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Abstract: The use of phase change materials (PCMs) is an attractive method for energy storage
and utilization in building envelopes. Here, shape-stabilized phase change materials (SS-PCMs)
were prepared via direct adsorption using mesoporous silica (MS) with different pore diameters
as the support matrix. The leakage properties, microstructure, chemical structure, thermophysical
properties, activation energy, thermal stability and thermal storage-release characteristics of paraffin
and SS-PCMs were investigated. The results show that the maximum mass proportion of paraffin in
SS-PCMs is 70% when the average pore diameter of mesoporous silica is 15 nm, and the phase change
temperature and latent heat of the corresponding SS-PCM are 23.6 °C and 135.4 kJ/kg, respectively.
No chemical reaction occurs between mesoporous silica and paraffin and the SS-PCMs exhibit high
thermal stability. The high activation energy of the paraffin (70%)/MS1 SS-PCM verifies that the
shape and thermal properties can be maintained stably during phase change conversions. The time
required for SS-PCMs to complete the thermal storage and release process is reduced by up to 34.0%
compared with that for pure paraffin, showing a decline in the thermal conductivity of SS-PCMs after
the addition of mesoporous silica. Hence, the prepared paraffin/MS SS-PCMs, in particular paraffin
(70%)/MS1 SS-PCM, can be used for storing thermal energy and regulating indoor temperature
in buildings.

Keywords: phase change material; mesoporous silica; shape-stabilized; thermal storage; thermal in-
sulation

1. Introduction

With the rising demand for building thermal comfort and high-quality indoor thermal
environment, building energy consumption has been growing continuously in recent
years [1-4]. Thus, various environment-friendly technologies have been proposed to
enhance building energy efficiency and reduce carbon dioxide emissions [5,6]. Among
various technologies, the use of phase change materials (PCMs) has gained more and more
attention, as they have high energy storage density and can be operated within a small
temperature range during the phase change conversion process [7-9]. However, PCMs are
prone to leakage after melting when they are directly incorporated into building structures,
which limits their wide application in building energy conservation [10,11].

In order to solve the leakage problem of the melted PCMs, composite PCMs are
prepared by micro-encapsulation methods, sol-gel methods, pressing sintering methods,
direct adsorption methods, etc. [12-14]. In particular, shape-stabilized phase change
materials (SS-PCMs) consisting of one or several types of PCMs and a supporting porous
matrix, such as graphite [15], carbon foam [16], or carbon nanotubes [17], are generally
preferred. The investigations on PCMs mainly focus on the improvement of thermal
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conductivity [18]. However, good thermal insulation and thermal mass are both essential
to improve indoor thermal comfort and reduce building energy consumption. Thus, SS-
PCMs with low thermal conductivity are preferred for application in buildings [19]. In
order to decrease the thermal conductivity of PCMs, one of the most efficient approaches
is adding porous matrices with low thermal conductivity to prepared SS-PCMs. For
example, Lv et al. [20] prepared paraffin/kaolin composites by employing kaolin with
different particle sizes and studied the thermal performance of pure PCM and PCM
composites. Zhang et al. [21] prepared a PCM composite consisting of a MgCl,-6H,O-
based eutectic and expanded perlite. The maximum mass fraction of eutectic hydrated salt
in the composite was 50 wt.%, and the thermal conductivity of the PCM was reduced from
0.732 to 0.144 W/(m-K). Sun et al. [22] prepared an SS-PCM by combining binary mixtures
of CaCl,-6H,O-NH4Cl with expanded perlite and found that the thermal conductivity of
PCM was reduced to 0.117 W/(m-K).

Mesoporous silica (MS), which has the characteristics of low thermal conductivity,
large specific surface area, ultralight weight and outstanding compatibility with con-
struction materials, is considered as a preferable supporting matrix for the preparation
of S5-PCMs [23]. Luo et al. [19] prepared an SS-PCM by mixing a ternary eutectic salt
with MS. The latent heat and thermal conductivity of the SS-PCM were 99.43 kJ /kg and
0.082 W/ (m-K), respectively. Luo et al. [24] prepared a novel paraffin@SiO, SS-PCM
by a chemical precipitation process, and the thermal conductivity of the composite was
significantly improved compared with pure PCM. Ranjbar et al. [25] prepared a PCM
nanocomposite based on a n-heptadecane core and SiO, nanoparticles framework. The
results showed that the nanocomposite had an enthalpy of 123.8 ] /g and a good thermal re-
liability. Li et al. [26] integrated the paraffin/MS composites into vacuum insulation panels
and found that the thermal mass of the vacuum insulation panels was increased with inte-
gration of PCM. Nomura et al. [27] developed SS-PCMs for building materials by vacuum
impregnation of octadecane into MS, with SS-PCM impregnation ratio reaching 0.95.

Although some studies have been conducted on the application of SS-PCMs consisting
of organic PCM and MS, there is very little data regarding the influence of pore diameters
of MS on the insulation properties of paraffin/MS S5-PCMs. Herein, paraffin/MS SS-PCMs
were prepared by direct adsorption method employing MS with average particle diameters
of 15, 30 and 50 nm, respectively. Furthermore, the chemical characteristics, microstructure,
thermophysical properties, activation energy and thermal stability were systematically
studied by FTIR, SEM, DSC and TGA, respectively. Finally, the thermal storage/release
performances of paraffin and SS-PCMs were investigated by measuring the temperature
evolution during the heat charging and discharging process.

2. Materials and Methods
2.1. Materials

PCM: paraffin was provided by Joule Wax Industry Co., Ltd. (Shanghai, China), and
its phase change temperature was 28 °C. Amorphous mesoporous silica was supplied by
Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). The average pore
sizes of mesoporous silica were 15 nm, 30 nm and 50 nm, respectively, represented by MSI1,
MS2 and MS3. The average specific surface areas for MS1, MS2 and MS3 were 230 m?/g,
180 m?/g and 150 m? /g, with an up and down fluctuation of 30 m?/g. The pH value of
MS was in the range of 5-7, the loss on ignition at 1000 °C was no more than 2% and the
purity of MS was higher than 99.5%.

