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characterization of lauric acid–
stearic acid/expanded perlite as a composite phase
change material

Xuying Liu, Yunchao Zhao, * Zhixuan Fan, Yu Shi and Dahua Jiang

Rapid energy consumption stimulates the development of energy-saving materials. In this work, the L–S

eutectic mixture used as a PCM was compounded with EP via vacuum adsorption to synthesize LS/EP

CPCM. The maximum mass adsorption rate of EP on L–S is determined to be 70% via leakage

experiments. The microscopic morphology, chemical, and crystal structure were characterized using

scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), and X-ray

diffraction (XRD), respectively. The phase change properties were measured by differential scanning

calorimetry (DSC). The melting temperature of LS/EP is 37.79 �C, with a latent heat of 126.05 J g�1, and it

has a crystallinity of over 90%. The thermal decomposition was evaluated by TGA. The initial

decomposition temperature is 132.20 �C for LS/EP. In addition, the results of accelerated phase change

cycling experiments showed that LS/EP CPCM has good reliability.
1. Introduction

In recent years, various non-renewable energy sources have
been over-exploited, and global carbon emissions have
increased dramatically.1,2 Energy and environmental issues are
deeply troubling people and governments around the world. In
September 2020, the Chinese government announced that
China's carbon dioxide emissions will peak by 2030 and China
will become carbon neutral by 2060. In 2018, the energy
consumption of China's buildings during operation was 1
billion tce, accounting for 21.7% of China's total energy
consumption. In addition, the carbon emissions of the building
operation stage are 2.11 billion tCO2, accounting for 21.9% of
China's carbon emissions.3 Of these, HVAC systems are
responsible for most of the energy consumption and carbon
emissions. Therefore, the development of new energy-saving
building materials is of great signicance for energy saving
and emissions reduction.

Phase change materials (PCMs), a latent heat storage
medium, can absorb or release large amounts of latent heat
during melting or solidication.4,5 New building materials used
in thermal storage and insulation are prepared by compound-
ing PCM with traditional building materials, which can effec-
tively reduce building energy consumption and adjust the
indoor environment due to the high heat capacity characteris-
tics of PCM.6–10 Currently, the commonly used PCMs in the
cryogenic eld are inorganic hydrated salts and organic PCMs.
Subcooling and phase separation of inorganic hydrated salts
ng, Jiangxi University of Science and
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make them unsuitable for the use in building PCMs.11,12 In
contrast, organic PCMs do not have these disadvantages.13,14 In
addition, fatty acids in organic PCMs have the advantages of
excellent thermal storage properties, good thermal stability,
and weak chemical activity,15 which make them a preferable
choice for construction PCMs. However, fatty acids have a single
melting point and leakage problems. To overcome these draw-
backs, domestic and foreign scholars usually use binary and
multiple eutectics to regulate the melting point and porous
material adsorption to avoid leakage. For instance, Du16

synthesized a capric acid–palmitic acid–stearic acid/expanded
graphite composite by vacuum adsorption, where the
CA : PA : SA mass ratio was 74.7 : 17 : 8.3, corresponding to
a phase change temperature and latent heat of 25.39 �C and
140.22 J g�1, respectively. In addition, Du16 demonstrated by
electron microscopy and leakage experiments that the porous
carrier EG can effectively inhibit the leakage of fatty acids.
Ramı́rez17 investigated the maximum adsorption rates of CA–
MA, LA–MA, and PA–SA in the same inorganic porous material
and compared the thermal properties of the three composites.
He18 prepared a LA–MA/EG composite from LA, MA, and EG,
and thermal cycling experiments showed that the material has
good thermal cycling stability.

Selection of the adsorption carrier is a key part of composite
preparation. At present, the commonly used porous adsorbent
materials are porous metal-based,19,20 porous carbon-based,21,22

and porous mineral-based.23,24 Compared to the other two
porous materials, porous minerals are more suitable for
building energy efficiency because of their characteristics, such
as being cheaper and easier to access.25,26 Expanded perlite (EP),
a porous mineral, is characterized by large specic surface area,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis flow chart for LS/EP CPCMs.
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strong re resistance, moderate hole size, low moisture reten-
tion, and a very low density.27–30 Furthermore, it is an environ-
mentally safe building material that is abundant in Chinese
markets. Sari31 synthesized a composite phase change material
(CPCM) with a mass fraction of 55% capric acid by vacuum
adsorption of capric acid (CA) on EP. In addition, the test results
show that the thermal performance parameters of the synthe-
sized CPCM are suitable for the eld of building energy saving.
Bian27 prepared an expanded perlite aerogel that can adsorb
twice its own mass of CA–SA while exhibiting good thermal and
chemical properties. Therefore, EP is an appropriate and cost-
effective option for synthesizing energy-efficient CPCMs for
buildings.

