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Abstract: Phase change materials (PCMs) can be incorporated with low-cost minerals to synthesize composites for thermal energy stor-
age in building applications. Stone coal (SC) after vanadium extraction treatment shows potential for secondary utilization in composite
preparation. We prepared SC-based composite PCMs with SC as a matrix, stearic acid (SA) as a PCM, and expanded graphite (EG) as an
additive. The combined roasting and acid leaching treatment of raw SC was conducted to understand the effect of vanadium extraction on
promoting loading capacity. Results showed that the combined treatment of roasting at 900°C and leaching increased the SC loading of
the composite by 6.2% by improving the specific surface area. The loading capacity and thermal conductivity of the composite obviously
increased by 127% and 48.19%, respectively, due to the contribution of 3wt% EG. These data were supported by the high load of 66.69%
and thermal conductivity of 0.59 W·m−1·K−1 of the designed composite. The obtained composite exhibited a phase change temperature of
52.17°C, melting latent heat of 121.5 J·g−1, and good chemical compatibility. The SC-based composite has prospects in building applica-
tions exploiting the secondary utilization of minerals.

Keywords: thermal energy storage; phase change material; stone coal; vanadium extraction; secondary utilization

 

 1. Introduction

The “Our World in Data” based on the 2022 BP Statistic-
al Review of World Energy stated that the annual variation in
global low-carbon energy generation increased by 5.57% in
2021 [1].  Improving energy utilization efficiency and redu-
cing  environmental  damage  are  necessary  [2–6]  under  the
pressure of rapid population growth and excessive resource
exploitation [7]. Renewable energy, especially solar thermal
energy, has attracted increasing attention [8]. However, solar
energy utilization has been set back by its disadvantages of
unstable  and  uncontrollable  properties  [9].  Integrating
thermal energy storage (TES) into renewable energy utiliza-
tion  systems  is  an  important  way  to  improve  energy  effi-
ciency. TES technology is adopted to address the contradic-
tions between heat supply and demand [10–11]. Two types of
storage  methods  based  on  the  mechanism  of  sensible  heat
and  latent  heat  are  commonly  recognized  [12].  Latent  heat
energy  storage  shows  high  heat  enthalpy  and  stable  phase
change  temperature  when  storing/releasing  latent  heat
[13–14].  Therefore,  phase  change  materials  (PCMs)  are
emerging as effective latent heat storage systems and require
investigation and application [15–16]. Composite PCMs with
good  thermal  performance  must  be  prepared  and  applied
[17–21].

Stearic acid (SA), which is typical latent heat material, has
various advantages as a PCM; these advantages include light
weight, nontoxicity, low supercooling, and stability after nu-
merous  melting/freezing  cycling  times  [22–25].  Neverthe-
less, its application is limited by the inherent shortcomings of
leakage in the phase change process [26–28]. In view of this
limitation, nonmetallic minerals are good choices for incor-
poration with PCM to prepare composite PCMs and alleviate
the disadvantages of pure PCM because of their porous struc-
ture and high thermal conductivity. Various minerals, such as
kaolinite  [29],  bentonite  [30],  palygorskite  [31],  expanded
perlite  [32],  expanded vermiculite  [33],  and  diatomite  [34],
commonly serve as matrices in composites [34]. These com-
posites are manufactured into cement boards for buildings or
filled into solar thermal storage systems for the application.

The efficient development and utilization of minerals are
of great strategic importance for the sustainable supply of re-
sources in China [35]. Stone coal (SC) is a combustible fuel
with low carbon content and calorific value [36]. At present,
China, especially southern China, has very rich SC reserves.
SC  has  already  gained  attention  due  to  its  relatively  low
price,  absorption  capacity,  chemical  stability,  and  porous
structure. Exploring the use of SC as a matrix to fabricate SC-
based composites for building applications is interesting. For
example, Li et al. [37] compared two types of SCs to study 
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their mineralogical and thermal storage characteristics. They
found that  in  the  melting state,  the  corresponding SC com-
posites had latent heat values of 33.02 J·g−1 and 29.21 J·g−1.
Thus far, only a few studies on the utilization of SC to pre-
pare composite PCMs exist. Most researchers choose SC for
industrial vanadium extraction [37]. For example, Zeng et al.
[29]  optimized  the  experimental  steps  of  vanadium  extrac-
tion  and  improved  the  leaching  efficiency  of  vanadium
pentoxide through a  vanadium extraction experiment.  After
vanadium  extraction,  SC  was  used  to  prepare  composite
PCMs; such an approach is a good solution for the secondary
utilization of minerals [37]. Importantly, SC after vanadium
extraction  may  affect  the  structure  or  surface  properties  of
PCMs.  Thus,  the  thermophysical  properties  of  its  corres-
ponding composites must be investigated.