2.2. Preparation

A direct adsorption method was used to prepare the SS-PCMs. A certain quantity of
paraffin was weighed and placed in a beaker, which was heated in a constant temperature
drying box at 50 °C. After the paraffin was completely melted, it was added into meso-
porous silica with different pore sizes. To ensure that the paraffin was evenly distributed in
the mesoporous silica, the beaker containing PCM composites was placed in a hot water
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bath at a temperature of 50 °C and stirred for 30 min at 300 r/m. After that, the PCM
composites were cooled in a refrigerator at 4 °C. A series of SS-PCM samples with different
mass percentages of paraffin was prepared, and the mass ratios of paraffin and mesoporous
silica in SS-PCMs are listed in Table 1.

Table 1. The mass ratios of paraffin and mesoporous silica in SS-PCMs.

Mass of Paraffin (g) Mass of Mesoporous Silica (g) Mass Proportion of Paraffin in SS-PCM
10.00 2.50 80%
7.50 2.50 75%
11.67 5.00 70%
9.29 5.00 65%
7.50 5.00 60%
6.11 5.00 55%

2.3. Characterization

Leakage tests were carried out to determine the maximum mass proportion of paraffin
in SS-PCMs. Filter papers with SS-PCM samples were placed in a constant temperature
drying box at 50 °C for 1 h to ensure that the phase change material melted completely.
After that, the filter paper was taken out to observe the leakage trace to determine whether
the PCM leaked from the SS-PCMs.

The chemical structures of mesoporous silica, paraffin and SS-PCMs were analyzed by
Fourier transform infrared spectrometer (FTIR, Nicolet IS50, Thermo Scientific, Waltham,
MA, USA) after the blank potassium bromide plate and sample were pressed. The
wavenumber varied from 400 to 4000 cm~!. The microstructures of mesoporous silica and
SS-PCM samples were observed by scanning electron microscope (SEM, Geminisem 500,
Carl Zeiss, Jena, Germany). The PCM samples were sprayed with gold and tested at an
ambient temperature of 20 °C. The thermal properties were verified by differential scanning
calorimeter (DSC, 214 Polyma, Netzsch, Selb, Germany) in a nitrogen environment. The
temperature was in the range of 5-50 °C and the heating rate was 5 °C/min. The heat
flow and temperature accuracy of DSC were £1% and 0.1 °C, respectively. DSC tests for
SS-PCMs were carried out to analyze the activation energy under different heating rates
of 2 °C /min, 5 °C /min, 10 °C /min, 15 °C /min, respectively. A thermo-gravimetric
analyzer (TGA, STA449C, Netzsch) was used to study the thermal stability of the samples
under nitrogen protection. The temperature was varied from room temperature (25 °C) to
600 °C and the heating rate was 10 °C/min.

Thermal storage/release performances of paraffin and SS-PCMs were studied by mea-
suring the temperature evolution of the PCMs. The schematic of the thermal performance
evaluation system is shown in Figure 1. The PCM sample with a weight of 15 g was
packed into a test tube and then placed in a beaker containing ice-water mixture for 20 min.
After that, the test tube was taken out and placed in a constant temperature water bath at
50 °C for testing the heat storage performance of PCMs. After the temperature of PCMs
reached a stable value, the test tube was taken out of the water bath and placed into the
beaker containing ice-water mixture to start the heat release process of PCMs. A T type
thermocouple device was used to measure the temperature curves of the SS-PCMs. The
accuracy of the thermocouple was +0.5 °C, and the data were collected every 30 s by a
data acquisition system (34970A, Agilent, Santa Clara, CA, USA).
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Figure 1. Schematic of the thermal performance evaluation system of paraffin and SS-PCMs.

3. Results and Discussion
3.1. Leakage Performance

Leakage of the melted PCM is considered a serious problem when a PCM is used in
buildings, thus the maximum absorption proportion of PCM in S5-PCMs is determined
by the leakage test. Figure 2 shows the leakage test results of MS1, MS2 and MS3 SS-
PCMs with different paraffin mass fractions after heating. As seen in the Figure 2, when
the mass fraction of paraffin in SS-PCMs is 80%, the leakage trace was observed for the
paraffin (80%)/MS1, paraffin (80%)/MS2 and paraffin (80%)/MS3 SS-PCMs because it
has exceeded the maximum absorption capability of MS. Some leakage is visible for the
paraffin (80%)/MS1, while serious leakage occurs for paraffin (80%)/MS3. As for paraffin
(75%)/MS1 SS-PCMs, a little leakage can be observed from the leakage traces. When the
mass fraction of paraffin is 70% or less in paraffin/MS1 SS-PCM, no traces of leakage
can be found on the filter paper. This indicates that mesoporous silica is an effective
supporting substrate for the melted paraffin when the mass proportion of paraffin is less
than or equal to 70%, thus enhancing the stability of the paraffin/MS1 SS-PCM. The same
procedure was repeated for paraffin/MS2 and paraffin/MS3 SS-PCM. For MS2 and MS3,
the maximum mass proportions of paraffin corresponding to no leakage are 65% and 60%,
respectively. Therefore, the PCMs used in subsequent studies are paraffin (70%)/MS1,
paraffin (65%)/MS2, and paraffin (60%)/MS3 SS-PCMs.