This work aims to synthesize a novel CPCM for use in trop-
ical and subtropical regions. Phase change processes include
heat absorption and exothermic processes, and they interact
with each other. We must choose a PCM with a high phase
change temperature so that the stored heat can be released at
night. Therefore, lauric acid (LA) with a high phase change
temperature and stearic acid (SA) with the highest latent heat
among fatty acids are used to synthesize a L–S eutectic PCM
suitable for tropical and subtropical regions. Unlike many
works, the use of low thermal conductivity EP as a support
material to further enhance the thermal insulation is in
response to the climatic characteristics of tropical and
subtropical regions. To accurately determine the adsorption
rate of EP to L–S, a series of CPCMs with different mass frac-
tions of L–S were prepared. We use numerical (weighing mass
loss) and sensory analysis (leak traces on lter paper are
observed) methods to jointly determine the optimal adsorption
rate. Moreover, under the optimal adsorption rate, the crystal
and chemical structures, microscopic morphology, phase
change performance parameters, thermal stability and reli-
ability of the CPCM were analyzed and characterized.

2. Materials and methods
2.1 Materials

LA was purchased from Shandong Youshuo Composite Material
Engineering Co. SA was provided by Sinopharm Chemical
Reagent Co. EP was obtained from Xinyang expanded perlite
factory in China, with a particle size of 70–90 mesh.

2.2 Purication of expanded perlite

First, the expanded perlite was poured into a beaker with
distilled water and stirred for 5 minutes, then le to stand for 30
minutes, nally, the oating expanded perlite was taken out
and dried in a vacuum drying oven at 120 �C for 48 h.

2.3 Preparation of LS–EP CPCM

In our previous study, the eutectic mass ratio of L–S was
determined to be 82 : 18 by step-cooling curve experiments and
DSC analysis.32 The LS/EP CPCMs were synthesized using the
vacuum impregnation process shown in Fig. 1.

First, L–S was compounded according to the mass ratio
determined above, then different masses of L–S eutectics and
© 2022 The Author(s). Published by the Royal Society of Chemistry
puried EP were weighed (controlling the mass fraction of the
L–S eutectics to be 60%, 65%, 70%, 75%, and 80%) into a beaker
and stirred well. Then the beakers were put into a vacuum
drying oven set to 80 �C 0.08 MPa for 6 hours, removing it every
2 h and stirring for 5 min. LS/EP CPCMs with mass fractions of
60%, 65%, 70%, 75%, and 80% L–S were synthesized.
2.4 Experimentation and characterization

2.4.1 Leakage experiments. The visual lter paper leakage
circle method and the mass loss method were used to deter-
mine themaximum adsorption rate of PCM, using the following
steps: (1) weighed 0.5 g of CPCM with different PCM mass
fractions and spread it evenly on the lter paper in a 30 mm test
area. (2) These lter papers were placed in a constant temper-
ature drying oven at 80 �C for heat treatment for 2 hours. (3) The
lter paper was removed from the oven and, aer cooling to
room temperature, the CPCM on the lter paper was moved to
the balance for weighing; the mass loss of CPCM and the cor-
responding lter paper inltration image were recorded at this
time.

2.4.2 Properties characterization. Differential scanning
calorimetry (DSC) was used to measure the phase change
temperature and latent heat of the samples. The experimental
conditions were set to 20–65 �C, 5 �C min�1, and a nitrogen
atmosphere. Scanning electron microscopy (SEM) was used to
analyze the microscopic morphology of EP and LS/EP CPCM,
and the working voltage was set to 20 kV. Thermogravimetric
analysis (TGA) was used to analyze the thermal decomposition
of the samples; the test temperature range was from 30 to
400 �C, with a heating rate of 10 �C min�1, and a nitrogen ow
rate of 100 ml min�1. The crystal structure of the sample was
characterized by X-ray diffraction (XRD), while the chemical
structure was characterized by Fourier transform infrared
spectroscopy (FT-IR).

