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Abstract: Fly ash is a kind of industrial solid waste that is considered “hazardous waste”. In this
study, a supporting matrix of modified fly ash (MFA) was employed to package lauric acid (LA) via a
facile direct impregnation method involving less experimental error. A low-cost and eco-friendly
form-stable phase change material (PCM) of LA/MFA/graphene (G) was fabricated, with G as the
thermal conductivity enhancer. The preparation and leakage testing of an LA/MFA/G form-stable
PCM (FSPCM) were investigated in detail. The leakage test results indicated that good package
efficiency was obtained using MFA with a higher specific surface area and richer pore structure to
pack the LA. Then, LA/MFA/G composites were characterized via scanning electronic microscope
(SEM), Fourier transform infrared spectroscope (FTIR), differential scanning calorimeter (DSC), and
thermal gravimetric analyzer (TGA). The results showed that excellent form stability was obtained by
adding MFA as the supporting matrix. The SEM analysis indicated that LA could be well dispersed
into the structure of MFA. The FTIR analysis demonstrated that the components of the FSPCM were
quite compatible. The results of the DSC illustrated that LA/MFA/G (5 wt. %) had a melting point
of 45.38 ◦C and a latent heat of 41.08 J/g. The TGA analysis revealed that the prepared FSPCM
had better thermal stability compared with LA within its working temperature range. In addition,
the effects of G on the heat transfer performance of the prepared FSPCM were examined. In short,
using MFA with a higher specific surface area and richer pore structure to pack the LA via a simple
preparation process with less experimental error can contribute to good performance. The research
not only improved the comprehensive utilization of solid waste, but also promotes the application of
FSPCM in the field of building energy conservation.

Keywords: lauric acid; modified fly ash; graphene; FSPCM; thermal energy storage

1. Introduction

Energy consumption has increased rapidly due to economic development and rising
living standards [1]. As a result, the global energy challenge has become a threat to
humanity in this century [2]. In particular, the global consumption of electricity produced
by thermal power plants is growing [3]. Simultaneously, the demand for alternative power
supplies caused by the global energy crisis is also increasing [4]. However, industrial waste
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emissions from electricity and heat generation create challenges for the low-carbon or
net-zero carbon economy [5]. Among these, industrial waste fly ash (FA) as a by-product of
coal combustion in thermal power plants has become one of the most important dangerous
industrial solid wastes. More than 620 million tons of FA was produced in China in 2019;
540 million tons of it was produced by some important industries, such as electric power [6].
Although FA has partly been recycled for porous materials and construction materials such
as plaster, brick, wallboard, cement, and concrete [7–9], FA waste is still massive, and more
than 3000 million tons of it will destroy the local ecological environment due to potentially
toxic trace elements and heavy metal elements, as well as other contaminants [10–12]. In
addition, FA occupies a large area of soil; therefore, the disposal of FA is technically difficult.
More efforts have been undertaken to improve the comprehensive utilization of FA to
develop new approaches and applications.

Simultaneously, much attention has been paid to developing renewable energy sources
and improving energy utilization and management around the world, owing to the energy
crisis and environmental pollution caused by carbon-based fossil energy sources such as
coal [13,14]. Phase change materials (PCMs) are advantageous in thermal energy storage,
and are considered to be one of the main technologies to address global energy challenges
through improving energy efficiency and achieving energy savings [15,16]. As latent
heat energy storage materials, PCMs have the ability to adsorb and release substantial
thermal energy during the melting and solidifying process, with a high energy storage
density and cost savings [17]. Among the investigated PCMs, fatty acids such as lauric
acid (LA) are regarded as one the most promising PCMs for extensive low-temperature
application prospects, due to its low vapor pressure, low cost, ready availability, good
chemical compatibility, thermal stability, non-corrosivity, non-toxicity, and excellent thermal
properties [18,19]. However, the poor thermal conductivity and leakage problems of fatty
acids restrict their practical application [20]. Therefore, much research is required to resolve
the two drawbacks. On the one hand, various kinds of thermal conductivity enhancers
can be introduced to enhance LA’s thermal conductivity, which is considered a simple
and effective method [21]. Among the various conductivity enhancers, graphene (G) is a
relatively ideal conductivity enhancer that is extensively employed due to its ultrahigh
thermal conductivity, high specific surface area, and light weight [22–24]. On the other
hand, many efforts have been made to solve the leakage problem of fatty acids. A simple
and effective method is to adsorb PCMs into porous minerals to fabricate form-stable
PCMs (FSPCMs). The porous minerals that can act as supporting materials are as follows:
diatomite (DT) [25,26], sepiolite [27,28], vermiculite [29,30], attapulgite [31,32], and so
on. The package efficiencies of these raw porous minerals are acceptable. However, the
costly, relatively exiguous, and exhaustive characteristics of raw porous minerals reduce
the practical application value of porous minerals-based FSPCMs. Hence, developing
high-performance FSPCMs based on low-cost and environmentally friendly supporting
materials remains a significant challenge. It is necessary to develop other lightweight
porous support materials with large specific surface areas and low costs.

