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In the present study, capric acid and myrisic acid were first selected to prepare a capric acid-myrisic acid eutectic mixture
using a compounding method. Then, the thermal properties, structural stability and weight loss of capric acid-myrisic acid
eutectic mixtures were analyzed using differential scanning calorimetry, Fourier transform infrared and
thermogravimetry. Finally, the activation energy and reaction order of the capric acid-myrisic acid eutectic mixture during
solid-liquid transformation were calculated using the phase change kinetic methods of Kissinger and Ozawa. The results
indicate that capric acid-myrisic acid eutectic mixtures have good thermal cycle stability and stable energy storage in
practical applications. The activation energies of capric acid-myrisic acid eutectic mixtures were calculated using the
phase change kinetic methods of Kissinger and Ozawa, with values of 345.6 kJ/mol and 333.3 kJ/mol, respectively,

indicating that both phase change kinetic methods have good accuracy.
Keywords: thermal storage materials, capric acid, myrisic acid, phase change kinetic.

1. INTRODUCTION

In recent years, energy has become increasingly scarce,
seriously hindering economic and social development.
How to develop and apply renewable energy sources and
improve energy utilization has become an urgent issue [1].
Solar energy is a typical renewable energy source with the
advantages of large storage capacity, wide distribution,
cleanliness, and environmental protection [2]. It has
attracted the attention and concern of various countries.
However, its shortcomings, such as uneven radiation
density, instability, and intermittency, also limit the
continuous supply of energy [3]. To address this issue,
scholars have proposed the use of latent heat storage
technology to regulate, distribute and utilize solar energy to
alleviate the mismatch in time and space [4]. Phase change
materials, as the foundation and core of latent heat energy
storage technology, have the characteristics of high energy
storage density and nearly constant temperature during the
phase change process, and can store or release energy at
specific temperatures [5—7]. Latent heat energy storage
technology utilizes this characteristic of PCMs to maintain
a constant ambient temperature and compensate for energy
imbalance [9].

Currently, PCM storage devices, such as collector
systems, heating and cooling systems, and photovoltaic
systems, are used in building energy efficiency applications
to store solar energy [12, 13] and release energy when
energy is scarce to ensure that these devices can work
continuously around the clock. At present, PCMs have
become an active research direction in the energy and
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materials discipline [11]. PCMs are an effective means to
alleviate energy crises and achieve sustainable energy
utilization [12]. According to the changes in state during
the phase change, PCMs can be divided into solid-solid
PCMs, solid-gas PCMs, liquid-gas PCMs, and solid-liquid
PCMs [13]. Solid-gas and liquid-gas PCMs are less
commonly used because they produce gas during the phase
change process, have large volume changes, and require
complex equipment [14]. Solid-solid phase change
materials do not have leakage problems because they have
small volume changes and do not produce liquids or gases.
Solid-liquid PCMs have received widespread attention due
to their high heat storage density, wide phase change
temperature range, and low price [15].

Fatty acids are widely used organic phase change
materials, and their molecular formula can be expressed in
general form as CH3(CH2)n COOH. The latent heat of
phase change of fatty acids is similar to that of alkanes
with small super-cooling [16]. Fatty acids are ideal organic
solid-liquid PCMs. Common fatty acid PCMs include
lauric, myristic, and palmitic acids, as well as stearic and
soft acids [17]. Fatty acids have the advantages of high
latent heat of phase change, non-toxic and corrosion-free,
and good thermal stability [18], while overcoming the
disadvantages of inorganic PCM itself, such as being prone
to supercooling or phase separation [19,20]. The
compound phase change temperature of fatty acids can
satisfy the requirements of buildings, achieve indoor
temperature fluctuations, improve comfort and save energy
[19].

