Journal of Thermal Analysis and Calorimetry (2019) 136:1217-1225
https://doi.org/10.1007/s10973-018-7758-x

@ CrossMark

Preparation and characterization of form-stable tetradecanol-palmitic
acid expanded perlite composites containing carbon fiber for thermal
energy storage

Fei Cheng' - Yaoting Huang? - Ruilong Wen' - Xiaoguang Zhang' ® - Zhaohui Huang' - Minghao Fang'

Yan'gai Liu® - Xiaowen Wu' - Xin Min'

Received: 12 March 2018/ Accepted: 18 September 2018/ Published online: 25 September 2018
© Akadémiai Kiado, Budapest, Hungary 2018

Abstract

In this study, tetradecanol—palmitic acid/expanded perlite composites containing carbon fiber (TD-PA/EP-CF CPCMs)
were prepared by a vacuum impregnation method. Binary eutectic mixtures of PA and TD were utilized as thermal energy
storage material in the composites, where EP behaved as supporting material. X-ray diffraction demonstrated that crystal
structures of PA, TD, EP, and CF remained unchanged, confirming no chemical interactions among raw materials besides
physical combinations. The microstructures indicated that TD-PA was sufficiently absorbed into EP porous structure,
forming no leakage even in molten state. Differential scanning calorimetry estimated the melting temperature of TD-PA/
EP-CF CPCM to 33.6 °C, with high phase change latent heat (PCLH) of 138.3 kJ kg™ '. Also, the freezing temperature was
estimated at 29.7 °C, with PCLH of 137.5 kJ kg~ '. The thermal cycling measurements showed that PCM composite had
adequate stability even after 200 melting/freezing cycles. Moreover, the thermal conductivity enhanced from 0.48 to
1.081 W m~" K" in the presence of CF. Overall, the proposed CPCMs look promising materials for future applications
due to their appropriate phase change temperature, elevated PCLH, and better thermal stability.
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Introduction

Nowadays, energy depletion has become a major crisis
worldwide, resulting in increased innovation of advanced
energies storage devices. Phase change materials (PCMs)
could be used for energy storage materials as they can
absorb and release thermal energy during phase change. In
view of this, PCMs become one of the most widely
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implemented materials in solar energy, energy conserva-
tion in buildings, thermal insulation, and thermal regulation
due to their high thermal storage capacity [1-5]. However,
as external wall materials of buildings are exposed to sun,
solar energy can be absorbed by injecting PCMs with low
melting temperatures into external wall materials. This
principle also applies to computers, which can get very hot
when working for long time. In this case, heat generated by
the computer has enormous influence on operation of
central processing unit; hence, many measures have been
adopted to solve these issues, including installation of
radiators and placing smaller fan under laptops. Most of
these measures caused increasing energy consumption.
Therefore, research related to PCMs applied to computers
absorbing redundant thermal energy for cooling down is
increasingly explored. The related application process is
shown in Fig. 1. Several studies have shown that PCMs can
solve the problem but PCMs require suitable phase change
temperature (PCT) values slightly below 35 °C and high
phase change latent heat (PCLH). In view of this, paraffin
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Fig. 1 Schematic diagram of
PCMs composites application in
worktable and building

desktop are
very hot.
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[6, 7], fatty acids [8, 9], polyhydric alcohols [10], and salt
hydrate [11] were investigated.

Palmitic acid (PA) is a PCM-based polyhydric alcohol.
PA has attracted many interests because of its high PCLH,
non-corrosive, no separation of subcooling phase, and low
price [12-14]. Owing to its possessing correlative high
PCT, PA could not be directly applied at low temperatures,
such as indoor and outdoor temperatures. Hence, to widen
applications of PA in low-temperature surroundings, PCT
should be lowered by mixing PA with other PCMs at
certain ratios to form composite PCMs (CPCMs) [15-17].
These CPCMs could not only overcome the disadvantages
of single PCMs but also can expand applications of PCMs.

Tetradecanol (TD) is potentially used in binary PCMs
systems due to its excellent properties [18]. TD is a kind of
paraffin PCM with high PCLH and low PCT with almost
no supercooling phenomenon and phase separation, hence
relevant in PCMs filed [19].

