h until completely molten, and then magnetically stirred for
2 min to ensure homogeneity. Subsequently the CMS mixture was
cooled down to room temperature in air to get it ready for PCM use.
Thermal properties of individual fatty acids (i.e., CA, MA and SA) and
CMS ternary eutectic mixture were acquired from differential scanning
calorimetry (DSC) measurements, and the DSC curves and thermal
characteristics are shown in Fig. 1 and Table 1.

2.3. Preparation of CA and CA-SiO2 phase inversion membranes

The immersion precipitation phase transformation technique was
utilized to prepare CA phase inversion membrane. The powders of CA
(10 wt.%) was firstly dissolved in mixture solvents with the mass ratio
of acetone/DMAc being 2/1, then varied mass fractions (i.e., 5%, 7.5%,
10%, 12.5% and 15 %) of SiO2 nanoparticles were added into CA
solutions followed by magnetic stirring for 12 h and ultrasonication for
60 min to achieve the homogeneous dispersion. The motivation for the
addition of SiO2 nanoparticles was to increase the specific surface area
as well as the porous structure of CA phase inversion membrane
[49–51]. Prior to the preparation of mixture solutions, the SiO2

nanoparticles were desiccated under vacuum at 80 °C.
Subsequently, the mixture solutions were hold for 4 h at room

temperature without stirring to complete removal of air bubbles. The
casting solutions were casted onto glass plate through thin film
applicator (K202 Control Coater-Model) with adjusting thickness of
250 μm. Then glass plate coated by casted membranes were immedi-
ately immersed in distilled water for 10 min. The casted membranes
were washed three times and dried under vacuum at 60 °C for 10 h to
remove residual solvents and were termed as CA-1, CA-2, CA-3, CA-4
and CA-5, respectively. The schematic illustration for preparation of CA
and CA-SiO2 phase inversion membranes was shown in Fig. 2.

2.4. Fabrication of form-stable PCMs

The prepared CMS ternary eutectic mixture was firstly placed in a
beaker at 60 °C until being melted completely. Then, CA and CA-SiO2

phase inversion membranes were immersed into molten CMS ternary
eutectic mixture for 60 min to ensure saturate absorption. The phase
inversion membranes with absorbed CMS ternary eutectic mixture were
finally hung in an oven at 60 °C for 10 h to remove excess CMS on
surface of phase inversion membranes.

Fig. 1. DSC curves of individual fatty acids (i.e., CA, MA and SA) and CMS ternary
eutectic mixture.

Table 1
The extrapolated peak onset temperatures (Te), melting peak temperature (Tm), crystal-
lization peak temperature (Tc), melting enthalpy (ΔHm) and crystallization enthalpy (ΔHc)

of CA, MA, SA and CMS ternary eutectic mixture.

Samples Heating process Cooling process

Te (°C) Tm (°C) ΔHm (kJ/kg) Te (°C) Tc (°C) ΔHc (kJ/kg)

CA 31.1 32.7 166.7 29.3 29.2 163.1
MA 53.7 56.1 187.3 52.1 51.9 184.9
SA 69.0 70.5 222.8 67.1 66.5 226.7
CMS 17.4 23.6 122.8 15.3 13.1 119.7
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2.5. Characterization

Scanning electron microscopy (SEM, SU1510) was employed to
examine the surface and cross-section morphologies of CA and CA-SiO2

phase inversion membranes and resultant form-stable PCMs. Before
SEM examination, all specimens were sputter-coated with gold to avoid
charge accumulations. A CSPM-4000 atomic force microscopy (AFM)
was used to observe surface morphology and roughness of resultant
form-stable PCMs and the corresponding CA and CA-SiO2 phase
inversion membranes. Scanning was carried out in tapping mode. All
images were obtained at ambient conditions.

The Brunauer–Emmett–Teller (BET) method was adopted to deter-
mine the specific surface area of CA and CA-SiO2 phase inversion
membranes. The desorption data of N2 isotherm were analyzed by the
Barrett–Joyner–Halenda (BJH) method to acquire the value of specific
surface area. The BET specific surface area for each sample was
measured for 3 times, and the average value was reported.

