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Abstract: In this study, a novel form-stable phase change material (FSPCM) consisting of calcination
iron tailings (CIT), capric acid (CA), and carbon nanotubes (CNT) was prepared using a simple direct
melt impregnation method, and a series of tests have been carried out to investigate its properties.
The leakage tests showed that CA can be retained in CIT with a mass fraction of about 20 wt.% without
liquid leakage during the phase change process. Moreover, the morphology, chemical structure,
and thermal properties of the fabricated composite samples were investigated. Scanning electron
microscope (SEM) micrographs confirmed that CIT had a certain porous structure to confine CA
in composites. According to the Fourier transformation infrared spectroscope (FTIR) results, the
CA/CIT/CNT FSPCM had good chemical compatibility. The melting temperature and latent heat of
CA/CIT/CNT by differential scanning calorimeter (DSC) were determined as 29.70 ◦C and 22.69 J/g,
respectively, in which the mass fraction of CIT and CNT was about 80 wt.% and 5 wt.%, respectively.
The thermal gravity analysis (TGA) revealed that the CA/CIT/CNT FSPCM showed excellent thermal
stability above its working temperature. Furthermore, the melting and freezing time of CA/CIT/CNT
FSPCM doped with 5 wt.% CNT reduced by 42.86% and 54.55% than those of pure CA, and it showed
better heat transfer efficiency. Therefore, based on the above analyses, the prepared CA/CIT/CNT
FSPCM is not only a promising candidate material for the application of thermal energy storage in
buildings, but it also provides a new approach for recycling utilization of iron tailings.

Keywords: capric acid; calcinated iron tailings; carbon nanotubes; FSPCM; thermal energy storage

1. Introduction

In recent years, the environmental issue and the energy crisis are driving people to develop
renewable energy. However, low utilization efficiency and poor stability hinder the large-scale
applications of renewable energy [1]. In addition, the sharp unbalance contradiction of energy supply
and demand makes it urgent to develop energy storage technology to store the renewable energy [1,2].
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Thermal energy storage (TES) as an efficient and clean method can improve energy utilization efficiency
and ease the contradiction between energy supply and demand [2]. In the TES technologies, the latent
heat storage using phase change materials (PCMs) was considered to be one of the promising solutions
due to their many advantages such as high energy storage density, nearly constant temperature
during thermal energy storage, etc. [3]. Therefore, PCMs are widely researched and applied in many
fields, including air-conditioning [4,5], electronic devices [6–10], waste heat recovery [11,12], building
energy [13,14], smart textile [15,16], and solar energy storage [17,18]. According to the phase change
process, PCMs can be divided into solid-liquid, solid-solid, solid-gas, and liquid-gas categories [19].
Moreover, the solid-liquid PCMs can be divided into inorganic and organic ones. Presently, intensive
studies have been conducted on organic PCMs, for fatty acids have many useful characteristic properties
such as appropriate suitable phase change temperature, high heat latent value, almost no super-cooling,
nontoxic, etc. [20,21]. Although fatty acids exhibit excellent properties, leakage issue and low thermal
conductivity seriously impede their practical applications. Hence, it is very necessary to overcome the
two shortcomings mentioned above.

