J Therm Anal Calorim (2017) 128:1313-1326
DOI 10.1007/s10973-016-6068-4

CrossMark

@

Structure and thermal properties of decanoic acid/expanded
graphite composite phase change materials

Yuntao Li' - Hua Yan' - Qun Wang' - Hongtao Wang' - Yongbo Huang>

Received: 8 May 2016/ Accepted: 15 December 2016/ Published online: 18 January 2017

© Akadémiai Kiado, Budapest, Hungary 2017

Abstract Decanoic acid/expanded graphite composite
phase change materials (DA/EG-PCMs) with high stability
and excellent thermal conductivity were fabricated by
blending expanded graphite (EG) and decanoic acid (DA).
The structure, thermo-physical properties, and the forma-
tion mechanism of DA/EG-PCMs were investigated. The
obtained results demonstrate that EG exhibits a network-
like porous structure, which is superimposed of 10-50 pm
thick graphite sheet. Therefore, DA can be effectively
encapsulated through the binding between micropores and
the surface adsorption of EG resulting in a relatively
smaller DA/EG-PCMs particle with better dispersibility. In
addition, adding EG into DA also increased both the
thermal stability and the thermal conductivity while
decreasing the charging and discharging time, which
resulted in improved thermal efficiencies. Although adding
EG can negatively influence the phase change behavior of
DA, the temperature and enthalpy of phase change were
still as high as 34.9 °C and 153.1J g~', respectively.
Based on a combination of experimental results and a
comprehensive analysis of the phase transformation
kinetics, it is concluded that DA/EG-PCMs with 10 mass%
EG with improved thermal properties can meet the
requirements for efficient temperature control in low-to-
medium environments.
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Introduction

The phase change technology is an important aspect in
studies dealing with energy conservation and emission
reduction, and this has provided a potent impetus for the
development of new materials. PCM (phase change mate-
rial) is considered to be a type of renewable energy
material with high energy utilization efficiency [1, 2].
PCMs control the temperature of a system by absorbing
and releasing heat during phase change. In view of their
high thermal storage densities and the capacity to maintain
a constant temperature during endothermic and exothermic
processes, PCMs have extensive applications in energy
saving as applied to buildings, industrial waste heat storage
and recycling, solar energy utilization and infrared cam-
ouflage in military applications [3-5].

Currently, research efforts are focused on the improve-
ment of the thermal properties of PCM, especially in regard
to composite phase change materials (CPCM) [6—8]. Zhang
[9] prepared a paraffin/expanded graphite CPCM where
paraffin served as the phase change material and expanded
graphite was used as the supporting structure. Shi [10] pre-
pared paraffin/attapulgite CPCM that had the adsorption
properties of attapulgite and measured the thermal physical
properties of the composite. Fleischer [11] reported that
carbon-based nanoparticles drastically 6reduced the phase
change time of PCM when compared to Al/paraffin and
TiO,/paraffin nanocomposites. Jia [12] prepared a stearic
acid/SiO, form-stable and shape-stabilized CPCM by means
of an ultrasound assisted sol-gel process with stearic acid
functioning as the phase change group. Trigui [13] used

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-016-6068-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-016-6068-4&amp;domain=pdf

1314

Y. Li et al.

LDPE as a supporting matrix in a LDPE/wax composite
PCM, which demonstrated a good potential for application in
passive solar walls. Using a self-polymerization method,
Wang [14] prepared the fatty acid eutectic/polymethyl
methacrylate composite as a form-stable PCM for thermal
energy storage. Li [15] reported on the stable properties of
EG/Na,S,03-5H,0 phase change energy storage composite
by adding the nucleating agent K,SO,, calcium sulphate
dihydrate (Ca,SO4-2H,0), tetrasodium pyrophosphate dec-
ahydrate (NayP,O,;-10H,O) and enhance heat transfer
material expanded graphite (EG) could improve the perfor-
mance. Sari [16, 17] tested a series of eutectic mixtures of
selected fatty acids for thermal reliability. According to
previous studies, the possible ways to improve the thermal
properties of PCMs are the following: Inserting fins or tubes
of different configurations into PCM, impregnating liquid
PCM into high thermal conductivity porous materials,
employing multiple PCMs, or packing PCMs using micro-
encapsulation. In summary, while previous studies have
concentrated more on the preparation process parameters
and the methods to improve thermal properties, no com-
prehensive study has yet been carried out on the structure,
mechanism, and stability of CPCM as applied to its appli-
cation in the temperature control of low-to-medium tem-
perature environments, especially by way of phase
transformation kinetics and experimental results.