2.4.3 Accelerated thermal cycling experiment. Reliability
refers to the ability of the material to maintain its thermal
properties and chemical structure during cycling. In practical
engineering applications, the CPCM is in a phase change cycle
RSC Adv., 2022, 12, 23860–23868 | 23861
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Fig. 2 Schematic diagram of the cycling experiment.

Table 1 Mass of LS/EP CPCMs before and after heat treatmenta

Material L–S/% Mb/g Ma/g Mass loss fraction/%

LS/EP 60 0.500 0.494 1.2
65 0.500 0.493 1.4
70 0.500 0.488 2.4
75 0.500 0.472 5.6
80 0.500 0.459 8.2

a Mb and Ma are the sample mass before and aer heat treatment,
respectively.
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of continuous melting and solidication, so thermal reliability
is particularly important. To analyze the reliability of the LS/EP
CPCM, rst, the samples were poured into marked test tubes,
then the test tubes were put into a constant temperature water
tank at 70 �C until the contents completely melted, then they
were moved to a constant temperature incubator at 10 �C. Aer
the contents had completely solidied, the tubes were moved to
a constant temperature water tank at 70 �C, and this process
was repeatedly cycled 1000 times. A schematic diagram of the
cycling experiment is shown in Fig. 2. The phase change prop-
erties of the samples were tested aer 250, 500, and 1000 cycles,
and the chemical structure of the samples was characterized
aer 1000 cycles.
3. Results and discussion
3.1 Determination of maximum mass adsorption fraction

PCM is liquid at high temperature. If it is not effectively
adsorbed in the pores of the EP, then it will ow onto the lter
paper, which is the principle of the leak experiment. Therefore,
leakage experiments were performed on LA-based CPCMs with
mass fractions of 60%, 65%, 70%, 75%, and 80% L–S to deter-
mine the optimal mass fraction of L–S in the LS/EP CPCM. The
corresponding lter paper leakage images are shown in Fig. 3,
and the mass loss rates for each sample are shown in Table 1.

As can be seen from Fig. 3, for LS/EP, when the mass fraction
of L–S is less than or equal to 70%, there is no trace of leakage
on the lter paper. However, when the mass fraction of L–S is
Fig. 3 Filter paper leakage images of LS/EP.

23862 | RSC Adv., 2022, 12, 23860–23868
75–80%, the lter paper has obvious leakage traces. Combined
with the leakage fraction of LS/EP in Table 1, when the mass
fraction of L–S is less than or equal to 70%, the leakage rate is
controlled at 3%. Since L–S is a non-toxic and non-corrosive
material, a little leakage is acceptable for building. In order to
obtain an LS/EP CPCM with a larger latent heat, LS/EP with
70 wt% L–S was selected as the object of subsequent analysis.
3.2 Analysis of SEM images

The SEM images of EP and LS/EP are shown in Fig. 4. It can be
seen from Fig. 4(a) that the EP has a honeycomb-like pore
structure as a whole, with a large number of irregular pores,
which are not only interconnected but also communicate with
the atmosphere. Therefore, it has sufficient space to adsorb the
liquid PCM and suppress the leakage of the liquid PCM through
some weak physical effects, such as capillary force. Fig. 4(b)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of (a) EP and (b) LS/EP.

Fig. 5 FT-IR spectra of L–S, EP, and LS/EP.

Fig. 6 XRD spectra for L–S, EP, and LS/EP.

Fig. 7 DSC curves of L–S and LS/EP.

Table 2 Evaluation index data showing the latent heat performance of
LA-based CPCMs

Materials R/% E/% m/% F/%

LS/EP 66.62 66.12 99.25 95.17
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shows the SEM image of LS/EP. Compared with the SEM images
of EP, the pores are heavily reduced. This phenomenon indi-
cates that the L–S eutectic PCM is adsorbed into the pores of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
EP. In addition, the outer contours of most of the pores are still
clear, indicating that themass fraction of the L–S determined by
the leakage experiment is suitable. Therefore, by analyzing their
micromorphology, it is concluded that EP can effectively adsorb
L–S and prevent their leakage.

