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Thermal properties and reliabilities of myristic
acid—paraffin wax binary eutectic mixture as

a phase change material for solar energy storage
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In this work, a myristic acid (MA)—paraffin wax (PW) binary eutectic phase change material (PCM) was
prepared by a melt-solution blending method. The eutectic point of the MA-PW binary system was
determined to be 62 wt% MA-38 wt% PW using a cooling curve. In addition, the phase transition
properties and thermal stability of MA—PW binary eutectic PCM were investigated by differential scanning

calorimetry (DSC) and thermogravimetry (TG) analysis. The melting temperature and latent heat as well

as starting temperature of decomposition for MA—PW binary eutectic PCM were 41.99 °C, 171.43 J g~¢
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and 137.86 °C, respectively. Besides, analysis of the chemical and crystal structures of MA, PW and MA-

PW revealed no chemical reaction between MA and PW to produce a new molecular structure and no
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1. Introduction

Fossil fuels have been widely used in all aspects of society.
However, in recent years, the efficient use of solar energy and
preparation of new energy storage materials have become
a worldwide issue, due to the insufficient supply of fossil energy
in the world.** Global economic development and population
growth will lead to a persistent energy crisis. Solar energy is one
of the world's most promising renewable energy sources, but its
application is limited by a number of characteristics such as
being intermittent and uncontrollable. Fortunately, phase
change materials (PCMs) can store latent heat by changing their
phase state, and release energy when needed,>® and the
combination of solar energy and PCMs creates a latent heat
storage system that is well suited to increase solar energy
utilization. When the temperature reaches the melting point of
the PCMs, PCMs can melt to store heat in the form of latent
heat, when the temperature is below the melting point, PCMs
can solidify to release latent heat back to the thermal storage
layer. It can both reduce the maximum temperature difference
of thermal storage system between the day time and night time
and increase the heat storage capacity of the solar thermal
storage system. Therefore, phase change materials suitable for
solar energy field have been widely studied.”**

PCMs include organic, inorganic and organic-inorganic
eutectic PCMs. Furthermore, organic PCMs have been classified
into: paraffin, fatty acids, alcohols and lipids. Among them,
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change in the crystal structure. Finally, MA—PW binary eutectic PCM still has good thermal properties and
chemical stability after 500 cold—hot cycles.

fatty acids are promising PCMs, on account of the following
advantages, high heat capacity, very slight or no supercoiling,
non-toxic, non-corrosive, excellent thermal and chemical
stability, small volume change during phase transformation,
appropriate melting temperature range and 1215
Furthermore, paraffin waxes (PW) are also a kind of prospective
PCMs, they have a wide melting range and large latent heat of
melting.'*” The PW are divided into different varieties with
melting points at 2 °C intervals, such as 52, 54, 56, 58 and other
grades.'® However, the high phase transition temperature of
pure matter prevents widespread application in certain regions
with weak solar radiation and low average temperatures.
Fortunately, a series of phase change energy storage materials
with different phase transition temperatures can be obtained by
compounding two or more organic phase change materials,*>*
and the eutectic materials with various phase change temper-
atures can complement each other and produce synergistic
effects in terms of performance. Therefore, the continuous
development of new eutectic PCM with good performance can
broaden the application scenarios of phase change energy
storage technology, provide engineers with more diverse
options, and stimulate the continuous optimization and
development of solar thermal storage technology. Karaipekli
et al.”>** studied a number of fatty acid eutectic mixtures and
found that fatty acids are suitable candidates for energy storage.
Chinnasamy et al.>* prepared a binary eutectic mixture of 40%
lauric acid and 60% myristyl alcohol, and found the mixture has
excellent thermal properties and chemical stability. Ma et al.>*
prepared stearic acid-n-butyramide and stearic acid-n-octana-
mide binary eutectic mixtures melting at 64.25 °C and 63.13 °C
with latent heat of 198.38J g~ ' and 198.98 J ¢~ *, moreover, they
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believed that the mixtures have good thermal performance and
great utility for solar heat storage.

However, reports about eutectic mixtures of fatty acids and
PW are very rare so far. The research on these mixtures is very
significant and beneficial for development of PCM. Therefore,
in this paper, firstly, a fatty acid—paraffin binary eutectic phase
change material compounded by myristic acid (MA) and PW
was prepared. Secondly, the thermophysical properties of MA,
PW and their mixtures were measured by differential scanning
calorimetry (DSC), step cold test and thermogravimetry (TG)
analysis. Furthermore, the chemical properties of MA, PW and
their eutectic mixtures were characterized by X-ray diffraction
(XRD) and Fourier Transform Infrared spectroscopic (FT-IR). At
last, after accelerated thermal cycling test of eutectic PCM, its
thermal and chemical reliability were investigated by using DSC
and FT-IR.