Decanoic acid (DA), a typical PCM with excellent prop-
erties, has a low phase transition temperature, high latent
heat and does not corrode. Hence, it is appropriate for an
investigation of the temperature control in a low-to-medium
temperature environment. However, disadvantages such as
low thermal conductivity and thermal stability, and a low
rate of heat transmission, adversely affect the temperature
control efficiency [18]. In addition, DA is a liquid above the
phase change temperature [19] and therefore, it is important
to choose a suitable substrate packaging material to over-
come these disadvantages so as to enhance the stability of
DA during temperature control [20]. Expanded graphite
(EG) is natural flake graphite that can rapidly expand at high
temperatures. EG has a high thermal conductivity similar to
natural graphite, a large specific surface area, and good
adsorption properties. Due to its excellent properties such as
high stability, high thermal conductivity, good compatibility
with organic PCMs, and a lower density and mass when
compared to metal promoters [21], EG is considered to be an
appropriate PCM packaging material to surmount problems
related to DA.

To better understand the structure and mechanism of
CPCM and to develop stable CPCMs with excellent thermal
properties, in this study, decanoic acid/expanded graphite
composite phase change materials (DA/EG-PCMs) were
prepared using the melt-blending method, by combining EG
that has a high thermal conductivity and good adsorption
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properties, with DA. The goal of this work is to analyze the
structure, mechanism, stability, thermal properties and phase
change behavior in DA/EG-PCMs by means of phase
transformation kinetics and experiments, and to compre-
hensively determine the optimal proportion of DA and EG in
DA/EG-PCMs. The DA/EG-PCMs are expected to show
good potential for application in the temperature control of
low-to-medium temperature environments, and hence, it is
of great significance to develop and bring in innovative
modifications to the existing phase technology.

Materials and methods
Materials

DA (phase change temperature: 33-36 °C and phase
change enthalpy: 160-175 kJ kg~') was supplied by
Shanghai Jingchun Biological&Chmical Co., Ltd. China.
EG (expansion ratio: 210 mL g~', 180 pm size) was pro-
vided by Qingdao Jirilai Graphite Co., Ltd. China.

Preparation of DA/EG-PCMs

Preparation of EG: 1.8 g of flake graphite was heated in a
furnace at 800 °C for 20 s. After rapid cooling in air,
expanded graphite with a volume expansion of 210 mL/g
was obtained.

Preparation of DA/EG-PCMs: DA is heated using a
KDM heating sleeve at 80 °C so as to melt it completely.
EG is added into the DA melt and stirred to form a
homogeneous mixture. After rapid cooling in air, DA/EG-
PCMs are obtained. The percent of EG in DA/EG-PCMs
are 0, 5, 10, 15 and 20 mass%, respectively. The corre-
sponding DA/EG-PCMs with different compositions are
labeled as C1, C2, C3, C4, and CS, respectively, a sche-
matic diagram of the preparation is shown in Fig. 1.

Methods

The microstructure of DA/EG-PCMs was investigated by
SEM (S-3700N, Hitachi, Japan) at a voltage of 20 kV and
with a high-resolution image quality.

Mixing Cooling

14

¢ Stirring'
DA/EG-PCMs

Fig. 1 Scheme of the process for the preparation of DA/EG-PCMs
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Thermogravimetric analysis was conducted using a Net-
zsch STA449C thermal analyzer (heating rate: 10 °C/min,
measurement temperature range 30-400 °C).

