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ABSTRACT

Thermal energy storage with phase change materials (PCMs) is of great concern for energy
conservation due to its characteristics of high latent heat and constant temperature during phase
transition process. In this paper, binary eutectic mixtures (EMs) using fatty acids including lauric
acid (LA), myristic acid (MA), palmitic acid (PA) and stearic acid (SA) with 1-hexadecanol (HD)
are produced, and then titanium dioxide (TiO,) is employed to form composite phase change
materials (CPCMs) for purpose of promoting the thermal conductivity. The chemical structure,
microscopic morphology, thermal property, thermal reliability and thermal stability of these
CPCMs are inspected carefully. The results illustrate that TiO, particles have no obvious
aggregation in EMs, and there is no chemical reaction between the components of CPCMs. High
latent heats above 200 J/g are achieved with phase transition temperatures at 45.4 <C, 51.2 <C,
55.1 T and 58.3 <C for individual system of LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO, and
SA-HD/TiO, respectively. The prepared CPCMs maintain good performance after 100 thermal
cycles. The decomposition of CPCMs is retarded and the thermal stability is enhanced. TiO,
improves the thermal conductivities of EMs, which reach a maximum value of 0.358 W/(m K). In
brief, the CPCMs proposed in this paper possess high latent heat and high thermal conductivity as
well as excellent thermal stability and thermal reliability, implying that it has a significant
potential for thermal regulation and energy conservation.
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1. Introduction

Over the past few decades, environmental protection and energy utilization have been the most
concerned issues around the world with the increasing economy development and population
growth [1-3]. Especially for energy utilization, the potent utilization of abundant energy sources
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including solar energy depends on an efficient and economical thermal storage technology called
thermal energy storage (TES), which uses the storage media for storing surplus thermal energy
during the heat absorption period and releasing when needed [4]. Of the feasible TES technology,
the latent heat thermal energy storage (LHTES) has been demonstrated to be one of the powerful
approaches for efficient energy storage and conversion. The storage medium of LHTES
technology is the phase change material (PCM). PCM utilizes its properties of high latent heat and
stable phase transition temperature during the thermal energy storage/release process to achieve
high density energy storage and reduce temperature fluctuation [5-7]. Therefore, the PCM is
widely used in various applications such as building energy conservation [8, 9], waste heat
recovery [10], solar energy utilization [11], energy storage system [12, 13] and fabrics [14-16].

The PCMs include organic and inorganic types. Among organic PCMs, there are non-paraffin
and paraffin materials. Compared with paraffin which comes from petroleum, the non-paraffin
including fatty acids and fatty alcohols can be extracted from living resources without the
consumption of fossil fuels. They exhibit abounding advantageous properties, typically good
thermal and chemical stability, high latent heat storage capacity, suitable phase transition
temperature, no super-cooling and phase separation, low price, non-toxicity and non-corrosiveness
[17-19].

However, the phase transition temperatures of fatty acids and fatty alcohols are generally
higher than what would be anticipated, which restrains their utilization in some specific situations,
especially the residence and building heating. In order to deal with this dilemma, two or more
types of fatty acids and their derivatives can be mixed as the eutectic mixture (EM) with stable
feature via melting blending. The EM has a single melting/freezing point, which is lower than that
of individual component. The phase transition temperature of PCM can be regulated to the
suitable value of application by preparing EM [18, 20]. In recent years, numerous researches have
been conducted concerning the fatty acids or fatty alcohols based EMs. Rezaie et al. [21] focused
on myristic-lauric acid and myristic-stearic acid eutectic phase change materials. According to the
experimental results, the composites have an appropriate and wider range of phase transition
temperatures from 29.4 <C-34.2 T to 35.7 T-52.7 <C. The corresponding enthalpies are 40.3
J/g-53.9 J/g and 41.9 J/g-55.0 J/g, respectively. The prepared composites can be utilized for low
temperature energy storage/release systems. Hekimoglu et al. [22] designed the lauric-myristic
acid eutectic PCM and added it to the fly ash to make novel composite. The composite containing
27 wt.% lauric-myristic acid has a melting temperature of 31.1 <C and latent heat capacity of 45.3
J/g. The experimental results showed that this material has suitable phase transition temperature,
good thermal and mechanical properties, which can be used for thermal regulation and energy
saving in building. Jin et al. [8] prepared a novel composite of capric-stearic acid/montmorillonite.
The DSC results manifested that the composite has a suitable phase transition temperature and
high latent heat. The prepared composite retains the satisfactory phase change properties after 300
thermal cycles. Jebasingh et al. [20] focused on the development of capric-myristic acid EM. The
prepared material maintains a high latent heat of 156.99 J/g and its phase transition temperature
which is 20.86 <T decreases significantly relative to that of that of individual fatty acids. Cai et al.
[23] fabricated a novel composite through combining the EM of capric-lauric-palmitic acid and
SiO, nanofibers. The phase transition temperature of prepared EM is lower than that of individual
fatty acids. After 50 thermal cycles, there are no obvious variations on the phase transition
temperature and latent heat. Wei et al. [24] developed a form-stable PCM through employing the
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capric-myristic-stearic acid EM and acid treated expanded vermiculite/carbon, which has good
thermal and chemical stabilities. The melting temperature and latent heat of identified PCM is
22.92 <T and 86.4 J/g. Philip et al. [25] employed the dodecanol and hexadecanol to generate a
EM, their results proved that this material with high thermal conductivity is suitable for low
temperature energy storage. Philip et al. [26] prepared binary EM with lauryl alcohol and stearyl
alcohol, which can be use in indoor thermal comfort in buildings. The experimental results
demonstrated that the melting point of EM is 22.93 <C, and the latent heat is 205.79 J/g. Liu et al.
[27] prepared the myristic acid-tetradecanol EM, which has good thermal stability and is suitable
for the building. DSC test indicated that the melting temperature and melting enthalpy of the PCM
are 33.9 <C and 227.08 J/g respectively. Nevertheless, fewer researches have been focused on the
preparation of fatty acids-fatty alcohols based EMs. The study of this type of EMs can help
develop novel organic phase change materials and further enrich the phase transition temperature
range of fatty acids and fatty alcohols.