3.3 Chemical structure analysis

The chemical compatibility between EP and L–S was analyzed
by FT-IR, and the corresponding FT-IR spectra are shown in
Fig. 5. It can be found from Fig. 5 that two distinct characteristic
absorption peaks appear in the FT-IR spectrum of EP. The
absorption peaks at 3426 cm�1 and 1056 cm�1 correspond to
the O–H stretching vibration and the Si–O–Si stretching vibra-
tion, respectively.

From Fig. 5, it is found that the FT-IR of L–S has different
characteristic absorption peaks at 2920 cm�1, 2854 cm�1,
RSC Adv., 2022, 12, 23860–23868 | 23863
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Table 3 Comparison with other composites reported in the literature

CPCM Melting temperature/�C
Latent heat/J
g�1 Reference

Stearic-capric acid/activated-attapulgite 21.8 72.6 35
Lauric acid/intercalated kaolinite 43.7 72.5 24
Lauric–palmitic–paraffin/expanded perlite 31.4 117.3 36
Lauric–myristic acid/porous wood our 33.1 98.2 37
Capric–myristic acid/diatomite 22.75 67.03 38
Capric–stearic–palmitic acid/expanded graphite 25.39 140.22 16
Lauric–stearic acid/expanded perlite 37.79 126.06 This work

Table 4 Pyrolysis parameters of L–S and LS/EP CPCM

Material

Decomposition temperature/�C

Initial Fastest End Mass loss fraction/%

EP — — — 0
L–S 110.08 241.19 276.25 98.63
LS/EP 132.20 218.15 255.38 67.33
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1697 cm�1, 1464 cm�1, 1298 cm�1 and 939 cm�1. The wave
numbers from large to small correspond to the asymmetric
stretching vibration of –CH3, symmetrical stretching vibration
of –CH2, stretching vibration of –C]O, bending vibration of
–CH2, in-plane bending vibration of –OH, out-of-plane defor-
mation of–OH, and out-of-plane bending vibration of C–H
bond. The FT-IR spectrum of LS/EP shows characteristic
absorption peaks at 3430 cm�1, 2921 cm�1, 2854 cm�1,
1701 cm�1, 1462 cm�1, 1299 cm�1, 1054 cm�1 and 937 cm�1;
their wave numbers are very close to the characteristic absorp-
tion peaks in L–S and EP, and no new characteristic absorption
peaks are generated. It is well known that chemical interactions
between substances must create some new functional groups
and atomic bonds. However, in the FT-IR analysis, no peaks
disappeared or appeared in the FT-IR spectra of LS/EP
compared to L–S and EP, indicating that no chemical reaction
occurred during the preparation of LS/EP. Therefore, physical
interaction is responsible for the LS/EP composite. Meanwhile,
the SEM analysis results showed that L–S was absorbed into the
pores of EP, indicating that the interaction between L–S and EP
caused a capillary force.
3.4 Crystal structure analysis

The crystal structure of L–S, EP, and LS/EP CPCM was charac-
terized using XRD to investigate whether the adsorption by the
Fig. 8 (a) TG and (b) DTG curves for EP, L–S, and LS/EP.

23864 | RSC Adv., 2022, 12, 23860–23868
EP pore structure would destroy the crystal structure of L–S, and
the results are shown in Fig. 6.

It can be seen from Fig. 6 that the diffraction intensity of EP
is low, and it has no crystal peaks, indicating that EP is an
amorphous material. In addition, it can be seen that L–S has
strong diffraction peaks at 20.45�, 21.73�, and 24.05�. LS/EP also
showed strong diffraction peaks near these diffraction angles,
corresponding to 20.30�, 21.64�, and 23.93�, and no new
diffraction peaks were generated. Based on the above analysis, it
is not difficult to see that the adsorption of EP did not destroy
the crystal structure of L–S, and no new crystal phase was
generated by chemical reaction during the synthesis process.
Moreover, the diffraction peaks of LS/EP CPCM shied to
a small angle and the diffraction intensity decreased compared
with L–S, indicating that there is a physical interaction between
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DSC curves after several cycles: (a) melting process of LS/EP. (b) Solidification process of LS/EP.
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L–S and EP, which increases the interlayer distance and reduces
the crystallinity of L–S.
Fig. 11 FT-IR spectra of LS/EP before and after cycling.
3.5 Phase change properties analysis