2. Materials and methods
2.1 Materials

Myristic acid (MA, C,4H,50,, 228.37, white crystal) and 52-54"
paraffin wax (PW, white block) were provided by Sinopharm
Concoction Reagent Co., Ltd (Shanghai, China). These chem-
icals were utilized without further depuration.

2.2 Preparation of MA-PW binary mixtures

MA-PW binary mixtures with 20 wt%, 30 wt%, 40 wt%, 50 wt%,
60 wt% and so on wt% of PW were prepared as follows. First of
all, MA and PW with a corresponding mass fractions were
weighed in a beaker, and sealing them with a film. Secondly, the
beaker was put into a water bath magnetic stirrer (DF-101S,
Yuhua Co., Ltd, Gongyi, China) with a temperature of 65 °C
until the materials were completely melted. Finally, the
magnetic stirrer was started to stir for 30 minutes to obtain
a uniformly mixed MA-PW binary mixture.

2.3 Cooling curve test

In order to determine the eutectic point of MA-PW binary
system, the tubes containing a series of MA-PW binary mixtures
were put into a constant temperature water tank (HH-W 600,
Changzhou Putian Instrument Manufacturing Co., Ltd) and
heated. When the temperature of the samples in the tube
reached 65 °C, the test tubes were placed in a constant
temperature and humidity incubator (HWS-80B, Tianjin Hon-
gnuo Instrument Co., Ltd) at 10 °C. Moreover, Agilent (349724)
recorded the temperature-time curve of the samples in the
process of cooling from 65 °C to 10 °C with a time step of 60 s.

2.4 Thermal properties characterization

DSC (Mettler DSC1) was used to analyze the phase change
properties of MA, PW and MA-PW binary eutectic PCM. All tests
were conducted in nitrogen atmosphere at a temperature rate of
5 °C min~'. The samples of 5-10 mg were compressed and
placed in an aluminum crucible. Then the temperature-heat
flow changes of the samples during the process of 20 °C to
65 °C to 20 °C were recorded, and the phase transition
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temperature and latent heat of the samples were obtained.
Furthermore, the thermal stability of MA-PW binary eutectic
PCM was checked by TG (Q500, TA Company, USA), and the
corresponding experimental conditions were as follows:
nitrogen atmosphere, heating rate of 10 K min ", testing
temperature range of 30 °C to 400 °C.

2.5 Accelerated cold-hot cycle test

The MA-PW eutectic PCM was heated from 20 °C to 65 °C in
a constant temperature water tank, and then cooled to 20 °C in
a constant temperature and humidity incubator, which is
a phase change cycle. The accelerated cold-hot cycle test
includes 500 phase change cycles. In addition, DSC test was
used to evaluate the changes of MA-PW binary PCM after 1, 100,
200 and 500 cycles for phase change properties. Besides, the
chemical structure change of MA-PW binary eutectic PCM after
500 cycles was characterized by FT-IR.

2.6 Chemical and crystal characterization

The chemical structure of MA, PW and MA-PW eutectic PCM
was characterized by FT-IR (BRUKER TENSOR II, Germany). The
scanning band from 600 cm " to 4000 cm ™" and the resolution
was 4 cm ™', On the other hand, the crystal structure of MA, PW
and MA-PW eutectic PCM was characterized by X-ray diffrac-
tometer (PANalytical B.V., Netherlands), using copper target (Ko
ray, A = 1.5406 A), diffraction angle from 10° to 80°, step size of

0.01313°, and scan rate was 3°-min~ .

3. Results and discussion
3.1 Eutectic point of MA-PW binary mixture

The cooling curves of MA, PW and a series of MA-PW binary
mixtures with different mass fractions of PW (Mpy) are shown
in Fig. 1.