Pure PCM suffers from another disadvantage: low thermal
conductivity. The carbon content of SC must be considered
to increase the thermal conductivity of composites relative to
that of other minerals without carbon. Researchers have ad-
ded  expanded  graphite  (EG)  to  composite  materials  to  in-
crease thermal conductivity. For example, Wen et al. [38] ab-
sorbed  PCMs  (capric–lauric  eutectic  acid)  by  using  diat-
omite  to  prepare  composite  PCMs  and  enhanced  thermal
conductivity by adding EG. They found that the thermal con-
ductivity of the composite PCMs containing 10wt% EG was
improved  by  113.2%.  Therefore,  adding  EG  to  composite
PCMs  is  an  effective  way  to  improve  performance  [34].
Above all,  adding EG to SC after  vanadium extraction and
then loading the resulting material into a PCM is a meaning-
ful  attempt  at  making  full  use  of  resources  and  optimizing
composite PCMs.

We attempt to investigate the use of SC in the preparation
of  composite  PCMs  with  enhanced  thermophysical  proper-
ties  by  fully  exploiting  vanadium  extraction.  Although  the
treated SC after vanadium extraction can be used as a low-
cost raw material for building applications, the effect of ana-
logous vanadium extraction on its properties is unclear. Min-
eral  pretreatment  can  leverage  mineral  resources  [39].  SC
was subjected to combined roasting and acid treatment with
sulfuric acid (1.5wt%) to improve its loading capability. EG
was added to the composite to improve the thermal conduct-
ivity of the treated SC. The designed composite PCMs were
manufactured via vacuum impregnation. In addition, the mi-
croscopic morphology, thermal stability, and thermal storage
characteristics of the SC-based composite PCMs were stud-
ied.

 2. Experimental
 2.1. Materials

Raw SC with  an  average  size  of  200  mesh  (0.074  mm)
was  obtained  from  Henan,  China.  SA  (CH3[CH2]16COOH)
from  Tianjin  Hengxing  Chemical  Regent  Co.,  Ltd.,  China,
was  used  as  the  PCM.  H2SO4 solution  (analytical  reagent,
98%)  was  purchased  from  Zhuzhou  Xingkonghuabo  Co.,
Ltd., China. EG, with an average size of 300 mesh, was com-

mercially  supplied  by  Qingdao  Tengshengda  Carbon  Co.,
Ltd. China.

 2.2. Pretreatment of SC matrix materials

The raw SC was treated through high-temperature roast-
ing and acid leaching. First, 5 g of raw SC was roasted in a
muffle stove at 900°C for 1, 2, and 3 h. Then, the roasted SC
was leached in 1.5wt% H2SO4 solution for 3 h in a 500 mL
beaker. The samples were vacuum filtered, washed with dis-
tilled  water,  and  dried  at  80°C for  15  h.  The  obtained  SC-
based matrix materials treated at 900°C for different roasting
times of 1,  2,  and 3 h after  leaching were named as SC1L,
SC2L, and SC3L, where “L” refers to leaching. Furthermore,
the raw SC materials were roasted at different temperatures
(800 and 850°C) for 2 h before and after acid leaching to in-
vestigate  the  effects  of  the  roasting  temperature  and  acid
leaching on the structures (for the detailed analysis of effects,
refer to the Supplementary Information).