Although fatty acids, fatty alcohols and their EMs display good properties, they still suffer
from the similar demerit of low thermal conductivity like other organic PCMs. The usual solution
is to incorporate the high-conductivity additives including particles of metals and metal oxides
into PCMs. Rezaie et al. [19] prepared the shape-stable nano Fe;O,/fatty acids/PET composite.
The addition of Fe;O4 nanoparticles increased thermal conductivity by approximately 44.5-85.8%.
This composite can be utilized more efficiently for saving applications and thermal energy
management. Teng et al. [28] prepared the composite PCMs (CPCMs) by adding Al,Oz, TiO,,
SiO; and ZnO to the paraffin at 1.0 wt.%, 2.0 wt.% and 3.0 wt.%, respectively. The experimental
results illustrated that TiO, is more effective than other particles in improving the thermal
conductivity of paraffin. Harikrishnan et al. [29] selected lauric acid-stearic acid EM as base
material, then added 1.0 wt.% TiO,, 1.0 wt.% ZnO and 1.0 wt.% CuO in it respectively. Through
comparing the results of the test, CuO is selected as the additive, which has the most significant
enhancement of the base material’s thermal conductivity. The obtained CPCM is suitable for the
building heating applications. Kalaiselvam et al. [30] considered the n-tetradecane-n-hexadecane
as a control material, then dispersed 0.07 wt.% Al,O; and the same mass fraction of Al
nanoparticles in it formed two types of CPCMs to enhance the thermal conductivity. The
experimental results have proved that the solidification processes of CPCMs are more efficient
comparing to the control material. The solidification time is reduced by 12.97% and 4.97%
compared to the n-tetradecane-n-hexadecane, respectively. Sharma et al. [31] made CPCMs by
adding different mass fractions of TiO, nanoparticles to palmitic acid. The experimental results
showed that the CPCM with 0.5 wt.%, 1 wt.%, 3 wt.% and 5 wt.% TiO, intensify the thermal
conductivity by 12.7%, 20.6%, 46.6% and 80% respectively compared to the palmitic acid base
material. In addition, there are many other effective solutions, typically adding expanded graphite
[32, 33], carbon nanotubes [34-36] and expanded perlite [24, 37, 38] to the organic PCM, which
have positive effects on improving the thermal properties of organic PCMs. TiO, has received a
lot of attention due to its high thermal conductivity, good thermal stability and other excellent
properties [19, 39]. However, most of the available literature on it has investigated the effect of
different TiO, additions on PCMs, while there is little literature on the experimental determination
of TiO, additions and little literature on the performance-enhancing effects of TiO, on EMs (a
series of fatty acids/1-hexadecanol binary eutectic mixtures) from the performance and cost
perspective. Therefore, the paper is dedicated to the study of this issue.
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Nevertheless, the thermally conductive particles tend to aggregate and settle in PCMs, which
will deteriorate the stability of CPCMs. The electrostatic repulsion and spatial potential resistance
possessed of dispersants make them be powerful adjuvants that can improve the dispersion of
particles in solid or liquid, thus avoiding the particles aggregating and settling. The dispersants
used so far are commonly polyvinylpyrrolidone [40], carboxymethylcellulose [41], sodium
dodecylbenzene sulfonate [42] and cetyltrimethylammonium bromide [43].

Therefore, this study is devoted to the preparation of the novel CPCMs of fatty
acids/1-hexadecanol (i.e., LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO, and SA-HD/TiO,). Adding
TiO, to enhance the EMs’ thermal conductivity while using carboxymethylcellulose (CMC) to
improve the dispersion of TiO,. The chemical structure and microscopic morphology of the
materials are observed through FTIR and SEM, the thermal properties and thermal stability of the
materials are investigated by DSC and TGA. In order to test the thermal reliability of materials,
100 thermal cycles are implemented by the thermal cycling test. The thermal conductivities of the
materials are measured with a thermal conductivity tester.

