
Research Article
Preparation, Encapsulation, and Performance Evaluation of
Ternary Phase Change Materials for Building Envelope

Hongzhi Zhu, Bin Guo , and Zhi Li

College of Hydraulic and Civil Engineering, Shandong Agricultural University, Tai’an 271018, Shandong, China

Correspondence should be addressed to Bin Guo; guobin@sdau.edu.cn

Received 27 November 2021; Revised 16 March 2022; Accepted 18 March 2022; Published 1 April 2022

Academic Editor: Guoming Liu

Copyright © 2022 Hongzhi Zhu et al. +is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. In order to make up for the defect that a single phase change material cannot meet the phase change temperature in a
specific application field, three kinds of materials with higher phase change temperature are selected in this paper. +rough the
phase change material composite method, it was adopted to carry out step cooling curve test and differential scanning calorimetry
(DSC) test, based on the second law of thermodynamics and the theory of phase equilibrium. DSC thermal analysis and Fourier
transform infrared spectroscopy (FT-IR) characterization were carried out. +e phase change diatomite was used for packaging
materials and durability evaluation. +e results show that when TD-MA : LA� 6.2 : 3.8, the phase transition temperature of the
experimental ternary composite phase change material is 20.1°C. +e adsorption of diatomite to phase change material (PCM) is
only physical adsorption, and the thermal stability is good after 100 phase change cycles. +e maximum mass loss rate of phase
change diatomite encapsulated by phenylpropene emulsion and cement powder is only 0.65%, at last, this phase change diatomite
is suitable for building envelope structure.

1. Introduction

Phase change heat storage technology is a method for energy
storage by using the characteristics of phase change mate-
rials (PCMs) that can absorb or release a large amount of
phase change latent heat during phase change [1]. Phase
change materials are used in building envelopes to
strengthen the heat preservation, heat storage, and heat
insulation capabilities of the envelope structure, thus can
reduce heating and air conditioning energy consumption,
reduce electrical load, and ultimately achieve energy saving
goals [2–7].

A single phase change material is sometimes difficult to
meet the requirements of a certain field for the phase change
temperature and phase change materials. +erefore, many
scholars prepare composite phase change materials with the
required phase change temperature by mixing two or more
phase change materials [8–12]. However, there are few
studies on the preparation of ternary composite phase
change materials to improve the utilization rate of phase
changematerials.+e phase changematerial usually needs to

be shaped and packaged before it is put into use, so as to
make up for its shortcomings of low thermal conductivity
such as large volume change during phase change and easy
leakage. Commonly used encapsulation methods include
methods of porous carriers composite, macro encapsulation,
sol-gel encapsulation, microcapsule encapsulation, etc.
[13–16]. C. Hasse et al. prepared phase change paraffin
microcapsules and encapsulated them in the honey comb
panel [17]. +e experiment found no phase change material
leakage in the panel. Ramakrishnan S prepared a composite
phase change material with paraffin wax and expanded
perlite as raw materials in which mass ratio of paraffin can
reach 50% [18, 19] the experimental results show that the
composite PCM has good chemical compatibility and
thermal stability. Although these methods have many ad-
vantages, secondary encapsulation is still needed to improve
the stability of phase change materials in the phase change
cycle.

+is paper aims to prepare and select ternary composite
phase change materials suitable for building envelopes by
using phase change materials TD, MA, LA as raw materials,
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using the method of heating and melting and processing
cooling curve and DSC test. Using diatomaceous Earth as a
matrix to shape the phase change material and encapsulate it
with a packaging material, illustrating the FT-IR charac-
terization of the phase change material and the shaped phase
change material.

2. Experiment

2.1. Experimental Materials and Instruments. Tetradecanol
(TD), called myristyl alcohol, is a colorless to white waxy
solid. Myristic acid (MA), a white crystalline waxy solid.
Lauric acid (LA), called dodecanoic acid, a white flake or
bead-like solid. +e particle size of Expanded perlite (EP) is
between 2mm to 3mm, appearing white particles, honey-
comb pore structure. +e particle size of diatomite (DE) is
between 5mm and 15mm, appearing white or light yellow
particles. Styrene acrylic emulsion is a thick milky liquid.
Cement powder (wet with water). Magnetic heating
stirrer, electronic balance, temperature acquisition in-
strument, temperature sensor, differential scanning cal-
orimeter (DSC), Fourier transform infrared spectrometer
(FT-IR), vacuum drying oven, refrigerated refrigerator.