Interestingly, the above-mentioned FA is quite easily available, cheap, and abundant.
Moreover, FA comprises abundant and complex anthropogenic materials with different
mineral phases [33]. Fortunately, many mineral chemical components in FA are similar
to the components in some porous minerals. Based on this fundamental knowledge, FA
could theoretically be employed as a supporting matrix to prevent the leakage of fatty
acids. Furthermore, the initial feasibility of FA has been confirmed by some scholars to
reduce the costs of supporting materials and improve the comprehensive utilization level
of FA in the past few years [33–42]. On the one hand, previous research showed that
FA can be employed as a support material to pack LA to fabricate FSPCMs, according
to the above-mentioned literature. However, the preparation processes and procedures
are complex. Moreover, the latent heat of FSPCMs based on directly employing FA as
a supporting material was found to be lower compared with conventional supporting
materials. Even though the latent heat of FSPCMs based on FA was much lower compared
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with conventional supporting materials, a demand for the high-value utilization of FA
and its advantage of zero raw material costs still promotes the development of FSPCMs
based on FA. Therefore, it is urgent to develop a treatment method to modify FA with large
specific surface areas; this is of great significance to this research.

On the other hand, it is worth noting that excellent results to improve PCM loading by
employing different treatment methods to modify porous minerals have been achieved.
Hence, suitable approaches can be applied to the modification of industrial solid wastes
such as FA. Among the different treatment methods, the acid-leaching treatment of FA
has been proven to be feasible. With its promise to improve the loading capacity of PCMs,
there is further need to evaluate the efficiency of this technology. Therefore, systematic
experiments should be proposed and used to explore the package efficiency of modified FA
as a supporting material. In this study, we first developed a porous support material with
large specific surface areas, light weight, and low cost, in order to improve the package
efficiency of FA. Then, LA, modified FA, and G were used as the PCM, supporting matrix,
and thermal conductivity enhancer, respectively. A low-cost and eco-friendly FSPCM of
LA/MFA/G was prepared via a simple and facile direct impregnation method involving a
simple process. Leakage testing was performed, and the physical structure and thermal
properties were systemically investigated. The feasibility and performance of using MFA
to pack LA via the facile direct impregnation method with reduced operation error were
systemically examined. This research into the preparation feasibility and performance
evaluation of LA/MFA/G FSPCM could not only broaden the comprehensive utilization
field for FA, but also demonstrate potential in fabricating new construction materials for
energy savings in buildings. More importantly, the sustainability of FA supporting material
is of vital importance for practical applications.

2. Experiments
2.1. Materials

In this study, the LA used in this study (98.5% pure, analytical grade) was supplied by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The FA sample was provided
by Shijiazhuang Thermal Power Plant. The chemical composition of FA is listed in Table 1.
Sulfuric acid was obtained from Tianjin Damao Chemical Reagent Co., Ltd., China. Before
their use, the samples of raw FA were dried at 110 ◦C for 2 h to remove humidity. The G
was used as a thermal conductivity enhancer, and was purchased from Suzhou Tanfeng
Technology Co., Ltd., Suzhou, China.

Table 1. Chemical composition of FA before and after modification.

Item SiO2 Al2O3 Fe2O3 TiO2 K2O Na2O CaO MgO Others

FA 49.120 37.042 4.859 1.555 1.145 0.751 2.734 0.614 2.18

MFA [37] 52.490 37.433 4.032 1.564 1.118 0.784 0.909 0.534 1.136

2.2. Preparation of LA/MFA/G

A schematic diagram of the preparation processes for LA/MFA/G is shown in Figure 1.
The whole preparation process can be divided into three steps, i.e., the modification of FA,
the synthesis of LA/MFA FSPCM, and the preparation of LA/MFA/G FSPCM. Information
for all of the composite samples is shown in Table 2.
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Figure 1. Schematic diagram of preparation process of LA/MFA/G FSPCM.