Thermal energy storage/retrieval properties of CA, MA, SA, CMS
ternary eutectic mixture and resultant form-stable PCMs were carried
out using a DSC Q200 thermal analyzer. The flow rate of N2 was set at
25 ml/min, and DSC curves were recorded from 0 to 50 °C with the
scanning rate of 5 °C/min. The precisions of measurements for calori-
meter and temperature was± 2.0% and±2.0 °C, respectively. The
enthalpies of melting (ΔHm) and crystallization (ΔHc) of individual fatty
acids and CMS ternary eutectic mixture were calculated based upon
areas under the melting/crystallization DSC peaks through the thermal

analysis software affiliated with the equipment.
Thermogravimetric analyses were conducted by using a TGA-Q500

thermo-analyzer instrument; the heating rate was set at 10 °C/min, and
the TGA curves were recorded from 20 to 700 °C under 40 ml/min flow
of nitrogen. The amounts of samples for the TGA analyses were
∼10 mg. The precisions of measurements for temperature and mass
during TGA experiments were±2.0 °C and± 2.0%, respectively.

The thermal insulation capability of fabricated form-stable PCMs
was evaluated and compared with non-PCM containing phase inversion
membranes by using a self-assembled control temperature measure-
ment, as shown in Fig. 3. The designed heating setup mainly consisted
of a foam-box (150 × 150 × 150 mm3) with a 100 W lamp served as
thermal radiation source and mounted at the top. And test setup also
consisted of the same size foam-box with a thermocouple inside. The
heating setup and test setup were separated by a foam board. A cavity
in central position of the foam board surface was made for placing
sample with the size of 80 × 100 × 2 mm3. The lamp of heating setup
began to heating until the indoor air temperature of test setup reached
to 50 °C, then the air temperature variations in the test setup were
monitored and automatically recorded by a computer. The recorded
temperature range was from initial temperature of 50 °C to the
balanced temperature of 19 °C for each sample. The measurement of

Fig. 2. Schematic illustration for preparation of CA and CA-SiO2 phase inversion
membranes.

Fig. 3. Schematic illustration of thermal insulation test setup for form-stable PCMs.

Fig. 4. CMS absorption capacities of CA and CA-SiO2 phase inversion membranes.
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each sample was repeated for 3 times, and the average value was
reported in this study.

3. Results and discussion

3.1. Absorption capacity of CA phase inversion membranes

The absorption capacity of CMS ternary eutectic mixture in phase

inversion membranes directly determines thermal energy storage/
retrieval and temperature regulation properties of fabricated form-
stable PCMs. CMS absorption capacity of phase inversion membranes
can be calculated using the following equation:

m m
m

Absorption capacity= − × 100%0

0

where m0 and m are the mass of phase inversion membranes before and
after the absorption of CMS ternary eutectic mixture, respectively. The

Fig. 5. SEM images of CA phase inversion membrane: (a, b) surface morphology, and (c, d) cross-section.

Fig. 6. SEM images of CA-SiO2 phase inversion membrane: (a, b) surface morphology, and (c, d) cross-section.
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experiments are repeated for three times and the average value is
acquired. The results are reproducible with standard deviation typically
less than± 2.0%.

CMS absorption capacities of CA and CA-SiO2 (with different SiO2

mass fractions. i.e., 5 %, 7.5 %, 10 %, 12.5% and 15 %) phase inversion
membranes were plotted in Fig. 4. The calculated absorption capacities
of phase inversion membranes were 63.1% for CA, 72.3% for CA-1,
74.4% for CA-2, 80.3% for CA-3, 74.8% for CA-4 and 71.2% for CA-5,
respectively. The result indicated that the phase inversion membranes
were in favor of absorbing large amount of CMS ternary eutectic
mixture due to their porous structure and high surface-to-volume ratio.
The CMS absorption capacities of CA-SiO2 phase inversion membranes
were notably higher than those of CA phase inversion membrane. Such
a result might be attributed to enhanced specific surface area as well as
the porous structure of phase inversion membrane upon the addition of
SiO2 nanoparticles [49–51], leading to the increase of absorption
amount. Meanwhile, excess SiO2 can be adsorbed and/or deposited
on the membrane surface, causing membrane fouling which in turn
reduce the porosity drastically. In addition, the decrease in absorption
capacity on fatty acid with hydrophobic characteristic was also due to
the increase in surface hydrophilicity which was rendered by SiO2

particles. Similar results were reported for CA/SiO2 blend membranes
[49,52]. Since the CA-3 phase inversion membrane with 10 wt.% SiO2

mass fraction, showed the higher CMS absorption capacity, hence it was

selected to make CMS-based form-stable PCMs in the following
research.