Paraffin (80%)/MS1 Paraffin (80%)/MS2 Paraffin (80%)/MS3

Figure 2. Cont.
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Paraffin (75%)/MS1 Paraffin (75%)/MS2 Paraffin (75%)/MS3

Paraffin (70%)/MS1 Paraffin (70%)/MS2 Paraffin (70%)/MS3

%W

Paraffin (65%)/MS1 Paraffin (65%)/MS2 Paraffin (65%)/MS3

Paraffin (60%)/MS1 Paraffin (60%)/MS2 Paraffin (60%)/MS3

Figure 2. Cont.
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Paraffin (55%)/MS1 Paraffin (55%)/MS2 Paraffin (55%)/MS3

Figure 2. Leakage test of MS1, MS2 and MS3 SS-PCMs with different paraffin mass proportion after heating.

3.2. Chemical Characteristics

The chemical structure analysis of the PCMs and MS was performed by FTIR. The
FTIR spectra of mesoporous silica, paraffin and paraffin/mesoporous silica are exhibited
in Figure 3. In the FTIR spectrum of paraffin, the absorption peaks appeared at 2920 and
2851 cm ! are assigned to -CH, and -CHj stretching vibrations, while the absorption peak
at 1744 cm~1 is assigned to C=0 stretching vibration in paraffin. The absorption peaks at
1468 and 1179 cm ! are assigned to -CH, and -CHj in-plane bending vibrations, respec-
tively, and the absorption peak at 718 cm ™! corresponds to -CH, in-plane swing vibration.
In the FTIR spectrum of SiO,, a wide band caused by Si-OH stretching vibration appears at
3000-3600 cm~!. The bands at 472.54 cm~!, 812.01 cm~! and 1107.11 cm~! correspond to
bending vibrations of Si-O-5i, symmetric stretching vibrations and asymmetric stretching
vibrations, respectively. Paraffin/MS SS-PCMs have all the characteristic absorption peaks
of paraffin and mesoporous silica, and no new peaks of other functional groups are gen-
erated. This verifies that there is no chemical reaction between paraffin and mesoporous
silica, and there is only a slight shift of the characteristic peaks due to the physical reaction.
A jagged FTIR spectrum of paraffin and SS-PCM is observed over the wavenumber range
of 1200 to 1375 cm 1. This is probably because raw paraffin was employed in the present
study and the impurities in paraffin result in the jaggedness of the FTIR spectra [28,29].

Mesoporous silica

<
3] Paraffin
c
]
=
2
& SS-PCMs
'_

4000 35I00 30IOO 25I00 20IOO 15I00 10I00 5(I)0
wavelenth (cm™)
Figure 3. FT-IR spectra of paraffin, MS and paraffin/MS SS-PCMs.
3.3. Material Morphology

The microstructure and morphology of mesoporous silica and paraffin/MS SS-PCMs
are shown in Figure 4. It can be observed from Figure 4a,c,d that mesoporous silica
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200 nm

EHT= 5.00kV
WD= 4.8 mm

Signal A= SE2 Date :25 Oct 2019
Mag= 50.00KX Time :9:56:41 — WD= 4.2mm Mag= 50.00 KX Time :18:09:56

samples with different particle diameters all have highly porous structures between the
particles. These porous structures are responsible for the good adsorption performance of
mesoporous silica. Thus, the leakage problem of the PCM in liquid state can be effectively
avoided by the surface tension and the capillary action of mesoporous silica, which can
explain the leakage performance of SS-PCMs visually [30]. As exhibited in Figure 4b,d f,
when the mass fractions of paraffin in SS-PCMs are 70%, 65% and 60%, the pore structures
of mesoporous silica are filled with paraffin, and the surface of mesoporous silica becomes
round and smooth. The surface smoothness of paraffin/MS SS-PCMs with the pore
diameter of 15 nm is the best, as the surface area of mesoporous silica increases with the
decrease in particle size [7].

The SEM images of paraffin (70%)/MS SS-PCMs with different particle size of MS
are provided for comparison, as shown in Figure 5. It can be seen that paraffin does
not completely fill the porous structure of MS for paraffin (70%)/MS1 SS-PCM. With the
increasing particle size of MS, the surface of SS-PCM turns smooth and round, as shown in
Figure 5b,c. However, the MS nanoparticles and the porous structure between the particles
cannot supply enough surface tension and capillary force to prevent melted paraffin leaking
from the porous structure of silica. Thus, leakage occurs for paraffin (70%)/MS2 SS-PCM
and paraffin (70%)/MS3 SS-PCM as the mass fraction of paraffin in SS-PCM exceeds its
maximum absorption ability, which has been verified by the leakage tests.

Date :20 Sep 2019 200 nm EHT = 5.00 kV Signal A= InLens

200 nm

EHT= 5.00kV
WD= 4.8 mm

(b)

Signal A= SE2 Date :20 Sep 2019 200 nm EHT = 5.00kV Signal A= SE2 Date :20 Sep 2019
Mag = 50.00 KX Time :10:01:11 }—| WD = 4.6 mm Mag= 50.00 K X Time :16:32:52
(c) (d)

Figure 4. Cont.
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200 nm EHT = 500 kV Signal A= SE2 Date :20 Sep 2019 . Signal A= SE2 Date :20 Sep 2019
— WD= 45mm Mag= 50.00 KX Time :10:06:21 — WD= 4.7 mm Mag= 50.00K X Time :16:36:24

(e) ()

Figure 4. SEM images of mesoporous silica and paraffin/MS SS-PCMs:(a) MS1; (b)Paraffin (70%)/MS1; (c) MS2; (d) Paraffin
(65%)/MS2; (e) MS3; (f) Paraffin (60%)/MS3.

ipm EHT= 5.00 kV Signal A= SE2 Date 20 Sep 2019 EHT= 1.00 kV Signal A = SE2 Date: 23 Mar 2021
WD= 4.6 mm Mag= 10.00 KX Time 16:53.01 WD= 6.5 mm Mag= 200KX Time: 16:56:03

(a) | | ~ (b)

N P 5 3
5pm EHT= 1,004V Signal A= SE2 Date: 23 Miar 2021
— WD = 6.0 mm Mag= 200KX Time: 16:41:01