Perlite is an inert glassy volcanic rhyolitic rock that can
be expanded up to 10-20 times its original volume when
heated rapidly at 700-1200 °C [20]. Expanded perlite (EP)
is classified as ultra-lightweight material and acts as an
excellent insulator and porous matrix material [21-23]. In
addition, EP is inexpensive and abundantly available,
which could make it a feasible candidate for economical
building materials for incorporating fatty acids like PCMs
in thermal energy storage buildings. However, similar to
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other porous materials, EP suffers from low thermal con-
ductivity when prepared with phase change material.
Therefore, materials with high thermal conductivities could
be utilized to enhance the thermal conductivities of PCMs
compounded with porous materials.

In this study, TD-PA/EP-CF CPCM was prepared by
vacuum impregnation method. TD-PA composite acted as
latent heat storage material and EP was utilized as TD-PA
matrix. TD was mixed evenly with PA at ratio of 7:3. CF
was added to the porous structure as high thermal con-
ductivity material to improve thermal conductivity. The
microstructure, chemical composition, crystal structure,
and thermal properties were characterized by various
methods. The formation of binary eutectic mixture and
addition of CF yielded a stable TD-PA/EP-CF CPCM with
more appropriate PCT, elevated PCHL, and better thermal
conductivity than PCMs reported by others [27-29].

Experimental

Materials

Palmitic acid (PA, AR, m.p. 62.5-64.0 °C) was purchased
from Sinopharm Chemical Reagent. Tetradecanol (TD,

AR, m.p. 35.8-37.2 °C) was from Tianjin Guangfu Fine
Chemical Research Institute. EP was obtained from Beijing
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Bo stand Scientific Instruments, and CF was supplied by
Shen Zhen Fiber Valley Technology.

Sample preparation

TD-PA CPCM was prepared by weighing TD and PA at
ratios ranging from 10:0 to 0:10, which were then mixed
evenly and stirred during the melting process. Next, TD-
PA/EP-CF CPCM was synthesized by vacuum impregna-
tion method. TD-PA in molten state was mixed with CF at
ratio of 3 mass%. The mixture was then transferred to a
drying oven and stirred evenly for 12 h at 80 °C to obtain a
homogeneous mixture. And then, EP was added to the
mixture and put in the vacuum drying oven under vacuum
then taken out. The absorption process was repeated to
yield the final TD-PA/EP-CF CPCM product. The prepa-
ration process is summarized in Fig. 2.

Characterization

The morphologies of the prepared CPCMs were observed
by scanning electronic microscopy (SEM, JSM-IT3000).

The crystal structures were examined by X-ray diffrac-
tometer (XRD, model XD-3). Solid-liquid phase change
temperatures and latent heat capacities of PCMs compos-
ites were carried out by DSC instrument (DSC214Polyma)
under nitrogen atmosphere at heating rate of 10 °C min™".
The melting and freezing temperatures were obtained by
drawing a line at the point of maximum slope in DSC peak.
The latent heat was calculated by numerical integration of
the peak using inherent software of DSC. The thermal
stability of PCM composite was determined by America
TA instruments Q5000. In each case, the specimen (about
10 mg) was heated from 25 to 700 °C at linear heating rate
of 10 °C min~"' under nitrogen atmosphere. The thermal
conductivity was tested by XFA 500 instrument according
to the standard test method by the flash method (ASTM E
1461-01).
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Fig. 2 Preparation process of TD-PA/EP and TD-PA/EP-CF composites
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Results and discussion
XRD analysis

The XRD patterns of PA, EP, TD-PA/EP, CF, and TD-PA/
EP-CF composites are depicted in Fig. 3a, where the peaks
of PA are shown in black bottom curve. The curve of EP
appeared smooth with no significant peaks. The curves of
TD-PA/EP and TD-PA/EP-CF composites contained the
main characteristic peaks of PA, revealing that the crystal
structure of PA remained undestroyed. The relationship
between CF, TD-PA/EP and TD-PA/EP-CF composites is
illustrated in Fig. 3b. The primary peaks of TD-PA/EP
composite were located at 21.7° and 23.6° while those of
CF mainly appeared at 25.5°, 35°, 43°, and 57.5°. The
latter resulted from the incomplete crystal structure for-
mation. The peaks of TD-PA/EP-CF composites consisted
of combined major peaks of both TD-PA/EP composite and
CF, suggesting that the crystal structure remained
unchanged. Also, no chemical interaction occurred among
the materials.