3.2. Microstructure and surface morphology of CA phase inversion
membranes

The surface and cross-section morphologies of CA and CA-SiO2

phase inversion membranes are characterized by SEM, and the repre-
sentative images are shown in Figs. 5 and 6, respectively. It could be
seen from Fig. 5(a) and (b) that CA phase inversion membrane had
compact structure, there was almost no porous morphology on surface.
Similar structural morphology had also been reported in literatures
[53,54]. Meanwhile, the cross-section morphology showed that CA
phase inversion membrane had relatively irregular structure and had no
obvious macroporous structure. The upper layer of membrane appeared
discontinuous porous structure, but the lower layer of membrane
possessed interconnected and small porous structure, as shown in
Fig. 5(c) and (d). Such porous structure was capable of absorbing a
large amount of PCMs (i.e., CMS).

On the contrast, the CA-SiO2 phase inversion membrane had uni-
form porous structure with pore size of a few microns, and pores of
different layers of membranes were mutually staggered, as shown in
Fig. 6(a) and (b). It could be also seen from Fig. 6(c) and (d) that the
cross-section of CA-SiO2 phase inversion membrane was interconnected
with uniform macropores with pore size of several tens of microns, and
the pores were connected with each other and mutual permeable. This
demonstrated that the addition of SiO2 nanoparticles could significantly
change the morphological structure of phase inversion membrane,
which created porous structure on membrane surface and was helpful
to increase incorporation capability of CMS ternary eutectic mixture.

The surface morphology of CA and CA-SiO2 phase inversion
membranes was further investigated by AFM, the representative AFM
images are shown in Fig. 7. The surface roughness parameters of the
membrane which were expressed in terms of the mean roughness (Sa),

Fig. 7. AFM images of (a) CA and (b) CA-SiO2 phase inversion membranes; (c) CMS/CA and (d) CMS/CA-SiO2 form-stable PCMs.

Table 2
Surface roughness parameters of CA and CA-SiO2 phase inversion membranes before and
after absorbing CMS ternary eutectic mixture.

Sample Sa (nm) Sq (nm) Sz (nm)

CA 15.9 21.0 175
CMS/CA 10.4 13.4 83.3
CA-SiO2 46.6 56.2 294
CMS/CA-SiO2 26.1 33.1 130
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the root mean square of z data (Sq) and the mean difference between
the highest peaks and lowest valleys (Sz) were calculated by AFM
software in 5 μm× 5 μm scan size (Table 2). The results of Fig. 7 and
Table 2 indicated that the CA phase inversion membrane had relatively
smooth surfaces with average roughness of ∼15.9 nm. However, the
CA-SiO2 phase inversion membrane had rough surfaces with average
roughness of ∼46.6 nm. Meanwhile, the Brunauer–Emmett–Teller
(BET) method was also used to determine the specific surface area of
phase inversion membranes. The BET specific surface area of CA and

CA-SiO2 phase inversion membrane was ∼16.4 m2/g and ∼18.5 m2/g,
respectively. This indicated that the addition of SiO2 nanoparticles
increased surface roughness and specific surface area of phase inversion
membranes, which attributed to high CMS incorporation in the
membrane. This result was consistent with the above absorption
capacity analysis.

Fig. 8. Representative SEM images of CMS/CA form-stable PCMs: (a, b) surface morphology, and (c, d) cross-section.

Fig. 9. Representative SEM images of CMS/CA-SiO2 form-stable PCMs: (a, b) surface morphology, and (c, d) cross-section.
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3.3. Structural morphologies of form-stable PCMs

Structural morphologies of phase inversion membranes absorbed
with CMS ternary eutectic mixture were characterized by SEM, and the
SEM images of Figs. 8 and 9 were acquired from form-stable PCMs of
CMS/CA and CMS/CA-SiO2, respectively. The Fig. 8(a) and (b) showed

the CMS/CA form-stable PCMs had smooth surfaces, and CMS ternary
eutectic mixture might partly accumulate on or near the surfaces of
phase inversion membranes. In addition, the cross-section pores of CA
phase inversion membrane was filled with CMS, leading to unclear
interfaces between membrane and CMS ternary eutectic mixture, as
shown in Fig. 8(c) and (d). Meanwhile, the results of AFM image (as
shown in Fig. 7(c)) and Table 2 also confirmed above deduction. The
average roughness of CMS/CA form-stable PCMs was reduced to
∼10.4 nm from ∼15.9 nm for CA phase inversion membrane.