(©)

Figure 5. SEM images of paraffin (70%)/MS SS-PCMs with different particle size of MS:(a) paraffin (70%)/MS1 SS-PCM,; (b)
paraffin (70%)/MS2 SS-PCM; (c) paraffin (70%)/MS3 SS-PCMs.
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3.4. Thermophysical Properties of SS-PCMs

The DSC thermogram of paraffin and paraffin/MS SS-PCMs containing mesoporous
silica with different particle diameters are shown in Figure 6. In the SS-PCMs, only paraffin
can store and release latent heat during the phase change conversion process. Thus, the
latent heat of SS-PCMs with different particle diameters of MS is determined by the mass
proportion of paraffin. The theoretical value of the latent heat of SS-PCMs is calculated by
the following equation [31,32]:

Lineoretical = Lparaffin % 1% (1)

where Lineoretical 18 the theoretical value of the latent heat of the SS-PCMs, Ly, araffin Tepresents
the latent heat of paraffin and n represents the mass proportion of paraffin in SS-PCMs.

T,=29.5°C,L=19741/g Paraffi
araffin

T,=23.6°C,L=13541/g
Paraffin (70%)/MS1

T,=242°C,L=124.91]/,

Heat flow (W/g)

Paraffin (65%)/MS2

T,=250°C,L=116.5/g §
Paraffin (60%)/MS3

10 20 30 40 50
Temperature (°C)

Figure 6. DSC curves of paraffin and paraffin/MS SS-PCMs with different MS pore diameters and
maximum paraffin mass proportions of 70%, 65% and 60%.

The crystallization efficiency of paraffin within the SS-PCMs can be expressed as
follows [33,34]:
o= [Ltﬁst/(Lpuraﬁ‘in X 77)] X 100(70 (2)

where « is the crystallization of paraffin in SS-PCMs, and Ly is the latent heat value of
SS-PCMs obtained by DSC.

The theoretical and measured values of the latent heat of the SS-PCMs and the crys-
tallization efficiency of paraffin in the SS-PCMs are shown in Table 2. The latent heats
of paraffin (70%)/MS1, paraffin (65%)/MS2 and paraffin (60%)/MS3 are 135.4 kJ/kg,
124.9 k] /kg and 116.5 k] /kg, respectively. The molecular movement of paraffin is restricted
due to the mesoporous structure of silica. Therefore, a small proportion of the paraffin
cannot melt or solidify [35]. Consequently, the measured latent heat value is lower than the
theoretical value. The phase change temperature of SS-PCMs with different pore diameters
is reduced by 4.5-5.9 °C compared to that of pure paraffin. This is probably caused by
the weak interaction between the paraffin molecules and the surface of silica [30]. All the
crystallization values of paraffin within paraffin/MS SS-PCMs are close to 100%. This result
verifies that paraffin in SS-PCM can undergo crystallization and phase change conversions
with reversible efficiency.
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Table 2. Thermophysical properties of paraffin and paraffin/MS SS-PCMs.
Samples Phase Change Temperature (°C) Liest (kJ/kg) Lineoretical (KJ/kg) A (%)
Paraffin 28.5 197.4 - -
Paraffin (70%)/MS1 SS-PCMs 23.6 135.4 138.2 98.0
Paraffin (65%)/MS2 SS-PCMs 24.2 1249 128.3 97.3
Paraffin (60%)/MS3 SS-PCMs 25.0 116.5 1184 98.4

3.5. Activation Energies Analysis

The activation energy is equal to the height of the activation barrier, which is used to
describe the relationship between the reaction rate and temperature. The activation energy
is calculated by Kissinger method [36,37], which follows the kinetic equation:

B\ _

where B represents the heating rate (K/min), T, represents the melting peak temperature
(°C), and E represents the activation energy of PCM (kJ/mol).

DSC tests for paraffin and SS-PCM were carried out under different heating rates of
2°C /min, 5 °C /min, 10 °C /min, 15 °C /min, respectively. With the increase in heating
rate, the endothermic peak of PCM is wider and the peak temperature is higher. Moreover,
the phase change temperature of PCM moves to a higher value. This is mainly because the
higher the heating rate, the more obvious the hysteresis of the heat transfer process. Using

the Kissinger dynamic method, the linear fitting of In (%) vs. %20

®)

is obtained, as shown in

Figure 7. The activation energies of the SS-PCMs under the four different heating rates are
shown in Table 3. The fitting correlation coefficients are all higher than 0.94, which indicates

T%
values of paraffin (70%)/MS1 SS-PCM, paraffin (65%)/MS2 SS-PCM, paraffin (60%)/MS3
SS-PCM are calculated as 1053.72 kJ /mol, 625.38 k] /mol and 553.29 k] /mol, respectively.
From the comparison, it can be seen that paraffin (70%)/MS1 SS-PCM has a larger activation
energy value. That is probably because that the restriction on the movement of paraffin
molecule increases as the pore size of the mesoporous silica decreases. On the other hand,
the high activation energy of the paraffin (70%)/MS1 SS-PCM verifies that the shape and
thermal properties can be maintained stably during phase change conversion in thermal
storage applications [37].

that a good relationship between In and %20 can be obtained. The activation energy

Table 3. Activation energy calculations of paraffin/MS SS-PCMs with different pore diameters of MS.