2. Experimental
2.1. Materials

Lauric acid (LA, C;oHp40,, AR), myristic acid (MA, Cy4H,30,, AR), palmitic acid (PA,
Ci6H30,, AR), stearic acid (SA, CigHszs0,, AR), 1l-hexadecanol (HD, Ci¢H34O, AR) and
carboxymethylcellulose sodium (CMC-Na, [CsH;0,(OH),OCH,COONa],, AR) are obtained from
Macklin. Titanium oxide (TiO,, AR) is purchased from Tianjin Bodi Chemical Co., Ltd. TiO, has
a bulk density of 4.26 g/cm® and an average particle size of 1~2 um. It has a superhydrophilic
surface with surface acidity and surface electrical property. It is used as a thermal conductive
because of its high thermal conductivity (6.5 W/(m K)). The materials utilized in this paper are
used directly without any treatment.

2.2. Preparation of the composite phase change materials

In the present work, a series of fatty acids/1-hexadecanol CPCMs modified by fixed content of
TiO, are experimentally synthesized. Eutectic composition and the content of additive added of
the mixture are to be determined experimentally. A certain amount of fatty acid (i.e., LA, MA, PA
or SA) and 1-hexadecanol are evenly mixed in a beaker at 70 <C. The binary EMs as the base
materials are stirred with 2 wt.% TiO, and 4 wt.% CMC at 70 <C using a glass rod and
ultrasonically shaken for 10 min. The developed CPCMs are slowly cooled and dried in
thermostatic chamber at room temperature. The preparation process is diagrammed in Fig. 1.
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Fig. 1. The preparation process of composite phase change materials.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700 spectrometer, United States) is
used to test the absorption spectra of MA-HD, TiO,, CMC and MA-HD/TiO, at 4000-500 cm™
with 2 cm™ resolution using KBr disk. The scanning electron microscopy (SEM, $4800, Japan) is
used to analyze the microscopic morphology of TiO,, CMC, LA-HD/TiO,, MA-HD/TIO,
PA-HD/TiO, and MA-HD/TiO,. The working voltage is 5 kV. To avoid unclear pictures due to
low electronic conductivity, all samples are treated with gold spray. The EDS-mapping (EDS,
EX-37001, Japan) is used to observe the distribution of Ti in the sample MA-HD/TiO, under an
accelerating voltage of 10 kV. In order to verify the feasibility of the Schrader equation calculation
method for determining the parameters of fatty acids/1-hexadecanol, the step-cooling curve test is
performed. The entire system consists of an Agilent data acquisition module (Agilent 34970A,
United States), a computer terminal and a thermostatic water bath (DF-101S, China). The samples
(i.e., MA, MA-HD with different mass ratios) are weighed 20 g each in six 50 mL beakers with an
electronic balance. Put them into a constant temperature water bath to melt completely to reach
thermal equilibrium then insert a K-type thermocouple into the middle of the sample. Finally, the
samples are removed and cooled to room temperature. The temperature curves of the whole
cooling process are recorded. The different mass ratios of TiO, and CMC are used in settling test
to explore the stabilities of CPCMs. The samples of each group are stirred well and ultrasonically
shaken in a water bath with a constant temperature at 70 <C. Then, the samples are set in
thermostatic chamber at 70 <C for 5 h. The settling phenomenon of the different samples is then
compared. The simultaneous thermal analyzer (STA, HCT-1, China) is used for DSC analysis of
thermal properties of PCMs, including extrapolated peak onset temperature, melting peak
temperature and latent heat capacity. The phase change temperature mentioned in the text is
melting peak temperature. The test is measured at a heating rate of 10 <T/min from 30 <C to
100 <C in nitrogen atmosphere at 100 mL/min flow speed. After the set value has been reached,
the temperature remains constant for 3 min. Each sample ranging from 3 mg to 8 mg is precisely
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weighed through the electronic balance and sealed in the centre of a crucible made of aluminum
oxide. The experiments are repeated for five times on each sample. The thermal cycling test is as
follows: the CPCMs in the beakers are placed into a thermostatic chamber. The CPCMs are heated
above the melting temperature. After reaching the set value, the temperature is kept constant for
10 min. Then cooled to room temperature and held for 30 min. Treating this process as one
thermal cycle and repeating 100 times. The thermo gravimetry analysis (TGA) is performed by a
simultaneous thermal analyzer (STA, HCT-1, China). The test is conducted at a heating rate of
10 <C/min (nitrogen as the cooling medium) in the temperature range of 50-400 <C for studying
the thermal stability of the base materials and composites. Samples are weighed and sealed in the
same way as DSC measurements. Thermal conductivities of the EMs and CPCMs are determined
by using TC3000D (XIATECH, China) thermal properties analyzer based on transient hot-wire
method at room temperature. The accuracy of the test is #3% and the measurements are repeated
five times for ensuring the accuracy. The instrument is preheated for 30 min before measurement.
The experimental voltage is 1 V during measurement and data acquisition of 2 s duration is
performed every 3 min and repeated 5 times. The CPCMs are made into two cakes of the same
size with a diameter of 50 mm and a thickness of 10 mm. Polishing them lightly with sandpaper.
Then, the test sensor is clamped between the samples to ensure that the hot wire is completely
covered by the samples, and thus measurements are performed.
3. Results and discussion
3.1. The composition of fatty acids/1-hexadecanol composite phase change materials
3.1.1. Determination of eutectic composition