To analyze the phase changes in DA/EG-PCMs, differ-
ential scanning calorimetry (404 F3 DSC) was performed in
N, atmosphere in the temperature range 30-80 °C at three
different heating rates (3, 5 and 8 °C min~ ).

IR spectra were taken using a Nicolet 6700 FT-IR
spectrophotometer to study the chemical structure of DA/
EG-PCMs. A total of 32 scans were taken in the range of
4000-40 cm™".

The thermal conductivity tester DRE-2C was employed
to measure the thermal conductivity of DA/EG-PCMs. The
measurement range was from 0.01 to 100 W/(mK), and the
specimen was prepared in a mold with 50 mm diameter
and 20 mm height (Fig. 2a).

Test to evaluate the ability to store and release heat:
Equal volumes of DA and DA/EG-PCMs were added into 5
tubes, and these were placed in a test tube maintained at
70 °C that served as a constant temperature with water
bath. The tubes were quickly removed from the bath into

ambient temperature (25 °C), and the changes in the
sample temperature were recorded at intervals of 10 s
using a RC-4 temperature recorder. (Fig. 2b).

The thermal cycling stability test: DA/EG-PCMs of a certain
shape were taken and placed on a filter paper and heated to
100 °C in an electro-thermal blowing dry box. The sample was
cooled down to 25 °C and heating and cooling cycle was
repeated 20 times. At the end of the experiment, the mass loss,
thermal efficiency, and configurational changes of DA/EG-
PCM:s were compared before and after thermal cycling.

Results and discussion

Morphology of DA/EG-PCMs

Structures of DA/EG-PCMs

The chemical structure of DA/EG-PCMs is elucidated

from IR spectra shown in Fig. 3. Two intense absorption
peaks at 2925 and 1465 cm ™" attributed to C—H stretching

Fig. 2 A schematic diagram of
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vibrations (Vs) and C-H in-plane bending vibrations (J),
respectively, are observed. The infrared spectra also show
the —OH in-plane (J) and out of plane bending vibrations
(Y) at 1430 and 940 cm™', respectively. The peak at
1716 cm™" corresponds to the C=O stretching vibration,
showing that DA exists mainly in the form of a dimer.
The absorption band at 720 cm™' is assigned to the in-
plane C-H bending vibration and the in-plane deforma-
tion rocking vibration of DA molecule. The characteristic
absorption peaks are in good agreement with those
observed in the IR of pure DA [22]. However, the spec-
tral intensity is lower due to the capping effect of EG.
Also, the peak widths of —OH bending vibrations at
940 cm™ ! increase and the C=O stretching vibration shift
from 1720 to 1700 cm_l, it is concluded that the hydro-
gen bond forms between DA and EG. Furthermore, it is
indicated that in the DA/EG-PCMs, DA and EG are
bonded to each other by physical forces, namely, hydro-
gen bonding, without the formation of a new compound
by chemical bonding. Therefore, the composite DA/EG-
PCMs retain the good thermal performance of DA and the
thermal stability of EG [23].

Fig. 4 a Molecule structure,
SEM images and optical image
of EG b SEM images of DA/
EG-PCMs ¢ optical image of
DA/EG-PCMs

al

ST TN
“\\&‘\\\\k'§\\\\\\\\}\‘:?\‘.\\\\\\\

£ MEIMA NN SN
R AN AN

SRR RN

SALANL IIIN INL

Morphology and mechanism of DA/EG-PCMs

Figure 4 shows the optical image and micrographs of EG
and DA/EG-PCMs, respectively. EG is a crystalline min-
eral made of carbon, and has a hexagonal layered structure.
The distance between the layers is ~340 pm, and the
layers are held by Van der Waals forces. SEM images show
the structure of EG: wormlike appearance structure, worm
wrapping space and internal space. There are a large
number of microvoids, constituted by parallel and col-
lapsed layers which are piled up with graphite lamination
of micrometer. Therefore, EG has excellent adsorption
properties and provides sufficient space to encapsulate DA,
as shown in Fig. 4a. From Fig. 4b, it can be seen that the
surface of EG becomes smooth after adsorbing DA into the
microvoids. When the EG content is 5 mass%, the amount
of DA is higher than the adsorption capacity of EG, and
this results in a large amount of DA remaining on the
surface that forms a bulky mass. When the EG content
exceeds 10 mass%, the DA/EG-PCMs particles resemble
small balls of uniform sizes, with smooth surfaces with no
obvious surface in homogeneities such as pits, and without

