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Abstract

In this study, three different volume expansion ratios of expanded graphite (EG) are prepared and investigated to enhance
the heat transfer efficiency of the sodium acetate trihydrate (SAT) composites. A series of SAT composite phase change
materials (CPCMs) with EG were prepared. The influence of volume expansion ratio and mass fraction of EG on
thermodynamic characteristics of SAT CPCMs was examined, including thermal conductivity, phase change temperature,
enthalpy, latent heat storage and release time, and the degree of supercooling. Results showed that SAT CPCMs can be
absorbed adequately by EG, and EG could enhance the heat transfer efficiency effectively. But it also brought some
problems with the addition of all the three volume expansion ratios of EG, such as the poor enthalpy and serious
supercooling. Particularly, the situation gets worse with the increase in mass and expansion ratio of EG. Therefore, it is
better to choose the EG with proper expansion ratio or reduce the proportion of the EG which possesses higher expansion
ratio. Besides, thermal cycling test and thermogravimetric analysis revealed that the SAT CPCMs with 3 mass% EG

showed a good thermal stability.

Keywords Sodium acetate trihydrate - Expanded graphite - Composite phase change materials - Thermodynamic
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Introduction

PCMs can store thermal energy and regulate temperature in
the process of charge and discharge, which are becoming
an attractive way to solve energy crisis and environmental
pollution. Compared with sensible heat storage materials,
PCMs have more strength of large thermal storage density,
small volume, and basically constant temperature during
phase transition. Therefore, PCMs have been extensively
applied to building energy conservation, heat recovering,
solar energy storage, and other fields [1-4].

SAT is a kind of inorganic PCM with large latent heat of
fusion and good heat transfer performance, which has been
used in a lot of areas such as solar energy storage [5-7].
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But SAT is not perfect and has some shortcomings such as
supercooling and phase segregation. Besides, there is still a
large space to improve the heat transfer performance of the
SAT.

A large number of researches have been presented to
modify the SAT. Wada et al. compared the enthalpy of
SAT with polyvinyl alcohol and SAT during thermal
cycling [8]. Cabeza et al. [9] found SAT can be success-
fully thickened with starch, bentonite, and cellulose.
Jin et al. [10] studied the cooling processes of SAT starting
from three different states, which could affect the perfor-
mance of SAT. Nanoparticles with super-specific alien
surface and high surface activity have also been used as a
nucleating agent, including silver [11], aluminum nitride
[12], copper [13], and so on [14].

EG has the advantages of huge surface area, strong
adsorption, and high thermal conductivity and has been
particularly chosen as a PCM additive to enhance the heat
transfer performance. Sari et al. [15] determined the proper
amount of paraffin absorbed into EG, and the thermal
conductivity of paraffin containing 10% EG was measured
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as 0.82 W m~' K™'. Liu et al. [16] prepared a kind of
ternary eutectic mixture with EG as CPCM, which showed
good thermal properties. Gu et al. [17] combined 95% SAT
and 5% EG, and the CPCM not only has form-
stable property, but also has high heat transfer ability.
Shin et al. [18] investigated the influence of EG and CMC
addition on enthalpy and stability of SAT. A large amount
of form-stable composite PCMs were prepared by using
EG as the supporting materials. The thermal properties of
the EG-based form-stable composite PCMs showed a sig-
nificant difference in different studies [19]. This could be
due to the difference in the expansion ratio of the EG used
by the researchers. Therefore, exploring the influence of
EG with different volume expansion ratios on the phase
transition characteristics of PCMs is of great significance
for the selection of EG as a high thermal conductivity
medium.

In this report, three volume expansion ratios of EG and a
series of SAT CPCMs with varying content of EG were
synthesized. The characteristics and effects of the different
volume expansion ratios of EG addition on thermodynamic
characteristics of the SAT CPCMs were evaluated by
scanning electron microscope (SEM), thermal conductivity
tester, differential scanning calorimetry (DSC) analysis and
thermocouple data acquisition system. The thermal stabil-
ity and reliability of SAT CPCMs with 3 mass% EG were

Table 1 Materials used in the research

analyzed by thermal gravimetric analyzer (TG) and thermal
cycling test.

Experimental
Materials and equipment

The materials used in the research are shown in Table 1,
and SAT and DSP should be kept sealed in the experiments
to prevent the effect of water loss on material properties.
The equipment used in the research is shown in Table 2.

Preparation of SAT CPCMs with EG

EG’ (50, 80, and 100 mesh) was heated and dried in a
vacuum oven for 24 h at 65 °C; then, the EG’ was heated
and expanded for 30 s at 700 W by microwave oven,
which can make sure that EG has a large porosity, and SAT
CPCMs could be absorbed into EG as much as possible.