Microstructure analysis

Figure 4 illustrates the SEM photographs of EP, TD-PA/
EP, CF, TD-PA/EP-CF, and TD-PA/EP-CF composites.
Also, appearance images of PA-TD/EP and TD-PA/EP-CF
composite were taken at room temperature and after
heating to 80 °C. Figure 4a represents EP, showing large
numbers of pores with different sizes. On the other hand,
TD-PA/EP composite revealed pores filled with PCMs
(TD-PA composite) (Fig. 4b). The microstructure of CF
appeared fibrous with different lengths, where shortest was
about 45 um (Fig. 4c). The microstructure of TD-PA/EP-

CF composite is shown in Fig. 4d. Some fibrous bars
appeared when compared to Fig. 4b. On the other hand, the
enlarged image clearly displayed the microstructure of TD-
PA/EP-CF containing numerous fibrous bars (Fig. 4e),
where TD-PA composite inlaid the porous structure of EP.
Figure 4f exhibits the microstructure of TD-PA/EP-CF
composites after 200 times thermal cycles. The pores still
covered with PCMs and CF bars. Figure 4g, h displays the
optical images of, respectively, PA-TD/EP and TD-PA/EP-
CF composites at room temperature and after heating at
80 °C. Both composites became glossed without apparent
leakage trace, revealing that EP provided structural support
to the composites and prevented leakage of PCMs during
melting through capillary and surface tension forces.

Thermal properties

Figure 5 represents the diagram of TD-PA at ratios varying
from 10:0 to 0:10 during melting and freezing processes,
named as G1-G11, where G1 represents pure TD and G11
expresses pure PA. Pure TD melted at 36.6 °C with an
enthalpy value of 201.9 J g~' while PA melted at 61.4 °C
with an enthalpy value of 218 J g~'. As TD-PA ratio
decreased, the melting point and enthalpy value started to,
respectively, reduce and increase until the ratio reached
7:3, the melting point and enthalpy values separately
reached 33.4 °C and 213.9 J g~'. Because TD-PA com-
posite formed an eutectic mixture during this time, the
melting point and enthalpy values were in an ideal state
that the melting temperature got the lowest point and the
enthalpy values were only lower than that of pure PA. And
when TD-PA ratio increased, the melting point of TD-PA
composite rose and two absorption heat peaks gradually
appeared. Thus, TD-PA composite formed a stable eutectic
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Fig. 3 XRD patterns of CPCMs. a PA, EP, TD-PA/EP, CF, and TD-PA/EP-CF composites. b TD-PA/EP, CF, and TD-PA/EP-CF composites
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Fig. 4 SEM photographs of EP, TD-PA/EP, CF, TD-PA/EP-CF, TD-
PA/EP-CF composites with greater enlargement and after 200 thermal
cycles. Appearance of PA-TD/EP and PA-TD/EP-CF composites at
room temperature and after heating at 80 °C, appearance of filter
paper after absorbing the leaked PCMs

mixture with better thermal properties at mixture ratio of
7:3.

Figure 6a illustrates the DSC profiles of PA, PA/EP,
TD-PA/EP, and TD-PA/EP-CF composites. Two overlap
areas were noticed: one comprised of PA and PA/EP
composites and the other TD-PA/EP and TD-PA/EP-CF
composites. Slight differences between internal materials
of both groups appeared. As depicted in Fig. 6a and
Table 1, PA melted at 61.4 °C with PCLH of 218 J g~'
while PA/EP composite with 40 mass% paraffin/expanded
perlite melted at 61.0 °C by absorbing 144.3 J thermal
energy per gram. TD-PA/EP composite melted at 33.2 °C
with PCLH of 143 J g ' In addition, TD-PA/EP-CF

composite melted when heated to 33.6 °C with PCLH of
138.3 J g~'. The combination of PCMs with supporting
materials slightly changed the enthalpy value. Compared
with PA and PA/EP composites, the enthalpy values of TD-
PA and TD-PA/EP composites were smaller but melting
points declined significantly. Compared to TD-PA/EP
composite, TD-PA/EP-CF underwent a little change in
enthalpy value when CF was added. Overall, CPCMs
gained good thermal properties.