The images Fig. 9(a) and (b) demonstrated that CMS/CA-SiO2 form-
stable PCMs had relatively coarse surfaces, and the pores on the surface
of CA-SiO2 phase inversion membrane were full of CMS. In addition, the
partly aggregation of CMS with lamellar structure could be also
observed. Compared to the form-stable PCMs consisting of CA phase
inversion membrane, the form-stable PCMs consisting of CA-SiO2 phase
inversion membrane appeared easier to identify worm-like porous
structure, which made it to absorb more CMS, as showed in Fig. 9(c)
and (d). The average roughness of CMS/CA-SiO2 form-stable PCMs with
∼26.1 nm was higher than that of CMS/CA form-stable PCMs with
∼10.4 nm, might be due to the surface lamellar structure on phase
inversion membrane, as indicated in Fig. 7(d) and Table 2. It was
noteworthy that the porous structure of CA and CA-SiO2 phase
inversion membranes could provide the mechanical support for form-
stable PCMs and could effectively prevent the flow/leakage of molten
CMS ternary eutectic mixture.

3.4. Thermal energy storage/retrieval properties of form-stable PCMs

Thermal energy storage/retrieval properties of individual fatty acids
(i.e., CA, MA, and SA) and the prepared CMS ternary eutectic mixture
are characterized by DSC, as shown in Fig. 1. The data of extrapolated
peak onset temperatures (Te), melting peak temperature (Tm), crystal-
lization peak temperature (Tc), melting enthalpy (ΔHm) and crystal-
lization enthalpy (ΔHc) are listed in Table 1. The results revealed that
prepared CMS ternary mixture presented single endothermic/exother-
mic peak, indicating eutectic state of the mixture. The melting and
crystallization temperatures of CMS ternary eutectic mixture were
23.6 °C and 13.1 °C, and corresponding enthalpies of melting/crystal-
lization were 122.8 kJ/kg and 119.7 kJ/kg, respectively. The phase
transition temperatures of prepared CMS ternary eutectic mixture were
much lower than those of individual fatty acids, while it still had high
values of enthalpy. In addition, the CMS ternary eutectic mixture
exhibited desired phase transition temperatures and neared ambient
temperature and/or human comfort temperature, which making the
CMS ternary eutectic mixture promising for potential applications such
as building heating/cooling, indoor temperature controlling, and
thermo-regulating fibers and textiles.

DSC curves of CMS ternary eutectic mixture, CMS/CA and CMS/CA-
SiO2 form-stable PCMs are shown in Fig. 10, and the thermal behaviors
are summarized in Table 3. The enthalpies of melting/crystallization
(both ΔHm and ΔHc) of form-stable PCMs were slightly lower than those
of the corresponding CMS ternary eutectic mixture, whereas there were
no appreciable changes on the phase transition temperatures. Addi-
tionally, the results in Table 3 also showed that the ΔHm and ΔHc values
of form-stable PCMs made of CA-SiO2 phase inversion membrane were
higher than those of form-stable PCMs made of CA phase inversion
membrane. As explained previously, the addition of SiO2 nanoparticles
increased surface roughness and specific surface area of phase inversion
membrane, leading to the increase of CMS incorporation capability. In
other words, the form-stable PCMs made of CA-SiO2 phase inversion
membrane had higher mass fractions of CMS ternary eutectic mixture.
It was observed that the resultant form-stable PCMs demonstrated high
melting/crystallization heat for thermal storage/retrieval. It is also
noteworthy that the heat enthalpies of melting/crystallization of
fabricated form-stable PCMs are as high as comparable with those of
the phase change composites prepared by physical absorption of

Fig. 10. DSC curves of CMS ternary eutectic mixture, CMS/CA and CMS/CA-SiO2 form-
stable PCMs.