The DSC curves of L–S and LS/EP are shown in Fig. 7. As shown
in Fig. 7, comparing the peak shapes and positions of the L–S
and LS/EP, it is found that they all have a single endothermic
and exothermic peak, and the L–S and LS/EP have a high
coincidence in the temperature range of endothermic and
exothermic peaks, which indicates that the latent heat of LS/EP
comes from L–S. Their phase change parameters are described
in detail below.

From Fig. 7, it can be seen that the melting temperatures of
L–S and LS/EP are 39.23 �C and 37.79 �C, and the latent heats
are 189.50 J g�1 and 126.06 J g�1; the solidication temperatures
are 32.44 �C and 31.29 �C, and the latent heats are 176.15 J g�1

and 115.72 J g�1. Detailed analysis of the above data shows that,
compared with L–S, the phase change temperatures of LS/EP
CPCM decreased, which is due to the pore structure of EP
dividing the originally integrated fatty acid molecules into
several small parts, increasing the heat transfer area and
improving the sensitivity to thermal stimulation. In addition,
Fig. 10 The change trend of (a) phase change temperature and (b) laten

© 2022 The Author(s). Published by the Royal Society of Chemistry
the latent heat performance of the LS/EP CPCM can be effec-
tively evaluated by four indices: effective adsorption rate (R),
effective heat storage and release percentage (E), relative heat
t heat of LS/EP during cycles.

RSC Adv., 2022, 12, 23860–23868 | 23865
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storage efficiency (m), and crystallinity (F). The calculation
method is shown in eqn (1)–(4),33,34 and the calculation results
are shown in Table 2.

R ¼ Hm;CPCM

Hm;PCM

� 100% (1)

E ¼ Hm;CPCM þHf ;CPCM

Hm;PCM þHf ;PCM

� 100% (2)

m ¼ E

R
� 100% (3)

F ¼ R

u
� 100% (4)

where Hm,CPCM and Hf,CPCM refer to the latent heat of melting
and freezing of LS/EP, respectively; Hm,PCM and Hf,PCM refer to
the latent heat of melting and freezing of L–S eutectics,
respectively; u refers to the optimal mass fraction of L–S.

According to Table 2, the effective adsorption rate (R) of LS/
EP is 66.62% and the effective heat storage and release
percentage (E) is 66.12%, which are slightly lower than the
actual incorporation rate in the leakage experiment, but within
the allowable error range, indicating that the leakage experi-
ment designed in this work can accurately determine the
optimal mass fraction of PCM. Furthermore, the relative
thermal storage efficiency (m) of LS/EP is 99.25%, which is
higher than 98%. This means that almost all of the L–S in LS/EP
can effectively complete the endothermic and exothermic phase
change cycle. Crystallinity is an indicator of the degree of crys-
tallization of PCM: the higher the crystallinity, the smaller the
latent heat loss. In this work, the crystallinity (F) of the prepared
LS/EP is higher than 95%, indicating that the pore structure of
EP has little effect on the latent heat of L–S. The above data
show that the prepared LS/EP has excellent phase change
properties in terms of four aspects, R, E, m, and F.

In addition, as shown in Table 3, we compared the latent
heat of LS/EP with other composites reported in the literature.
The latent heat of the synthesized LS/EP is larger than that of
many clay-based CPCMs, but a little smaller than that of carbon-
based CPCMs, such as capric–stearic–palmitic acid/expanded
graphite.16 However, carbon-based CPCMs are more costly.
Therefore, the prepared LS/EP is a more economical option for
construction materials.
3.6 Thermal stability

To investigate the thermal stability of L–S and LS/EP and the
internal relationship between them, we used thermogravimetric
analysis (TGA) to analyze the thermal decomposition situation
of L–S and LS/EP CPCM. The results are shown in Fig. 8 and
Table 4.