Table 2. The basic proportions of the LA/MFA and LA/MFA/G composites.

Step Sample
Name

Composition Ratio
(wt. %)

Leakage Ratio
(%)

Leakage Area
(cm2)

Deformation
(Yes/No)

Leakage
(Yes/No)

2 S1-1 Pure LA 45.57 122.66 Yes Yes
2 S1-2 60 LA + 40MFA 19.76 45.34 Yes Yes
2 S1-3 50 LA + 50MFA 11.37 38.74 Yes Yes
2 S1-4 40 LA + 60MFA 5.70 29.45 Yes Yes
2 S1-5 30 LA + 70MFA 1.37 6.83 No Yes
2 S1-6 20 LA + 80MFA 0 0 No No
2 S2-1 30 LA + 70MFA/1G 1.23 6.38 No Yes
2 S2-2 30 LA + 70MFA/3G 0.77 5.62 No Yes
2 S2-3 30 LA + 70MFA/5G 0.23 1.18 No Yes
2 S2-4 30 LA + 70MRFA/7G 0 0 No No
3 S3-1 27.5 LA + 72.5MFA/1G 0 0 No No
3 S3-2 27.5 LA + 72.5MFA/3G 0 0 No No
3 S3-3 27.5 LA + 72.5MFA/5G 0 0 No No

2.2.1. Modification of FA

In the first step, the FA was treated using sulfuric acid. The detailed process was as
follows. Firstly, a certain amount of FA was added to a 250 mL beaker with 1.5 moL/L
sulfuric acid solution. Secondly, the beaker with the mixture of FA and sulfuric acid
solution was placed on a magnetic stirrer and stirred for half a day at 50 rpm. After that,
the obtained product was filtered with a medium-speed filter. Then, the sediment was
repeatedly washed until it was neutral. During the rinse, sediment was repeatedly filtered
using a vacuum filter. Finally, the sediment was dried in a drying oven for 12 h at 110 ◦C.
After this, the modified FA was obtained. The modification process of FA also refers to our
previous description, and the X-ray fluorescence results (XRF) of the MFA are provided
in Table 1.
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2.2.2. Synthesis of LA/MFA FSPCM

In the second step, the LA/MFA composite was synthesized via a simple and facile
direct impregnation method. The fabricating procedures were as follows. The MFA was
dried at 120 ◦C for 60 min before use. Then, a certain amount of LA and MFA were weighed
and uniformly mixed by hand in a 250 mL beaker using a glass rod according to different
mass ratios of 6:4, 5:5, 4:6, 3:7, and 2:8. Then, the beakers with the corresponding mixture
of different mass ratios were heated to 60 ◦C in a water bath, and continuously stirred for
half an hour. After the LA was completely melted, all of the beakers were cooled to room
temperature. Thus, the LA/MFA composites were fabricated. After that, the synthesized
composites were pressed into tablets with the same quality, shape, and size according to
the literature [35,43]. Finally, the leakage tests of the tablet samples were carried out to
examine the leakage performance of LA/MFA composites at a heating temperature of
60 ◦C for 10 min, according to experiments in literature [35,43]. The leakage test results are
shown in Table 2. All of the composite samples are also described in Table 2.

2.2.3. Preparation of LA/MFA/G FSPCM

In the third step, on the basis of experiment exploration, the determined dried LA
and MFA were weighed to specified amounts according to different mass fractions of 6:4,
5:5, 4:6, 3:7, and 2:8, and fully mixed in 250 mL beakers. Then, G with a certain weight
percentages of 1 wt. %, 3 wt. %, 5 wt. %, and 7 wt. % was added into the beakers with
LA/MFA FSPCM and evenly mixed on a magnetic stirrer. Subsequently, beakers with
their corresponding mixtures were placed in a 60 ◦C water bath for 30 min to fabricate the
LA/MFA/G composites. During the fabrication process, the mixture was continuously
stirred using a glass rod. After the LA was fully adsorbed into the MFA, the synthesized
mixture was cooled down to room temperature. The LA/MFA/G composites were obtained
following the above-mentioned procedures. Then, the leakage tests of the LA/MFA/G
composites were performed in line with the method mentioned above. The leakage testing
results determined the package efficiency and formability of the prepared LA/MFA/G
composites. In this way, the LA/MFA/G FSPCM was obtained.