Table 3
Thermal behaviors of CMS ternary eutectic mixture, CMS/CA and CMS/CA-SiO2 form-
stable PCMs.

Samples Heating process Cooling process

Te (°C) Tm (°C) ΔHm (kJ/kg) Te (°C) Tc (°C) ΔHc (kJ/kg)

CMS 17.4 23.6 122.8 15.3 13.1 119.7
CMS/CA 17.5 21.4 76.6 14.7 13.5 74.7
CMS/CA-SiO2 17.6 22.0 99.8 15.8 14.4 96.7

Table 4
Comparisons on thermal energy storage properties of some form-stable PCMs.

Form-stable PCMs Tm (°C) △Hm (kJ/
kg)

Tc (°C) △Hc (kJ/
kg)

Refs

MA-PA-SA (92.86 wt.
%)/EG

41.64 153.5 42.99 151.4 [22]

CA-LA-OA (93.7 wt.
%)/EG

19.04 109.18 12.19 115.28 [23]

PA-SA (92.9 wt.%)/EG 53.89 166.27 54.37 166.13 [24]
CA-MA-PA (92.9 wt.

%)/EG
18.61 128.2 16.58 124.5 [25]

PA-CA (66.6 wt.
%)/Diatomite

28.7 104.0 19.7 96.1 [26]

LA (37.5 wt.%)/Diatomite 40.9 57.4 38.7 57.2 [27]
CA-LA (34.0 wt.

%)/Diatomite
20.13 66.81 – – [28]

SA-CA (50 wt.%)/a-ATP 21.8 72.6 20.3 71.3 [30]
CA-MA (55 wt.%)/EP 21.70 85.40 20.70 89.75 [32]
LA-PA-SA (55 wt.%)/EP 31.8 81.5 30.3 81.3 [33]
LA-SA (43.5 wt.%)/EP 37.6 131.3 – – [34]
LA(70 wt.%)/EP 43.2 105.58 – – [35]
CA-LA (40 wt.%)/VMT 19.09 61.03 19.15 58.09 [36]
CA-MA (20 wt.%)/VMT 23.35 27.46 14.54 31.42 [37]
CA-LA (90.7 wt%)/PA6/

EG
22.28 102.7 16.61 102.2 [41]

CA-LA-PA (81.3 wt.
%)/SiO2 NFs

21.7 100.9 6.4 96.5 [44]

CA-PA (84.2 wt.%)/SiO2

NFs
28.1 108.6 18.7 102.2 [45]

CMS(80.3 wt.%)/CA-SiO2 22.0 99.8 14.4 96.7 Present
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different porous materials with different PCMs (summarized in
Table 4). Therefore, the fabricated form-stable PCMs possess high
thermal storage capacity and are suitable in the application for thermal
energy storage.

3.5. Thermal stability property of form-stable PCMs

Thermal stability property of fabricated form-stable PCMs was
evaluated using TGA in N2 atmosphere. The TGA and DTGA curves of
CMS/CA and CMS/CA-SiO2 form-stable PCMs are shown in Fig. 11, and
the 5% weight loss temperature (T-5wt.%), maximum weight loss
temperature (Tmax) and the charred residue at 700 °C are presented in
Table 5. It could be found from that there were two steps of degradation
process for form-stable PCMs. The first step of degradation occurred
roughly from 100 to 240 °C and corresponded to the degradation of the
CMS in form-stable PCMs. The second step happened from about
300–400 °C; such a weight loss was attributed to the decomposition
of CA in form-stable PCMs. The onset degradation temperature (T-5 wt.

%) for the CMS/CA-SiO2 form-stable PCMs increased from ∼129.5 °C
for CMS/CA form-stable PCMs to∼137.7 °C. The maximum weight loss
temperature (Tmax1 and Tmax2) for CMS/CA-SiO2 form-stable PCMs
increased from ∼174.7 °C and ∼354.8 °C for CMS/CA form-stable
PCMs to ∼183.8 °C and ∼357.1 °C, respectively. The degradation
temperature was shifted to higher temperature with addition of SiO2

nanoparticles. It was also found from Table 5 that the charred residue at
700 °C for CMS/CA-SiO2 form-stable PCMs was about 6.9 wt.%, and
was higher than that of CMS/CA form-stable PCMs (1.5 wt.%). These
increases indicated that thermal stability of the CMS/CA-SiO2 form-
stable PCMs was improved, and the improvement was attributed to the
SiO2 nanoparticles. It is known that SiO2 is an inorganic fire-retardant
material, and the SiO2 nanoparticles on the surface of phase inversion
membrane could create a passivation layer during thermal degradation
process; additionally, SiO2 could also act as an insulator and/or mass
transport barrier to the volatile byproducts generated during thermal

decomposition, leading to the improvement on thermal stability of
form-stable PCMs.