2.2. Experimental Procedures and Methods

2.2.1. *eoretical Prediction of *ermophysical Properties of
Ternary Composite Phase Change Materials. According to
the second law of thermodynamics and phase equilibrium
theory, the melting point and heat of solution formula of the
eutectic phase change material can be obtained, so as to
theoretically predict the eutectic temperature of the eutectic
system and the proportion of corresponding components.
+e eutectic temperature formula and the heat of solution
formula of the binary composite phase change material are
as follows.

Tm �
1

1/TA − R ln XA/HA

�
1

1/TB − R ln XB/HB

,

(1)

Hm � Tm

XAHA

TA

+
XBHB

TB

 , (2)

XA + XB � 1. (3)

Among them, Tm is the melting temperature of the
eutectic phase change material, K. Hm is the heat of fusion
of the eutectic phase change material, J/mol, TA, TB, are
the melting temperatures of the A and B components
respectively, K. HA, HB, are the latent heat of phase
change of A and B components, J/mol. XA, XB are the
mole percentages of A and B components in the mixture,
respectively.

In the calculation, the thermal properties of TD and MA
are first brought into the above formulas (1)–(3), contrib-
uting to the eutectic point temperature of the TD-MA binary

eutectic is 304K and the heat of solution is 198 J. Converting
the calculated mole percentage to mass percentage is TD :
MA� 67.4 : 32.6, and the TD-MA binary eutectic is com-
bined with LA as a single component. When the mass ratio
TD-MA : LA� 62.5 : 37.5, the eutectic point temperature of
the TD-MA-LA eutectic is 295.2 K, which meets the tem-
perature requirements of the building envelope for phase
change materials.

2.2.2. Step Cooling Curve Test of Composite Phase Change
Materials. In this experiment, the TD-MA binary composite
phase change material is set to 9 different mass ratios (8 : 2,
7 : 3, 6 : 4, 4 : 6, 2 : 8), (6.8 : 3.2, 6.7 : 3.3, 6.6 : 3.4, 6.5 : 3.5)
Perform step cooling curve test. Compound the obtained
TD-MA binary eutectic compound with LA, and set TD-
MA : LA to 6 different mass ratios (8 : 2, 6.3 : 3.7, 6.2 : 3.8, 6.1 :
3.9, 6 : 4, 4 : 6, 2 : 8) Continue the experiment, after that, DSC
test was combined for analysis and comparison.

2.2.3. DSC Test of Composite Phase Change Material.
+e phase change temperature and latent heat of the
composite phase changematerials with different proportions
were obtained by DSC test using differential scanning
calorimetry.

2.2.4. Performance Characterization of Shaped Composite
Phase Change Materials. +e amorphous phase change
materials were prepared by using diatomite as the matrix
adsorption phase change material. +e amorphous phase
change materials before and after the phase change cycle
were tested by differential scanning calorimetry. +e
chemical composition and structure of the fixed phase
change materials before and after phase change cycle were
analyzed by Fourier transform infrared absorption
spectrometer.

2.2.5. Shaped Composite Phase Change Material Packaging
and Durability Test. Weighing 4 parts of 20 g phase change
diatomaceous Earth shaped composite phase change ma-
terial, one of which is not packaged, and the other three are
packaged in different packaging methods, and the thermal
cycle test is performed on them, and the different packaging
is evaluated by the mass loss rate cold and hot cycle du-
rability under the material.

3. Results and Analysis

3.1. StepColdCurveTest andAnalysis. Using the SRND-CM-
4PT distributed modular automatic measuring unit to
perform step-cooling temperature curve test on TD-MA
binary composite phase change materials and TD-MA-LA
ternary composite phase change materials with different
mass ratios, and collect temperature data after temperature
data is collected, the time-temperature curve is drawn as
shown in Figures 1–3.

It can be seen from Figure 1 that the TD-MA curve under
different ratios has a transition under different mass ratios,
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indicating that the TD-MA composite phase change ma-
terials under different mass ratios have crystallized during
the cooling process. Moreover, the size of the temperature
plateau is different, indicating that the size of the latent heat
of phase change is different. When the mass ratio TD :MA is
8 : 2, 7 : 3, 6 : 4, 4 : 6, 2 : 8, the crystallization temperature is
35.3°C, 34.7°C, 35°C, 38.7°C, and 49.0°C, respectively. +e

crystallization temperature is lower at 7 : 3 and 6 : 4, and it is
preliminarily judged that the eutectic point temperature
appears between these two ratios.