Peak Phase Change Temperature (°C) Activation Energy

$S-PCMs R

2 °C/min 5 °C/min 10 °C/min 15 °C/min Ec (kJ/mol)
Paraffin (70%)/MS1 SS-PCMs 28.02 29.27 30.37 31.27 1053.72 0.9912
Paraffin (65%)/MS2 SS-PCMs 28.97 29.72 30.77 31.77 625.38 0.9488
Paraffin (60%)/MS3 SS-PCMs 29.27 29.82 30.42 30.97 553.29 0.9722
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Figure 7. Data for activation energy calculations: (a) DSC results for paraffin/MS1 SS-PCM at different heating rates,
(b) DSC results for paraffin/MS2 SS-PCM at different heating rates, (c) DSC results for paraffin/MS3 SS-PCM at different

heating rates, (d) the linear fitting of In (%) vs. % based on the Kissinger equation.
2 y

3.6. Thermal Stability

Figure 8 illustrates the TGA curves of PCMs containing MS with different pore di-
ameters. It can be seen that there is almost no paraffin weight loss when the temperature
is lower than 100 °C. The weight loss starting point is pushed back after the addition of
mesoporous silica into paraffin, as a result of the physical barrier of mesoporous silica
structure in three dimensions. As the temperature reaches up to 250 °C, the weight loss
of paraffin is almost complete, whereas the weight loss of paraffin/MS SS-PCMs occurs
at temperature above 300 °C, demonstrating that the thermal stability of the paraffin/MS
SS-PCMs is enhanced after the addition of mesoporous silica. The weight loss values
of paraffin/MS]1, paraffin/MS2 and paraffin/MS3 SS-PCMs are 69.9%, 63.4% and 62.9%,
respectively. These data are approximately equal to the theoretical mass proportions of
paraffin inside SS-PCMs, except for paraffin/MS3 SS-PCMs, which is a bit higher than its
theoretical value. One possible reason is that a very small mass of the sample is used for
the weight loss measurement, and the mass proportion of paraffin deviates to the expected
value (60%). For paraffin/MS1, paraffin/MS2 and paraffin/MS3 SS-PCMs, the weight
loss values are 4.1%, 3.9% and 4.1%, respectively, when the temperature is below 200 °C,
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while the weight loss of pure paraffin is 35.1%. These results indicate that the paraffin/MS
SS-PCMs have good thermal stability for the intended building material application.

100 —— Paraffin (70%)/MS1 SS-PCM
—— Paraffin (65%)/MS1 SS-PCM
.l —— Paraffin (60%)/MS1 SS-PCM
—— Paraffin
g 60t
=
=y
2 4t
20
0F

100 200 300 400 500 600
Temperature (°C)

Figure 8. TGA curves of paraffin and paraffin/MS SS-PCMs containing MS with different pore diameters.

3.7. Thermal Energy Performance of SS-PCMs and Paraffin

The thermal energy storage/release performance of paraffin and SS-PCMs was studied
experimentally, as shown in Figure 9. The thermal storage and release rate of pure PCM
is higher than that of SS-PCMs with different pore diameters, indicating that thermal
conductivity of PCM decreases after the addition of mesoporous silica. It takes about 80
min for pure PCM to finish the heat charging process, while the three kinds of SS-PCMs
take about 118 min (paraffin/MS1), 104 min (paraffin/MS2) and 92 min (paraffin/MS3),
respectively, showing a maximum increase of 47.5%. The time required for paraffin to
complete the total heat storage and release process is 162 min, while the corresponding
times for paraffin/MS1, paraffin/MS2 and paraffin/MS3 SS-PCMs are 217 min, 198 min
and 179 min, respectively, showing a maximum increase of 34.0% for paraffin/MS1. By
comparing the heat charging and discharging times of paraffin and SS-PCMs, it is obvious
that the thermal storage and release rates of PCM are greatly decreased after adding
mesoporous silica. Theoretically, the thermal conductivity of mesoporous silica decreases
with decrease in the pore diameter [21]. Hence, SS-PCM with smaller pore diameter exhibits
slower thermal storage and release rate. As a result, it takes a longer time for paraffin/MS1
composite to finish the heat storage and release process compared to paraffin and other
PCM composites. These results indicate that the SS-PCMs in the present study are suitable
for storing thermal energy and regulating indoor temperature in buildings.
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Figure 9. Temperature evolution of paraffin and paraffin/MS SS-PCMs with different MS pore
diameters during the heat charging and discharging process.
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3.8. Discussion

In this section, the main findings of the present study are compared with those of some
SS-PCMs in literature. Table 4 displays a comparison of the thermophysical properties of
paraffin/MS SS-PCMs with those of some SS-PCMs in literature. It can be seen that the
mesoporous silica in the present study has relatively high absorption ratio in the range of
60-70% and latent heat capability in the range of 116.5-135.4 ] /g.

Table 4. Comparison of thermophysical properties of paraffin/MS SS-PCMs with those of some SS-PCMs in literature.

SS-PCMs Phase Change Temperature (°C) Latent Heat (J/g) Encapsulation Ratio (%) References (%)
CA-PA-SA /nano SiO; 21.86 99.43 71.3 [16]
Paraffin/kaolin 62.4 119.49 40.0 [17]
Stearic acid /kaolinite 53.28 66.30 39% [33]
Paraffin/palygorskite 58.55 89.2 45.5% [38]
LA-SA/diatomite 31.17 117.30 72.2% [39]
Paraffin/SiO, 26.12 111.7 64.8 [24]
Lauric acid /SiO, 41.5 93.8 56.6 [23]
N-heptadecane/SiO, 25.6 123.8 54.6% [25]
Paraffin(70%)/MS1 Y .
SS-PCM 23.6 135.4 70% This work
Paraffin(65%)/MS2 o .
SS-PCM 242 124.9 65% This work
Paraffin(60%)/MS3 o .
SS-PCM 25.0 116.5 60% This work

The addition of porous material with low thermal conductivity can improve the
thermal insulation property of PCM. Rao et al. [40] prepared SS-PCM composed of eutectic
hydrated salt as PCM and expanded perlite as supporting matrix. They found that the
heat storage time of PCM composite insulation panel was extended by 79%, indicating
a better thermal insulation performance compared to the pure expanded perlite panel.
Qu et al. [41] reported that the heat storage time of concrete block was extended by 62.1%
when fumed silica PCM composite with a mass proportion of 20% was added. In the
present study, the times required for SS-PCMs to complete the heat storage process and
the overall heat charging and discharging process are reduced by up to 47.5% and 34.0%,
respectively, compared with that for pure paraffin. This indicates that the paraffin/MS
SS-PCM in the present study exhibits good thermal insulation property by the addition of
mesoporous silica with low thermal conductivity.