Depended on the lowest eutectic point theory, the eutectic mass ratio of mixture could be
obtained through the Schrader equation as following [44].

T, == -2 X1 - a,b) o
T, AH,

where a or b is one of the component in the binary EM, Ty, is the phase transition temperature of

the binary EM, T; and AH; are the phase transition temperature and latent heat of i respectively, X;

is the mole fraction of i and R is the gas constant. The data used for the calculation are shown in

Table 1.

Table 1

Phase transition temperature and enthalpy of the fatty acids and 1-hexadecanol.

Sample Melting temperature Enthalpy (J/g) Molecular weight
(T)

LA 51.3 194.0 200.32

MA 63.3 197.3 228.37

PA 69.4 240.0 256.42

SA 77.6 244.0 284.48

HD 58.7 219.7 242.50

The results of the equation are fitted to two curves as shown in Fig. 2. The vertical coordinate
of the intersection of two lines represents the eutectic temperature, and the horizontal coordinate
shows the molar ratio of fatty acids. It can be seen from Fig. 2 that the theoretically eutectic
temperatures of LA-HD, MA-HD, PA-HD and SA-HD are 41.85 <C, 48.35 <C, 52.35 € and
55.15 <C respectively. The molar ratios of two components are 64.65:35.35, 47.47:52.53,



228 32.32:67.68 and 20.20:79.80, which indicates that the mass ratios are 60.17:39.83, 45.98:54.02,
229  36.64:63.36 and 22.90:77.10 respectively.
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234 Fig. 2. The calculated results of eutectic temperatures and component molar ratios by Schrader
235  equation. (@) MA-HD. (b) PA-HD. (c) SA-HD. (d) LA-HD.

236 In order to verify whether this calculation method is feasible for determining the parameters of
237  fatty acids/1-hexadecanol, five samples with different mass ratios are prepared as shown in Table
238 2. All samples are tested for step cooling curves. The test results are illustrated in Fig. 3. The
239  results showed that the MA-HD has a lower phase transition temperature than MA. The
240  temperature changing gradually slows down and an obvious temperature plateau (as marked in Fig.
241  3) appears during the phase transition process, which lasts for about 2500 s. It demonstrates that
242  the binary EM can effectively prolong the phase change process of MA, thus maintaining a
243 constant temperature environment more efficiently.

244  Table2

245  The MA-HD samples with different proportions.
Sample Mass ratio
1 35.98: 64.02
2 40.98: 59.02
3 45.98: 54.02
4 50.98: 49.02
5 55.98: 44.02
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Fig. 3. The step cooling curves of samples.

To further determine the sample with the most stable feature, DSC test is performed on three
samples (i.e., Sample 2, Sample 3 and Sample 4) with the relative lowest phase transition
temperatures. This test is conducted in a pure nitrogen environment by maintaining a nitrogen flux
of 100 mL/min and performed a heating process from 10 <C to 70 <C at a heating rate of 2 T/min.
The test results are depicted in Fig. 4. Sample 3 has a single heat absorption peak with a sharp and
smooth shape, which signifies that the sample 3 is completely eutectic and stable. MA and HD are
fused into a whole material at this ratio. The component mass ratio of sample 3 is 45.98:54.02. It
is consistent with the component mass ratio calculated theoretically, indicating that the Schrader
equation is applicable. It is proved that the Schrader equation can be used for determining the
eutectic compositions of fatty acids/l-hexadecanol. The properties of the fatty
acids/1-hexadecanol EMs obtained from the calculations are listed in Table 3.
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Fig. 4. The DSC curves of samples.
Table 3
The calculation results for eutectic mixtures.
Eutectic mixture Mass ratio Eutectic temperature (C)  Latent heat of phase change (J/g)

LA-HD 60.17:39.83 41.85 196.98
MA-HD 45.98:54.02 48.35 201.67
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PA-HD 36.64:63.36 52.35 219.71
SA-HD 22.90:77.10 55.15 222.54