2.3. Characterization

A scanning electron microscope (SEM, PhenomProX) was used to study the microstruc-
tural morphologies of the LA, MFA, G, LA/MFA FSPCM, and LA/MFA/G FSPCM. A
Fourier transform infrared spectrometer (FTIR, Thermo Scientific, USA) was employed to
record the chemical compatibility among the components of the LA/MFA/G FSPCM. The
wavenumber was changed from 400 to 4000 cm−1 with a resolution of 2 cm−1 using KBr
pellets. Thermogravimetric analysis (TGA, Q600) was utilized to investigate the stability of
the fabricated FSPCMs. The operating temperature ranged from 25 ◦C to 400 ◦C, with a
heating rate of 20 ◦C/min under an N2 atmosphere. A differential scanning calorimeter
(DSC, Q100) was used to determine the thermal properties of the FSPCMs with a heating
rate of 10 ◦C/min in an N2 atmosphere, and its mean deviation of latent heat accuracy and
phase change temperature were 0.1% and 0.1 ◦C, respectively. XRF (PANalytical Axios)
was used to determine the oxide content. To investigate the thermal energy storage/release
performance of the samples and examine the effect of G on the heat transfer efficiency,
heat storage/release curves of the prepared FSPCMs were measured using an intelligent
paperless recorder. The operating temperature ranged from 20 ◦C to 80 ◦C and 80 ◦C to
20 ◦C, for the heating process and the freezing process, respectively. In addition, the leakage
results of liquid LA were evaluated in terms of the leakage area and the leakage ratio in
the second step. The results are listed in Table 2. In this study, the leakage ratio was the
leakage mass of LA divided by the total mass of LA in the corresponding composite [44].
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3. Results and Discussion
3.1. Leakage Test Results of the Prepared FSPCMs
3.1.1. Leakage Test Results of LA/MFA Composites

The leakage test results of the synthesized LA/MFA composites were obtained after
heating at 60 ◦C, and were also reported in our previous research [43]. The stain of the liquid
LA in the composite on the filter decreased with the mass ratio of LA to MFA, decreasing
from 6:4, 5:5, and 4:6 to 3:7. According to our previous study, when the ratio of LA to
MFA was 2:8, the LA /MFA composite did not leak [42]. The leakage of the composites
became increasingly worse with the increasing LA mass fraction. In other words, increasing
the mass fraction of FA prevented leakage of the samples. Moreover, the shape stability
of the composites was consistent with the leakage stain results of LA in the composites.
Thus, the prepared LA/MFA composite with a mass ratio of LA to MFA at 3:7 was initially
considered to be form-stable without LA leakage.

In short, MFA can successfully confine LA and restrict the leakage of LA. Moreover,
these results revealed that LA/MFA composites had better form stability than LA/FA
composites. In other words, the modification of FA could improve the loading capacity and
package efficiency of raw FA [42].

3.1.2. Leakage Test Results of LA/MFA/G Composites

Based on the exploratory experiment mentioned above, the loading capacity of LA in
MFA was determined as 3:7. Considering the high storage capacity and package efficiency,
G weight percentages of 1 wt. %, 3 wt. %, 5 wt. % and 7 wt. % were introduced into
the composite with an LA to MFA mass ratio of 3:7. The leakage results are displayed
in Figure 2. Different stains were observed on the filter papers of the corresponding
samples. As seen from Figure 2a, even though the S2-1, S2-2, and S2-3 samples showed
no deformation, there were leakage stains of LA on the filter papers of the S2-1, S2-2, and
S2-3 composites in Figure 2b. In particular, obvious leakage of LA in the S2-1 sample was
observed. When the mass ratio of LA to MFA was 3:7 with 7 wt. % G, no deformation and
stain were observed on the filter paper in Figure 2a,b. Namely, no leakage occurred on the
filter paper after heating LA/MFA/G with an LA to MFA mass ratio of 3:7 and 7 wt. %
G. In addition, it also demonstrated that G contributed to the adsorption capacity of LA,
and restricted the leakage of liquid LA. In other words, G also had an important effect on
the loading capacity and package efficiency of MFA, in addition to its ability to improve
thermal conductivity.

Figure 2. Deformations of LA/MFA/G samples after heating at 60 ◦C. (a) Liquid leakage of samples
after heating (b) liquid stain on the filter paper after heating.