As shown in Fig. 1a, the solidification temperatures of MA
and PW are 53.4 °C and 50.5 °C, respectively, and the solidifi-
cation temperature of binary mixtures with any proportion is
lower than that of the two pure materials, indicating that the
solidification temperature of PCMs can be reduced by the
combination of two kinds of PCM. According to the eutectic
theory, when the mass fraction of PW is smaller than the
eutectic fraction, the solidification temperature of MA-PW
binary mixture decreases with the increase of Mpy. When the
mass fraction of PW is larger than the eutectic fraction, the
solidification temperature of MA-PW mixture increases with
the increase of Mpyw. In Fig. 1a, when Mpyw increases from 30%
to 40%, the solidification temperature of MA-PW binary
mixture decreases; when Mpy, increases from 40% to 50%, the
solidification temperature of MA-PW binary mixture increases.
Moreover, among the MA-PW binary mixtures with Mpw of
20%, 30%, 40%, 50%, and 60%, the MA-PW mixture with Mpy
of 40% has the lowest solidification temperature. Therefore, the
eutectic point of the MA-PW binary mixture is considered to be
in the range from 30% to 50%, and then the binary mixtures in
the range are further analyzed. Fig. 1b presents the cooling
curves of the MA-PW binary mixtures with Mpyw equal to 35%,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Cooling curves of (a) MA, PW and MA—-PW mixtures of 20—-60 wt%

PW, (b) MA—PW mixtures of 35 wt% PW, 40 wt% PW and 45 wt% PW, (c)

MA-PW mixtures of 38 wt% PW, 40 wt% PW and 42 wt% PW and (d) MA—-PW mixtures of 37 wt% PW, 38 wt% PW and 39 wt% PW.

40% and 45%. The solidification temperatures of MA-PW with
My of 35%, 40% and 45% are found to be 42.2 °C, 39.3 °C and
40.6 °C, respectively. In this range, the solidification tempera-
ture of the mixture still showed a trend of first decreasing and
then increasing. Therefore, the eutectic point is considered to
be in the range from 35% to 45%, and then the binary mixtures
in the range are further analyzed. Fig. 1c shows the cooling
curves of the MA-PW binary mixtures with Mpw equal to 38%,
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I
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Fig. 2 Solid-liquid phase diagram of MA-PW binary mixtures.
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40% and 42%. The solidification temperatures of MA-PW with
Moy, of 38%, 40% and 42% are found to be 39.1 °C, 39.3 °C and
39.7 °C, respectively. Obviously, among the MA-PWs with Mpy,
of 38%, 40% and 42%, the MA-PW mixture corresponding to
Mpw = 38% has the lowest solidification temperature, indi-
cating that the eutectic point is around 38%. Fig. 1d show the
cooling curves of the MA-PW binary mixtures with Mpw of 37%,
38% and 39%. The solidification temperatures of the binary
mixtures with Mpy of 37%, 38% and 39% are found to be
41.6 °C, 39.1 °C and 39.2 °C, respectively.

In accordance with the solidification temperature of MA-PW
mixtures determined from the cooling curve, the solid-liquid
phase diagram of the MA-PW binary mixtures is plotted in
Fig. 2 to verify the previous analysis results. It can be seen from
Fig. 2 that with the increase of Mpy, the solidification temper-
ature of the MA-PW binary mixture shows a trend of first
decreasing and then increasing. In addition, the minimum
solidification temperature of the binary system corresponds to
the mixture with Mpw of 38%, its solidification temperature is
39.1 °C. So, the eutectic mass ratio of the MA-PW binary
mixture is 62 : 38.

3.2 Phase change properties of MA, PW and MA-PW binary
eutectic PCM

The DSC curves of MA, PW and MA-PW binary eutectic PCM are
given in Fig. 3, where T}, is the melting temperature, AH,, is the

RSC Adv, 2022, 12, 12303-12309 | 12305
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Fig. 3 DSC curves: (a) MA and PW; (b) MA-PW.

latent heat of melting, T is the solidification temperature and
AHys is the latent heat of solidification (unless otherwise stated,
the phase transition temperatures in the paper refer to the
extrapolation onset temperature).

From Fig. 3a, it can be found that PW has two kinds of
endothermic peaks, a solid-solid phase change peak with low
temperature and latent heat, and another solid-liquid phase
change peak with melting temperature and latent heat of
46.81°C and 141.99 ] g, respectively. In contrast, MA has only
one solid-liquid phase change endothermic peak, which
corresponds to a melting temperature and latent heat of
54.28 °C and 191.27 J g~ ', respectively. Similarly, as shown in
Fig. 3b, the MA-PW binary eutectic PCM has two kinds of
endothermic peaks, the lower endothermic peak corresponds to
a melting temperature of 25.30 °C, and the higher endothermic
peak corresponds to a melting temperature and latent heat of
41.99 °C and 171.42 ] g, respectively.