In order to hold back the leakage of fatty acids during the working process, the syntheses of
form-stable PCMs (FSPCMs) by adsorbing fatty acids into different supporting materials have been
widely researched in the past few years [22]. In practice, there are two main methods to be usually used
to prepare the FSPCMs: (1) Encapsulation of fatty acids into a macro or micro dimension microcapsule
structure, namely, microcapsule technology [23]; (2) simply impregnated fatty acids into various porous
materials. Obviously, the second one has remarkable advantages of low cost, simple operation, unique
pore structure, and easily available materials [22]. As a result, different porous materials were employed
to prepare FSPCMS, thereinto, clay mineral-based FSPCMs were extensively studied such as expanded
graphite [24,25], perlite [26], kaolinite [27,28], diatomite [29,30], and meteorite [31]. A large number
of research results demonstrated that by adsorbing PCM into porous material to fabricate FSPCMs,
the liquid leakage problems can be effectively solved [32,33]. However, the fabrication of FSPCMs is
relatively costly by these natural porous mineral clay materials compared with the preparation of solid
waste-based FSPCM. Moreover, the reserves of natural porous mineral clay materials are exhaustible.
Fortunately, iron tailings (ITs) are a kind of solid waste produced from iron ore separation, and they
are very cheap and quite easily available. Meanwhile, the treatment and recycling utilization of iron
tailings have always been a problem. The comprehensive utilization is becoming one of the hot social
topics all over the world [34–37]. It is worth noting that the main chemical components of typical iron
tailings are similar to several natural mineral materials reported in the literature [38]. The chemical
components such as SiO2, Al2O3, and MgO can be used as porous materials. Moreover, some of the
chemical components in IT such as Na2O and K2O have a fluxing effect, which make ITs possible to be
used as a supporting material of PCM. Therefore, the iron tailings were calcinated to prepare porous
mineral materials in this study.

To overcome poor thermal conductivity of fatty acids, a lot of efforts have been made to synthesize
composite PCMs by adding additives with high thermal conductivity. The introduction of thermal
conductivity enhancers has been proven to be a superior way to effectively improve the thermal
conductivity of fatty acids. Therefore, many researchers attempt to add thermal conductivity enhancers
into PCMs, mainly including carbon nanofibers (CNF) [39], activated carbon (AC) [40], expanded
graphite (EG) [41], graphene [42], and carbon nanotubes (CNT) [43,44]. Among the investigated thermal
conductivity enhancers, CNT was considered to be a promising enhancer of thermal conductivity
in future practical applications and has been a research hotspot in recent years. The feasibility and
effectiveness have also been verified by the above-mentioned literatures [43,44]. Therefore, CNT was
employed to be as the thermal conductivity enhancer in this work.

This study aims to fabricate an FSPCM with an appropriate phase change temperature, good
thermal conductivity, and high heat latent, which could be used in the intelligent temperature control
of buildings. In the FSPCM composite, capric acid (CA) is one of the promising fatty acids used
for building energy conservation because of its suitable phase change temperature and high phase
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change latent heat. Particularly, the phase change temperature of CA is within the human body
comfortable temperatures. Hence, CA was chosen as the PCM in this research. Considering the
cost, simple preparation, and practical utility, the iron tailings were pretreated firstly by calcination.
Then, the obtained calcination iron tailings (CIT) were acted as the supporting material to prevent the
liquid CA leakage. Additionally, CNT was used as the thermal conductivity enhancer to improve the
thermal conductivity of CA. The composite PCMs were prepared through the facile direct impregnation
method. The prepared CA/CIT/CNT FSPCM has great potential for TES application in buildings.
Simultaneously, it creates an innovative approach for recycling utilization of iron tailings.

2. Experiment

2.1. Material

The CA was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The iron
tailings were obtained from the Hanxing Mining Bureau (Handan, China). The iron tailings were
firstly screened into −60 mesh. Additionally, the sample was mixed with a montmorillonite binder
additive (provided from Yipusheng Tianjin Pharmaceutical Co., Ltd.). Then, the mixture was roasted
in a high-frequency furnace at about 300 ◦C for 30 min. After that, the mixture was heated at 600 ◦C for
120 min. The cooled residual ash sample became CIT to package PCM. As seen from Table 1, CIT has
similar chemical components as some typical minerals and this indicates that it can be used as carrier
matrix to prepare mineral-based composite phase change materials in theory. The CNT was supplied
by Suzhou Tanfeng Tech, Inc. (Suzhou, China). The main properties of the CA and CNT were given in
Table 2.

Table 1. Comparison of chemical constituent of iron tailings, calcination iron tailings (CIT), and some
typical natural minerals [45,46].

Material SiO2 Al2O3 Fe2O3 CaO MgO K2O + Na2O Others

Iron tailings 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

Diatomite 97.91 1.04 0.65 - 0.05 0.12 0. 23
Perlite 74.6 13.1 0.83 0.83 0.19 7.87 2.58

Table 2. Main properties of capric acid (CA) and carbon nanotubes (CNT).