When evaluating the thermo-physical properties and
thermal stability of new PCMs [21], macroscopic
parameters and data after repeated thermal cycling are



usually used to test the improvement of thermal storage
capacity and stability performance of PCMs [22].
However, few studies have used microscopic phase change
interface changes to analyze changes in thermal stability
[23, 24]. Phase change kinetics can infer the changes in
phase change energy of PCMs without repeated thermal
cycling tests [25]. The thermal storage properties of CA
and MA are closely related to the phase change behavior.
Therefore, using phase transition kinetics to study the phase
transition process of CA-MA eutectic mixtures can provide
some theoretical basis for their practical applications.

In this article, capric acid (CA) and myrisic acid (MA)
were first selected to prepare CA-MA using a
compounding method. Then, the thermal properties,
structural stability and weight loss of CA-MA were
analyzed through differential scanning calorimetry (DSC),
Fourier transform infrared (FTIR) and thermogravimetry
(TGA). Finally, the activation energy and reaction order of
CA-MA during solid-liquid transformation were calculated
using the phase change kinetic methods of Kissinger and
Ozawa. The article is organized as follows. In Section 2,
materials and test methods were presented. In Section 3,
experimental results were analyzed and discussed from the
thermal properties of CA, MA, CA-MA, structural stability
and thermal decomposition stability of CA-MA. In Section
4, solid-liquid phase change kinetics of CA-MA were
analyzed. In Section 5, the conclusions were drawn.

2. MATERIALS AND TEST METHODS FOR
CA-MA

2.1. Materials and experimental instruments

1. Raw materials of CA-MA. Capric acid (CA, analytical
purity, 98% pure) was produced by Shanghai Lingfeng
Chemical Reagent Co. Ltd in China. Myristic acid
(MA, analytical purity, 99% pure) was produced by
Shanghai Aladdin Reagent Co. Ltd in China.
Experimental instruments. In this article, electronic
balance JY2002, blast drying DGF30/14-11A,
differential scanning calorimeter (DSC) Netzsch DSC
200 F3, Fourier transform infrared (FTIR) Thermo
Scientific Nicolet iN10, TGA Netzsch STA 449F5
were applied.

2.2. Test methods for CAMAEM
2.2.1. Preparation of CA-MA

Two or more fatty acids can be mixed in any proportion
and exhibit a high degree of compatibility, forming a
minimum eutectic mixture with a specified phase transition
temperature at the lowest eutectic point [26—28]. The
phase change temperature of fatty acid PCMs is
significantly reduced through compounding [27]. The
compounding has high research value in low-temperature
energy storage materials. The ratio of binary fatty acid
eutectics and the corresponding latent heat of phase change
and phase change temperature can be obtained as [29]:

T,=[1/T~(Rinx,)/H,]"

H, =1,y %0

=1 4
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where T}, is the melting point of eutectic mixture [30], and
its unit is K; 7; is the melting point of the ith substance in
the mixture, and its unit is K [31]; X; is the molar
percentage of the ith substance in the phase change mixture
[31]; H; and H,, are the latent heats of the ith substance and
eutectic mixture, respectively, and its unit is J/mol [31]; R
is the gas constant, which is 8.315 J/(mol-K) [32].

The two fatty acids were weighed in a container and
heated until it was completely melted. After uniform
mixing and cooling to room temperature, CA-MA can be
obtained.

2.2.2. Thermal cycling test

Thermal cycling tests were carried out on CA-MA as
follows. The phase change heat storage material was first
placed in a tightly capped test tube. Then, the test tube was
placed in a chamber resistance furnace at 100 °C for
10 minutes. The test tube was removed after the fatty acids
CA and MA were completely mixed and melted. It was
placed in an ice-water mixing vessel for 10 minutes to
allow the acid eutectic mixtures to completely cool and
solidify. The above step was one thermal cycle. The
process was repeated to complete the corresponding
number of thermal cycles. Finally, the relevant parameters
of CA-MA samples were tested.