From the above analysis, it can be seen that the maximum mass proportion of paraffin
inside SS-PCM is 70% when the pore diameter of mesoporous silica is 15 nm, which is
higher than that of the other two SS-PCMs with the pore diameter of 30 nm and 50 nm,
respectively. Due to the high absorption proportion of paraffin, paraffin (70%)/MS1 SS-
PCM exhibits a latent heat of 135.4 k] /kg and phase change temperature of 23.6 °C. It also
takes a longer time for paraffin (70%)/MS1 SS-PCM to complete the heat charging and
discharging process, showing a better thermal insulation property compared to paraffin
(65%)/MS2 and paraffin (60%)/MS3 SS-PCMs. Thus, it can be concluded that the paraffin
(70%)/MS1 SS-PCM in the present study has high potential for practical application in
building envelopes.

4. Conclusions

In this work, shape stabilized phase change materials (SS-PCMs) were prepared via a
direct adsorption approach using mesoporous silica with three different pore diameters as
the support matrix. The average pore sizes of mesoporous silica were 15, 30 and 50 nm,
respectively, represented by MS1, MS2 and MS3. The leakage property, microstructure,
chemical structure, thermophysical properties, thermal stability and thermal performance
of paraffin and the SS-PCMs were characterized. The integration of mesoporous silica into
paraffin leads to the reduction in phase change temperature and latent heat. The maximum
mass proportion of paraffin inside SS-PCMs is 70% when the pore diameter of mesoporous
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silica is 15 nm, and the SS-PCM exhibits a phase change temperature of 23.6 °C and latent
heat of 135.4 kJ /kg. The high activation energy of the paraffin (70%)/MS1 SS-PCM verifies
that the shape and thermal properties can be maintained stably during phase change
conversion. The time required for SS-PCMs to complete the thermal storage and release
process is reduced by 34.0% maximumly compared with that for pure paraffin, showing a
lower thermal conductivity of SS-PCMs. Moreover, there is no chemical reaction between
mesoporous silica and paraffin and the SS-PCMs maintain high thermal stability. In
conclusion, the prepared SS-PCMs, in particular paraffin (70%)/MS1 SS-PCM, demonstrate
excellent potential for application as thermal storage and insulation materials in buildings.

Author Contributions: Conceptualization, Y.L. (Yong Li) and Y.L. (Yanfeng Liu); methodology, Y.L.
(Yong Li) and M.D.; validation, M.D., W.S. and X.L.; formal analysis, W.S. and X.L.; investigation,
M.D., W.S. and X.L.; data curation, W.S., M.D. and Y.C.; writing—original draft preparation, Y.L.
(Yong Li) and Y.L. (Yanfeng Liu); writing—review and editing, Y.L. (Yong Li) and Y.C.; project
administration, Y.L. (Yong Li) and Y.L. (Yanfeng Liu); funding acquisition, Y.L. (Yong Li) and Y.L.
(Yanfeng Liu). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Science Foundation of Shaanxi of China, grant
number 2019JQ-768 and Independent Research and Development project of State Key Laboratory of
Green Building in Western China, grant number LSZZ202105.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Abdeali, G.; Bahramian, A.R.; Abdollahi, M. Review on Nanostructure Supporting Material Strategies in Shape-stabilized Phase
Change Materials. |. Energy Storage 2020, 29, 101299. [CrossRef]

2. Zhang,S.; Feng, D.; Shi, L.; Wang, L.; Jin, Y.; Tian, L.; Li, Z.; Wang, G.; Zhao, L.; Yan, Y. A review of phase change heat transfer in
shape-stabilized phase change materials (ss-PCMs) based on porous supports for thermal energy storage. Renew. Sustain. Energy
Rev. 2021, 135, 110127. [CrossRef]

3. Wu, N, Liu, L.; Yang, Z.; Wu, Y.; Li, J. Design of Eutectic Hydrated Salt Composite Phase Change Material with Cement for
Thermal Energy Regulation of Buildings. Materials 2020, 14, 139. [CrossRef]

4. Zhou, Y, Liu, Y,; Wang, D.; De, G.; Li, Y,; Liu, X.; Wang, Y. A novel combined multi-task learning and Gaussian process regression
model for the prediction of multi-timescale and multi-component of solar radiation. J. Clean. Prod. 2021, 284, 124710. [CrossRef]

5. Lamrani, B.; Johannes, K.; Kuznik, F. Phase change materials integrated into building walls: An updated review. Renew. Sustain.
Energy Rev. 2021, 140, 110751. [CrossRef]

6.  Sarcinella, A.; De Aguiar, ].L.B.; Lettieri, M.; Cunha, S.; Frigione, M. Thermal Performance of Mortars Based on Different Binders
and Containing a Novel Sustainable Phase Change Material (PCM). Materials 2020, 13, 2055. [CrossRef]

7. Lv, P; Liu, C.; Rao, Z. Review on clay mineral-based form-stable phase change materials: Preparation, characterization and
applications. Renew. Sustain. Energy Rev. 2017, 68, 707-726. [CrossRef]

8. Zhou, D.; Zhao, C.; Tian, Y. Review on thermal energy storage with phase change materials (PCMs) in building applications.
Appl. Energy 2012, 92, 593-605. [CrossRef]

9. Xiao, X;; Jia, H.; Wen, D.; Zhao, X. Thermal performance analysis of a solar energy storage unit encapsulated with HITEC
salt/copper foam/nanoparticles composite. Energy 2020, 192, 116593. [CrossRef]