@ Springer



Structure and thermal properties of decanoic acid/expanded graphite composite phase change... 1317

massive bulk and large area thin layer of organic matter
[24] (Fig. 4c). Hence, it is concluded that DA/EG-PCMs
with 10 mass% of EG are likely to be well encapsulated.
From Figs. 5 and 6, it is observed that hydrogen bonds
are formed between the surface functional groups (—O-O-,
—C=0 and —-C-0-) of EG [25] and the molecular chains of
DA. The structure, surface properties (surface polarity,
surface oxygen groups and specific surface area) of EG and
the hydrogen bonds jointly inhibit the movement of the
molecular chains of DA by thermal diffusion. In addition,
the confined space formed by the micron-sized voids in EG
also hinders this movement due to thermal diffusion. These
observations indicate that micropore binding and surface
adsorption, ensure that DA is both encapsulated and dis-
persed (Table 1). Furthermore, the combination of DA and
EG effectively solves the problem of leakage and overflow
of DA at the phase transition temperature. From the above
observations, it is clear that DA/EG-PCMs retain the sta-
bility and solid particles due to micropore binding and

Fig. 5 EDS spectrogram of EG

Fig. 6 Schematic of the
interaction of DA with EG

surface adsorption, which facilitates its mixing with other
materials.

Phase change properties of DA/EG-PCMs
Temperature and enthalpy of phase change

DSC curves have been plotted to investigate the phase
transition behavior and properties of DA/EG-PCMs. The
initial phase change temperature (7j), the melting-peak
temperature (7,) and the phase change enthalpy (H,,) of
DA/EG-PCMs at different heating rates are shown in
Fig. 7. The endotherm ~ 37 °C corresponds to the phase
change in DA upon heat absorption. With increase of
heating rate, the endotherms show an obvious shift toward
higher temperatures due to the delayed heat transfer of DA
under the high heating rate, which inhibits the molecular
chains of DA from separating from the crystalline. With
increase in EG content, the T, of DA/EG-PCMs decreases;
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Fig. 7 DSC curves and Tp of DA/EG-PCMs at different heating rates

this is attributed to the high thermal conductivity EG,
which in turn enhances the thermal conductivity of DA/
EG-PCMs [21]. Therefore, sufficient heat can be absorbed
at a relatively lower temperature to bring about the phase
change.
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The phase change enthalpy is also an important
parameter that determines the thermal properties of CPCM.
The addition of EG into DA results in a relatively lower
phase change enthalpy (H,,), which decreases gradually
with increase in EG content. On one hand, the addition of
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EG is at the expense of DA in DA/EG-PCMs, and the
phase change enthalpy of the composite system is solely
determined by DA as there is no phase change of EG at
these low temperatures. On the other hand, the interaction
between DA and EG changes the molecular arrangement
and free energy of DA/EG-PCMs, leading to a change in
thermal properties. Furthermore, the above conclusion can
be verified by the theory of mixtures [26]. Thus, the phase
change enthalpy of DA/EG-PCMs can be calculated from
the following equation.

AHc = (1 - @)AHm (1)

Where AH, (J g7') is the latent heat of DA/EG-PCMs,
AH,, (J g7') is the latent heat of pure DA, and @ is the
mass fraction of EG. The H, of DA/EG-PCMs is
approximately equal to that of DA, and this decreases with
increase in EG content. When the EG content exceeds
10 mass%, a more significant reduction in H,, can be
observed. In addition, the phase change enthalpy of DA/
EG-PCMs is ~78.7% of the theoretical value when the EG
content is 20 mass%.