Figure 6b shows the DSC curves of TD-PA/EP-CF and
TD-PA/EP-CF composites after 200 thermal cycles. Both
PCT varied faintly from 33.6 to 33.1 °C and phase change
enthalpy displayed small variation of about 1.4 J g~ ' after
200 thermal cycles. This indicated composites with near
perfect thermal stability suitable for thermal energy storage
applications.

Thermal stability

Thermogravimetry analysis (TG) and derivative thermo-
gravimetry (DTG) measurements are critical in identifying
the thermal stability of materials. Figure 7a represents the
TG curves of PA/EP, TD-PA/EP, and TD-PA/EP-CF
composites. The maximum mass loss and temperatures of
maximum mass loss are gathered in Table 2. PA/EP
composite started to dissolve at 193 °C that ended at
259.5 °C with recorded of 66.3% maximum mass loss. On
the other hand, TD-PA/EP composite also dissolved when
heated to 152.2 °C with 66.4% mass loss at end of the
process. These mass losses were attributed to decomposi-
tion of PCMs. Similarly, TD-PA/EP-CF composite lost
63.6% of mass from 151.4 to 220.8 °C. However, the mass
loss was small compared to those of PA/EP and TD-PA/EP
composites. This was related to CF, which did not resolve
with temperature range. Figure 7b indicates that thermal
degradation temperature reduced gradually as the com-
posite became more complex. The thermal degradation of
PA/EP composite was recorded at 223.8 °C, while those of
TD-PA/EP and TD-PA/EP-CF composites were 190.1 °C
and 188.4 °C, respectively. The latter were comparatively
high than indoor temperature. In sum, TD-PA/EP-CF
composite containing PCM showed good thermal ability.

Thermal conductivity

Thermal conductivity is an important parameter in phase
change material. As previously mentioned, TD-PA/EP
CPCM with low thermal conductivity could increase the
response time of melting and freezing of latent heats.
Therefore, improving the thermal conductivity is important
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Fig. 5 Diagram of TD-PA at 220 70
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Fig. 6 DSC curves of a melting and freezing processes of PA, PA/EP, TD-PA/EP, and TD-PA/EP-CF composites and b melting and freezing
processes of TD-PA/EP-CF composites after 200 thermal cycles

Table 1 Melting and freezing
processes data of PA, PA/EP,
TD-PA/EP, and TD-PA/EP-CF
composites

@ Springer

Sample Melting process Freezing process

Temperature/°C Latent heat/J g~ Temperature/°C Latent heat/J g~
PA 614 218 57.8 215.6
PA/EP 61.0 144.3 59.5 143.9
TD-PA/EP 332 143 29.3 142.6
TD-PA/EP-CF 33.6 138.3 29.7 137.5
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in materials design. Due to high thermal conductivity of CF,
the thermal conductivities of the composites could subse-
quently be improved by adding CF. Hence, CF was selected
to enhance the conductivity of PCM composites. The thermal
diffusivity was measured by laser flash method, and thermal
conductivity was calculated using Eq. (1) [24].

A=opC,y (1)

where 4 is the thermal conductivity, o is thermal diffu-
sivity, p is bulk density obtained using Archimedes
method, and C, is heat capacity measured by multiple
curve method.

Figure 8 describes the thermal conductivities of PA/EP,
TD-PA/EP, and TD-PA/EP-CF composites. The thermal
conductivity of TD-PA/EP improved with addition of CF. The
calculated thermal conductivities of TD-PA, TD-PA/EP, and
TD-PA/EP-CF composites are given in Table 3. The thermal
conductivity of TD-PA in solid state was estimated at
048 Wm ' K~', while that of TD-PA/EP was only
0.463 W m~" K. This indicated that EP reduced the thermal
conductivity of TD-PA composite. However, as thermal con-
ductivity of TD-PA/EP-CF rose to 1.081 W m~ ! K7!, ther-
mal conductivity enhanced by more than two folds in the
presence of CF when compared to both TD-PA and TD-PA/EP
composites. Hence, CF exhibited high thermal conductivity.
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Fig. 8 Thermal conductivities of PA/EP, TD-PA/EP, and TD-PA/EP-
CF composites

Table 4 presents the thermal properties and conductiv-
ities of TD-PA/EP-CF CPCM in comparison with PCMs
found in the literature. The prepared TD-PA/EP-CF CPCM
demonstrated relatively high thermal enthalpy, as well as
suitable temperature and thermal conductivity. Therefore,
TD-PA/EP-CF CPCM demonstrated potential for thermal
energy storage systems.