2.2.3. Analysis of the structure and properties

To obtain the phase change temperature and the latent
heat of phase change of CA-MA samples, the DSC method
was applied in this test. The sampling mass of DSC sample
was 5 mg. Nitrogen was used as a protective gas. The
scanning temperature range was -20.0 ~ 100.0 °C. The
heating rates were set to 5.0 °C/min, 10.0 °C/min,
15.0°C/min and 20.0 °C/min, respectively. Infrared
spectroscopy was used to determine the compositional
structure of the samples. The infrared spectrum of CA-MA
samples was tested using the KBr compression method,
with a scanning frequency of 400 ~ 4000 cm™'. The mass
loss of the sample at high temperature was determined by
TGA. The scanning temperature range  was
30.0 ~ 500.0 °C. The heating rate was 10 °C/min in the test.

2.3. Phase transformation dynamics

Kissinger [24] proposed the Kissinger method to
analyze differential thermal analysis (DTA) curves. It can
also be used to analyze DSC curves[33]. Its approximate
equation is

In(8/T;)=C—E,/RT,, 2

where f is the heating rate; 7, is the peak temperature of the
DSC curve [33]; E, is the apparent activation energy; R is
the universal gas constant, 8.315 J/(K-mol); and C is a
constant. The relationship between In(5/ T, ) and 1/T, is
linear. The apparent activation energy can be obtained from
the slope [34].

Kissinger [35] proposed that the reaction order n can
be calculated according to the peak shape index S:
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where a and b are the vertical distances from the outer
tangent of the curve inflection point to the peak.

The reliability and accuracy of the calculation results
using the Kissinger method was verified by the Ozawa
method [36]. The approximate equation is:

lgB=C—-04567E, /RT,. 4)

3. EXPERIMENTAL RESULTS AND
DISCUSSION

3.1. Thermal properties

The molecular general formula of organic long-chain
fatty acids is CH3(CH2).:COOH, where the carboxyl group
is composed of a hydroxyl group and a carbonyl group,
mainly affecting the chemical properties of fatty acids. Two
fatty acid molecules combined with carbonyl oxygen and
hydroxyl hydrogen to form bi-molecules, while the
interlayer interaction relies on the weaker van der Waals
forces. Through DSC tests, the thermal properties of
monobasic fatty acids CA and MA were obtained in
Table 1. The phase change temperatures (7) of CA and MA
are 34.8 °C and 55.1 °C, respectively. Their latent heats of
phase transition (LH) are 146.5J/g and 175.7J/g
respectively. The phase change temperature of monobasic
fatty acids CA or MA is higher than the comfort
temperature range of the human body, so it can be used by
compounding different types of fatty acids. In addition, the
phase change temperature and latent heat of CA and MA
gradually increases with the increase of molecular weight
increase.

Table 1. Thermal properties of CA and MA

Name | Chemical formula Molgcular T,°C | LH,J/g
weight
CA CH3(CH2)sCOOH 172.3 34.8 146.5
MA CH3(CH2)12COOH 228.4 55.1 175.7

3.2. Thermal properties

It is important to select the appropriate fatty acid PCMs
within the required temperature range. Conducting
theoretical predictions before conducting a large number of
experiments can save costs and time, and provide some
reference for the selection and application of PCMs. The
phase change temperature and latent heat of CA and MA
are brought into Eq. (1), it can be obtained Xca = 78.0 %,
Xmva =22.0%, Tm=297.5K (24.4°C) and H=146.6 J/g.
That is, CA-MA = 78:22 for CA-MA EM at 24.4 °C.

To obtain the thermal storage properties of CA-MA
after the melting solidification process, CA-MA was
subjected to 50 and 100 thermal cycles, respectively. The
thermal properties of the phase change temperatures and
latent heats with different thermal cycles were measured
using DSC in Table 2. The values for 7'and LH of CA-MA
are 21.7°C and 156.7 J/g, respectively. Comparing the
theoretical values with the test values, it can be found that
the theoretical values meet the requirements of accuracy.
The test values for 7 and LH of CA-MA with 50 thermal
cycles are decreased by 1.4 % and 6.4 %, respectively. The
test values of 7 and LH of CA-MA with 100 thermal cycles
are decreased by 4.2 % and 4.7 %, respectively, performing

small changes within 100 thermal cycles and exhibiting
good thermal cycle stability and reliability. Fig. 1 shows the
DSC curves of CA-MA with different thermal cycles. After
different repeated thermal cycling, the curves perform a
single heat absorption peak, indicating that CA-MA does
not appear as the phenomenon of the phase separation with
different thermal cycles and can remain eutectic state.