Phase transformation kinetics

According to the phase transformation kinetics theory
detailed in previous reports [27], we can know the
followings.

Phase transformation kinetics equation
do
% e E/RT(| _ 4" 2
= AeTRT(1 — ) @)

Differential to Eq. (2)

d [do de E/RT
— = = A1 =a)"

dt[ ] [ (1—a) dr *
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Studies show that n(1 — cxp)“*l does not correlate with
B, (5) is changed to:

E
E_ v, ©
RT;
Taking the logarithm
AR E1
In ﬁz =ln——=-— (7)
1§ E RTp

where Tp (k) is the peak temperature, E (kJ molfl) is the
activation energy and R (J mol™' k™') is the ideal gas
constant. In (,B/TI%) shows a linear relationship to (1/7p) in
the Fig. 8a, which is a straight line and from which E can
be calculated. In addition, the relationship between EG
content and E conforms to the Boltzmann model:

y=As+ (A1 = Ay) /(1 + exp(x — xo)/dx) (3)

Here, the curve fitting parameters are: A; = 360.96031,
A, = 37634.497, xo = 87.63054, dx = 16.37116 and
R* = 0.99934, as shown in Fig. 8b. The parameters
obtained from Table 2 show that the value of E for DA/
EG-PCMs increases with increase in EG content. This
indicates that the inhibition of the thermal diffusion of DA
brought about by EG increases, as a result of which, the
phase change is significantly hindered. Moreover, When
the EG content exceeds 10 mass%, E increases rapidly,
and the E of DA/EG-PCMs with 20 mass% EG reaches
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Equation  A2)(1 + exp(
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Reduced 17.94661
900 [cr-sa
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Table 2 Thermal properties parameters of DA/EG-PCMs with different mass fraction of EG
EG/mass% B/K min~! T/K Ty/K Hy/T g™} AH /Y g~} E/KJ mol™! R? G/%
0 3 312.1 307.8 177.0 177.0 535.6 0.9951 100
5 3129 308.5
8 313.7 309.4
5 3 3114 306.6 166.3 168 599.8 0.9650 98.9
5 312.1 307.4
8 313.0 308.2
10 3 310.5 305.8 153.1 159.3 685.6 0.9825 96.1
5 311.2 306.5
8 312.1 307.1
15 3 309.3 305.1 131.4 150.5 793.9 0.9941 87.3
5 310.1 305.9
8 311.0 306.6
20 3 308.9 304.4 111.5 141.6 951.3 0.9915 78.7
5 309.5 305.2
8 310.3 306.0

G = (H,/AH.) x 100%

951 kJ mol ™" Therefore, it is clear that EG, which is an
inorganic heterogeneous phase, significantly influences the
phase change behavior of DA in the composite. These
results show that, only when the content of EG is below
10 mass%, minor negative effects on the thermo physical
properties are observed for the phase change in the system.

Thermal conductivity of DA/EG-PCMs
Thermal conductivity

Figure 9 shows the thermal conductivity and the increase
in the thermal conductivity of DA/EG-PCMs with EG
content. It can be seen that the thermal conductivity of pure
DA is as low as 0.4128 W m™! K_l, and increases nearly
linearly with EG content. The linear fit is represented by
the equation ¥ = 0.681 + 0.279X with a correlation coef-
ficient R>>0.98. The thermal conductivity reaches
6.2321 W m~' K~ when the EG content is 20 mass%,
which enhances the thermal conductivity of pure DA by a
factor of 15, demonstrating that the thermal conductivity of
DA/EG-PCMs increases greatly with the addition of EG.