3.6. Thermal insulation capability of form-stable PCMs

Fig. 12 demonstrates the capability of form-stable PCMs to stabilize

Fig. 11. TGA curves of CMS/CA and CMS/CA-SiO2 form-stable PCMs.

Table 5
Characteristic temperatures and charred residue at 700 °C of CMS/CA and CMS/CA-SiO2

form-stable PCMs.

Samples T-5wt% (°C) Tmax1 (°C) Tmax2 (°C) Charred residue (%)

CMS/CA 129.5 174.7 354.8 1.5
CMS/CA-SiO2 137.7 183.8 357.1 6.9

Fig. 12. Curves of thermal performance tests acquired from form-stable PCMs and the
corresponding phase inversion membranes: (a) CA and (b) CA-SiO2.
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temperature. The thermal insulation capabilities of the CMS/CA and
CMS/CA-SiO2 form-stable PCMs were evaluated by monitoring tem-
perature change of a 50 °C indoor air in a 15 °C environment. For a
control sample, i.e. without phase inversion membrane, indoor air
temperature dropped quickly. It took only ∼10.5 min for the control
sample to cool from 50 °C down to 19 °C. When the CA phase inversion
membrane (without CMS) was placed, indoor air temperature was
reduced from 50 °C to 19 °C for ∼13.3 min. In contrast, indoor air
temperature covered with CMS/CA form-stable PCMs decreased much
more slowly. The same temperature change from 50 °C to 19 °C took
22.5 min, as shown in Fig. 12(a). Similar results could also be found for
the CMS/CA-SiO2 form-stable PCMs and the corresponding CA-SiO2

phase inversion membrane, as shown in Fig. 12(b). The indoor air
temperature change from 50 °C to 19 °C took ∼14.0 min for CA-SiO2

phase inversion membrane (without CMS). In comparison with that of
CA-SiO2 phase inversion membrane, the control temperature time for
CMS/CA-SiO2 form-stable PCMs was increased to ∼26.3 min. In
addition, it could be also observed that the control temperature time
of CMS/CA-SiO2 form-stable PCMs (∼26.3 min) was higher than that of
CMS/CA form-stable PCMs (∼22.5 min), mainly due to CMS/CA-SiO2

form-stable PCMs with higher CMS ternary eutectic mixture amount.
The results indicated that the fabricated form-stable PCMs possessed
good thermal insulation capability and temperature regulation ability.

4. Conclusions

In this work, capric-myristic-stearic acid (CMS) ternary eutectic
mixture was prepared and incorporated into CA phase inversion
membrane to fabricate a novel form-stable PCMs. The addition of
SiO2 nanoparticles into CA phase inversion membrane created porous
feature on the resultant CA-SiO2 phase inversion membrane surface,
which facilitated CMS incorporation in the phase inversion membrane.
The CA-SiO2 phase inversion membrane with 10 wt.% SiO2 amount
showed the highest CMS incorporation capacity at ∼80.3 wt.%, which
due to its high surface roughness and specific surface area. The
resultant form-stable PCMs well maintained their structural integrity
as well as PCM characteristics. There were two steps of degradation
process for form-stable PCMs; and the addition of SiO2 nanoparticles
increased remarkably the onset degradation temperature, maximum
weight loss temperature and charred residue of form-stable PCMs,
which attributed to improved thermal stability. Compared to the
control sample (without phase inversion membrane) and CA-SiO2 phase
inversion membrane, the control temperature times were respectively
increased by ∼60.1% and 46.8% for the CMS/CA-SiO2 form-stable
PCMs to change its temperature from 50 °C to 19 °C. The fabricated
CMS/CA-SiO2 form-stable PCMs presented good thermal storage/re-
trieval property and thermal insulation capability, which demonstrated
great potential for temperature regulation applications.
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