 2.3. Preparation of SA/SC and SA/SCs/EG composites

The composite PCMs were prepared through vacuum im-
pregnation [40]. An excessive amount of PCM and an appro-
priate  amount  of  the  matrix  were  placed  in  an  Erlenmeyer
flask  that  was  connected  to  an  antisuction  device  then  to  a
suction pump. The sample in the Erlenmeyer flask was kept
in a vacuum of −0.1 MPa for 5 min, then at 95°C for 30 min.
Next, the samples were cooled to room temperature. Finally,
the samples were filtered at 80°C to remove excess PCM and
obtain  the  final  composites.  In  the  preparation  process,  SA
was  used  as  the  PCM and the  raw and treated  SC samples
were used as the matrices. The obtained SC-based compos-
ites  were  designated  as  SA/SC,  SA/SC1L,  SA/SC2L,  and
SA/SC3L.

mEG

mSC1L

mEG

mSC1L

Another  type  of  composite  with  EG  additives  was  pre-
pared.  First,  EG and SC1L were mixed together.  Then,  the
mixture was used as the matrix for loading SA through the
above-mentioned  vacuum  impregnation  method  to  prepare
composites.  The composites with different  mixing mass ra-
tios  of  EG  and  SC1L  (  =  0.05,  0.1,  and  0.2)  were

named  SA/SC1L/EG0.05,  SA/SC1L/EG0.1,  and  SA/SC1L/
EG0.2. Given that EG is an additive and has a very large unit
mass volume [34],  = 0.1 was considered the suitable

ratio. The preparation of the matrix materials and composites
is illustrated in Fig. 1.

 2.4. Characterization

X-ray  diffraction  (XRD)  data  were  collected  by  using  a
D8 ADVANCE analyzer (Cu Kα) at the voltage of 40 kV and
current of 250 mA. The crystalline phases of the composite
were analyzed by using the software Jade 6.5. Scanning elec-
tron  microscopy  (SEM)  was  performed  with  Zeiss  Sigma
500.  Fourier  transformation  infrared  spectroscopy  (FTIR)
spectra  were  recorded  by  using  an  IRtracer-100AH  FTIR
spectrometer at a voltage of 20 kV. Thermogravimetric ana-
lysis  (TGA)  data  were  obtained  through  TGA-differential

B.S. Xie et al., Enhanced properties of stone coal-based composite phase change materials for thermal energy storage 207



scanning  calorimetry  (DSC)  with  the  HCT-3  model  from
Beijing  Henven  Scientific  Instrument  Factory,  China,  at  a
heating rate of 15°C·min−1 in a nitrogen atmosphere. DRX-I-
300  was  used  to  record  the  thermal  conductivity  of  the
samples, which were pressed into plate tablets with a thick-
ness of approximately 1 mm and a diameter of 12 mm. A tab-
let was placed between a compressive load and another sup-
port  load composed of  copper.  Heat  flux through the tablet
sample  was  recorded  during  testing.  DSC  was  performed
with TA Instruments DSC Q10 (V9.9 Build 303) at a heating
rate  of  5°C·min−1 in  an  argon  atmosphere.  Liquid  nitrogen
was used to cool the sample during the freezing period. The
thermal  storage  and  release  performances  of  SA  and  com-
posite PCMs were studied by using experimental equipment
with a thermocouple accuracy of 0.1°C. The nitrogen gas ab-
sorption–desorption isotherms of the matrix were obtained by
using ASAP 2020 with an accuracy of 2%. Thermal infrared
images were acquired by using FLUKE Ti450 with a noise
equivalent  temperature  difference  of  0.05°C.  Samples  were
pressed  into  round  sheets  approximately  1.8  mm thick  and
placed on a heat/cold source for heating/cooling. The temper-
ature of the sample was recorded by using a thermal infrared
camera.  The heat  storage/release test  in this  work was con-
ducted by using a lab-made device with a thermostat  water

bath, wherein thermocouples were inserted inside the sample
to record temperature variation. This method was introduced
in a previous work [41].