The heat transfer model

To better describe the heat transfer in DA/EG-PCMs, a
model for this process has been described (Fig. 10). It can
be seen that DA is a molecular crystal where the heat
transfer is through the radiation of heat by molecular
vibration. Hence, heat transfer is very slow due to its large
thermal resistance. However, when it is in liquid phase the
heat transfer in DA takes place by heat convection by

@ Springer

Brownian motion. In EG, the heat conduction mainly
depends on the phonon thermal conductivity, which means
its rate is high due to the thermal motion of molecules and
the low thermal resistance. When the mass fraction of EG
in DA/EG-PCMs is low, the amount of DA exceeds the
saturated adsorption capacity of EG, and therefore, the
vermicular structure presents dispersive to be surrounded
by the DA matrix to form the architecture like “Sea-Is-
land”. It is unable to form the whole heat transfer path with
EG framework [28]. With increase of EG content, a perfect
heat transfer network is formed by the overlapping and
entangling of EG (Fig. 10c). This effect can improve the
heat transfer, and speed up the rate, so that the capacity of
heat transfer increased significantly.

Thermal stability of DA/EG-PCMs

Figure 11 shows the thermal stability of DA/EG-PCMs
with (a) the TG, (b) the DTG, and (c) the DSC curves. It is
observed that the removal of pure DA starts around 120 °C,
and a mass loss of nearly 100% is achieved at 225 °C. In
the TG curve, the mass loss in the temperature range
110-220 °C is attributed to the decomposition of the
molecular chains of DA in the DA/EG-PCMs. This mass
loss is in accordance with the DA content in DA/EG-PCMs
[29]. In the DTG curve, the rate of decomposition of DA in
DA/EG-PCMs depends on the EG content and this value
tends to decrease with the increase of EG content. This
result indicates that the maximum decomposition temper-
ature and decomposition rate of pure DA are higher than
for DA/EG-PCMs.
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The DSC curve of DA/EG-PCMs is characterized by
two endotherms, the first corresponding to the solid-liquid
phase change (#1) and the second to the decomposition of
DA (2). With increasing EG content, these two endo-
therms shift to lower temperatures. Firstly, the thermal
conductivity of DA/EG-PCMs increases with the addition
of EG. Hence, it can absorb sufficient heat at a relatively
lower temperature to melt and decompose. Secondly, DA is

a molecular crystal with intermolecular hydrogen bonds.
With the addition of EG, hydrogen bonds form between the
molecular chains in DA and the functional groups in EG,
resulting in a reduced number of hydrogen bonds among
the DA molecules, as shown in Fig. 12. For molecular
crystals, the melting and boiling points decrease with the
decrease in the number of hydrogen bonds. Thirdly, DA
can evaporate at high temperatures and the inhibition effect
of EG weakens in the gas phase. Although the mass loss
interval and the peak temperature of decomposition
decrease gradually with the addition of EG, DA/EG-PCMs
can also exhibit excellent thermal stability used in the
control of temperature in low-to-medium temperature
environment (<80 °C).

The capacity of charging and discharging heat
of DA/EG-PCMs

The heat charging and discharging capacity curves for DA/
EG-PCMs are shown in Fig. 13; the overall trends can be
divided into three phases. At stage al, the sample tem-
peratures increase at different rates under constant tem-
perature (water bath at 60 °C). Due to its high thermal
resistance and low thermal conductivity, the temperature of
C1 increases slowly while the temperatures of the other
four samples increase at a relatively higher speed. This is
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Fig. 11 Thermal analysis of DA/EG-PCMs
0 : N represents sensible and latent heat storage. At stage a3, the
R—C— o T e ho temperature rises more rapidly and the phase change ter-
T oo || © T ] . . . . .
i i it R,‘C,OH:L_.(‘?__QQ__%__ o6 minates to give rise to sensible heat storage in molten DA.
FmCon==0-- T RCTOHL-& | Ho—oy Compared to the other four samples, the temperature of C1
R—GC—OH-=-0-- HO—p— el . . . .
O pmm Ho—o RTCTOH O rises at a higher rate. Since the heat that is absorbed from
R—C—OH — - . . .
© R=CH(CHy)s  ~~Hydrogen bond the external source cannot be transmitted to the internal, it
R=CH3(CHy)g - =-Hydrogen bond - - = - Hydrogen bond between EG and DA