Figure 2 shows the step cooling curves of TD-MA
composite phase change materials with different ratios near
the low eutectic point. It can be seen that the TD-MA
composite phase change materials under the fourmass ratios
have crystallized during the cooling process. When the mass
ratio is 6.5 : 3.5, the crystallization temperature is slightly
higher and the phase transition duration is shorter, so it is
excluded. +e crystallization temperature of the other three
ratios is close, and it is not easy to distinguish in the step
cooling curve, so take these three ratios to continue the DSC
test.

It can be seen from Figure 3 that the binary eutectic TD-
MA and LA at different mass ratios of TD-MA-LA ternary
composite phase change materials have crystallized during
the cooling process. When the mass ratio TD-MA : LA is 8 :
2, 6 : 4, 4 : 6, 2 : 8, the crystallization temperature is 27.2°C,
24.4°C, 29.6°C, and 37.3°C, respectively. When the mass ratio
is near the theoretically predicted eutectic point mass ratio,
the crystallization temperature is the lowest and the crys-
tallization temperature is within the comfortable tempera-
ture of the human body, roughly between 20°C and 25°C, but
the difference is small and difficult to distinguish, so take
TD-MA. +e ratio of LA was tested by DSC at 6.3 : 3.7, 6.2 :
3.8, 6.1 : 3.9.

3.2. DSC Test Analysis of Composite Phase Change Materials.
+e DSC test curves of the TD-MA binary composite phase
change material near the mass ratio of the eutectic point
predicted by theory are shown in Figures 4–6. +e DSC test
curves of the TD-MA-LA ternary composite phase change
material near the mass ratio of the eutectic point predicted
by theory are shown in Figures 7–9.

From Figures 4–6, it can be concluded that when the
mass ratio TD :MA is 6.8 : 3.2, 6.7 : 3.3, 6.6 : 3.4, the phase
transition temperature of the TD :MA binary composite
phase change material is 33.4°C, 33.1°C, and 34.8°C. When
the ratio of the two is 6.7 : 3.3, the TD-MA binary com-
posite phase change material has a low eutectic point,
which is 1.1°C different from the theoretical prediction,
and the latent heat of phase change is 208.3 J/g, which is
closed to the theoretical prediction. +erefore, take this
ratio of TD-MA binary composite phase change material
to continue the configuration of ternary composite phase
change material.

It can be seen from Figures 7–9 that the phase transition
temperature of the TD-MA-LA ternary composite phase
change material with the mass ratio near the eutectic point is
predicted to be around 20°C. +e ternary composite phase
change material when TD-MA : LA� 6.2 : 3.8 is selected as
the final material required for this study. +e phase change
temperature is 20.1°C, and the latent heat of phase change is
larger, which is 154.6 J/g. Compared with other ratios, TD-
MA : LA� 6.2 : 3.8 has great advantages, suitable phase
change temperature and large latent heat of phase change,
which can satisfy the building envelope structure.
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Figure 2: Step cooling curve of TD-MA binary composite phase
change materials with different mass ratios near eutectic point.
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Figure 3: Step cooling curves of binary eutectic TD-MA and LA at
different mass ratios.
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Figure 1: Step cooling curve of TD-MA binary composite phase
change materials under different mass ratios.
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3.3. FT-IR Analysis. +e infrared spectra of LA, MA, TD,
and TD-MA-LA eutectics measured experimentally are as
shown in Figure 10. +e infrared spectra of TD-MA-LA
eutectic, diatomaceous Earth, and phase change diatomite
are showed in Figure 11.

From Figure 10, it can be seen that the positions of the
peaks in the infrared spectra of LA and MA and their
strengths are similar. Observe the infrared spectra of LA.
+ere are two characteristic absorption peaks at 2920 cm−1

and 2840 cm−1, respectively, which are CH3-symmetrical
stretching vibration peak, -CH2-Asymmetrical stretching
vibration peak. +e C�O stretching vibration absorption
peak appears at 1700 cm−1, the -CH2- flexural vibration peak

appears at 1470 cm−1, and the OH surface deformation
flexural vibration peak appears at 1415 cm−1. At 930 cm−1

and 725 cm−1, the bending vibration peaks of the terminal
alkenyl group CH and the (CH2)10 bending vibration ab-
sorption peaks appear. Observe the infrared spectrum curve
of TD, the peak at 3332 cm−1 is the characteristic absorption
peak of the OH bond vibration of alcohol and water mol-
ecules. +e spectrum shows CH3-symmetric stretching vi-
bration peaks and -CH2-asymmetry at 2920 cm−1 and
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Figure 4: TD :MA is the DSC curve of TD-MA at 6.8 : 3.2.
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Figure 5: TD :MA is the DSC curve of TD-MA at 6.7 : 3.3.
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Figure 6: TD :MA is the DSC curve of TD-MA at 6.6 : 3.4.
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Figure 7: TD-MA : LA is the DSC curve of TD-MA-LA at 6.3 : 3.7.