These findings were good for predicting the leakage extent of the fabricated composites
to investigate the relationships between the G mass fraction and leakage of the LA/MFA/G
composites. The relationships in the second step between the leakage results and different
mass fractions of G are shown in Figure 3, according to Table 2. As seen from Figure 3a,
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when the synthesized composites were heated for 10 min, there were good negative
correlations between the leakage ratio and mass fraction of G added in the composites.
Similar relationships were also found between the leakage area and the mass fraction
of G, as shown in Figure 3b. These results help to evaluate the leakage of LA/MFA/G
composites. The above-mentioned relationships were described as follows:

Y1 = −0.2117X1 + 1.4050, R2 = 0.9667

where Y1 refers to the leakage ratio of the LA/MFA/G composite, in cm−2. X1 refers to the
mass fraction of G added, in %.

Y2 = −1.1784X2 + 8.0064, R2 = 0.8783

where Y2 refers to the leakage area of the LA/MFA/G composite, in cm−2. X2 refers to the
mass fraction of G added, in %.

Figure 3. Relationships between the leakage results and different mass fractions of G. (a) Relationships
between leakage ratio and mass fractions of G (b) Relationships between leakage area and mass
fractions of G.

Considering the relatively high cost of G, when the optimized mass ratio of LA to MFA
was 27.5:72.5, G weight percentages of 1 wt. %, 3 wt. %, and 5 wt. % were added into the
LA/MFA composites. The leakage test results are provided in Figure 4; when the mass
ratio of LA to MFA was 27.5:72.5 with 1 wt. % G, little leakage staining occurred in the S3-1
sample on the filter paper in Figure 4b, while no leakage stains of the S3-2 and S3-3 samples
can be observed in Figure 4b. This means that the leakage of LA in LA (27.5 wt. %)/MFA
(72.5 wt. %)/G (1 wt. %) did not appear. Finally, the preferred mass ratio of LA to MFA was
determined to be 27.5:72.5.

Figure 4. Liquid stains of LA in optimization of LA/MFA/G on the filter paper obtained at 60 ◦C.
(a) Liquid leakage of samples after heating (b) liquid stain on the filter paper after heating.
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3.2. Microstructure of the Prepared Composites

Figure 5 shows the SEM images of FA, MFA, G, and LA/MFA/G FSPCM. Figure 5a
shows that raw FA exhibited spherical structures with different diameters and tiny hairy
surfaces, like balls [35]. The MFA in Figure 5b consists of the different pore structures on
the sphere surface, which are beneficial to absorb liquid LA, together with numerous hairy
structures on the spherical surface, manifesting the modification that enables FA to act as
a supporting matrix. In Figure 5c, the G is described as sheet structures with a stepped
layered appearance. As indicated in Figure 5d–f, the hairiest structures of MFA and the
porous structure of G disappeared because the melted LA was impregnated into the pore
structure of the MFA fragment, absorbed onto the hairy surface microsphere structure of
MFA, and dispersed onto the sheet structure surface of G. This demonstrated that liquid
LA could be loaded and packaged by an MFA supporting matrix. That is to say, MFA can
restrict the leakage of liquid LA. Moreover, the melted LA was covered on the surface of
the sheet structure of G, indicating that G can not only successfully mix with MFA, but can
also construct new heat transfer channels among the LA molecules.

Figure 5. SEM images of (a) FA, (b) MFA, (c) G, and (d–f) LA/MFA/G.

3.3. Chemical Compatibility of the Prepared Composites

The LA, FA, MFA, LA/MFA composite, G, and LA/MFA/G FSPCM were examined
via FTIR spectroscopy. Figure 6 shows the FTIR spectra of the selected samples. For LA,
the characteristic peaks at 723 cm−1 and 937 cm−1 were associated with in-plane swinging
vibrations and the out-of-plane bending vibrations of O-H, respectively. Meanwhile, the
characteristic peaks at 1704 cm−1, 937 cm−1, and 937 cm−1 signified the stretching vibrations
of the C=O group, and the C-H bond in the -CH2 and -CH3 groups, respectively [45,46].
For the MFA, the O-S-O stretching vibration, Si-O-Si stretching vibration, and Si-O-Al
asymmetric vibration were observed at 551, 927, and 1094 cm−1, respectively [40]. For the
G, no strong peak was observed corresponding to the research, indicating the comparatively
pure structure of the sheets [47,48]. In the FTIR spectrum of the LA/MFA composite, the
main characteristic peaks of the LA could readily be observed. This suggests that there
was only physical interaction between the LA and MFA. Similarly, in the FTIR spectrum
of LA/MFA/G FSPCM, the main characteristic peaks of the LA were also obvious. This
suggests that there were physical interactions only among the LA, MFA, and G. The main
characteristic peaks of the LA emerged in the LA/MFA composite and LA/MFA/G FSPCM,
indicating that no chemical reactions occurred among LA, MFA, and G in the preparation
process. The FTIR results demonstrated that MFA and G had excellent chemical compatibility
with LA, indicating that LA/MFA/G FSPCM is suitable as a thermal storage material.
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Figure 6. FTIR spectra of LA, MFA, G, LA/MFA, and LA/MFA/G.