SAT CPCMs contained in a test tube are heated and
melted in a thermostatic water bath at 70 °C. CMC was
selected as thickener and DSP was selected as nucleating
agent [20], then added EG and stirred the mixture thor-
oughly for more than 20 min [21]. A series of SAT CPCMs
samples containing 1-5 mass% EG (50, 80, and 100 mesh)
were prepared and weighed 10 g.

Materials Molecular formula or Abbreviation  Provider Purity/%
Sodium acetate trihydrate CH3COONa-3H,0 SAT Sinopharm Chemical Reagent Co., Ltd. AR, > 99%
Disodium hydrogen phosphate dodecahydrate =~ Na,HPO,-12H,O DSP Sinopharm Chemical Reagent Co., Ltd. AR, > 99%

Carboxyl methyl cellulose
Expandable graphite EG’

[C6H702(OH)2CH2COON3] n CMC

Sinopharm Chemical Reagent Co., Ltd. =~ CP
Qingdao Taixing Graphite Co., Ltd. 99%

Table 2 Equipment used in the research

Equipment Company Specifications and models Precision
SEM JEOL JSM-7800F, magnification times: 25-1,000,000 1.2 nm (1 kV)
DSC TA Q20, temperature range: ambient temperature to 720 °C + 0.05 °C
Thermal conductivity tester Dazhan DZDR-S, measurement range: 0.005-500 W m~" K~! + 0.5%

TG TA Q50, temperature range: ambient temperature — 1000 °C + 0.01%
Thermocouples - T type, measurement range: — 200 to 300 °C + 0.1 °C
Thermostatic water bath Zhiborui HH-4, temperature range: ambient temperature to 100 °C + 0.5 °C
Electronic balance Mettler Toledo ME104, mass range: 0-120 g + 0.1 mg
Vacuum oven Dongwang DWZ-6050, temperature range: 10-200 °C +1°C
Microwave oven Galanz G70D20ASP-DF, power 700 W -
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Fig. 1 Photograph of EG: a 50
mesh; b 80 mesh; and ¢ 100
mesh

(a) 50 mesh

Characterizations of SAT CPCMs with EG
Morphology of the EG and SAT CPCMs with EG

EG is obtained through microwave puffing from EG’ (50,
80, and 100 mesh), and the volume expansion ratio is 357,
234, and 180 mL g~ ', respectively. As shown in Fig. 1, the
EG exhibits a worm-like appearance with a layered and
porous structure. Volume expansion ratio of the EG
decreases with the increase in mesh. The appearance of EG
with 50 mesh looks coarse and long, which possesses the
highest porosity. But the EG with 100 mesh is relatively
small and slender, and the appearance of 80 mesh is just
between the two.

The SEM images of EG, SAT CPCMs (0 mass%), and
SAT CPCMs with different volume expansion ratios of EG
are shown in Fig. 2. As shown in Fig. 2a, EG has a porous
structure. It can be seen from Fig. 2b that SAT CPCMs are
composed of granular crystals. Figure 2c—e shows the SEM
image of the SAT CPCMs with different volume expansion
ratios of 3 mass% EG. It can be seen from Fig. 2¢ and d
that the SAT CPCMs can be absorbed adequately by EG
prepared from 50 to 80 mesh EG’, and there is no SAT
CPCMs leakage. Some SAT CPCMs on the surface of EG
were prepared from 100 mesh (Fig. 2e); this is because the
expansion ratio and pore of EG prepared from 100 mesh
EG’ are smaller than others and cannot absorb SAT
CPCMs absolutely.

Thermal conductivity

Figure 3 shows the thermal conductivities of the SAT
CPCMs with varying content of EG (50, 80, and 100
mesh). All the three volume expansion ratios of EG have
an important impact on improving thermal conductivity,
and the thermal conductivity of the SAT CPCMs increased
as the content of EG increased. Particularly, when the
content of EG (50, 80, and 100 mesh) was up to 5%, the
thermal conductivities of the composites reached 1.67,
1.58, and 1.49 Wm™! K, respectively, almost three

(b) 80 mesh

@ ] ®)

Fig. 2 SEM images of the EG and SAT CPCMs with EG: a EG;
b 0 mass%; ¢ 50 mesh-3 mass%; d 80 mesh-3 mass%; and e 100
mesh-3 mass%

times compared with SAT CPCMs without EG
(0.58 Wm™' K. It is mainly because that EG is a kind
of porous thermal transfer enhance filler, which can absorb
SAT CPCMs and forms a connected heat transfer path
inside the materials. By comparing the effect of different
meshes of EG on the thermal conductivities, it can be
found that the EG with higher expansion ratio shows better
performance in improving heat transfer efficiency. This
could be because the composites with higher expansion
ratio EG can form more connected heat transfer paths. In
this way, it is possible to make heat transfer through EG
possess high thermal conductivity instead of SAT PCMs.
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Fig. 3 Thermal conductivities of SAT CPCMs with varying content

of EG (50, 80, and 100 mesh)

Thermal analysis by DSC

DSC analysis was carried out to determine the effect of
different volume expansions and mass fractions of EG on
thermodynamic characteristics including phase change
temperature and enthalpy of SAT CPCMs. Figure 4 shows
the DSC curves, and all composites are similar, which
means that the main part of the CPCMs in melting is SAT.
EG only plays a role of physical adsorption and does not
change the basic latent energy storage characteristics of
SAT in the channel. However, the content and expansion
ratio of EG have an obvious significant effect on the latent
characteristics.