TD-PA/EP composite

190.1 °C PA/EP composite

1.0 223.8°C

0.8 | -TD-PA/EP-CF composite T
0.6

0.4

Deriv. mass/% °C—1

0.2

0.0

-0.2 1 1 : 1
100 200 300

Temperature/°C

400

Fig. 7 a TG and b DTG curves of PA/EP, TD-PA/EP, and TD-PA/EP-CF composites

Table 2 TG and DTG data of

PA/EP, TD-PA/EP, and TD-PA/  LXPeriment sample

Temperature of mass loss/°C

Maximum mass loss/%

EP-CF composites Beginning Thermal degradation Finishing
PA/EP 193 223.8 259.5 66.3
TD-PA/EP 152.2 190.1 221.6 66.4
TD-PA/EP-CF 151.4 188.4 220.8 63.6
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Table 3 Thermal conductivity —6, 2 —1 3 -3 3 —1 1 —1 1
values of PA/EP, TD-PA/EP. Sample o x 107°/m” s p x 10°/kg m Cp x 1077 kg™ K AW m— K
and TD-PA/EP-CF composites  rp_pp 0.338 1.247 1.14 0.48
TD-PA/EP 0.332 1.235 1.13 0.463
TD-PA/EP-CF 0.901 1.026 1.17 1.081

Table 4 Comparison of thermal properties and conductivities of prepared CPCMs with those of CPCMs found in the literature

Sample Melting process Freezing process Thermal References
conductivity/
Temperature/ Latent heat/  Temperature/ Latent heat/ 7 ,—1 g~
°oC J gfl °oC ] g71
Expanded perlite/n-eicosane/carbon 36.12 157.43 355 157.43 0.32 [25]
nanotubes (1 mass%)
Palmitic acid-TiO, (5 mass%) composite 61.59 180.03 - - 0.35 [26]
Capric—palmitic/expanded perlite composite ~ 25.7 88.39 - - 0.2759 [27]
Lauric—palmitic—stearic acid/expanded perlite 31.8 81.5 30.3 81.3 0.44 [28]
composite
Palmitic acid/polypyrrole composites 59.9 166.3 58.8 170.7 - [14]
40 mass% paraffin/expanded perlite 27.6 54.8 24.1 54 0.37 [29]
composite
TD-PA/EP composite 332 143 29.3 142.6 0.463 Present
TD-PA/EP-CF composite 33.6 138.3 29.7 137.5 1.081 Present

Conclusions

The preparation and characterization of TD-PA/EP-CF
CPCMs as solar and thermal energy storage materials were
reported. TD-PA composite at ratio of 7:3 formed binary
eutectic mixture, with low melting point and proper PCLH.
In TD-PA/EP-CF composite, TD-PA acted as CPCMs for
thermal energy storage and EP as supporting material. Due
to capillary and surface tension forces, TD-PA could uni-
formly be dispersed in EP without chemical interaction.
Hence, CF was used to enhance the thermal conductivity
values of CPCMs. The crystal structure of TD, PA, and EP
remained unchanged in the composite material as verified
by XRD. Also, TD-PA was sufficiently absorbed in EP
porous structure, with no leakage even in molten state as
confirmed by SEM. TD-PA/EP-CF composite melted at
33.6 °C with high PCLH of 138.3 kJ kg' and froze at
29.7 °C with PCLH of 137.5 kJ kgfl. On the other hand,
thermal cycling measurements showed PCM composite to
have adequate stability even after 200 melting/freezing
cycles. Moreover, its thermal conductivity enhanced from
0.48 to 1.081 W m~' K™ in the presence of CF. There-
fore, CPCMs (TD-PA/EP-CF composite) would have great
prospects in solar energy utilization, computers, indoor
cooling instruments as thermal energy storage materials
with appropriate PCT, high PCLH, and better thermal
stability.
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