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Abstract: To prevent liquid leakage during the phase transition of a phase change material (PCM),
a novel form-stable PCM (FSPCM) based on LA/CIT/CNT was fabricated using a simple and facile
direct impregnation method. The iron tailings (ITs) was calcinated at first. And then lauric acid (LA)
was impregnated into the calcinated iron tailings (CITs) with carbon nanotubes (CNTs) as a thermal
conductivity additive. Subsequently, the leakage tests and the properties of the prepared samples
were investigated by diffusion-oozing testing (DOT), SEM, XRD, FTIR, DSC, TGA, and intelligent
paperless recorder (IPR). DOT results showed that the impregnation ratio of LA into the CIT and
CNT was up to 27.5% without leakage. SEM indicated that LA can be adsorbed into microscale
pores and covered the surface of CITs and CNTs. FTIR spectra indicated that there was no chemical
reaction during the preparation process. The melting and freezing temperatures of the prepared
LA/CIT/CNT FSPCMs were measured as 45.24 ◦C and 39.61 ◦C, respectively. Correspondingly,
the latent heat values were determined as 39.95 J/g and 35.63 J/g, respectively. The LA/CIT/CNT
FSPCMs exhibited good thermal stability in the working temperature range, and its heat transfer
efficiency was improved significantly by 69.23% for LA and 84.62% for LA/CIT FSPCM. In short,
LA/CIT/CNT FSPCMs are a very promising material for thermal energy storage in practical low-
temperature applications.

Keywords: lauric acid; calcinated iron tailings; carbon nanotubes; FSPCM; low-temperature thermal
energy storage

1. Introduction

It is well known that the development and utilization of renewable energy have been
given worldwide attention due to the shortage of fossil energy and environmental pollution
caused by fossil energy [1,2]. However, the shortcomings of poor utilization efficiency
and bad supply stability seriously limit the large-scale practical application of renewable
energy. The imbalance between energy supply and demand is forcing people to develop
various new energy storage technologies [3,4]. Fortunately, the phase change material
(PCM), as a key factor in thermal storage technology (TES), is becoming an efficient and
clean method to solve the problems mentioned above due to its many advantages, such
as high latent heat capacity, low price, and incombustibility [5–7]. Among the PCMs
researched, fatty acids, such as lauric acid (LA), are considered to be very promising PCMs
in TES because they show obvious advantages, such as low cost, high latent heat of fusion,
small volume change during solid–liquid phase transition, low supercooling degree, ready
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availability, non-flammable, good compatibility and thermal stability, non-toxicity, low
vapor pressure, non-corrosiveness and particularly suitable phase-change temperature
that make it preferable for the intended low-temperature application [8,9]. However, their
practical applications are restricted due to poor thermal conductivity and leakage during
the phase transition [1,4]. Hence, it is urgent to overcome the two shortcomings of fatty
acids, into which a lot of effort has been put by many researchers. On one hand, it has
been confirmed that high thermal conductivity additives could simply and effectively
enhance fatty acids’ thermal conductivity [4]. For example, carbon nanotubes (CNTs) are
currently considered to be one of several relatively ideal additives owing to its high specific
surface area, thermal conductivity, and low weight [10,11]. On the other hand, employing
a supporting matrix to adsorb fatty acids onto porous minerals to fabricate FSPCMs is
regarded as an effective, low-cost, and simple method to solve the leakage problem [12,13].
The investigated porous minerals include perlite [14,15], kaolinite [16,17], diatomite [18,19],
expanded graphite [13,20], and so on. However, most raw porous minerals are exhaustive,
relatively exiguous, and costly. Therefore, it is very necessary to study a large quantity of
low-cost, alternative, porous materials.