Figure 5 shows the phase change temperature (peak
temperature) of SAT CPCMs with varying content of EG.
The phase change temperature of all composites with dif-
ferent volume expansion ratios has a general downward
trend with the increase in EG addition. Particularly, when
the content of EG (50, 80, and 100 mesh) up to 5%, the
phase change temperature of the composites decreased to
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Fig. 4 DSC curves of SAT CPCMs with varying content of EG: a 50 mesh; b 80 mesh; and ¢ 100 mesh
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57.8,58.2, and 57.7 °C, respectively. This is because as the
mass fraction of EG increases, the percentage of SAT in
materials decreased and the thermal conductivity of the
materials increased and consequently accelerated the phase
change speed. In addition, EG is the impurity to the SAT
eutectic hydrate salt and may cause lattice defects and may
disrupt the normal crystallization, resulting in crystals that
may be destroyed and melted at lower temperature [17, 22].
Figure 6 shows latent heat of SAT CPCMs with varying
content of EG. It is obvious that the latent heat of all
composites with different volume expansion ratios has a
general downward trend with the increase in EG addition.
On the one hand, the mass fraction of SAT CPCMs reduced
with the share of EG increased. On the other hand, the
crystallization value of SAT decreased [17, 23]. By com-
paring the effects of three volume expansion ratios of EG
addition on the enthalpy value of SAT CPCMs, it can be
found that the greater the volume expansion ratio of EG,
the lower the enthalpy of the composite PCMs. This could
be because the 50 mesh EG with a higher volume expan-
sion ratio can absorb more SAT CPCMs and limit its free
movement with the same proportion, and it is becoming
more hard for SAT crystals to aggregate and crystallize.

Cooling curve analysis

Figure 7 shows the cooling curves of SAT CPCMs with
varying content of EG. The latent heat storage and release
process (rectangular interval marked S and R) and the
degree of supercooling were marked in the figure. From
Fig. 7a, it can be seen that the heat charge and discharge
process of the SAT CPCMs without EG lasted 35 min and
31 min with only 0.7 °C of subcooling. This means the
SAT CPCMs have good phase change heat storage capacity
and nucleation performance. The effect of the volume
expansion ratio and mass fraction of EG on cooling curves
of the SAT CPCM:s is shown in Fig. 7b—p. From Fig. 7b—p,
it can be seen that the supercooling of SAT CPCMs
increased and the time of heat charge and discharge process
reduced with the EG addition.

Detailed thermal characteristics of SAT CPCMs with
EG are summarized in Fig. 8. Figure 8a, b shows the effect
of the volume expansion ratio and mass fraction of EG on
latent heat storage and release time of the SAT CPCMs. It
can be seen that both the latent heat storage and release
time of SAT CPCMs reduced with the increase in EG
addition. The reduction in latent heat storage/release time
may be due to an increase in thermal conductivity and a
decrease in enthalpy. Besides, more EG could lead to more
heterogeneous nucleation (for crystallization)/crystal
defects (for melting), which in turn reduces release/storage
time.

Figure 8c shows the effect of the volume expansion
ratio and mass fraction of EG on the subcooling degree of
SAT CPCMs. It is obvious that the addition of different
expansion ratios of EG will lead to various increases in
supercooling of the SAT CPCMs, and the degree of
supercooling has a general upward trend as EG addition
increased. It is supposed that the excessive EG will form a
package and limit the free movement of SAT CPCMs, and
it is becoming more hard for SAT crystals to aggregate and
crystallize [17]. Additionally, the composites with the
addition of 50 mesh EG possess greater degree of super-
cooling than others. It could be because 50 mesh EG with a
larger expanded volume makes it easier to form a package
on the SAT. Therefore, it is very important to ensure that
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Fig. 5 Phase change temperature of SAT CPCMs with varying
content of EG (50, 80, and 100 mesh)
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Fig. 6 Latent heat of SAT CPCMs with varying content of EG (50,
80, and 100 mesh)
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Fig. 7 continued

the volume expansion ratio and mass fraction of EG are in
a reasonable range.