Properties CA CNT

CAS number 334-48-5 308068-56-6
Chemical formula C10H20O2 -
Molecular weight 172.26 -

Purity (%) 98.5 91%
Melting point (◦C) 31.4 ◦C 3550 ◦C

Solidifying point (◦C) ≥29.0 ◦C -
Thermal conductivity (w/(m·k)) - 2860

2.2. Preparation of FSPCM

As shown in Figure 1, the FSPCM was fabricated according to the following two steps. First of all,
the different mass ratio of CA and CIT were put into different beakers and evenly mixed, respectively.
Then, the mixtures were heated and evenly stirred on the water bath at 60 ◦C for 30 min. After they
were cooled down to room temperature for 2 h, the composites were formed. Then, the leakage tests
were carried out though the simple and effective method reported by the literature 47–50 [47–50].
Secondly, the CA/CIT sample without leakage and maximum adsorption capacity of CA was mixed
with 1 wt.%, 3 wt.%, 3 wt.%, and 7 wt.% CNT in 25 mL beakers, respectively. Moreover, the preparation
procedures of the sample composites in the first step were repeated. Thus, the CA/CIT/CNT FSPCMs
can be obtained.
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Figure 1. Preparation process of CA/CIT/CNT composites.

2.3. Characterization of FSPCM

The leakage tests were conducted on the constant magnetic stirrer by taking advantage of the
diffusion-oozing testing method. Before testing, 3 g CA/CIT composites consisting of different mass
fractions of CA and CIT were separately pressed at 12 MPa for 3 min in the mould with the diameter of
3 cm. The made-up samples similar to small round flakes were put on the medium speed filter papers,
respectively. Then, the samples along with the corresponding filter paper were placed in the constant
humidity magnetic stirrer to be heated at 60 ◦C for 10 min. The leakage phenomenon and the result
of the samples can be observed during the heating process. The leakage stain of every sample was
measured by a ruler with a test error of ±0.5 mm. The amounts of the samples were weighed by digital
electronic precision balance with one-thousandth precision. The microstructure of CA, CIT, CNT,
CA/CIT, and CA/CIT/CNT FSPCM were characterized by scanning electron microscope (SEM). The
chemical characterization of the constituents of FSPCM was evaluated by using Fourier transformation
infrared spectroscope (FTIR) at a wavenumber range of 400–4000 cm−1. The melting temperature and
latent heat of CA/CIT and CA/CIT/CNT FSPCM were measured by differential scanning calorimeter
(DSC) at the heating/cooling rate of 10 ◦C/min under N2 gas atmosphere. The thermal gravity analyses
(TGA, from 20–600 ◦C) of CA, CA/CIT, and CA/CIT/CNT were used to investigate the thermal stability
of FSPCM. The thermal storage and release performance were conducted by using an intelligent
paperless recorder. For this purpose, the same amount of CA, CA/CIT FSPCM, and CA/CIT/CNT
FSPCM were put into centrifuge tubes, respectively. Then, the thermocouple was embedded into
the centrifuge tube, while the other was connected to the intelligent paperless recorder. After that,
all the centrifuge tubes were placed into the refrigerator at −10 ◦C to maintain the same starting
temperature. When the experiments were started, they were placed into the water bath at room
temperature. The temperature range of the sample was −10 to 60 ◦C for the heating process, while 60
to −10 ◦C for the freezing process, respectively. When the temperature of the water bath rose up to 60
◦C, it was kept for half an hour during the heating process. The temperature data during the whole
process of heat storage/release were continuously recorded by the intelligent paperless recorder.