Table 2. Thermal properties of CA-MA
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Thermal cycles T, °C LH,J/g
Without thermal cycles 21.7 156.7
50 thermal cycles 21.4 146.7
100 thermal cycles 20.8 149.4
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Fig. 1. DSC curves of CA-MA with and without thermal cycles:
a—without thermal cycles; b—different thermal cycles

3.3. Structural stability

Fig. 2 gives the FTIR spectra of CA-MA with different
thermal cycles. In Fig. 2, the C=O0 stretching vibration peak
position of CA, MA and CA-MA without thermal cycles is
1700 cm™'. The peak position of CA-MA with 100 thermal
cycles is 1710.0 cm™'. The in-plane bending vibrational
absorption peak positions of the -OH group in mono acids
and dibasic acids without thermal cycles are 1430.0 cm™.
The out-of-plane bending vibrational absorption peak
position of the -OH group in mono and dibasic acids
without thermal cycles are 933.0 cm! and 941.0 cm,
respectively. The in-plane and out-of-plane vibrational
absorption peak positions of the -OH group in CA-MA with
100 thermal cycles are 1420.0 cm™ and 937.0 cm™,
respectively. In the CA, MA and CA-MA without thermal
cycles, the antisymmetric stretching vibration and
symmetric stretching vibration peak positions of -CH are
2920.0 cm™! and 2850.0 cm™, respectively.
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Fig. 2. FTIR spectra of the fatty acids

The peak position of the symmetric stretching
vibration of -CH, in CA-MA is 2850.0 cm™ after 100
thermal cycles. The infrared spectra of CA-MA without
cycles and with 100 thermal cycling are consistent with
those of the CA and MA. This indicates that the fatty acid
molecules remain as dimers in CA-MA. After melt
blending and thermal cycling of the fatty acids, the
characteristic peaks of the main groups do not change
significantly, and the peak shapes, positions and intensities
are relatively stable with good structural stability. After
compounding, no new peaks appeared in the binary acid
compared to the single acid, indicating that the
compounding did not produce new substances.

3.4. Thermal decomposition stability

The thermal decomposition stability of PCMs in the
service environment is an important factor determining
their long-term application as energy storage materials in
building energy efficiency [37]. It is necessary to study the
mass loss of CA-MA at high temperatures [37, 38]. The
TGA analysis curves of CA-MA without thermal cycles
and with 100 thermal cycles are all illustrated in Fig. 3.
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Fig. 3. TGA curves of CA-MA

At temperatures below 100.0 °C, there is almost no
mass loss of the two. both have almost no mass loss. The
main weight loss temperature ranges of CA-MA without

Table 3. Thermal parameters of CA-MA with different heating rates

and with thermal cycles are 110.0~203.0°C and
119.0 ~215.0 °C, respectively. The temperature range
required for PCMs in the construction field is about
15.0 ~40.0 °C. Therefore, CA-MA can ensure good
stability of thermal decomposition with and without
thermal cycling.

4. SOLID-LIQUID PHASE CHANGE KINETICS
4.1. Phase change activation energy

Table 3 shows the thermal parameters of CA-MA with
different heating rates. Fig.4 shows DSC curves of
CA-MA with different heat rates. In Fig. 4, each sample
performs a single heat absorption peak. As the heating rate
increases, the peak shape gradually shifts to the right, the
peak temperature gradually increases, and the phase change
temperature range also becomes larger.
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Fig. 4. DSC curves of CA-MA with different heating rates

The fitting curve of In(/T;)-(1/Tp) is obtained using

the Kissinger kinetic method, as shown in Fig. 5 a. The
fitting curve of lgf-(1/Tp) is obtained by the Ozawa kinetic
method, as shown in Fig. 5 b. Table 4 shows the activation
energy values (F,), correlation coefficient (R) values and
the goodness of the fitting R2. Using the Kissinger method,
the expression for the fitting curve of In(5/77) is Eq. 5.