Fig. 12 Hydrogen bonding in a DA b DA/EG-PCMs

the stage representing sensible heat storage without phase
change. At stage a2, DA melts to absorb heat and the rate
of temperature rise slows down, lim;:m or/ Otsample 7 0,
limizto OT [Otreference 7 0, (2o is the time where the phase
change begins). In addition, a constant temperature plateau
appears, the length of which reduces with increase in EG
content. This is due to the fact that the thermal conductivity
increases, and the phase change temperature and latent heat
reduce, leading to a lower temperature difference between
phase change and the heating surface. As a result, less heat
is absorbed during the process of phase change. This state

@ Springer

can only be stored in the form of sensible heat (al). As the
temperature of the liquid DA rises, its density decreases as
a result of which it moves upwards under the action of
buoyancy. The rates of melting and temperature rise
accelerate under the influence of the rising heat flow. The
temperatures of the other samples increase more slowly,
mainly because the DA in DA/EG-PCM:s is fixed by EG.
Therefore, the macro flow of the liquid is restricted, and the
natural convection of the composite system is remarkably
reduced. Eventually, the slopes of the five curves are 0,
limj_, OT /tsampie = 0,limj_, OT /Otreference = 0. The tem-
peratures of the samples and that of the water bath reach a
state of equilibrium. The observed trends after dipping the
samples in the water bath at room temperature can also be
divided into three phases to contrast with the storage curve,
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Fig. 13 Heat charging and discharging capacity curve of DA/EG-PCMs

and the molten DA is frozen to release heat. Finally, the
temperature remains constant.

During the heating process (Fig. 13a), it takes 13 min
for pure DA to raise its temperature from room temper-
ature (~20 °C) to the temperature plateau of 60 °C but
this time is only 10 min, 6 min, 4 min and 3 min for C2,
C3, C4, and C5. During the cooling process (Fig. 13b),
the temperature reaches a plateau around 20 °C after 30,
20, 18 and 17 min for C2, C3, C4 and CS5, respectively,
whereas for pure DA, this time interval is around
140 min. Compared with pure DA, the DA/EG-PCMs
reaches the temperature plateau in a shorter time, indi-
cating that the thermal storage/release rates are increased
in these samples. Therefore, the heat from the external
environment can be evenly transmitted to the internal due
to the presence of EG with a high thermal conductivity
which can effectively reduce the thermal resistance. In
conclusion, the addition of EG can effectively improve
the melting transition, the capacity of charging and
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discharging heat, and the thermal efficiency of DA/EG-
PCMs [30].

Thermal cycling stability of DA/EG-PCMs
Mass loss rate

In order to more clearly describe the changes in perfor-
mance of DA/EG-PCMs after the thermal cycle, this paper
defines K as the mass loss rate:

M, — M,
K=——=x100 9
i % )
M, is the mass before the cycle and M, is the mass after the
cycle. The thermal cycle efficiency (E.) can be calculated
from the experimental results and according to Egs. 10.

AH,
E.=—2L % 100% (10)
AHp, pa

(b) :
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Fig. 14 The mass and thermal cycle efficiency changes in DA/EG-PCMs during the thermal cycle
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where AH,,; is the latent heat of DA/EG-PCMs after
cycling and AH,, pa is the latent heat of pure DA.

Figure 14 shows the changes in mass and thermal cycle
efficiency of samples before and after thermal cycling
between 25 and 100 °C, respectively. It can be seen that the
mass loss rate is 34% (a high loss), and the thermal cycle
efficiency is low when the content of EG is 5 mass%. Here,
upon heating, the DA that is not encapsulated by EG melts