3. Results and Discussion

3.1. The Leakage Tests of CA/CIT/CNT Composites

The sample tablets of CA/CIT composites used in the leakage tests were given in Figure 2.
The testing results were shown in Figure 3. Obviously, the leakage is more and more serious from
Figure 3d to Figure 3a, while the leakage of CA liquid cannot be observed in Figure 3e,f. Usually, no
leakage of PCM is the basic criterion to evaluate the package efficiency of FSPCM. Hence, the sample
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S1-5 can be considered to be the FSPCM without liquid leakage. Sometimes, the sample without any
liquid stains of CA on filter paper after heating can also be used to evaluate the package efficiency
of FSPCM. Therefore, the liquid stains of CA in CA/CIT on the filter paper were furthermore shown
in Figure 4. As seen from Figure 4, sample S1-6 indicates no liquid leakage formed in the FSPCM
while there was a small liquid stain of the sample S1-5 on the filter paper. To quantify the leakage of
CA, the leakage ratio was introduced, which is the weight of leaked CA divided by the total weight
of CA in the corresponding composites [32]. As seen in Table 3, the leakage ratios of S1-5 and S1-6
were quite smaller than the others so that their leakage could be negligible. Furthermore, the CNT can
also be employed to act as the supporting material. When CNT was added into the CA/CIT FSPCM,
the leakage ratio of FSPCM would be much lower than without CNT at the mass fraction of S1-5.
Therefore, to be a comprehensive consideration, the sample S1-5 in the first step can be considered to
be the FSPCM used in the second step. In the same way, when the CA/CIT FSPCM was fabricated by
mixing the specified amount of CNT during the second step, the thermal conductivity enhancer CNT
was added into the CA/CIT FSPCM to fabricate CA/CIT/FSPCM.
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Table 3. Basic proportion and leakage results of CA/CIT composites.

Step Sample The Composition Ratio of
the CA/CIT Composites Leakage Ratio (%) Leakage Area of

the Sample (cm2)

1 S1-1 Pure CA 46.07 72.35
1 S1-2 50% CA + 50% CIT 21.80 39.57
1 S1-3 40% CA + 60% CIT 15.43 26.41
1 S1-4 30% CA + 70% CIT 12.89 18.85
1 S1-5 20% CA + 80% CIT 0.50 (negligible) (Missing)
1 S1-6 10% CA + 90% CIT 0.33 (negligible) 0

To quantitatively evaluate the leakage results, the leakage area and leakage ratios of CA/CIT
composites were calculated and shown in Figures 5 and 6. From Figures 5 and 6, it can be clearly seen
that both the leakage area and the leakage ratio of CA/CIT composites increase monotonously with
the increasing of the mass fraction of CIT. Moreover, the linear relationships can be described as the
following formulations, respectively.

Y1= −0.5931X1 + 48.8259, R2 = 0.9773

where Y1 represents the leakage ratio of sample, %. X1 represents the mass fraction of sample, %.

Y2= −0.9539X2 + 73.9642, R2 = 0.9757

where Y2 represents the leakage area of sample, cm2. X2 represents the mass fraction of sample, %.
Obviously, when the mass fraction of CIT is about 80%, the leakage area and the leakage ratio

of CA/CIT composites are very small and negligible. Furthermore, the mentioned relationships may
provide a relatively feasible quantitative method to evaluate and judge the leakage of PCM composites.
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3.2. Morphology of the CA, CIT, CNT, CA/CIT, and CA/CIT/CNT Composites

Figure 7 shows the SEM images of CA, CIT, CA/CIT FSPCM, and CA/CIT/CNT FSPCM. As shown
in Figure 7a, the CA displayed the viscous paste liquid. From Figure 7b, it can be seen that the CIT had
a porous microstructure. As seen from Figure 7c, the CNT looked like an expanded cotton floc with
various pore network structures. As observed from Figure 7d, the surface of CIT was covered by the
impregnated CA. Simultaneously, most of the porous hole of CIT were completely covered and the
porous holes were reduced. This indicated that the suitable amount of CA could be absorbed into
porous holes of CIT due to capillary and surface tension forces among the components. As clearly
noticed from Figure 7e,f, some CNT was covered on the surface porous hole of CIT, which confirmed
that the CNT was successfully impregnated into the synthesized FSPCM, while most of the CNT was
filled into CIT particles. This is the reason why CNT can enhance the heat transfer efficiency of CA by
constructing path channels for CA successfully.