 3. Results and discussion
 3.1. Crystallization structure

The XRD patterns of the matrix materials and composites
are shown in Fig. 2. Comparison among the EG, SC, SC1L,
and SC1L/EG0.1 matrices (Fig. 2(a)) reveals that EG presents
two strong graphite peaks of the regular crystallization (002)
plane at 2θ = 27.0° and the (004) plane at 2θ = 55.8°. The raw
SC shows two obvious peaks in the range of 2θ = 20°–30°.
Both peaks are the characteristic peaks of quartz (2θ = 20.8°
for  (100)  plane  and  2θ =  26.6°  for  (101)  plane).  Notably,
SC1L  and  the  SC  matrix  have  similar  XRD  patterns.
Moreover,  the  XRD  patterns  of  raw  SC  at  different
roasting temperatures and times and before/after acid leach-
ing  (Fig.  S1)  demonstrate  that  roasting  and  acid  leaching
have little effect on the crystal structure of SC. The physical
mixture  of  SC1L/EG0.1 only  shows  two  peaks  because  the
characteristic peaks of EG and SC at approximately 2θ = 27°
formed an overlapping peak due to their closeness. This res-
ult accounts for the larger width of the overlapping peak than
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Fig. 1.    Preparation of SC matrix materials and SA/SC and SA/SCs/EG composites.

 

10 20 30 40 50 60 70

2θ / (°)

10 20 30 40 50 60 70

2θ / (°)

SC1L/EG0.1

SC1L

SC
♦









♦













(002)

(100)
(101)

(a)

SA

SA/SC

SA/SC1L

SA/SC1L/EG0.1

♦

♦

•
•

•
•







•

•

•






•

•

•



•

•

(b)

In
te

ns
ity

 / 
a.

u.

In
te

ns
ity

 / 
a.

u.

EG♦ (004)

Fig. 2.    XRD patterns of (a) matrix materials and (b) pure SA and composites.
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that of the single peak in EG or SC. Fig. 2(b) shows the com-
parison  of  pure  SA  and  the  SA/SC,  SA/SC1L,  and
SA/SC1L/EG0.1 composites.  In  this  figure,  SA  presents  a
strong peak at approximately 2θ = 21.6° and 24.0°. The SC-
based  composite  materials  contain  all  characteristic  peaks
from pure SA and matrix materials. Although no additional
peaks have appeared, peak strength differs. The intensities of
the characteristic peak of SA in the composites differ due to
the  diverse  SA  contents.  SA/SC1L/EG0.1 thus  has  the
strongest peak.

 3.2. Chemical structure and compatibility

The FTIR curves of the tested materials are presented in
Fig. 3. In the spectrum of SC (Fig. 3(a)), the band at 469 cm−1

is attributed to the bending of Si–O and Si–O–Si [42], that at
515 cm−1 is due to Si–O–AlVI [29], and that at 694 cm−1 is the
stretching vibration of  Si–O–Si [37].  The bands at  797 and
1088 cm−1 are the symmetric stretching vibration of Si–O–Si
in  quartz  and  the  antisymmetric  stretching  vibration  of
Si–O–Si  [37].  The absorption at  3427 cm−1 originates  from
loosely bound water (ν[H–O–H]) [22]. The FTIR spectra at

1088 cm−1 of SC (Fig. S2) and SC1L are more intense than
those of SC because roasting and acid leaching remove un-
stable structures and impurities from SC. The peaks at 1088
and 3427 cm−1 in  SC after  roasting  and  acid  leaching  have
widened  because  roasting  and  acid  leaching  destroyed  the
silica tetrahedral structure of SC and removed moisture from
most of the structures in SC, as illustrated in Fig. S2. In the
SA spectrum (Fig. 3(b)), the bands at 2916 and 2850 cm−1 are
attributed to  the  asymmetric  and symmetrical  stretching vi-
bration peaks of –CH2, respectively. The band at 1705 cm−1 is
due to the C=O stretching of carboxylic groups. The band at
1472 and 1310 cm−1 originated from the in-plane bending vi-
bration peak of OH groups. The band at 718 cm−1 is due to
the in-plane swinging vibration peak of –OH groups [43–45].
The spectrum of SC-based composite PCMs containing the
matrix materials  and SA is also presented in Fig.  3(b).  The
spectrum indicates  that  SA and the matrix  materials  do not
undergo  chemical  interaction  during  composite  preparation
given  that  it  contains  no  obvious  new  characteristic  peaks.
Therefore, the preparation of the composites only has physic-
al effects.
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Fig. 3.    FTIR curves of (a) matrices and (b) SA and SC-based composites.
 