3.1.2. Determination of the content of additive added

In order to improve the thermal conductivity of EMs, TiO, is added for improvement while
CMC is selected to improve the dispersion of TiO,. The effects of different mass ratios of TiO,
and CMC on the stability of CPCMs are investigated. The mass ratios of TiO, and CMC in each
sample are 1:1, 1:2, 1:3, 1:4 and 1:5 respectively. Due to EMs’ analogous physical properties,
MA-HD is selected as the representative matrix in this paper. The content of TiO, and CMC at
different mass ratios is tabulated in Table 4. The samples of each group are stirred well and
ultrasonically shaken in a water bath with a constant temperature at 70 <C. Then, the samples are
set in thermostatic chamber at 70 <C for 5 h. The phenomenon of settling test is shown in Fig. 5.
Sample (a) has precipitation at the bottom of the test tube. The amount of CMC addition in this
sample is the least, indicating that the content of CMC added in this ratio is not enough to disperse
TiO, completely. Sample (c) displays a slight stratification. However, the stratification is more
obvious in sample (d) and sample (). When the content of CMC is too high, CMC in the lower
part of the test tube due to its high density, which could form a layer of shadow area. The higher
content of CMC is, the more obvious this phenomenon is. Therefore, too low/high content of
CMC will cause a negative effect on CPCMs. The overall dispersion of sample (b) is
homogeneous. The CPCM in this mass ratio is neither precipitated nor stratified. Therefore, the
mass ratio of TiO, to CMC of 1:2 is decided.

Table 4

The content of TiO, and CMC with different mass ratios.

Sample TiO, content CMC content
a 2 wt.% 2 wt.%

b 2 wt.% 4 Wt.%

c 2 wt.% 6 wt.%

d 2 wt.% 8 wt.%

e 2 wt.% 10 wt.%

Fig. 5. The phenomenon of settling test.

Then the effect of TiO, content on the thermal conductivity needs to be determined. According
to the above analysis, it is necessary to control the mass ratio of TiO, to CMC of 1:2 to make TiO,
disperse completely and prevent the stratification phenomenon. Four groups of samples are set up
accordingly. The thermal conductivities of four samples are tested by a thermal conductivity meter
(TC3000D, China). The content of additive and the results of the test are seen in Table 5. When 2
wt.% TiO; is added, the thermal conductivity of MA-HD/TiO, reaches 0.320 W/(m K), which is
8.47% higher than that of MA-HD. Moreover, with the increase of TiO, content, the improvement
of thermal conductivity slows down clearly according to Fig. 6(b). Dramatic increase in thermal
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conductivity is thus not expected even continue to increase the content of TiO,. Therefore, 2 wt.%
TiO, and 4 wt.% CMC are determined as additive for the fatty acids/1-hexadecanol EMs
considering the balance between performance and cost.

Table 5
The content of additive and the results of test.
Sample TiO, content CMC content  Thermal conductivity (W/(m K))  Degree of improvement
I 0 0 0.295 0
1I 0.5 wt.% 1wt% 0.313 6.10%
1 1wt.% 2 wt.% 0.317 7.46%
v 2 wt.% 4 wt.% 0.320 8.47%
(3)0.40 (b) 10
=7 0317 0.32 .
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Fig. 6. (a) The thermal conductivity of four groups of samples and (b) the degree of improvement
with different TiO, contents.
3.2. FTIR analysis

Previous report [32] has shown that the binary EM formed by fatty acids and fatty alcohols is
simply physical blended without chemical reaction. Fig. 7 exhibits the FTIR spectra of MA-HD,
TiO,, CMC and MA-HD/TiO,. In the spectrum of MA-HD, the peak at 2955.29 cm™ is assigned
to the asymmetrical stretching vibration of —CH;. The peaks at 2917.77 cm * and 2849.75 cm*
are the asymmetrical stretching vibration and symmetrical stretching vibration of —CH,,
respectively. The peak which is the typical peak of MA at 1702.12 cm’ is attributed to the
stretching vibration of —C=0. The peak at 1471.09 cm * is corresponded to variable angle
vibration of —CH, and asymmetric variable angle vibration of —CH3. The peak which is the typical
peak of HD at 1091 cm * is stretching vibration of C—O. The peak at 720.33 cm " is the in-plane
swing vibration of —(CH,)—. In the spectrum of the TiO,, 1428.69 cm™ and 712.36 cm™ are
corresponded to the asymmetric stretching and symmetric stretching vibration of Ti—O-Ti,
respectively. In the spectrum of the CMC, the peak at 3472.62 cm™ indicates that there is
stretching vibration bond of —OH. The peak at 1630.15 cm™ indicates that there is stretching
vibration of —C=0. The peak at 1420.38 cm™ is corresponded to variable angle vibration of —CH,.
The peak at 1058.86cm ™ is attributed to the stretching vibration of C—O.

The spectrum of MA-HD/TiO, has the similar characteristic peaks of MA-HD, TiO, and CMC.
It’s also found that there is no other obvious characteristic peak appeared or disappeared, which
implies that no chemical interaction occurs in the mixing process of MA-HD, TiO, and CMC.
Because of the similar properties, this conclusion is also applicable to CPCMs based on LA-HD,
PA-HD and SA-HD.