Comparison of the DSC curves of PW and MA-PW revealed
that the onset melting temperatures of their lower endothermic
peak were very close, corresponding to 25.86 °C and 25.30 °C,
respectively. This phenomenon is attributed to the solid-solid
phase transition of PW. Therefore, the lower phase change peak
in MA-PW binary eutectic PCM is the solid-solid phase change
peaks of PW, and the higher phase change peak is the eutectic
peak resulting from the solid-liquid phase change peaks of MA
and PW. In addition, the absence of the third peak in the MA-
PW binary PCM indicates that the eutectic point was accurately
determined.

3.3 Thermal stability of MA-PW binary eutectic PCM

An excellent thermal stability to better handle complex appli-
cation scenarios. The TG and DTG curves of the MA-PW binary
eutectic PCM are given in Fig. 4, and the mass loss of the MA-
PW binary eutectic PCM at typical temperatures is listed in
Table 1. In this paper, the mass loss of 0.001% was considered
as the initial weight loss.

From the TG and DTG curves of MA-PW eutectic PCM, it can
be found that MA-PW eutectic PCM decomposed in a single
stage, with the started decomposition temperature of 137.86 °C.

12306 | RSC Adv, 2022, 12, 12303-12309
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Fig. 4 TG and DTG curves of MA-PW binary eutectic PCM.

Table 1 Mass loss of the MA-PW binary eutectic PCM at typical
temperatures

Temperature/°C
PCMs 100 150 200 250 300
MA-PW 0 0.315% 7.084% 52.455% 99.100%

The decomposition rate reached the maximum at 259.41 °C,
and the material decomposed completely when the temperature
reaches 297.62 °C. The application temperature in solar
collector field is difficult to reach the decomposition tempera-
ture of MA-PW eutectic PCM, which means that MA-PW binary
eutectic PCM does not suffer from weight loss such as thermal
decomposition in the process of energy storage.

3.4 Chemical structure of MA, PW and MA-PW binary
eutectic PCM

The infrared spectra of MA, PW and MA-PW are indicated in
Fig. 5.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Infrared spectra of MA, PW and MA-PW.

According to Fig. 5, firstly, when you look at the FT-IR
diagram of MA, you can see that there is a broad absorption
peak at 3300 to 2750 cm~ ' which reflects the stretching vibra-
tion of ~-OH. Moreover, a pair of large peaks appear at 2918 cm ™
and 2852 cm ™' due to the antisymmetric stretching vibration of
-CH; and symmetric stretching vibration of -CH,, and the
characteristic absorption peak for stretch vibrations of C=0 is
at 1699 cm ™. Besides, the characteristic absorption peak for
antisymmetric bending vibrations of ~CH, is at 1462 cm ™, and
the in-plane and out-of-plane bending vibration peaks of -OH
are located at 1297 cm™ ' and 943 cm ™', respectively. At last,
a peak of absorption is located at 723 cm™* which represents the
vibration of the C-H out-of-plane. Secondly, in the FT-IR of PW,
there is a characteristic absorption peak at 3419 cm ™' due to
stretching vibrations of ~-OH, the absorption peaks appearing at
2918 cm ™' and 2852 cm™ " are generated by the antisymmetric
stretching vibration of -CH; and the symmetric stretching
vibration of -CH,, respectively, the absorption peak at
1468 cm ™ ' is attributed to the antisymmetric bending vibration
of ~CH,, and the characteristic absorption peak at 723 cm ™' is
generated by the out-of-plane bending vibration of the C-H
bond. Finally, in the FT-IR of MA-PW, different characteristic
absorption peaks appear at 3419, 2918, 2852, 1697, 1466, 1297,
943 and 723 cm ™.

Comparing the FT-IR of MA, PW and MA-PW eutectic PCM,
we found that the main characteristic absorption peaks of MA-
PW eutectic PCM can be found in the absorption peaks of both
MA and PW, and the frequency band shift does not exceed
4 cm™ . Moreover, no new characteristic peaks appear in the FT-
IR of MA-PW eutectic PCM. The phenomenon indicates that the
MA-PW eutectic PCM formed by the mixture of MA and PW was
produced by the physical interaction between the components,
and no new molecular structure formula was generated by
chemical reaction.