00000
1Q00C

Fig. 15 The thermal cycling stability of DA/EG-PCMs
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and starts to flow. When the content of EG reaches
10 mass% and higher, there is basically no loss of mass,
and the separation and delamination between EG and DA
disappears. This phenomenon is attributed to the confine-
ment effect of EG on the crystallization of the encapsulated
DA, as shown in Fig. 14a. In addition, as shown in
Fig. 14b, the thermal efficiency of cycling first increases,
and then decreases, and reaches a maximum value at about
10 mass%. This is attributed to the fact that DA exposed on
the surface melts and separates from EG when the EG
content is low and the thermal cycle efficiency decreases
due to the reduction in DA content. Moreover, with
increase in EG content, the microscopic flow of molten DA
is limited, so that the thermal cycle efficiency of DA/EG-
PCMs is improved [31]. Figure 15 shows the photographs
of pure DA and the DA/EG-PCMs before and after the
thermal cycle. As seen from the photographs, pure DA
completely melts into a liquid after the thermal cycle,
whereas, the DA/EG-PCMs retain its form during the
whole heating process. The above analysis confirms that
the shell formed by EG s provides mechanical strength for
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Fig. 16 FT-IR spectra of DA/EG-PCMs before and after thermal cycling
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Fig. 17 a Bilayer arrangement of DA b Molecular layer of DA in the
solid

the microencapsulated composite and prevents the seepage
of the melted DA. Therefore, the DA/EG-PCMs with
10 mass% EG present excellent thermal stability and
efficiency.

Infrared spectrum analysis

Figure 16 shows the IR spectra of DA/EG-PCMs before
and after thermal cycling. The results obtained from
Fig. 16 show that the infrared spectra are basically the
same. Two intense absorption peaks at 2925 and
1465 cm™! are present, which are attributed to C-H
stretching and C-H in-plane bending vibrations respec-
tively. The infrared spectra also show absorption peaks at
1430 and 940 cm™" attributed to-OH in-plane and out of
plane bending vibrations. A peak at 1716 cm™' corre-
sponding to C=0 stretching vibration is also observed. In
addition, some small shifts in the characteristic absorption
peaks indicate physical interactions between EG and DA.
The absorption peaks are in good agreement with the FT-
IR spectra of the samples before cycling, no new functional
groups or chemical species are produced in the process of
thermal cycling, and the molecular structure of DA remains
unchanged. In addition, the two association structure in the
way of bilayer arrangement forms between the molecules
of DA (Fig. 17a), and the hydroxyl and methyl end-groups
of DA are all in the parallel plane (Fig. 17b). When the
temperature rises, the crystal dissociates along the face
between methyls. Further melting increases the association
between the molecules and this effect is so strong that it
cannot be easily destroyed in the process of thermal
cycling. Moreover, the interaction between the methyls
remains unchanged and is not affected by the number of
cycles. Therefore, DA/EG-PCMs retain a stable molecular
structure and high thermal efficiency even after cycling,
and maintain good and long-term thermal stability.

Conclusions
The following conclusions can be drawn from our
investigation:

1. The decanoic acid/expanded graphite composite phase
change materials (DA/EG-PCMs) are prepared by the

melt-blending method with expanded graphite (EG) as
the carrier material and decanoic acid (DA) as the
phase change material. The DA/EG-PCMs form a
composite stabilized by surface adsorption and micro-
pore binding, without the formation of chemical bonds.

2. The DA/EG-PCMs are spherical with a smooth surface,

low particle sizes, and good dispersions, which facilitates
their mixing with other granular materials.

3. DA/EG-PCMs can form a perfect heat transfer network

based on the EG framework that enhances the thermal
conductivity. The phase change temperature is
reduced, and the time to charge and discharge heat is
reduced, leading to improved thermal efficiency.

4. The calculated activation energies indicate that EG

inhibits the thermal diffusion of DA, which increases
the thermal stability. Due to the micropore binding,
surface adsorption and the association structure, DA/
EG-PCMs exhibit a good thermal cycling stability and
meet the requirements of long-term services.

5. Based on a comprehensive analysis, it can be concluded

that, the optimal content of EG is ~ 10 mass%. The
thermal  conductivity = of  DA/EG-PCMs  is
~3.4721 W m~ 'K~ The heat storage time is shortened
by ~ 53%, the phase change temperature is 34.9 °C, and
the latent heat is 153.1 J g~ '. In view of these properties,
the DA/EG-PCMs can well meet the requirements for
low-to-medium temperature controllers.
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