Phase transition temperature 20.1°C
Phase change latent heat 154.6J/g
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Figure 8: TD-MA : LA is the DSC curve of TD-MA-LA at 6.2 : 3.8.

Phase transition temperature 19.6°C
Phase change latent heat 142.4J/g

H
ea

t f
lo

w
 ra

te
/ (

m
w

/m
g)

77
°C

0

-1

-2

-3

-4

90

80

70

60

50

40

30

20

10

0
0 200 400

t/s
600 800

Figure 9: TD-MA : LA is the DSC curve of TD-MA-LA at 6.1 : 3.9.

4 Advances in Civil Engineering



2845 cm−1. Stretching vibration peak, the peak at 1461 cm−1

is -CH2-flexural vibration peak, and the peak at 1055 cm−1 is
CO stretching vibration absorption peak. Compared with
the infrared spectra of LA and TD, the infrared spectra of
TD-MA-LA can be seen at 3450 cm−1, 2920 cm−1, 2840 cm−1,
1710 cm−1, 1464 cm−1, 1412 cm−1, 1055 cm−1, and 930 cm−1.
Corresponding characteristic absorption peaks also
appeared at 725 cm−1, and no new characteristic peaks were
generated. Only the position of individual peaks has a slight
deviation and the strength of some peaks has changed
slightly, indicating that the ternary composite phase change
material is only physically mixed during the preparation
process, and no chemical reaction occurs.

It can be seen from Figure 11 that the O-H bond of water
molecules and the Si-O-H bond stretching vibration absorption
peak of diatomite appear at 3450 cm−1 of diatomite. Corre-
sponding to the O-H bending vibration peak at 1633 cm−1, the
characteristic absorption peak at 1083 cm−1 is the cyclic Si-O-Si
stretching vibration absorption peak, and the Si-O bending
vibration absorption peak at 467 cm−1. It can be seen from the
infrared spectrum of the phase change diatomite that it contains
all the characteristic peaks of diatomite and TD-MA-LA
composite materials, and no new characteristic peaks are
generated, indicating that the phase change diatomite is in the
preparation only physical adsorption, no chemical reaction
occurs.

3.4. DSCCharacterization of ShapedComposite PhaseChange
Materials. +eDSC curves of TD-MA-LA and phase change
diatomite before and after cycling are shown in Figure 12.

It can be seen from Figure 12 that the phase change
temperature of the phase change diatomite after the ad-
sorption of the phase change material by diatomite is 20.4°C,
which is 0.3°C change from previous adsorption, and the
latent heat of phase change appears to be reduced to 55.9 J/g.
+e phase change temperature of the phase change diatomite
after 100 cycles of phase change is 20.3°C, which is a change
of 0.1°C from before the cycle, and the latent heat of phase
change is 51.2 J/g, which is 8.4% lower than that before the
cycle, showing that phase change diatomite has good
thermal stability.

3.5. Analysis of Durability Results of Cooling and Heating
Cycles. +e mass of phase-change diatomite after encap-
sulation by styrene-acrylic emulsion, cement powder,
styrene-acrylic emulsion + cement powder is 39.52 g,
39.27 g, and 49.61 g, respectively, and the durability of
phase-change diatomaceous Earth under different pack-
aging methods. And the test results are shown in Table 1
and Figure 13.

It can be seen from Figure 13 that the mass loss rate of
phase change diatomite under the four encapsulation
methods increases with the increase of the number of phase
change cycles. In the unencapsulated state, the mass loss of
phase change diatomaceous Earth is relatively large, and the
quality is stable after about 40 phase change cycles, and the
mass loss rate is about 5.1%. +e effect of packaging with
cement powder and styrene-acrylic emulsion is obvious, and
the maximum mass loss rate About 2.1% and 1.8% re-
spectively. It can be seen that the encapsulation method
using styrene-acrylic emulsion mixed with cement powder
has the best effect. +e quality is close to stable after the
phase change cycle is about 20 times, and the maximum
mass loss rate is only about 0.65%. From experiments that
the encapsulation method of styrene-acrylic emulsion and
cement powder has the best durability. It can be used with
building with long service life. +is encapsulation method
can be used to prepare phase-change energy storage ag-
gregates and combine with building materials to prepare
phase-change energy storage concrete for use in building
envelopes.