322
323
324
325
326
327
328
329
330
331
332
333
334

335

MA-HD
E g
=
g cMC
IR A YA
W
=
~
ot
[
MA-HD/TiO,
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Fig. 7. The FTIR results of MA-HD, TiO,, CMC and MA-HD/TiO,.

3.3. SEM analysis and EDS-mapping

The SEM images of TiO,, CMC, LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO,, SA-HD/TiO, and
the EDS-mapping results are depicted in Fig. 8. Fig. 8(a) shows that TiO, is the tiny particle with
2 um. Fig. 8(b) shows that the CMC has the loose rod structure. In Fig. 8(c-f), the microstructures
of four CPCMs with layered structure are revealed. A part of TiO, has been marked by white
circles. The CMC allows the TiO, particles to be dispersed without obvious aggregation in the
CPCMs. This is the result of the repulsive bond of surfactant [31]. MA-HD/TIO, is used as an
example to illustrate this effect. As shown in Fig. 8(g-h), a good distribution state of Ti is observed
from the EDS-mapping results, thus demonstrating a good distribution state of TiO,. The tiny
particle size of TiO, and the layered structure of CPCMs are effective in increasing the specific
surface area, which have a positive effect on enhancing the thermal conductivity.

= ; ’
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339 Fig. 8. SEM images of (a) TiO,, (b) CMC, (c) LA-HD/TiO,, (d) MA-HD/TiO,, (¢) PA-HD/TiO, (f)
340  SA-HDI/TiO, and EDS-mapping results of (g) MA-HD/TiO, and (h) Ti.

341  3.4. Phase change properties

342 Phase change properties of fatty acids (i.e., LA, MA, PA and SA), HD, EMs (i.e., LA-HD,
343 MA-HD, PA-HD and SA-HD) and CPCMs (i.e., LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO, and
344  SA-HDI/TIO,) are characterized by DSC. As the theoretical calculations for EMs in this paper are
345  closely related to the data on the melting process, it is necessary to analyze the melting process for
346 all samples. The DSC curves of LA, MA, PA, SA, HD, EMs and corresponding CPCMs are
347  illustrated in Fig. 9. The corresponding data of extrapolated peak onset temperature (T¢), melting
348  peak temperature (Ty,) and enthalpy of melting (AH,) and CV% are summarized in Table 6. Ty, is
349  the phase transition temperature during melting process. The phase transition temperature and the
350  enthalpy of melting for PCM both increase with the growth of molecular length/size. The phase
351 transition temperature of EMs is significantly lower than those of its two components, due to the



352  weakly attractive interaction between the different components of EMs [23, 44]. This phase
353 transition temperature is known as the eutectic point. Amongst the prepared EMs, for LA-HD, the
354  phase transition temperature is 47.6 <C, which is lower than those of LA and HD for about 7.21%
355  and 18.91% respectively. The phase transition temperature of MA-HD is 50.9 <C, which is 19.60%
356  and 13.30% lower than those of MA and HD respectively. The phase transition temperature of
357  PA-HD is lower than those of PA and HD for about 20.03% and 5.45%. The phase transition
358  temperature of SA-HD is 26.68% lower than that of SA while it is 3.07% lower than that of HD.
359  In addition, due to the mixing of the lower enthalpy components in the EMs, the overall enthalpy
360  of the composite will be lower than that of the higher enthalpy component. This result is similar in
361  the trends which published early for EM [24, 25]. After mixing, the melting enthalpy of the EMs
362  decreases relative to the higher enthalpy components, but still maintains high values, which is
363  greater than 200 J/g. It indicates that the EMs of fatty acids/1-hexadecanol can effectively broaden
364  the range of phase transition temperature suitable for this class of organics and preserve the good
365  thermal feature of individual component. Different EMs can be utilized as needed, allowing for a
366  wider range of applications for fatty acids and fatty alcohols. Comparing the thermal properties of
367  binary EMs obtained from DSC test with that computed by theoretical calculation in Section 2.2.1,
368  the deviation is small and within an acceptable range. It also indicates that the Schrader equation
369  can be used for calculation related to the EMs of fatty acids/1-hexadecanol.

370 Amongst the DSC curves of CPCMs, they all have only one endothermic peak with a peak
371  shape similar to that of the corresponding EMs respectively. The phase transition temperatures of
372 LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO, and SA-HD/TiO, are 45.4 <C, 51.2 <C, 55.1 <C and
373  58.3 T, which vary only 4.62%, 0.59%, 0.72% and 2.46% with those of EMs respectively. For
374  the prepared CPCM, the enthalpy of melting alters slightly with respect to that of EM. The small
375  changes in phase transition temperature and enthalpy of melting demonstrated that the strong
376  physical interaction between EMs and TiO, in CPCMs. The tiny decrease of latent heat does not
377  affect the energy storage capacity of PCMs obviously. On the contrary, as more thermal energy
378 can be obtained in a short time due to TiO,, the heat absorption and release capacities of CPCMs
379  will be higher than those of EMs.
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Fig. 9. The DSC curves of (a) HD, LA, LA-HD and corresponding CPCM, (b) HD, MA, MA-HD
and corresponding CPCM, (c) HD, PA, PA-HD and corresponding CPCM and (d) HD, SA,
SA-HD and corresponding CPCM.