3.4. Thermal Properties of the Prepared FSPCMs

Figure 7 shows the DSC curves of LA, LA/raw FA FSPCM, LA/MFA FSPCM, and
LA/MFA/G FSPCM. The phase change temperature and the latent heat data are presented
in Table 3. As shown in Figure 7 and Table 3, the melting and freezing temperatures
were determined to be 44.26 ◦C and 41.23 ◦C for LA, respectively; in contrast, they were
determined to be 45.74 ◦C and 41.39 ◦C for LA/raw FA FSPCM, 45.39 ◦C and 40.82 ◦C for
LA/MFA FSPCM, and 45.58 ◦C and 40.22 ◦C for LA/RFA/G (5 wt. %) FSPCM. The latent
heats of melting and freezing were measured as 179.9 J/g and 177.6 J/g for LA, 44.93 J/g
and 43.60 J/g for LA/raw FA FSPCM, 49.71 J/g and 47.86 J/g for LA/MFA FSPCM, and
41.08 J/g and 39.32 J/g for LA/MFA/G (5 wt. %) FSPCM, respectively.

Figure 7. DSC curves of LA and LA/raw FA, LA/MFA, and LA/MFA/G (5 wt %). (a) DSC curve of
LA (b) DSC curve of LA/raw FA (c) DSC curve of LA/MFA (d) DSC curve of LA/MFA/G (5 wt %).
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Table 3. Thermal properties of the selected samples.

Samples Loading Rate
of LA (%)

Melting
Temperature

(◦C)

Solidifying
Temperature

(◦C)

Measured
Latent Heat
of Melting

(J/g)

Measured
Latent Heat of
Solidification

(J/g)

Calculated
Loading Rate

of LA (%)

LA 100 44.29 41.23 179.6 177.9 100

LA/raw FA (leakage) 25% 45.74 41.39 44.93 43.60 24.04

LA/MFA 30 45.39 40.82 49.71 47.86 27.22

LA/MFA/G (5 wt. %) 27.5 45.38 40.22 41.08 39.26 22.87

Compared with the pure LA, the phase change temperature of the LA/RFA/G FSPCM
changed slightly (approximately 1.09 ◦C for melting and 1.01 ◦C for freezing), indicating
that using raw FA or MFA as a supporting material for LA had no influence on the phase
change temperature. The decrease in latent heat of the prepared FSPCMs was due to
the fact that raw FA and MFA had no phase change latent heat. However, owing to the
introduction of G, and particularly to the loading capacity enhanced by the fragment
mixture of MFA, the MFA and G could adsorb the LA better and more extensively, thereby
preventing leakage and presenting a high latent heat. As a result, the LA largely infiltrated
into the pores of MFA, and the phase change property was higher than that of LA/raw
FA. This is consistent with the results of the previous packaging leakage experiments.
Furthermore, it was mainly due to the relative high packaging efficiency compared to the
MFA. Simultaneously, this indirectly confirms the validity of the SEM images and FTIR
spectra from another perspective.

The loading fractions of the supporting matrix for each kind of FSPCM were obtained
with the following Equation [49,50]:

M = ∆H FSPCM/∆HLA × 100%

where µ is the corresponding loading fraction of LA in FSPCM, in %; and ∆HFSPCM and
∆HLA are the latent heats of FSPCM and LA, J/g, respectively. The calculated values and
theoretical estimations are shown in Table 3. As can be seen from Table 3, the calculated
adsorptive capacities of LA were retained at 27.22% and 22.87% in the LA/MFA and
LA/MFA/G (5 wt. %) FSPCM, respectively, which were both slightly lower than the
loading rates of LA in the LA/MFA and LA/MFA/G composites without leakage. On
the whole, they were basically consistent with the results of the previous leakage test of
composites shown in Figure 2b.