It can be seen from Fig. 8 that the TG and DTG curves of EP
both are a horizontal straight line, indicating that EP has good
thermal stability below 400 �C. The initial decomposition
temperatures of L–S and LS/EP are 110.08 �C and 132.20 �C, the
fastest decomposition temperatures are 241.19 �C and
218.15 �C, and the end decomposition temperatures are
23866 | RSC Adv., 2022, 12, 23860–23868
276.25 �C and 255.38 �C. Meanwhile, the mass loss rate of LS/EP
is 67.33%, which is very close to the adsorption rate of L–S in the
leakage experiments. This phenomenon demonstrates that the
mass loss of LS/EP is caused by the decomposition of L–S in the
composite. Overall, the initial decomposition temperature of
LS/EP CPCM is much higher than the maximum temperature
occurring in the building envelope, indicating that LS/EP CPCM
has excellent thermal stability as a building material.
3.7 Reliability

3.7.1 Thermal reliability. Building materials work in an
alternating temperature environment. Large changes in the
phase change temperature and latent heat of materials during
thermal cycling can negatively affect the engineering applica-
tions of materials. Many scholars have performed accelerated
phase change cycles on CPCMs to investigate their thermal
reliability and a small variation of phase change parameters is
considered acceptable.16,24,35,39 In this work, the synthesized LS/
EP was subjected to 1000 accelerated phase change cycles and
the phase change properties of LS/EP were characterized via
DSC aer 1, 250, 500 and 1000 cycles. The variation of phase
change parameters within 10% was considered acceptable. The
DSC curves are shown in Fig. 9 and the corresponding phase
change parameter trends of change are shown in Fig. 10.

Observe the DSC curves of LS/EP in Fig. 9; as the accelerated
phase change cycle proceeds, the peak shape and number of the
endothermic peaks remain unchanged, and only the area of the
endothermic peaks changes slightly. Furthermore, according to
the data in Fig. 10, aer 250, 500 and 1000 cycles, the melting
temperature of LS/EP changed from 37.79 �C to 37.13 �C,
36.78 �C, and 36.74 �C, decreasing by 0.66 �C, 1.01 �C, and
1.05 �C, respectively. The latent heat decreased from 126.06 J
g�1 to 118.98 J g�1, 120.74 J g�1, and 116.79 J g�1, and decreased
by 7.08 J g�1, 5.32 J g�1, and 9.27 J g�1. It can be seen that aer
1000 cycles, the relative change rate of the melting temperature
of LS/EP does not exceed 3%, and the relative change rate of
latent heat does not exceed 8%. Therefore, LS/EP has good
thermal reliability and it still has a suitable phase change
temperature and a high level of latent heat aer cycling for the
construction eld.

3.7.2 Chemical reliability. In terms of chemical reliability,
comparing the FT-IR spectra of LS/EP before and aer cycling in
Fig. 11, it is not difficult to nd that neither the peak shape nor
the absorption band of the functional groups were changed
during cycling, and no new characteristic absorption peaks were
generated, indicating that LS/EP has good chemical reliability.
4. Conclusions

In this work, L–S used as a PCM was compounded with EP via
vacuum adsorption to synthesize LS/EP CPCMs. The maximum
mass adsorption rate of the PCM, microscopic morphology,
chemical and crystal structure, phase change properties,
thermal stability, and reliability of LS/EP were characterized
using leak tests, SEM, FT-IR, XRD, DSC, TG, and accelerated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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phase change cycling experiments. The following conclusions
are obtained:

(1) The maximum mass adsorption rate of EP on L–S is 70%.
Under this adsorption rate, SEM images show that L–S is
uniformly distributed in the pores of EP.

(2) The FT-IR and XRD patterns showed that EP is chemically
compatible with L–S, and the addition of EP did not destroy the
original crystal structure of L–S.

(3) The melting temperature of LS/EP is 37.79 �C, with
a latent heat of melting of 126.05 J g�1, and LS/EP has a crys-
tallinity of over 90%. TG analysis showed that LS/EP does not
undergo thermal decomposition in the construction eld.

(4) The results of accelerated phase change cycling experi-
ments showed that the phase change temperature of LS/EP
changes by less than 3% and the latent heat changed by less
than 8% aer 1000 cycles, and no new characteristic absorption
peaks were generated, so the LS/EP has good reliability.
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