 3.3. Morphology and microstructures

The SEM images of SC, SC matrix after roasted at 900°C
for 1 h, SC1L, SC1L/EG0.1, and their corresponding compos-
ites are provided in Fig. 4. The raw SC (Fig. 4(a)) contains
small,  flake-shaped  particles  that  are  mainly  derived  from
layered  quartz  and  aluminosilicate  minerals  as  proven  by
XRD analysis.  SC roasted  at  900°C for  1  h  (Fig.  4(b))  ap-
pears to be purified, given that the flake-like particles are eas-
ily  observed  because  impurities  have  been  removed.  After
acid  leaching,  the  SC1L  matrix  (Fig.  4(c))  shows  rod-like
minerals, indicating that the matrix has been purified due to
the  erosion  of  additional  pores  by  acid  leaching.  In  other
words,  acid  leaching  can  cause  slight  structural  damage  to
raw SC to increase the pore space, resulting in a higher PCM
loading of SC1L than that of SC. The effect of roasting and
acid leaching on the obtained vanadium ion leaching rate is
presented in Table S1. In the images of the SA/SC1L com-
posite (Fig. 4(d)), SA has completely covered the surface of
SC1L  after  impregnation,  and  SA  has  been  successfully
loaded into the small pores of SC1L. Moreover, the images of

the SC1L/EG0.1 matrix in Fig. 4(e) show that although SC1L
and EG have mixed together, they have not reacted with each
other, and part of the SC1L particles are dispersed inside EG.
The  SA/SC1L/EG0.1 composite  (Fig.  4(f))  shows  that  the
mixture  of  EG and SC1L is  covered by SA but  is  not  uni-
form because the matrix materials in the mixture have differ-
ent particle sizes. Thus, the addition of EG does not affect the
composite PCM loaded with SA [34].

The pore structure and Balanced-Emitter Transister (BET)
surface areas of the materials were analyzed through the ni-
trogen adsorption/desorption method. The N2 adsorption/de-
sorption  isotherms  are  shown  in Fig.  4(g)  and  (h).  Both
samples have a type-III isotherm with a hysteresis loop at a
relative  pressure  (P/P0 >  0.6),  reflecting  the  existence  of
mesopores  and  macropores  in  matrix  materials. Fig.  4(i)
shows  the  pore  size  and  volume  distribution.  Although  the
pore size distributions of SC and SC1L have similar trends,
SC1L has slightly larger micropore (<5 nm) and macropore
(>50  nm)  volumes  than  SC.  The  detailed  analysis  of  pore
properties is introduced in Fig. S3(a)–(d). The adsorption/de-
sorption curves  of  the  pore  properties  of  the  SC and SC1L
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samples  show  that  the  BET-specific  surface  area  of  SC1L
(6.8671 m2·g−1) is larger than that of SC (6.8366 m2·g−1). This
finding is indicative of a large specific surface area that can
provide  additional  adsorption  sites  for  PCM.  The  Barret-
Joyner-Halenda  (BJH)  adsorption  average  pore  diameter  of
SC1L (21.34 nm) is also larger than that of SC (19.36 nm).
Therefore, comparing the SC and SC1L samples shows that
the combined roasting and acid leaching treatment can influ-
ence pore properties.

 3.4. Thermal stability and loading capability

We further investigated the decomposition of composites
by using the TGA method (Fig. 5). As presented in Fig. 5(a)
and (c), all composite samples exhibit negligible mass loss at
200°C. This result highlights the good thermal stability of the
samples. Only SA/SC shows slight weight loss at 100°C ow-
ing to the absorbed water in its matrix. Increasing the decom-
position  temperature  from  200  to  750°C  results  in  similar
curves of the composites, except for that of the SA/SC com-
posite, and no new mass loss stage is observed. The decom-
position of SA leads to a single degradation process of SC-
based  composites  between  200–300°C.  The  corresponding
DSC curves (Fig. 5(b) and (d)) also verify that an endotherm-
ic  peak  exists  at  approximately  200–300°C,  indicating  that
SA has been degraded [46]. However, at temperatures bey-
ond 500°C,  only the  SA/SC composite  loses  weight  due to
the  dehydration  of  lattice  water  in  raw SC [37].  Therefore,

the  treated  SC  shows  improved  stability  after  roasting  and
acid leaching. The composites using SC as the matrix have
higher thermal stability than the basic SA/SC.