Based on further analysis, the calculated latent heat capacities of LA/MFA/G seepage-
free FSPCM were also lower than the theoretical values, which were consistent with the mass
fractions of LA. The reason may be that extremely weak physicochemical effects occurred
among small fractions of the LA, MFA, and G. The confinement of LA by MFA and G
probably hindered the crystal arrangements and orientation of the LA molecule chains.

Table 4 lists a comparison of the thermal properties between the synthesized FSPCMs
and some form-stable composite PCMs from results in some of the literature. From Table 4,
it can be seen that the latent heat of LA/MFA/G (5 wt. %) FSPCM (41.08 J/g for the
melting process) was much higher than those of some form-stable composite PCMs that
were prepared for thermal energy storage in low temperature fields under 100 ◦C. It can
be seen that the MFA used as support material has a much better package efficiency than
that of active aluminum oxide, gypsum, TiO2-FA, vermiculite, and RFA. Correspondingly,
the latent heat of the fabricated LA/MFA/G (5 wt. %) FSPCM in this study is higher than
those of the above-mentioned support materials. Moreover, even though the 27.5 wt. %
package efficiency of MFA was lower than that of the high-cost CNT which obtained a
44.8 wt. % package efficiency, the latent heat of the fabricated LA/MFA/G (5 wt. %) FSPCM
in this study was more or less with the latent heat of LA (44.8 wt. %)/CNT. Therefore, the
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fabricated FSPCMs in this study demonstrate significant performance and cost advantages
over the above-mentioned support materials. In short, LA/MFA/G (5 wt. %) is considered
a promising candidate for use in low-temperature thermal energy storage.

Table 4. Comparison of the thermal properties of the prepared FSPCM with that of other materials in
some of the literature.

Item
Melting

Temperature
(◦C)

Solidifying
Temperature

(◦C)

Latent Heat of
Melting (J/g)

Latent Heat of
Solidification

(J/g)
References

Palmitic acid (25 wt. %)/active aluminum oxide 74.13 59.57 28.56 17.53 [51]
Capric–lauric acid (26 wt. %)/gypsum 19.11 —— 35.24 —— [52]
Propyl palmitate(25–30 wt. %)/gypsun 19.0 16.0 40.0 [53,54]
Capric–palmitic acid (25 wt. %)/gypsum
wallboard 21.12 21.46 36.23 38.28 [55]

Emerest 2326 (25.7 wt. %)/gypsum 16.32 19.7 34.77 33.97 [56]
Camphene–palmitic acid (55 wt. %)/FA 68.32 60.46 37.08 34.41 [57]
MA(13.11)/TiO2–FA 52.22 26.68 23.43 22.57 [34]
Capric–myristic acid (20 wt. %)/vermiculite +EG
(2 wt. %) 19.7 17.1 26.9 missing [58]

LA(19.3 wt. %)/RFA 41.34 42.75 34.09 32.97 [33]
LA(44.8 wt. %)/CNT 35.02 missing 42.61 missing [45]
LA/MFA/G(5 wt. %) 45.38 40.22 41.08 39.26 This study

3.5. Thermal Stability of the Prepared FSPCMs

The TGA curves of the LA, LA/MFA composite, and the LA/MFA/G (5 wt. %) FSPCM
are illustrated in Figure 8. The degradation temperatures of the LA, LA/MFA composite,
and the LA/MFA/G FSPCM occurred at 140 ◦C, 140 ◦C, and 160 ◦C, respectively, which
were much higher than their working temperature of 40–47 ◦C. In addition, the weight
losses of the LA/MFA composite and the LA/MFA/G (5 wt. %) FSPCM were about 26.88%
and 22.49%, respectively, which were almost consistent with the adsorbed fraction of the
LA into the MFA supporting matrix. The residual mass of the LA/MFA/G FSPCM was
higher than that of the LA and LA/MFA FSPCM due to the lower encapsulation fraction of
the LA.

Figure 8. TGA curves of LA and LA/MFA and LA/MFA/G (5 wt. %).

Compared to LA, the fabricated LA/MFA/G (5 wt. %) FSPCM had a higher onset
decomposition temperature, which demonstrated that MFA and G can make seepage-
free FSPCMs more stable, owing to their high-temperature resistance characteristics. In
other words, the thermal stability of LA/MFA/G FSPCM was enhanced by MFA and
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G. These findings indicate that the LA/MFA/G FSPCM had excellent thermal stability
within its working temperature, making it suitable for thermal energy storage in practical
applications. Therefore, the LA/MFA/G FSPCM can be widely used in the low-temperature
fields, especially in the field of building energy conservation.