Using the Kissinger kinetic method, the apparent
activation energy value E, is 345.6 kJ/mol, the correlation
coefficient Rc is -0.994 and the goodness of the fitting g2

is 0.981. Using the Ozawa method, the expression for the
fitting curve of 1g(p) is Eq. 6. Using the Ozawa method, the
apparent activation energy value E, is 333.3 kJ/mol, the
correlation coefficient R is -0.994 and the goodness of the
fitting R? is 0.981.

In(f/T;)=-41566.372(1/T,)+129.494 ; (%)

lg f#=62.051-18309.692(1/T,)- (6)

ratl;l’eggl/lngﬁn Tnitial temperature, °C Peak ter(r)l(}:)erature, Terminal Eecmperature, Latent heat, /g Hegg%;lifte,
5 21.4 254 27.6 152.0 5
10 21.7 26.7 30.1 156.7 10
20 21.5 28.0 32.9 155.8 20
30 21.6 29.3 34.8 156.5 30
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Therefore, the phase change kinetic results obtained by
the two processing methods are close to each other, their
variation laws are the same, and their fitting accuracy is
high.

Table 4. The kinetic analysis results of CA-MA using different
kinetic methods

Kissinger kinetic method Ozawa kinetic method
E,, Re R? Ea, Re R}
kJ/mol kJ/mol
345.60 | -0.994 | 0.981 333.3 -0.994 0.981
761 = Fitting data
=781 —— Fitting curve
8.0
=821
~-84F
= 86F
Q -88F
£ 901
9.2r
94r
'gg In(B/T;)=-41566372(1/T,) +129.494 ™
-10.0 : : ' !
0.000398 0.000400 0.000402
1T,
a
1.6
= Fitting data
14} —— Fitting curve
irl 121
3
£ 1.0r
0.8
lg B = 62.051-18309.692(1/T,) .
0.6 1 1 1
0.00330 0.00332 0.00334 0.00336
1/T
»
b

Fig. 5. Fitting curves using the two kinetic methods: a— Kissinger
method; b—Ozawa method

4.2. Phase change reaction order

The solid-liquid phase change reaction orders with
different heating rates can be obtained according to the
solution method of reaction orders. Reaction orders of
CA-MA with different heating rates are obtained in
Table 5. The solid-liquid phase change reaction orders of
CA-MA increase as the heating rate increases, which are all
about 1.00.

Table 5. Reaction orders of CA-MA with different heating rates

Heating rate, °C/min 5.0 10.0 20.0 30.0

Reaction order n 0.99 1.02 1.03 1.05

5. CONCLUSIONS

In this article, CA and MA were prepared CA-MA by
the compounding method. The thermal properties,
structural stability and weight loss of CA-MA were
analyzed and discussed by DSC, FTIR and TGA. The
activation energy and reaction order of CA-MA during
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solid-liquid transformation were calculated by different
kinetic methods. The main conclusions are as follows:

1. The test values for T and LH of CA-MA are 21.7 °C
and 156.7 J/g respectively. CA-MA can meet the
requirements of energy-saving buildings.

CA-MA performs small and no significant fluctuations
in phase change temperature and latent heat with 50
and 100 thermal cycles. It illustrates that CA-MA has
good thermal cycle stability and stable energy storage
in practical applications.

The activation energies calculated using Kissinger and
Ozawa kinetic methods are 345.6kJ/mol and
333.3 kJ/mol, respectively. The results calculated
using the above two kinetic methods are relatively
close, indicating that both kinetic methods have good
accuracy.
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