Through the previous analysis in the research, all the
three volume expansion ratios of EG could improve the
heat transfer performance of SAT CPCMs effectively.
However, it also has some negative effects on the ther-
modynamics characteristics, mainly including the poor
enthalpy and serious supercooling. Therefore, it is neces-
sary to choose the content of EG as much as possible in the
condition of the enthalpy and subcooling of SAT CPCMs
that are not deteriorated.

Thermal cycling test
The SAT CPCMs with three volume expansion ratios of

3 mass% EG showed satisfying thermodynamics charac-
teristics, and the basic data before reciprocating heating
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and cooling test are shown in Table 3. In order to deter-
mine the thermal reliability of the SAT CPCMs with
3 mass% EG, a reciprocating heating and cooling test was
performed. Cooling and DSC curve analysis of SAT
CPCMs with 3 mass% EG were carried out before and
after 100 thermal cycles. And the curves are shown in
Figs. 9 and 10. It can be seen that all of the SAT CPCMs
with different volume expansion ratios of EG showed good
reliability. Table 3 gives the detail data of the composites
before and after 100 thermal cycles. It is obvious that the
properties of SAT CPCMs with 3 mass% EG have no
significant change after 100 thermal cycles and showed
good thermal reliability. The phase change temperature and
enthalpy almost keep the original value after 100 thermal
cycles. And the degree of supercooling has no serious
deterioration. This means porous EG combined with the
CMC can effectively prevent phase separation.
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Fig. 8 Effect of volume expansion ratio and mass fraction of EG on thermal characteristics of the SAT CPCMs: a latent heat storage time;

b latent heat release time; and ¢ degree of supercooling

Table 3 Thermodynamics
characteristics of SAT CPCMs
with 3 mass% EG before and

Thermodynamics characteristics

Before thermal cycle

After 100 cycles

50 mesh 80 mesh

100 mesh

after 100 thermal cycles
Latent heat storage time/min

Latent heat release time/min
Degree of supercooling/°C
Latent heat/kJ kgfl

Phase change temperature/°C

14.7 11.6
20.8 20.3
3.8 29
196.0 208.8
59.3 59.5

13
23
29
214.7
59.3

Thermogravimetric analysis

The thermal reliability of the SAT CPCMs with 3 mass%
EG was measured by the thermogravimetric analyzer.

Samples are measured under a constant argon flow of
40 mL min~' at a heating rate of 20 °C min~!, and the
temperature in the measurement is from 5 to 600 °C.
Figure 11 shows the TG curves of SAT CPCMs with
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Fig. 10 DSC curves of SAT CPCMs with 3 mass% EG before and after 100 thermal cycles

different volume expansion ratios of EG, and Table 4
shows the initial decomposition temperature (onset tem-

Table 4 TG data of SAT CPCMs with 3 mass% EG perature) and the residual mass of the samples at 600 °C. It
Samples Tnitial decomposition Charred residue can be seen in Fig. 11 that the degradation process of the
temperature/°C amount at 600 °C/% SAT CPCMs was divided into two parts. The first thermal
degradation process of SAT CPCMs occurred between
Without EG 313 39.37 about 10 and 170 °C. This is mainly caused by the release
> 03 mesh- 84.4 4501 of water of crystallization. The second thermal degradation
mass process occurred between about 420 and 525 °C. This

80 mesh- 71.61 44.89 ... .
3 mass% process corresponds to the decomposition of sodium acet-
100 mesh- 68.65 44.65 ate. It can be seen in Table 4 that the SAT CPCMs with the
3 mass% EG addition have higher initial decomposition temperature
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Fig. 11 TG curves of SAT CPCMs with 3 mass% EG

and residue amount than the SAT CPCMs without EG. It is
supposed that EG could absorb PCM and form a physical
protective barrier. Besides, EG with higher expansion ratio
shows better performance in preventing SAT CPCMs to
lose its water of crystallization. This is because the EG
with higher expansion ratio possesses the higher porosity
and could absorb PCM more adequately.

Conclusions

In this study, three volume expansion ratios of EG are
prepared and investigated to enhance the heat transfer
efficiency of the SAT CPCMs. SEM images showed that
EG has a porous structure and can absorb SAT CPCMs
adequately. Thermal conductivities were improved almost
three times after the addition of 5 mass% EG, and EG with
higher expansion ratio shows better performance in
improving heat transfer efficiency. However, it also has
some negative effects on the thermodynamics characteris-
tics, mainly including the poor enthalpy and serious
supercooling. Particularly, the situation is more serious
with the EG addition with higher expansion ratio. There-
fore, it is better to choose the EG with lower expansion
ratio or reduce the proportion of the EG which possesses
higher expansion ratio. Besides, thermal cycling test and
thermogravimetric analysis revealed that the SAT CPCMs
with 3 mass% EG showed a good thermal reliability.
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