Interestingly, it is worth noting that iron tailings (ITs), as the by-product of iron ore
separation, has obvious characteristics of being considerably cheap, quite easily available,
and in large amounts, making it convenient for large-scale production and application.
Furthermore, ITs occupy a very large part of industrial solid wastes, and the treatment
and recycling utilization of ITs has always been a problem all over the world [21–23].
Fortunately, the main chemical components of ITs are similar to several natural mineral
materials reported in the literature [16,18,24–29]. Based on the fundamental knowledge, it is
possible to utilize ITs as a supporting matrix to restrict the leakage of fatty acids. There have
been several reports on the exploration and research of composite phase change materials
based on ITs. However, composite PCMs with different component systems have different
characteristics and thermal and physical properties [4,30]. Employing IT as the support
material of PCM can effectively prevent the liquid leakage of LA and facilitate the coupling
of PCM with building materials. Therefore, in this study, IT was first calcinated to improve
the loading capacity of the LA. Then, LA, calcinated ITs (CITs) and CNTs were used as PCM,
supporting matrix, and thermal conductivity additive, respectively. A novel form-stable
phase change material (FSPCM) of LA/CIT/CNT was fabricated via simple and facile
direct impregnation. Subsequently, the leakage testing, physical structure, and thermal
properties were systemically studied by diffusion-oozing testing (DOT), scanning electron
microscopy (SEM), Fourier transform infrared (FTIR), differential scanning calorimeter
(DSC), thermal gravimetric analysis (TGA), and intelligent paperless recorder (IPR). Using
ITs as a support material for PCMs could not only prevent PCM leakage from occurring in
FSPCM, but also provide a new technological approach for the high-value utilization of IT
and further improve its resource utilization level.

2. Experiment
2.1. Materials

The LA was provided by Shanghai Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China. The ITs were collected from the Hebei Hanxing Mining Bureau, Handan, China,
whose chemical components are given in Table 1. The CNTs were obtained from Suzhou
Tanfeng Tech. Inc. Reagent Co., Ltd., Suzhou, China. The montmorillonite binder additive
was supplied by Yipusheng Tianjin Pharmaceutical Co., Ltd, Tianjin, China.

Table 1. Comparisons of chemical constituent of ITs and CITs [31].

Material SiO2 Al2O3 Fe2O3 CaO MgO K2O + Na2O Others

IT 31.98 6.49 10.23 30.77 13.84 1.64 5.05
CIT 33.97 7.23 10.59 31.14 13.91 1.66 1.50
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2.2. Preparation of FSPCM

The LA/CIT/CNT FSPCMs were synthesized by simple and facile direct impreg-
nation [1,4,32]. The whole preparation procedure of the LA/CIT/CNT composites is
illustrated in Figure 1. Firstly, the ITs were screened into −60 mesh before use, and then
mixed with montmorillonite binder additive. Afterward the mixture was calcinated at
300 ◦C for half an hour in a high-temperature furnace. Then, the mixture was again heated
constantly at 600 ◦C for 2 h. After that, the residual ash was cooled to 20 ◦C [31–33].
Thus CIT can be obtained, and its chemical components are also shown in Table 1. The
comparison of chemical components between CIT and IT in Table 1 demonstrated that IT
can be employed as a supporting matrix to prevent leakage of LA in theory. Subsequently,
the specified amount of LA and CIT were weighed and mixed according to different mass
fractions in 250 mL beakers, respectively. The mixture was heated in a water bath, and
the temperature of the water bath was maintained at 75 ◦C for 20 min. Meanwhile, the
mixture was continuously stirred using a glass rod by hand. Then, the obtained LA/CIT
composites were cooled to room temperature. And the LA/CIT composites were achieved.
Secondly, according to the literature [1,32,34], the leakage tests were performed on the
magnetic stirrers by using the DOT method at 60 ◦C, respectively. Like this, the composite
without leakage of LA was called FSPCM. Thirdly, CNTs with different mass fractions of 1,
3, 5, and 7% were added into the LA/CIT FSPCM to fabricate the LA/CIT/CNT FSPCM.
And the experimental conditions and procedures mentioned above were repeated. Thus,
the LA/CIT/CNT FSPCM was obtained.
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2.3. Characterization of FSPCMs