Minerals 2019, 9, 648 8 of 16

Minerals 2019, 9, x FOR PEER REVIEW 8 of 15 3.2. Morphology of the CA, CIT, CNT, CA/CIT and CA/CIT/CNT composites 1 

 2 

 3 

 4 

(a) (b) 

(c) (d) 

(e) (f) 

CIT 

CNT 
CNT 

CA 

CA 

CIT 

CIT 

CA 

  
 

 

  
 

  
   

 

 

         

         

         

 20μm 

 20μm 

20μm  

100μm  

3μm 

8μm  

3μm 

10μm 

100μm  

 

Figure 7. SEM photographs of CA (a), CIT (b), CNT (c), CA/CIT (d), CA/CIT/CNT, (e) and (f). 

3.3. Chemical Compatibility of the CA/CIT/CNT Composites 

The FTIR spectrums of the CA, CIT, CA/CIT FSPCM, and CA/CIT/CNT FSPCM were given in 

Figure 8. It can be seen that in the spectrum of pure CA, the absorption peaks at 939, 1410, and 1710 

cm−1 corresponded to the stretching vibrations of –OH, C=O, and COO–, respectively. The 

characteristic peaks at 2850 and 2930 cm−1 represented symmetric stretching vibrations of –CH3 and 

–CH2, respectively [51,52]. In the spectrum of CIT, the bands at 476, 695, and 882 cm−1 can be ascribed 

to the stretching of the Si–O–Si group. Additionally, the stretching vibrations of the Si–O group 

Figure 7. SEM photographs of CA (a), CIT (b), CNT (c), CA/CIT (d), CA/CIT/CNT, (e) and (f).

3.3. Chemical Compatibility of the CA/CIT/CNT Composites

The FTIR spectrums of the CA, CIT, CA/CIT FSPCM, and CA/CIT/CNT FSPCM were given
in Figure 8. It can be seen that in the spectrum of pure CA, the absorption peaks at 939, 1410,
and 1710 cm−1 corresponded to the stretching vibrations of –OH, C=O, and COO–, respectively.
The characteristic peaks at 2850 and 2930 cm−1 represented symmetric stretching vibrations of –CH3
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and –CH2, respectively [51,52]. In the spectrum of CIT, the bands at 476, 695, and 882 cm−1 can be
ascribed to the stretching of the Si–O–Si group. Additionally, the stretching vibrations of the Si–O group
appeared in 1090 and 1170 cm−1. The spectrums of CA/CIT and CA/CIT/CNT showed the primary
peaks of CA and CIT, and CNT had no effect on the spectrum peaks of composites. Moreover, no other
additional peaks occurred in the fabricated FSPCMs except for slight changes in the intensity of some
peaks because of weak physical interaction such as, hydrogen bonding interactions, surface tension
force, and capillary force. These findings indicated that there was only physical interaction among CA,
CIT, and CNT in composites without any kind of chemical action. Hence, FTIR results confirmed that
FSPCM had good chemical compatibility among the constituents in FSPCM. Moreover, the physical
interaction largely contributed to the shape-stabilization of CA/CIT because the CA molecules were
firmly tied to CIT pores by the confinement effect.
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3.4. Thermal Properties of the CA/CIT/CNT FSPCMs

The thermal properties including latent heat value and phase change temperature of CA/CIT
FSPCM and CA/CIT/CNT FSPCM were examined by DSC. The DSC curves and data of CA/CIT FSPCM
and CA/CIT/CNT FSPCM are shown in Figure 9 and Table 4. As seen from Figure 9 and Table 4, the
melting temperature and freezing temperature of CA/CIT FSPCM and CA/CIT/CNT FSPCM were
determined as 35.89 and 26.8 ◦C for CA, as 30.73 and 26.77 ◦C for CA/CIT FSPCM, as 29.70 and 26.09 ◦C
for CA/CIT/CNT FSPCM, respectively. In comparison with pure CA, the melting temperatures of the
composites were diminished by 5.16 and 6.19 ◦C, respectively. Compared to pure CA, the freezing
temperatures of composites were reduced by 0.03 and 0.71 ◦C, respectively. In addition, there was
a difference between the freezing temperature and melting temperature. The reason may be the
physical interaction among the components in composites. Fortunately, the phase change temperature
of composites is closed to the comfortable room temperature of 20–26 ◦C, so the prepared CA/CIT
FSPCM is suitable for application in buildings. Moreover, the thermal enthalpy of CA, CA/CIT FSPCM,
and CA/CIT/CNT FSPCM are 169.5, 25.14, and 22.69 J/g during the melting process, respectively.
The comparisons of thermal properties between this work and some other literatures were also listed
in Table 4. Although the thermal enthalpy of CA/CIT/CNT FSPCM is slightly lower than that of some
literatures, it has many advantages over other materials in building applications such as low cost, wide
source, large in quantity, easy to use, and simple process. In short, we can conclude that the fabricated
CA/CIT/CNT FSPCM has TES potential in buildings as energy-saving materials.
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Table 4. Thermal properties and results comparison with some literatures.