The TGA curve can be used to calculate the SA loading
capacity of the SC-based PCM. Loadage (δ, %) is defined as
the mass ratio of PCM to the total composite, as shown be-
low:

δ =
mPCM

mmatrix+mPCM
×100% (1)

where mPCM (g) is the mass of pure PCM, and mmatrix (g) rep-
resents the mass of the matrix.

mEG

mSC1L

Therefore,  the δ values  of  SA  in  SA/SC,  SA/SC1L,
SA/SC2L, and SA/SC3L are 18.50%, 24.71%, 23.62%, and
21.60%,  respectively  (Fig.  5(a)).  SA/SC1L  has  the  highest
PCM loadage.  Roasting  and  acid  leaching  can  increase  the
loading  capacity  of  the  raw  SC  matrix  by  increasing  pore
space, as proven by BET analysis. However, the composite
prepared with the other two matrices and a long roasting time
does  not  show  increased  loading.  The  slight  reduction  in
loading  is  due  to  the  long  roasting  time.  The  macropore
structure is damaged such that constraining PCM is difficult,
as supported by the leaching rate of vanadium ions shown in
Table S1. The δ values of SA in the three SA/SC1L/EG com-

posites with = 0.05, 0.1, and 0.2 are 52.65%, 66.69%,
and 78.59%, respectively. EG has a considerable pore space
that increases with the increase in the proportion of EG and
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the loadage of SA. Above all, the results show that the com-
bined roasting and acid leaching treatment increases the load-
ing capacity of SC by 6.2% by increasing the specific surface
area. However, prolonging the roasting time will not impro-
ve the loading capacity continuously.  The addition of EG0.1

has  improved  the  loading  capacity  of  the  prepared  SA/
SC1L/EG0.1 composite by 48.19% relative to that of SA/SC.

 3.5. Phase change behavior and enthalpy

The  DSC  curves  of  the  SC-based  composite  PCMs  and
SA are presented in Fig.  6.  The curves in Fig.  6(a)  and (b)
present obviously similar shapes but dissimilar areas, indicat-
ing comparable phase change behavior. Table 1 lists the cor-
responding thermal properties of the samples. SA, as a pure
PCM,  melts  at  approximately  52.91°C.  The  melting  phase
transition  temperatures  of  SA/SCs  are  52.81–52.93°C,  and
those  of  SA/SCs/EGs  are  52.17–52.41°C.  The  phase  trans-
ition point of the composite PCMs during melting differs by

1°C and is slightly affected by incorporation.
An  insignificant  difference  is  found  between  the  latent

heat values of one sample in the melting and freezing states.
The latent heat of pure SA in the melting state is 191.5 J·g−1,
and that of pure SA in the freezing state is 190.2 J·g−1. Ac-
cordingly,  the  latent  heat  values  of  the  composites  SA/SC,
SA/SC1L, SA/SC2L, and SA/SC3L are 33.02, 41.73, 40.97,
and  39.32  J·g−1,  respectively,  in  the  melting  state  and  are
33.17,  41.45,  40.19,  and  39.22  J·g−1,  respectively,  in  the
freezing state. This finding indicates that whether in the melt-
ing  or  freezing  state,  SA/SC1L  has  a  slightly  higher  latent
heat  than  the  other  composites  in  accordance  with  its  large
loading  capacity.  The  latent  heat  values  of  the
SA/SC1L/EG0.1,  SA/SC1L/EG0.05,  and SA/SC1L/EG0.2 com-
posites are 117.61, 97.11, and 135.2 J·g−1, respectively. In the
freezing  state,  the  latent  heat  values  of  SA/SC1L/EG0.1,
SA/SC1L/EG0.05, and SA/SC1L/EG0.2 are 118.40, 98.81, and
135.0 J·g−1. From the perspective of the latent heat values in
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the  melting  and  freezing  stages,  the  latent  heat  value  in-
creases as the added amount of EG increases. As the added
amount of EG increases, the thermal storage capacity of the
composite increases because EG increases the SA loading of
the sample.  This behavior shows that  SA/SC1L/EG0.1 has a
suitable  phase  change  transition  temperature  and  excellent
thermal characteristics.