The microstructure morphology of LA, CITs, CNTs, LA/CIT FSPCMs, and LA/CIT/CNT
FSPCMs were researched by SEM. The FTIR spectra with a resolution of 2 cm−1 were
recorded to investigate the chemical compatibility between the components of the FSPCMs
at a wavenumber range of 400–4000 cm−1. The thermal properties of FSPCMs were studied
by DSC at a heating rate of 10 ◦C/min in a N2 atmosphere. The latent heat accuracy and
phase change temperature deviation were of the DSC 0.1% and 0.1 ◦C, respectively. The
thermal stability of LA and the FSPCMs were investigated by TGA at 25–400 ◦C with
a heating rate of 20 ◦C/min under a N2 atmosphere. The heat transfer efficiency of the
FSPCMs was analyzed by IPR at the temperature range from 20 ◦C to 75 ◦C for the heating
process and 75 ◦C to 20 ◦C for the freezing process, respectively. Moreover, the leakage area
and leakage ratio were used to examine the leakage of composites. The leakage area was
acquired while referring to the literature [35]. The leakage area was calculated according
to the average diameter of three measurement results of each sample measured by a ruler
with a test error of ±0.5 mm in eight directions. And the leakage ratio was calculated
according to Ramakrishnan [36]. The leakage ratio was the mass of leaked LA divided by
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the total mass of LA in the corresponding composites. The evaluation results were also
listed in Table 2.

Table 2. Basic proportion and leakage results of the prepared composites.

Sample LA CIT CNT Leakage Area of Samples
(cm2)

Leakage
Ration (%)

S1-1 5 5 0 88.25 19.6
S1-2 4 6 0 65.04 12.4
S1-3 3 7 0 33.18 3.83
S1-4 2 8 0 0 0
S2-1 2.75 7.25 0 19.63 2.433
S2-2 2.5 7.5 0 12.25 1.233
S2-3 2.25 7.75 0 — 0.1
S2-4 3 7 1 — 0.4
S3-1 2.75 7.25 1 — 0.23
S3-2 2.75 7.25 3 0 0
S3-3 2.75 7.25 5 0 0
S3-4 2.75 7.25 7 0 0

3. Results and Discussion
3.1. Leakage Phenomenon and Leakage Evaluation

The leakage testing results of the composites are described in Figures 2 and 3. The
quantitative results are also listed in Table 2. As described in Figure 2 and Table 2, the
deformation of the composite from S1-4 to S1-1 in Figure 2 became more and more serious
with the decreasing mass fraction of CIT. That is to say, the leakage of LA within the
corresponding composites became weaker and weaker from S1-1 to S1-4, as shown in
Figure 4, with the mass fraction of CITs increasing. Moreover, when the mass fraction
of CITs in composite was about 20%, the corresponding composite can keep a preferable
stable state without the leakage of LA. Namely, the composite S1-4 in Figure 2 could
successfully restrict the leakage of LA, which indicated this composite could be called
FSPCM. Therefore, to determine the relatively superior mass ratio between LA and CITs,
the leakage tests were carried out with subdivided a mass ratio ranging from 3:7 to 2:8
between LA and CITs. The testing results are also given in Figure 2 and Table 2. Though
the composite S2-1, S2-2, and S2-3 showed good form stability, LA stains were noticeable
around the S2-1, S2-2, and S2-3 discs on the filter papers, respectively, indicating that LA
leakage occurred in S2-1, S2-2, and S2-3. Therefore, to improve the package efficiency and
heat transfer efficiency, the porous and high thermal conductivity CNTs were used as a
heat transfer enhancer. The leakage test of the LA/CIT/CNT (1%) sample (S2-4) was first
carried out with a CNT mass fraction of 1%, and the mass ratio of LA and CIT at 3:7. The
testing result is also given in Figure 2. It can be seen that S2-4 left stains on the filter paper,
which revealed that the LA/CIT/CNT (1%) sample with mass ratio at 3:7 between LA and
CIT was not suitable as a kind of FSPCM. Therefore, the leakage tests of LA/CIT/CNT
samples were also investigated when the LA-to-CIT mass ratio was at 2.75:7.25 and the
CNT mass fractions were 1%, 3%, 5%, and 7%, respectively. The testing results were shown
in Figure 3. As seen from Figure 3, the LA/CIT/CNT samples of mass ratio 2.75:7.25
between LA and CIT not only maintained form stability, but there were also no stains on
the filter papers. This indicated that the addition of CNTs can further help to enhance
the packaging efficiency of LA and consequently increase the latent heat of FSPCMs in
later thermal storage property tests. In a word, with comprehensive consideration of
packaging efficiency and heat transfer efficiency, the LA/CIT/CNT (3%) of mass ratio of
2.75:7.25 between LA and CITs was determined as the FSPCM samples in the following
work. Additionally, as can be seen from Table 2, the leakage area and leakage ratio can
relatively intuitively, quantitatively, and objectively describe the deformation and leakage
of the composite, respectively. The leakage phenomenon and leakage results in Table 2 are
consistent with the results in Figures 2 and 3.
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3.2. Morphology and Microstructure of FSPCMS