Table 6

Thermal performance of LA, MA, PA, SA, HD, EMs and corresponding CPCMs.
Sample T (T) T (T) AH,, (kJ/g) CV (%)
LA 47.240.1 51.3#0.1 0.19 3.72
MA 58.610.1 63.340.1 0.20 221
PA 65.740.1 69.410.1 0.24 3.52
SA 72.440.1 77.640.1 0.24 2.24
HD 52.940.1 58.740.1 0.22 3.77
LA-HD 41.840.1 47.640.1 0.20 2.26
MA-HD 46.840.1 50.940.1 0.21 2.66
PA-HD 50.740.1 55.540.1 0.22 2.05
SA-HD 51.140.1 56.940.1 0.22 3.21
LA-HD/TiO, 422401 45.440.1 0.20 221
MA-HD/TiO, 47.040.1 51.240.1 0.20 2.68
PA-HD/TIO, 49.540.1 55.140.1 0.21 2.15
SA-HD/TIO, 52.340.1 58.340.1 0.22 2.54

3.5. Thermal reliabilities of phase change materials

The prepared CPCMs should retain stable thermal properties after a certain number of thermal
cycles. The thermal reliability can be tested by thermal cycling test. Fig. 10 shows the DSC curves
of CPCMs before and after thermal cycling. The thermal properties and CV% are documented in
Table 7. The shapes of endothermic peaks before and after thermal cycling are similar. The phase
transition temperatures of CPCMs after 100 thermal cycles are 45.4 <C, 47.6 <C, 53.4 <C and
54.8 <C for LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO, and SA-HD/TiO, respectively, which are 0,
7.03%, 3.09% and 6.00% changed relative to the phase transition temperatures before thermal
cycling. In addition, the enthalpy of melting varies slightly before and after thermal cycling,
especially the LA-HD/TiO,. The prepared MA-HD/TIO; is still used as an example to further
verify the thermal reliabilities of the CPCMs. FTIR analysis is carried out on the sample after 100
thermal cycles. Fig. 11 exhibits the FTIR spectra of MA-HD/TiO, before and after thermal cycling.
It showed that the characteristic peaks fall on the same functional group, which implies that no
chemical interaction occurs even after 100 thermal cycles. Two different parts (part A and part B)
of sample are selected for EDS-mapping after 100 thermal cycles as shown in Fig. 12. It can be
clearly observed that TiO; is still well distributed in the field of view of sample taken. Therefore,
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Fig. 10. DSC curves of (a) LA-HD/TiO,, (b) MA-HD/TiO,, (c) PA-HD/TiO, and (d) SA-HD/TiO,
before and after 100 thermal cycles.
Table 7
Thermal performance of CPCMs before and after 100 thermal cycles.
Sample Cycling number T, (C) AH,, (kJ/g) CV (%)
LA-HD/TIO, 0 454401 0.20 221
100 454401 0.20 4.23
MA-HD/TIO, 0 51.240.1 0.20 2.68
100 47.640.1 0.20 3.54
PA-HD/TIO, 0 55.1#0.1 0.21 2.15
100 53.4#0.1 0.21 3.37
SA-HD/TIO, 0 58.3#0.1 0.22 2.54
100 54.840.1 0.22 2.05
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411 Fig. 11. The FTIR results of MA-HD/TiO, before and after 100 thermal cycles.
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413 Fig. 12. The EDS-mapping results with (a-b) part A and (c-d) part B of MA-HD/TiO, after 100
414  thermal cycles.
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3.6. Thermal stabilities of phase change materials

The TGA is adopted to evaluate the thermal stabilities of PCMs. The TGA curves of LA, MA,
PA, SA, HD, EMs and corresponding CPCMs are displayed in Fig. 13. The corresponding data of
the temperature of starting mass loss (T,n) and the temperature of decomposing completely (T)
are listed in Table 8. Combining experimental results with theory and errors for analyze. For the
LA, MA, PA, SA and HD, the mass losses occur at the temperature between 154.7 <C and
306.8 <C. The mass losses for EMs (i.e., LA-HD, MA-HD, PA-HD and SA-HD) occur at the
temperature between 159.6 <C and 290.8 <C. The weight losses are chiefly caused by the
gasification of single fatty acid and HD and the thermal degradation of EMs.