Item
Melting

Temperature
(◦C)

Solidifying
Temperature

(◦C)

Latent Heat of
Melting (J/g)

Latent Heat of
Solidifying

(J/g)
References

Capric-myristic acid (20 wt.%)/VMT 19.8 17.1 27.46 31.42 [53]
Capric-myristic acid (20 wt.%)/VMT

+ EG (2 wt.%) 19.7 17.1 26.9 (Missing) [53]

Capric-lauric acid (26
wt.%)/gypsum 19.11 (Missing) 35.24 (Missing) [54]

Dodecanol (25–30 wt.%)/gypsum 20.0 21.0 17.0 (Missing) [55,56]
Propyl palmitate (25–30

wt.%)/gypsun 19.0 16.0 40.0 [55,56]

Capric-lauric acid (25–30 wt.%) +
fire retardant/gypsum 17.0 21.0 28.0 (Missing) [57]

Paraffin (18 wt.%)/kaolin 23.9 26.3 27.9 (Missing) [58]
Xylitol pentalaurate (19

wt.%)/cement 44.07 41.08 31.09 27.36 [59]

Xylitol pentalaurate (20
wt.%)/gypsum 40.44 39.53 31.77 29.47 [59]

Capric-palmitic acid (25
wt.%)/gypsum wallboard 21.12 21.46 36.23 38.28 [60]

Emerest 2326 (25.7 wt.%)/gypsum 16.32 19.7 34.77 33.97 [61]
PA (25 wt.%)/active aluminum

oxide 74.13 59.57 28.56 17.53 [62]

S1-5 (CA 20 wt.% + CIT 80 wt.%) 30.73 28.98 25.14 23.05 This study
CA/CIT/CNT (CA20 wt.% + CIT 80

wt.%/CNT 5 wt.%) 29.70 28.09 22.69 21.17 This study

3.5. Thermal Stability of the CA/CIT/CNT FSPCMs

The thermal stability of CA, CA/CIT FSPCM, and CA/CIT/CNT FSPCM were examined by TGA,
and the TGA curves were presented in Figure 10. As seen from Figure 10, the weight loss percentage of
CA, CA/CIT FSPCM, and CA/CIT/CNT FSPCM were 99.92%, 20%, and 18.90%, respectively. The results
indicated that the mass fractions of CA confined into CIT and CIT/CNT were 20% and 18.90%,
respectively. In addition, CIT was still thermally stable over 440 ◦C. It demonstrated that the CIT was
quite feasible to act as supporting material of CA PCM. Moreover, the onset degradation temperatures
of CA, CA/CIT FSPCM, and CA/CIT/CNT FSPCM were 220 ◦C, 380 ◦C, and 440 ◦C, respectively. The
temperature limit for thermal degradation of CA/CIT FSPCM and CA/CIT/CNT was much higher
than that of the working temperatures (16–26 ◦C). These results confirm that the CA/CIT FSPCM and
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CA/CIT/CNT FSPCM have good thermal stability, which makes them more suitable for TES application
in buildings.
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3.6. Thermal Storage/Release Performance of the CA/CIT/CNT FSPCMs