The morphology of CITs, CNTs, LA/CIT FSPCMs, and LA/CIT/CNT FSPCMs are
presented in Figure 4. It can be seen that CITs possessed numerous rugged porous holes
microstructure, as revealed in Figure 4a–c. Figure 4d–f showed that the CITs’ surface
was completely covered by the adsorbed LA due to capillary and surface tension forces.
Meanwhile, after LA was incorporated into CIT, the micro-porous structure on the CITs’
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surface disappeared, indicating that more LA can be adsorbed. And the surface of CIT
became smooth, which demonstrated that LA was fully absorbed into the rugged micro-
porous and covered the surface of the CITs. That is to say, CITs can restrict the leakage of
liquid LA, while CNTs had various pore network structures like clustered cotton wool,
as indicated in Figure 4g–i. Moreover, Figure 4j–l illustrates that some CNTs or CNTs
mixed with liquid LA were dispersed into the micro-pores of CITs and covered the surface,
which reflected that the CNTs were successfully impregnated into the synthesized FSPCM,
whereas other CNTs or CNTs mixed with liquid LA distributed the space among CIT
particles, which objectively provided a path channel to enhance the heat transfer efficiency
of LA.

3.3. Chemical Compatibility of FSPCMs

The FTIR spectra of LA, TL, CITs, and the prepared FSPCMs are presented in Figure 5.
In the spectrum of LA, there were five major absorption peaks observed, as shown in
Figure 5. The absorption peak of the in-plane swinging vibration and out-of-plane bending
vibration of -OH was found at 937 cm−1 and 723 cm−1, respectively. The absorption peak at
1704 cm−1 represented the stretching vibration of the C=O group. The absorption peaks of
the stretching variation of the C–H bond in the –CH2 and –CH3 function groups were found
at 2923 cm−1 and 2853 cm−1, respectively [37,38]. In the spectrum of CITs, the stretching
vibration peaks caused by the Si–O–Si group appeared at 476, 695, and 882 cm−1. And the
Si–O group stretching vibrations were observed at 1090 and 1170 cm−1 [31]. In the spectra
of the prepared FSPCMs, all of the major characteristic peaks overlapped with those of the
three components, namely, LA, CITs, and CNTs. Furthermore, compared to the pure LA,
the non-existence of new vibration peaks indicated no chemical reaction occurred among
LA, CITs, and CNTs. The FTIR analysis demonstrated that the prepared LA/CIT/CNT
FSPCMs had excellent chemical compatibility.
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3.4. Thermal Properties of the FSPCMs

Thermal energy storage performances gained by DSC of LA and the LA/CIT FSPCMs
and LA/CIT/CNT FSPCMs are described in Figure 6. The detailed data were listed in
Table 3. The phase-change temperatures of LA, LA/CIT FSPCM, and LA/CIT/CNT FSPCM
were about 46.46 ◦C, 45.8 ◦C, and 45.24 ◦C during storage and 41.23 ◦C, 39.39 ◦C, and
39.61 ◦C during discharging, respectively. The phase-change temperatures of the fabricated
FSPCMs were slightly lower than those of LA (changed slightly) due to the confinement of
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LA in the micro-pores of CITs. The latent heat values of LA and the LA/CIT FSPCMs and
LA/CIT/CNT FSPCMs were about 182.6 J/g, 45.06 J/g, and 39.95 J/g when charging and
181.4 J/g, 38.73 J/g, and 35.63 J/g when discharging, respectively. The latent heat values of
the LA/CIT FSPCMs and LA/CIT/CNT FSPCMs were lower than that of pure LA due to
the interference of CITs, which affected on the crystal arrangement and the orientation of
the molecules chains of LA.
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Table 3. Thermal properties of the synthesized samples.