10. Kenisarin, M.; Mahkamov, K. Passive thermal control in residential buildings using phase change materials. Renew. Sustain.
Energy Rev. 2016, 55, 371-398. [CrossRef]

11.  Zhu, N.; Li, S;; Hu, P; Wei, S.; Deng, R.; Lei, F. A review on applications of shape-stabilized phase change materials embedded in
building enclosure in recent ten years. Sustain. Cities Soc. 2018, 43, 251-264. [CrossRef]

12.  Ren, Y,; Xu, C,; Wang, T,; Tian, Z.; Liao, Z. A Study of Manufacturing Processes of Composite Form-Stable Phase Change Materials
Based on Ca(NOj3),-NaNOj3; and Expanded Graphite. Materials 2020, 13, 5368. [CrossRef]

13.  Ma, B,; Shi, H.; Xu, J.; Wei, K,; Wang, X.; Xiao, Y. Thermal-Insulation Effect and Evaluation Indices of Asphalt Mixture Mixed with
Phase-Change Materials. Materials 2020, 13, 3738. [CrossRef]

14. Cardenas-Ramirez, C.; Jaramillo, F.; Gomez, M. Systematic review of encapsulation and shape-stabilization of phase change
materials. ]. Energy Storage 2020, 30, 101495. [CrossRef]

15. Zhang, B,; Tian, Y,; Jin, X;; Lo, T.Y.; Cui, H. Thermal and Mechanical Properties of Expanded Graphite/Paraffin Gypsum-Based

Composite Material Reinforced by Carbon Fiber. Materials 2018, 11, 2205. [CrossRef]


http://doi.org/10.1016/j.est.2020.101299
http://doi.org/10.1016/j.rser.2020.110127
http://doi.org/10.3390/ma14010139
http://doi.org/10.1016/j.jclepro.2020.124710
http://doi.org/10.1016/j.rser.2021.110751
http://doi.org/10.3390/ma13092055
http://doi.org/10.1016/j.rser.2016.10.014
http://doi.org/10.1016/j.apenergy.2011.08.025
http://doi.org/10.1016/j.energy.2019.116593
http://doi.org/10.1016/j.rser.2015.10.128
http://doi.org/10.1016/j.scs.2018.08.028
http://doi.org/10.3390/ma13235368
http://doi.org/10.3390/ma13173738
http://doi.org/10.1016/j.est.2020.101495
http://doi.org/10.3390/ma11112205

Materials 2021, 14, 1775 15 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Su, X,; Jia, S.; Lv, G.; Yu, D. A Unique Strategy for Polyethylene Glycol/Hybrid Carbon Foam Phase Change Materials:
Morphologies, Thermal Properties, and Energy Storage Behavior. Materials 2018, 11, 2011. [CrossRef]

Cheng, J.; Zhou, Y,; Ma, D.; Li, S.; Zhang, F.; Guan, Y.; Qu, W,; Jin, Y.; Wang, D. Preparation and characterization of carbon
nanotube microcapsule phase change materials for improving thermal comfort level of buildings. Constr. Build. Mater. 2020, 244,
118388. [CrossRef]

Jebasingh, B.E.; Arasu, A.V. A comprehensive review on latent heat and thermal conductivity of nanoparticle dispersed phase
change material for low-temperature applications. Energy Storage Mater. 2020, 24, 52-74. [CrossRef]

Luo, Z.; Zhang, H.; Gao, X.; Xu, T,; Fang, Y.; Zhang, Z. Fabrication and characterization of form-stable capric-palmitic-stearic acid
ternary eutectic mixture/nano-SiO, composite phase change material. Energy Build. 2017, 147, 41-46. [CrossRef]

Lv, P; Liu, C.; Rao, Z. Experiment study on the thermal properties of paraffin/kaolin thermal energy storage form-stable phase
change materials. Appl. Energy 2016, 182, 475-487. [CrossRef]

Zhang, C.; Zhang, Z.; Ye, R.; Gao, X,; Ling, Z. Characterization of MgCl,-6H,O-Based Eutectic/Expanded Perlite Composite
Phase Change Material with Low Thermal Conductivity. Materials 2018, 11, 2369. [CrossRef] [PubMed]

Sun, W,; Huang, R; Ling, Z.; Fang, X.; Zhang, Z. Two types of composite phase change panels containing a ternary hydrated salt
mixture for use in building envelope and ventilation system. Energy Convers. Manag. 2018, 177, 306-314. [CrossRef]

Mitran, R.-A; Ionitd, S.; Lincu, D.; Berger, D.; Matei, C. A Review of Composite Phase Change Materials Based on Porous Silica
Nanomaterials for Latent Heat Storage Applications. Molecules 2021, 26, 241. [CrossRef] [PubMed]

Luo, R.; Wang, S.; Wang, T.; Zhu, C.; Nomura, T.; Akiyama, T. Fabrication of paraffin@SiO, shape-stabilized composite phase
change material via chemical precipitation method for building energy conservation. Energy Build. 2015, 108, 373-380. [CrossRef]
Ranjbar, S.G.; Roudini, G.; Barahuie, F. Fabrication and characterization of phase change material-5i0, nanocomposite for thermal
energy storage in buildings. J. Energy Storage 2020, 27, 101168. [CrossRef]

Li, X.; Chen, H.; Li, H,; Liu, L.; Lu, Z.; Zhang, T.; Duan, W.H. Integration of form-stable paraffin/nanosilica phase change material
composites into vacuum insulation panels for thermal energy storage. Appl. Energy 2015, 159, 601-609. [CrossRef]

Nomura, T.; Zhu, C.; Sheng, N.; Tabuchi, K.; Sagara, A.; Akiyama, T. Shape-stabilized phase change composite by impregnation
of octadecane into mesoporous SiO. Sol. Energy Mater. Sol. Cells 2015, 143, 424-429. [CrossRef]