To further evaluate the improvement efficiency of heat transfer, the thermal storage/release
performance was also examined through the cooling curve method. The test method and storage
efficiency definition of the melting and cooling curve in this study was the same as the condition in our
previous work [63]. Moreover, the evaluation method of heat transfer of the prepared FSPCMs was also
as the conditions in our previous work [63]. The melting and cooling curves of CA, CA/CIT PSPCM,
and CA/CIT/CNT FSPCM with different mass fraction CNT were shown in Figure 11. From the curves
of Figure 11, for a 40 ◦C increase in temperature (from −12 to 30 ◦C) during the melting process, the
required time was about 21, 18, 15, 13, 12, and 11 min for CA, CA/CIT FSPCM, and CA/CIT/CNT
FSPCM, respectively. Compared with the melting time of CA and CA/CIT FSPCM, the melting time
was reduced by 47.62% and 38.89%, respectively for CA/CIT/CNT (7 wt.%) whereas it was reduced by
42.86% and 33.33% for CA/CIT/CNT (5 wt.%). In a similar way, for a 40 ◦C decrease in temperature
(from 30 to −12 ◦C) during the solidifying process, the passed time was about 22, 20, 13, 12, 10, and 8
min, respectively, for CA, CA/CIT FSPCM, and CA/CIT/CNT FSPCMs. In comparison with the freezing
time of CA and CA/CIT FSPCM, it was reduced by 63.64% and 60.00%, respectively for CA/CIT/CNT (7
wt.%) whereas it was reduced by 54.55% and 50.00% for CA/CIT/CNT (5 wt.%). Moreover, the time of
maintaining an equilibrium temperature platform for CA, CA/CIT FSPCM, and CA/CIT/CNT FSPCMs
with different mass fractions CNT in the melting process was 12, 9, 5, 2.5, 2, and 1.8 min, respectively.
Additionally, the time of maintaining the equilibrium temperature platform for CA, CA/CIT FSPCM,
and CA/CIT/CNT FSPCMs during the freezing process was 14, 7, 4, 2.5, 2, and 1.8 min, respectively.
The time of maintaining the equilibrium temperature platform of CA/CIT/CNT FSPCMs was less than
that of CA and CA/CIT FSPCM during the melting or freezing process. The CA/CIT/CNT FSPCM
exhibits a greater heat storage/release rate than CA/CIT and pure CA. These results mean that the
CNT additive in PSPCM can evidently reduce the thermal storage/release time and improve heat
transfer efficiency.
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4. Conclusions

In this study, CIT was used as the supporting material to prevent the liquid leakage of CA and
fabricate the FSPCM. A novel CA/CIT/CNT FSPCM was developed to be used in a building TES
by a facile direct impregnation method. The leakage tests reveal that both the leakage area and the
leakage ratio of CA/CIT composites decrease monotonously with the increase of the mass fraction of
CIT (Y1 = −0.5931X1 + 48.8259, R2 = 0.9773. Y2 = −0.9539X2 + 73.9642, R2 = 0.9757). The absorption
of CA in CIT is about 20 wt.% without liquid leakage. The good chemical compatibility among CA,
CIT, and CNT were confirmed by SEM and FTIR tests. When the mass fraction of CIT is about 80
wt.% in CA/CIT/CNT FSPCM including 5 wt.% CNT, the DSC results indicate that the fabricated
CA/CIT/CNT FSPCM melts at 29.70 ◦C with a latent heat of 22.69 J/g and solidifies at 28.09 ◦C with the
enthalpy of 21.17 J/g, respectively. The fabricated CA/CIT/CNT FSPCM has a suitable phase change
temperature, which is close to the suitable room temperature range of 20–26 ◦C. The TGA analysis
confirms that the CA/CIT/CNT FSPCM has good thermal stability above its working temperature.
Moreover, the melting and solidifying time of the prepared CA/CIT/CNT (5 wt.%) FSPCM are 42.86%
and 54.55% less than those of pure CA, respectively. The introduction of CNT can increase the thermal
conductivity of CA/CIT composites and improve the storage/release performance of CA/CIT and pure
CA. In conclusion, the produced CA/CIT/CNT FSPCM presents a potential choice for TES in buildings
as ingredients material. Moreover, it may provide a novel path for recycling utilization of iron tailings.
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