Samples Loading of LA
(%)

Melting
Temperature (◦C)

Solidifying
Temperature (◦C)

Measured Latent
Heat of Melting (J/g)

Measured Latent Heat
of Solidifying (J/g)

LA 100 46.46 41.23 182.6 181.4
LA27.5%/CIT 24.68 45.8 39.39 45.06 38.73

LA27.5%/CIT/CNT3% 21.88 45.24 39.61 39.95 35.63

Table 4 shows the comparison of thermal properties between this work and others in the
literature. It can be seen from Table 4 that the latent heat value of the LA/CIT/CNT FSPCMs
was higher than that of other composites in the literature by using other supporting matrices.
Namely, the LA/CIT/CNT FSPCMs had a relative high thermal performance at a relatively
low cost by employing CITs as supporting material compared to other existing PCMs used for
low-temperature applications, such as capric-myristic acid/vermiculite/expanded graphite,
Capric acid-LA/gypsum, paraffin/kaolin, propyl palmitate/gypsum, capric acid–palmitic
acid/gypsum wallboard, xylitol pentalaurate/gypsum, palmitic acid/active aluminum
oxide, and so on. Therefore, the prepared LA/CIT/CNT FSPCMs have a potential for TES
application to be employed as building materials or decorative materials at low temperature,
for example, in geothermal heating and low-temperature waste heat utilization. Particularly,
it has a significant potential for the fabrication of different novel construction building
materials, such as brick, cement, concrete, wallboard, and plaster used for building energy
conservation, emission reduction, and temperature regulation.
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Table 4. Thermal properties between the fabricated samples and reported by the literature.

Item (wt%) Melting
Temperature (◦C)

Solidifying
Temperature (◦C)

Latent Heat of
Melting (J/g)

Latent Heat of
Solidifying (J/g) References

Capric-myristic acid
(20)/vermiculite +

expanded graphite (2)
19.7 17.1 26.9 missing [39]

Capric acid-lauric acid
(26)/gypsum 19.11 missing 35.24 missing [40]

Paraffin(18)/kaolin 23.9 26.3 27.9 missing [41]

Propyl palmitate(25–
30)/gypsun 19.0 16.0 40.0 missing [42]

Capric acid-Palmitic
acid (25)/gypsum

wallboard
21.12 21.46 36.23 38.28 [43]

Xylitol pentalaurate
(20)/gypsum 40.44 39.53 31.77 29.47 [44]

Palmitic acid (25)/active
aluminum oxide 74.13 59.57 28.56 17.53 [45]

LA (27.5)/CIT 45.8 39.39 45.06 38.73 This study

LA (27.5)/CIT/CNT (3) 45.24 39.61 39.95 35.63 This study

3.5. Thermal Reliability of LA/CIT/CNT FSPCM

In addition, the thermal reliability of the prepared LA/CIT/CNT FSPCM was evaluated
using a cyclic test. And the thermal stability of the LA/CIT/CNT FSPCM samples after
120 thermal cycles was tested by DSC. The performance of the LA/CIT/CNT FSPCM sample
before and after heating and cooling cycles is shown in Figure 7. As seen in Figure 7, after
120 thermal cycles, the melting temperature and freezing temperature of the LA/CIT/CNT
FSPCMs were increased by 0.1 ◦C and 0.78 ◦C, respectively, and the latent heat for the melting
process and the freezing process was slightly reduced by 1.78% and 4.63%, respectively. The
latent heat of the LA/CIT/CNT FSPCMs was slightly lower after heating and cooling cycles,
and the phase-change temperature showed a slight deviation after the repeated heating and
cooling cycles. This may be due to the appearance of imperfect crystallites with the addition of
CITs or CNTs [46,47]. No degradation was observed during the repeated heating and cooling
cycles. This was because the DSC temperature of the measured LA/CIT/CNT FSPCM was
about 60 ◦C, which was lower than the initial degradation temperatures of LA/CIT/CNT
FSPCMs. Comparing the DSC results of the LA/CIT/CNT FSPCMs before and after heating
and cooling cycles, there was no significant difference in the phase-change temperature and
latent heat value during the melting and solidifying processes. After 120 thermal cycles,
the latent heat of LA/CIT/CNT FSPCM during the melting process can be maintained at
a reasonable level. Though they experienced a long life cycle, the LA/CIT/CNT FSPCMs
still demonstrated good thermal reliability. The special structure of CITs and CNTs imparted
FSPCMs with good thermal reliability reflected by a slight variation in latent heat.