Composite PCMs must have long-term thermal cycle sta-
bility  in  practical  applications.  We  conducted  50  thermal
cycle  tests  to  evaluate  the  reliability  of  the  SA/SC1L/EG0.1

composite  PCM. Fig.  6(c)  shows  that  its  latent  heat  values
have slight changes and that its phase transition temperature
does  not  change  significantly.  After  50  cycles,  the  phase
change temperatures of the sample in the melting and freez-
ing states have increased by 0.25°C and 0.07°C, respectively.
The latent heat values of the sample in the melting and freez-
ing states have decreased by 0.44% and 1.02%, respectively,
and  tend  to  be  stable.  In  summary,  the  tested  composite
PCMs can be recycled without performance degradation.

 3.6. Thermal conductivity

The  thermal  conductivity  of  the  SC-based  composite
PCMs  and  pure  SA  are  shown  in Fig.  7.  The  SA/SC,
SA/SC1L,  and  SA/SC1L/EG0.1 composites  have  higher
thermal conductivities of 0.29, 0.27, and 0.59 W·m−1·K−1, re-
spectively, than pure SA, which has a thermal conductivity of
0.26 W·m−1·K−1. This result reflects that the matrix present in
the  composite  can  increase  the  thermal  conductivity  of
PCMs.  Among  the  composites  shown  in  the  figure,
SA/SC1L/EG0.1 has  the  highest  thermal  conductivity.  The
thermal  conductivity  of  SA/SC1L/EG0.1 has  increased  by
127% relative to that of pure SA because adding EG to the
composite increases heat transfer pathways [46], even though

the TGA results show that the corresponding composite has
the  lowest  matrix  content.  For  example,  although  the  mass
fraction of the SC1L/EG matrix in the SA/SC1L/EG0.1 com-
posite  is  33.31wt%,  the  addition  of  only  3.03wt%  EG  can
significantly  enhance  the  thermal  conductivity  of
SA/SC1L/EG0.1. Table 2 exhibits the comparison of the ther-
mophysical properties of the SA/SC1L/EG0.1 composite with
those  of  other  composites  in  the  literature  [47–50].
SA/SC1L/EG0.1 has  better  thermal  performance,  such  as
higher  thermal  conductivity,  appropriate  melting  temperat-
ure, and considerable latent heat capacities, than the reported
composites.

 3.7. TES/release behavior

We evaluated the TES/release performance of SA, SA/SC,
and SA/SC1L/EG0.1 by heating/cooling the samples in a self-
designed device. First, samples with the same initial temper-
ature were placed in a water bath at 80°C for heating. After
their temperature had stabilized, the samples were moved to a

Table 1.    Thermal properties of pure SA and the SC-based composites

Sample Loadage,
β / %

Melting
temperature, Tm / °C

Freezing
temperature, Tf / °C

Latent heat
of melting, ΔHm / (J·g−1)

Latent heat
of freezing, ΔHf / (J·g−1)

SA 100 52.91 53.10 191.5 190.2
SA/SC   18.50 52.81 53.24   33.02   33.17
SA/SC1L   24.71 52.93 52.85   42.76   41.32
SA/SC2L   23.62 52.87 52.65   46.87   46.09
SA/SC3L   21.60 52.93 52.95   42.58   42.05
SA/SC1L/EG0.05   52.65 52.24 53.58 105.9 103.9
SA/SC1L/EG0.1   66.69 52.17 53.54 121.5 119.3
SA/SC1L/EG0.2   78.69 52.41 53.60 143.6 142.5

Table 2.    Comparison of the thermophysical properties of the prepared SA/SC1L/EG0.1 composite with those of other composites
in the literature

Samples
Melting
temperature,
Tm / °C

Freezing
temperature,
Tf / °C

Latent heat of
melting,
ΔHm / (J·g−1)

Latent heat
of freezing,
ΔHf / (J·g−1)

Thermal conductivity /
(W·m−1·K−1) Ref.