4. Discussion

To make more of the phase change materials in different
areas to get reasonable application more effectively, most
scholars [20] will be focused on two or more composite
phase change materials, in line with the principle of phase
change materials of high utilization rate, this study selected
three kinds of high phase transition temperature of solid
liquid phase change materials for building palisade structure
after through distribution, through the theoretical predic-
tion and experimental verification,+e thermal properties of
the ternary composite phase change material finally
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prepared meet the requirements of this study, so that the
single phase change material can be reasonably utilized.

+e latent heat of phase-change materials will inevitably
decrease after being adsorbed by diatomite, and no new
materials will be formed in the melting composite process of
phase-change materials and the adsorption process of di-
atomite, which indicates that no chemical reaction takes

place in each component. +e prepared phase-change en-
ergy storage aggregate has excellent phase-change stability.
Some scholars [21–23] found that, after packaging the po-
rous matrix material after adsorption of PCM, the leakage
problem of liquid PCM would be greatly improved due to
the obstruction of packaging layer on the liquid PCM. In this
study, the double-packaging effect of styrene-acrylic emul-
sion + cement powder was very excellent. After about 10
phase transformation cycles, there was no leakage and the
mass loss rate was only 0.65%. However, the problem of low
adsorption rate of diatomite itself needed further study. It
can be seen that how to use more phase change materials in a
better way under the premise of ensuring no leakage, so as to
play a greater role in phase change heat storage and release is
particularly critical.

5. Conclusions

(1) +eoretical calculation of the ternary composite
phase change material TD-MA : LA� 62.5 : 37.5, the
system has a eutectic point, and the eutectic point
temperature is 23.2°C. +rough the step cooling
curve test and DSC test experiment, when TD-MA :
LA� 6.2 : 3.8, the phase change temperature of the
ternary composite phase change material is 20.1°C,
and the latent heat of phase change is 154.6 J/g. +e
thermophysical properties of the final ternary
composite phase change material meet the re-
quirements for application in building envelopes.

Phase change of diatomite after cycling
Phase transition temperature 20.3°C
Phase change latent heat 51.2J/g

Phase change of diatomite before cycling
Phase transition temperature 20.4°C
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Figure 12: DSC curves of TD-MA-LA and phase change diatomite.

Table 1: Changes of mass and loss rate of phase change expanded perlite under different encapsulation methods.

Cycle number
0 10 20 30 40 50Packaging materials

Unencapsulate Mass/g 20.00 19.73 19.37 19.12 18.98 18.98
Loss rate/% 0 1.4 3.2 4.4 5.1 5.1

Styrene-acrylic emulsion Mass/g 39.52 39.34 39.2.4 39.16 39.16 39.16
Loss rate/% 0 0.9 1.7 1.8 1.8 1.8

Cement powder Mass/g 39.27 39.05 38.95 38.87 38.85 38.85
Loss rate/% 0 1.1 1.6 2.0 2.1 2.1

Styrene-acrylic emulsion and cement powder Mass/g 49.61 49.52 49.49 49.48 49.48 49.48
Loss rate/% 0 0.44 0.60 0.65 0.65 0.65
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Figure 13: Mass loss rate of phase change expanded perlite under
different encapsulation methods.
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(2) TD, MA, LA did not undergo chemical reaction
during the melting and compounding process, only
physical melting and mixing. +e adsorption of
diatomite to the TD-MA-LA composite phase
change material is only physical adsorption, and no
new substances are produced during the process.+e
phase change latent heat of the adsorbed phase
change diatomite is reduced to a certain extent,
which is 55.9 J/g. +e phase change temperature of
diatomite is basically unchanged after the phase
change cycle, the latent heat of phase change is re-
duced by 8.4%, and it has good thermal stability.

(3) +e cold and heat cycle durability of phase change
diatomaceous Earth after encapsulation is signifi-
cantly better than before encapsulation. Among
them, the encapsulation method of styrene-acrylic
emulsion mixed cement powder is the most excel-
lent, with a maximum mass loss rate of only 0.65%
and excellent durability.

Data Availability

+e data that support the finding of this study are available
from the corresponding author upon reasonable request.
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