Energies 2023, 16, 7037 9 of 13

Energies 2023, 16, x FOR PEER REVIEW 8 of 13 
 

 

Paraffin(18)/kaolin 23.9 26.3 27.9 missing [41] 
Propyl palmitate(25–30)/gypsun 19.0 16.0 40.0 missing [42] 

Capric acid-Palmitic acid (25)/gypsum 
wallboard 

21.12 21.46 36.23 38.28 [43] 

Xylitol pentalaurate (20)/gypsum 40.44 39.53 31.77 29.47 [44] 
Palmitic acid (25)/active aluminum oxide 74.13 59.57 28.56 17.53 [45] 

LA (27.5)/CIT 45.8 39.39 45.06 38.73 This study 
LA (27.5)/CIT/CNT (3) 45.24 39.61 39.95 35.63 This study 

3.5. Thermal Reliability of LA/CIT/CNT FSPCM 
In addition, the thermal reliability of the prepared LA/CIT/CNT FSPCM was evalu-

ated using a cyclic test. And the thermal stability of the LA/CIT/CNT FSPCM samples 
after 120 thermal cycles was tested by DSC. The performance of the LA/CIT/CNT FSPCM 
sample before and after heating and cooling cycles is shown in Figure 7. As seen in Figure 
7, after 120 thermal cycles, the melting temperature and freezing temperature of the 
LA/CIT/CNT FSPCMs were increased by 0.1 °C and 0.78 °C, respectively, and the latent 
heat for the melting process and the freezing process was slightly reduced by 1.78% and 
4.63%, respectively. The latent heat of the LA/CIT/CNT FSPCMs was slightly lower after 
heating and cooling cycles, and the phase-change temperature showed a slight deviation 
after the repeated heating and cooling cycles. This may be due to the appearance of im-
perfect crystallites with the addition of CITs or CNTs [46,47]. No degradation was ob-
served during the repeated heating and cooling cycles. This was because the DSC temper-
ature of the measured LA/CIT/CNT FSPCM was about 60 °C, which was lower than the 
initial degradation temperatures of LA/CIT/CNT FSPCMs. Comparing the DSC results of 
the LA/CIT/CNT FSPCMs before and after heating and cooling cycles, there was no sig-
nificant difference in the phase-change temperature and latent heat value during the melt-
ing and solidifying processes. After 120 thermal cycles, the latent heat of LA/CIT/CNT 
FSPCM during the melting process can be maintained at a reasonable level. Though they 
experienced a long life cycle, the LA/CIT/CNT FSPCMs still demonstrated good thermal 
reliability. The special structure of CITs and CNTs imparted FSPCMs with good thermal 
reliability reflected by a slight variation in latent heat. 

 
Figure 7. DSC cures of LA/CIT/CNT FSPCM before and after 120 cycles. 

3.6. Thermal Stability of the FSPCMs 
Figure 8 showed the thermal stability of the FSPCMs. As illustrated in Figure 8, the 

initial degradation temperatures of LA and the LA/CIT FSPCMs and LA/CIT/CNT 
FSPCMs were about 125 °C. The initial degradation temperatures of the prepared FSPCMs 
were all higher than their working temperature of 39–46 °C. No decomposition of the 
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3.6. Thermal Stability of the FSPCMs

Figure 8 showed the thermal stability of the FSPCMs. As illustrated in Figure 8,
the initial degradation temperatures of LA and the LA/CIT FSPCMs and LA/CIT/CNT
FSPCMs were about 125 ◦C. The initial degradation temperatures of the prepared FSPCMs
were all higher than their working temperature of 39–46 ◦C. No decomposition of the
LA/CIT/CNT FSPCMs occurred within the range from room temperature to the initial
decomposition temperature, meaning that the LA/CIT/CNT FSPCMs had good thermal
stability during the range of its working temperature. In addition, the weight loss of the
prepared FSPCMs was about 24.17% and 21.2%, respectively, which is almost consistent
with the percentages of LA adsorbed in the FSPCMs. The TGA results indicated the
LA/CIT/CNT FSPCMs had good thermal stability under the working temperature.
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3.7. Heat Transfer Efficiency of the FSPCMs