3.6. Heat Transfer Efficiency of the Prepared FSPCMs

The heat storage/release performance curves of the synthesized composites were
determined to evaluate their heat transfer efficiencies. As shown in Figure 9 and Table 5,
it took about 18 min for the LA to undergo the melting process from 25 ◦C, while the
LA/MFA composite and LA/MFA/G (5 wt. %) FSPCM took only about 15 min and
13 min, respectively. During the freezing process, it took about 36 min for LA to accomplish
the freezing process to reach 25 ◦C, whereas the LA/MFA composite and LA/MFA /G
(5 wt. %) FSPCM needed only about 17 min and 12 min, respectively. The heat transfer
efficiency of the LA/MFA/G FSPCM was much higher than those of the LA and LA/MFA
composites. Moreover, the time to maintain the equilibrium temperature of thermal energy
storage in the melting process was about 9.5 min for the LA, about 5 min for the LA/MFA
composite, and about 3.5 min for the LA/MFA/G (5 wt. %) FSPCM. In the freezing process,
it took about 13 min for the LA, about 4.5 min for the LA/MFA composite, and about
2.5 min for the LA/MFA/G (5 wt. %) FSPCM to maintain the equilibrium temperature
of thermal energy storage, which indicated that the thermal storage/release rate of the
LA/MFA/G FSPCM was greatly enhanced with G as the thermal conductivity enhancer.
In other words, the heat transfer efficiency of the LA/MFA/G FSPCM greatly improved.
Compared with those of the LA, the thermal storage and release time of the LA/MFA/G
(5 wt. %) FSPCM were decreased by 61.11% and 80.77%, respectively.

Figure 9. Storage and release curves of LA, LA/MFA, and LA/MFA/G (5 wt%).

Table 5. Comparisons of heat transfer times and rates 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 18 9 36 13 -- --
LA/MFA 15 5 17 4.5 44.44 65.38

LA/MFA/G (5 wt. %) 13 3.5 12 2.5 61.11 80.77

Through the above-mentioned comparison, it was clearly found that the MFA and
G in the prepared composites shortened the melting and the freezing times, and indeed
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improved the heat transfer rates during the melting and freezing processes. Practically, the
introduction of G, together with MFA, significantly reduced the heat storing and releasing
times, and improved the heat storing and releasing rates.

4. Conclusions

To provide a new utilization approach for FA and solve the leakage problem of PCMs,
a low-cost and eco-friendly FSPCM was fabricated in this research, using LA as the PCM,
MFA as the supporting matrix, and G as the thermal conductivity enhancer. A simple
direct impregnation method with less experimental error was used. Firstly, the package
efficiency and leakage resistance of MFA and G were evaluated. Using MFA with higher
specific surface area and richer pore structure as a supporting matrix achieved a certain
package efficiency and restricted the leakage of liquid LA. The introduction of G improved
the loading capacity of MFA, which was consistent with the results of the SEM analysis;
an impregnation ratio of 27.5% was achieved. Simultaneously, the LA/MFA (27.5 wt. %)
/G (5 wt. %) had no leakage of LA and was considered to be the optimal FSPCM for its
excellent performance in the chemical compatibility and thermal properties analyses. The
LA/MFA/G had superior physical compatibility among the LA, MFA, and G. The phase
change temperature of the LA/MFA/G (5 wt. %) was 45.38 ◦C for the melting process
and 40.22 ◦C for the freezing process. Correspondingly, the enhanced thermal storage
capacity with latent heat for melting and solidifying of the LA/MFA/G (5 wt. %) were
determined as 41.08 J/g and 39.26 J/g, respectively. The results of the thermal stability
tests for LA/MFA/G indicated that it had good thermal stability performance within its
operating temperature. Meanwhile, the heat transfer efficiency of the LA/MFA/G (5 wt. %)
FSPCM increased by 61.11% for the melting process and 80.77% for the freezing process. In
summary, using MFA to pack LA via the direct impregnation method with a facile and less
error-prone fabrication process resulted in good performance. Therefore, the LA/MFA/G
FSPCM has the potential to be used for low-temperature thermal energy storage, such as in
buildings. In conclusion, FA can be utilized to prepare FSPCMs that have great potential
for the fabrication of new construction materials.
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