3.5 Crystal structure of MA, PW and MA-PW binary eutectic
PCM

Fig. 6 shows the XRD patterns of MA, PW and MA-PW binary
eutectic PCM, from which it can be found that MA has three

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 X-ray diffraction patterns of MA, PW and MA-PW binary
eutectic PCM.

diffraction peaks at 260 = 20.51°, 26 = 21.85° and 26 = 24.34°,
corresponding to lattice spacing of 4.3273 A, 4.0651 A and 3.6537
A, respectively, and PW has two diffraction peaks at 26 = 21.47°
and 26 = 23.82°, corresponding to lattice spacing of 4.1338 A and
3.7311 A. Similarly, MA-PW shows diffraction peaks at 26 =
20.57°, 20 = 21.76° and 26 = 24.35°, corresponding to lattice
spacings of 4.3099 A, 4.0771 A and 3.6537 A. Therefore, the
diffraction peaks of MA-PW binary eutectic PCM are from both
with MA and PW, and the maximum angular shift of the
diffraction peaks is less than 0.6°. This indicates that MA and PW
do not destroy each other's crystal structures after melt blending.

3.6 Reliability of MA-PW binary eutectic PCM

3.6.1 Thermal reliability. Thermal reliability is essential to
assess the service life of a material and was determined by
comparing the thermal properties of the material before and
after accelerated cold-hot cycling experiments. The DSC curves
and the corresponding temperature and latent heat of MA-PW
binary eutectic PCM after the 1st, 100th, 200th and 500th cycle
are given in Fig. 7. As shown in Fig. 7a, the shape and position of
the DSC curve of MA-PW remained basically unchanged and no
new endothermic and exothermic peaks were generated during
500 cold-hot cycles, which indicates that the MA-PW binary
PCM remained a stable eutectic system after 500 cycles. From
Fig. 7b and c, it was found that the MA-PW binary eutectic PCM
changed by a maximum of 1.45 °C and 7.34 J g~ " during 500
cycles for the melting temperature and latent heat of melting,
respectively. In addition, its maximum change in solidification
temperature and latent heat of solidification were 1.69 °C and
2.09 J ¢, respectively. In conclusion, the maximum relative
changes of phase transition temperature and latent heat of MA-
PW binary eutectic PCM are less than 5%, and these small
changes were completely acceptable in practical applications.
Therefore, MA-PW has good thermal reliability and can meet
the requirements of engineering applications.

3.6.2 Chemical reliability. In order to evaluate the chemical
reliability of the MA-PW eutectic PCM, the MA-PW eutectic

RSC Adv, 2022, 12, 12303-12309 | 12307
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PCM after the 1st and 500th cycle were analyzed by FT-IR
spectroscopy, and the corresponding FT-IR are shown in
Fig. 8. Comparing the FI-IR of MA-PW eutectic PCM after 1st
and 500th cycle, it is found that the peak shape and absorption
bands of the functional groups of the MA-PW binary eutectic
PCM did not change during cycling, and no new characteristic
absorption peak was generated, which means that the MA-PW
binary eutectic PCM has good chemical stability and can meet
the durability requirements in practical applications.
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Fig. 8 Infrared spectra of MA—PW after 1st and 500th cycle.
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(a) DSC curves, (b) phase transition temperature and (c) latent heat of MA—PW binary eutectic PCM after 1st, 100th, 200th and 500th cycle.

4. Conclusions

A MA-PW binary eutectic PCM was prepared by melt blending
method. The thermal properties, chemical structure and crystal
structure of the material were analyzed by means of cooling
curve, DSC, FT-IR, XRD and TG, and the following conclusions
are drawn.

(1) The eutectic point of MA-PW binary system is Mpw =
38%, and the corresponding melting temperature and latent
heat are 41.99 °C and 171.42 J g%, respectively.

(2) The thermal decomposition process of MA-PW is
a single-stage decomposition. The initial decomposition
temperature of 137.86 °C is much higher than the actual
application temperature, which indicates that MA-PW has good
thermal stability.

(3) During the melt blending process, there is no chemical
reaction between MA and PW to generate new molecular
structure and no change in crystal structure, which indicates
that MA-PW binary eutectic PCM is formed by intermolecular
forces.

(4) After 500 cold-hot cycles, the phase transition tempera-
ture and latent heat of MA-PW binary eutectic PCM varied less
than 5% and its FT-IR did not change significantly, which
indicates its excellent reliability and compliance with the
requirements of latent heat storage of solar energy.
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