The measured heat storage/release results of the samples were presented in Figure 9
and Table 5 to assess the heat transfer efficiency. As can be seen from Figure 9 and Table 5, it
required about 12 min for pure LA to reach the melting point from 25 ◦C, whereas it required
only 11 min and 10.5 min for the LA/CIT FSPCMs and LA/CIT/CNT FSPCMs to reach to
their melting point, respectively. In the solidifying process, it required about 6 min for the
pure LA to reach the solidification point, whereas it required only 5 min and 3 min for the
LA/CIT FSPCMs and LA/CIT/CNT FSPCMs to reach their solidification point from 75 ◦C,
respectively. Moreover, the constant equilibrium temperature time of the LA/CIT/CNT
FSPCMs was about 4.5 min during the melting process and 3 min during the solidification
process, respectively, while it required 5 min and 5 min for the LA/CIT FSPCMs, and
23 min and 6 min for LA. These fully confirmed that the heat transfer efficiency of the
LA/CIT/CNT FSPCMs was enhanced due to the introduction of the CNT additive. In
other words, the thermal storage/release rate was significantly improved. The heat transfer
efficiency of the LA/CIT/CNT FSPCMs showed obvious advantage over others, which
was 84.62% higher than LA and 50% higher than the LA/CIT FSPCMs during the freezing
process, respectively. The abovementioned analysis meant that the addition of CNTs can
improve the heat transfer efficiency of FSPCMs during heat absorption and release.
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Table 5. Comparisons of performance parameters and heat transfer rate among the prepared samples.

Sample Heat Time
(min)

Heat Storing
Time (min)

Freezing Time
(min)

Heat Releasing
Time (min)

Improved Heat
Rate (%)

Improved
Freezing Rate (%)

LA 12 23 6 13 — —
LA/CIT 11 5 5 4 78.26 69.23

LA/CIT/CNT 10.5 4.5 3 2 80.43 84.62

The improvement mechanism of the heat transfer efficiency of the LA/CIT/CNT
FSPCMs by the addition of CNTs can be contributed to the self-high thermal conductivity
of CNTs. The CNT additive was dispersed and fully mixed with LA and CITs, which could
provide a large heat transfer area and greatly reduce heat resistance. Meanwhile, when
thermal energy was considered as the energy wave, CNTs could greatly reduce the wave
resistance during the heat transfer process. Moreover, CNTs can change the direction of
the energy wave across the LA on the surface of the micro-porous structure of the CITs.
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Thus, the addition of CNTs could enhance the heat transfer channels of LA and increase the
thermal conductivity by coupling LA and CITs with its self-high thermal conductivity [2].

4. Conclusions

In this work, a novel FSPCM was prepared via a simple direct impregnation method,
where LA was chosen as a PCM to store thermal energy, CITs were used as a supporting
matrix to prevent the leakage of LA during phase-change transition, and CNTs were
selected as the thermal conductivity additive. Based on the above discussion, the main
conclusions can be drawn as follows.

(1) The leakage test results and SEM analysis results indicated that CITs can be employed
as a supporting matrix for preventing leakage of LA. Moreover, when the mass
fraction of LA retained in the composite was 27.5%, the LA/CIT/CNT FSPCM was
formed without the leakage of LA.

(2) The FTIR showed there were no chemical reactions among the three components,
namely, LA, CITs, and CNTs of the FSPCMs. The results of TGA demonstrated that
the thermal stability of the LA/CIT/CNT FSPCMs at their working temperature
was satisfactory.

(3) The LA/CIT/CNT FSPCMs melted at 45.24 ◦C with a latent heat of 39.95 J/g and
solidified at 39.61 ◦C with a latent heat of 35.63 J/g, respectively. Through the repeated
heating and cooling cycles, the LA/CIT/CNT FSPCMs had good thermal reliability.

(4) Compared with pure LA, the thermal transfer efficiency of the LA/CIT/CNT FSPCMs
were significantly improved with the addition of CNTs. The thermal transfer efficiency
of the LA/CIT/CNT FSPCMs was improved by 80.43% for the melting process and
84.62% for the solidification process than those of LA.

Therefore, through the above analysis, it was shown that the LA/CIT/CNT FSPCMs
have relatively superior properties with low preparation cost, which shows that it has poten-
tial for storing and releasing thermal energy in practical applications for low-temperature
TES. In a word, LA/CIT/CNT FSPCMs can improve the comprehensive utilization of ITs.
Moreover, it has a significant potential to fabricate new different construction materials to
be used in energy-saving buildings.
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