There is only a small mass loss (0.1 wt.%) below 189.2 <C for the SA-HD/TiO,, and other
CPCMs also possess strong resistance to decomposition. In the temperature range of 50-400 <C,
the maximum mass losses are 100 wt.% for EMs but less than 100% for CPCMs. This is attributed
by the residual carbonized CMC and indecomposable TiO, in the CPCMs. The complete
decomposing temperatures of MA-HD/TiO,, PA-HD/TiO, and SA-HD/TiO, are 307.7 <,
341.1 <T and 333.8 T respectively, which are delayed by 13.75%, 27.94% and 14.79% relative to
those of corresponding EMs. Thus the temperature tolerable range is significantly expanded. In
addition, the decomposition processes of CPCMs are significantly prolonged compared with those
of EMs. For example, the temperature range of PA-HD degradation process is 166.2-266.6 <C
while that of PA-HD/TIO; is 168.8-341.1 <C, which is prolonged by 71.61%. The reason for this
result is that the addition of particles in the base material has served as the thermal retardant
against the temperature, which would delay the decomposition of base material [45]. Therefore,
the TGA test proves that the CPCMs have good thermal stabilities.
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Fig. 13. The TGA curves of (a) HD, LA, LA-HD and corresponding CPCM, (b) HD, MA,
MA-HD and corresponding CPCM, (c) HD, PA, PA-HD and corresponding CPCM and (d) HD,



441  SA, SA-HD and corresponding CPCM.

442  Table 8

443  Thermal stabilities of LA, MA, PA, SA, HD, EMs and corresponding CPCMs.
Sample Ton (T) Tott (T)
LA 154.740.1 235.240.1
MA 175.540.1 264.240.1
PA 193.840.1 261.140.1
SA 214.340.1 306.840.1
HD 161.740.1 258.840.1
LA-HD 159.640.1 255.840.1
MA-HD 172.640.1 270.540.1
PA-HD 166.240.1 266.640.1
SA-HD 172.640.1 290.840.1
LA-HD/TiO, 147.540.1 236.240.1
MA-HD/TiO, 157.540.1 307.740.1
PA-HD/TiO, 168.840.1 341.140.1
SA-HD/TIO, 189.240.1 333.840.1

444 3.7. Thermal conductivities of phase change materials

445 The thermal conductivities of EMs and their corresponding CPCMs are exhibited in Fig. 14.
446 The thermal conductivity of PA-HD/TiO, reaches 0.358 W/(m K), which is the highest among the
447  prepared EMs and CPCMs. TiO, plays a major role in improving the thermal conductivity, but it is
448  governed by the phonon propagation. The augment in thermal conductivity of CPCMs is limited
449  because of increased defects caused by CMC. The CMC can lead to the scattering of phonons,
450  which causes the decrease of thermal conductivity [46]. Nevertheless, the thermal conductivities
451 of CPCMs are still higher than those of EMs. The thermal conductivities of LA-HD/TiO,,
452  MA-HD/TIiO,, PA-HD/TiO, and SA-HD/TiO, are 24.73%, 8.47%, 11.70% and 14.28% higher
453  than those of their EMs respectively, which makes PCMs more suitable for thermal energy
454  storage.
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4. Conclusions

In this paper, fatty acids/1-hexadecanol binary eutectic CPCMs are developed. The mass ratios
of the components and the thermal properties of binary EMs are firstly determined by theoretical
calculation. The accuracy of the theoretical calculation is then verified experimentally. The
optimal content of the additive is determined experimentally. 2 wt.% TiO, is added to improve the
thermal conductivities of EMs. The chemical structure, microscopic morphology, thermal storage
property, thermal reliability and thermal stability of the materials are tested using FTIR, SEM,
DSC, thermal cycling test and TGA respectively. The thermal conductivities of the EMs and
corresponding CPCMs are also measured. The FTIR and SEM results show that there is no
chemical reaction occurred within the CPCMs and TiO, is dispersed in the EMs without
aggregation. The results of DSC test illustrate that the phase transition temperatures are 45.4 <C,
51.2 <C, 55.1 <€ and 58.3 <C for LA-HD/TiO,, MA-HD/TiO,, PA-HD/TiO, and SA-HD/TiO,
respectively. The EM-based CPCMs with high latent heat above 200 J/g effectively broaden the
phase transition temperature range of individual fatty acids and fatty alcohols. The thermal
conductivities of EMs are all heightened after the addition of TiO,. Thermal cycling test results
indicate that the thermal energy storage/release properties of CPCMs possess better repeatability.
The TGA test reveals that the CPCMs exhibit good thermal stability in the operating temperature
range for most thermal applications.

The novel CPCMs proposed in present work, which are with simple preparation method,
suitable phase transition temperature, high latent heat, good thermal reliability, dependable
thermal stability and high thermal conductivity, are up-and-coming potentials for thermal energy
storage. The methodology followed to explore the fatty acids and fatty alcohols EM-based CPCMs
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in the present research can provide reference for researchers and engineers in the selection and
utilization of the PCMs for energy storage.
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