Liu, Z.; Zhang, S.; Hu, D.; Zhang, Y.; Lv, H.; Liu, C.; Chen, Y,; Sun, ]. Paraffin/red mud phase change energy storage composite
incorporated gypsum-based and cement-based materials: Microstructures, thermal and mechanical properties. |. Hazard. Mater.
2019, 364, 608-620. [CrossRef]

Konuklu, Y.; Ersoy, O. Preparation and characterization of sepiolite-based phase change material nanocomposites for thermal
energy storage. Appl. Therm. Eng. 2016, 107, 575-582. [CrossRef]

Zhang, Y.; Zhang, ].; Li, X.; Wu, X. Preparation of hydrophobic lauric acid/SiO, shape-stabilized phase change materials for
thermal energy storage. J. Energy Storage 2019, 21, 611-617. [CrossRef]

Fang, G.; Li, H.; Liu, X. Preparation and properties of lauric acid /silicon dioxide composites as form-stable phase change materials
for thermal energy storage. Mater. Chem. Phys. 2010, 122, 533-536. [CrossRef]

Li, Y,; Liu, Q.; Liu, Y.; Wang, D.; Song, W.; Chen, Y.; Liu, J. Calcium chloride hexahydrate /nano-SiO, composites as form-stable
phase change materials for building energy conversation: The influence of pore size of nano-SiO,. Energy Build. 2020, 208, 109672.
[CrossRef]

Liu, S.; Yang, H. Stearic acid hybridizing coal-series kaolin composite phase change material for thermal energy storage. Appl.
Clay Sci. 2014, 101, 277-281. [CrossRef]

Ma, C.; Zhang, Y.; Chen, X.; Song, X.; Tang, K. Experimental Study of an Enhanced Phase Change Material of Paraffin/Expanded
Graphite/Nano-Metal Particles for a Personal Cooling System. Materials 2020, 13, 980. [CrossRef] [PubMed]

Sar1, A. Fabrication and thermal characterization of kaolin-based composite phase change materials for latent heat storage in
buildings. Energy Build. 2015, 96, 193-200. [CrossRef]

Janeta, M.; Szafert, S. Synthesis, characterization and thermal properties of T8 type amido-POSS with p-halophenyl end-group. J.
Organomet. Chem. 2017, 847, 173-183. [CrossRef]

Shin, J.; Lee, J.; Joo, SW.; Son, N.; Kang, M. Form-stabled phase change material loaded with Ag NPs onto encapsulated
n-tertracosane@SiO,, and thermal energy storage behavior. J. Ind. Eng. Chem. 2021, in press. [CrossRef]

Zhang, N.; Guo, H.; Xiong, L.; Zhang, H.; Chen, X. Preparation and characterization of paraffin/palygorskite shape-stable
composite phase change materials for thermal energy storage. J. Energy Storage 2021, 34, 102189. [CrossRef]

Zhang, P; Cui, Y,; Zhang, K;; Wu, S.; Chen, D.; Gao, Y. Enhanced thermal storage capacity of paraffin/diatomite composite using
oleophobic modification. J. Clean. Prod. 2021, 279, 123211. [CrossRef]

Rao, Z.; Xu, T; Liu, C.; Zheng, Z.; Liang, L.; Hong, K. Experimental study on thermal properties and thermal performance of
eutectic hydrated salts/expanded perlite form-stable phase change materials for passive solar energy utilization. Sol. Energy
Mater. Sol. Cells 2018, 188, 6-17. [CrossRef]

Qu, Y,; Chen, J.; Liu, L.; Xu, T.; Wu, H.; Zhou, X. Study on properties of phase change foam concrete block mixed with
paraffin/fumed silica composite phase change material. Renew. Energy 2020, 150, 1127-1135. [CrossRef]


http://doi.org/10.3390/ma11102011
http://doi.org/10.1016/j.conbuildmat.2020.118388
http://doi.org/10.1016/j.ensm.2019.07.031
http://doi.org/10.1016/j.enbuild.2017.04.005
http://doi.org/10.1016/j.apenergy.2016.08.147
http://doi.org/10.3390/ma11122369
http://www.ncbi.nlm.nih.gov/pubmed/30477279
http://doi.org/10.1016/j.enconman.2018.09.073
http://doi.org/10.3390/molecules26010241
http://www.ncbi.nlm.nih.gov/pubmed/33466451
http://doi.org/10.1016/j.enbuild.2015.09.043
http://doi.org/10.1016/j.est.2019.101168
http://doi.org/10.1016/j.apenergy.2015.09.031
http://doi.org/10.1016/j.solmat.2015.07.028
http://doi.org/10.1016/j.jhazmat.2018.10.061
http://doi.org/10.1016/j.applthermaleng.2016.07.012
http://doi.org/10.1016/j.est.2018.12.022
http://doi.org/10.1016/j.matchemphys.2010.03.042
http://doi.org/10.1016/j.enbuild.2019.109672
http://doi.org/10.1016/j.clay.2014.09.002
http://doi.org/10.3390/ma13040980
http://www.ncbi.nlm.nih.gov/pubmed/32098301
http://doi.org/10.1016/j.enbuild.2015.03.022
http://doi.org/10.1016/j.jorganchem.2017.05.044
http://doi.org/10.1016/j.jiec.2021.02.014
http://doi.org/10.1016/j.est.2020.102189
http://doi.org/10.1016/j.jclepro.2020.123211
http://doi.org/10.1016/j.solmat.2018.08.012
http://doi.org/10.1016/j.renene.2019.10.073

	Introduction 
	Materials and Methods 
	Materials 
	Preparation 
	Characterization 

	Results and Discussion 
	Leakage Performance 
	Chemical Characteristics 
	Material Morphology 
	Thermophysical Properties of SS-PCMs 
	Activation Energies Analysis 
	Thermal Stability 
	Thermal Energy Performance of SS-PCMs and Paraffin 
	Discussion 

	Conclusions 
	References