Myristate/diatomite/EG 45.86 44.63   96.21   92.46 0.22 [47]
Lauric acid/expanded perlite/EG 43.80 40.20   86.70   86.90 0.13 [48]
Paraffin/calcined diatomite 33.04 52.43   89.54   89.80 — [49]
Capric acid/expanded perlite/EG 31.60 31.50   96.30 — 0.14 [50]
SA/SC1L/EG0.1 52.17 53.54 117.61 118.4 0.59 This work
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cold source with a temperature of 20°C for cooling. The tem-
perature–time curves for heating and cooling were recorded
and are shown in Fig. 8. A single curve has three stages rep-
resenting  different  temperature  variation  rates.  Each  stage
refers  to  the  sensible,  latent,  and  sensible  heat  storage  pro-
cess. The abrupt change in the rate of temperature variation in
the curves is related to the phase change point because PCM
stores/releases  heat  within  a  narrow range  of  phase  change
temperatures.  However,  in  practice,  the  beginning  and  end

points of the latent heat storage process are slightly different,
accounting  for  the  observed  nonhorizontal  phase  change
stage  platform.  Qualitatively,  the  temperature  variation  rate
during the heat storage/release process is mainly affected by
the  thermal  conductivity  of  the  sample.  The  high  thermal
conductivity  of  SA/SC1L/EG0.1 is  indicative of  a  high tem-
perature  variation  rate  such  that  additional  energy  is
stored/released within the same time under the same bound-
ary condition.
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SA/SC1L/EG0.1 presents  the  steepest  curve  among  the
three samples during heating (Fig. 8(a)) mainly because it has
the highest thermal conductivity. The thermal storage curves
show  that  SA  takes  52  s,  and  the  composites  (SA/SC  and
SA/SC1L/EG0.1) with high thermal conductivity take only 47
and 38 s to reach 50°C from an initial temperature of approx-
imately  20°C.  The  thermal  release  curves  demonstrate  that
during cooling (Fig. 8(b)), SA takes 34 s, and the SA/SC and
SA/SC1L/EG0.1 composites take 30 and 25 s, respectively, to
reach  55°C  from  the  initial  temperature  of  approximately
78°C. This finding illustrates that the heat storage ability of
composite  materials  is  better  than  that  of  SA.  Studying  the

thermal storage and thermal release abilities of the composite
PCMs and SA proves that the addition of EG enhances the
performance of the composite PCMs.

The  thermal  response  behaviors  of  SA/SC1L  and
SA/SC1L/EG0.1 were  recorded  by  using  a  thermal  infrared
camera, as shown in Fig. 9. In the infrared images, the change
in color from black to red represents increases in temperature
(Fig.  9(a)).  During  heating,  the  temperature  of  SA/SC1L/
EG0.1 takes 43 s to increase to 55°C from an initial value of
28°C. During this process, the temperature variation rate of
SA/SC1L is lower than that of SA/SC1L/EG0.1, although the
temperatures of both samples are increasing. The same situ-
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ation occurs when the samples are cooled from 52°C to the
ambient temperature, and the cooling rate of SA/SC1L/EG0.1

is faster than that of SA/SC1L (Fig. 9(b)). This finding sug-
gests that the response rate of SA/SC1L is lower than that of
SA/SC1L/EG0.1 at the same external temperature. SA/SC1L/
EG0.1 has a great advantage over SA/SC1L in terms of transi-
ent temperature response.

 4. Conclusions

SC-based composite PCMs were prepared by loading SA
into  an  SC-based  matrix.  Their  microstructures,  morpholo-
gies, thermophysical properties, and phase change behaviors
were  investigated  by  using  different  characterization  tech-
niques and a self-designed device. Our main conclusions are
summarized as follows.

(1) The combined treatment of roasting at 900°C for 1 h
and acid leaching increased the SC loadage of the compos-
ites by 6.2% by enlarging the specific surface areas of pores.

(2)  The loadage of  the SC-based composites  (SA/SC1L/
EG0.1, 66.69%) added with EG improved by 48.19% relative
to  that  of  the  composites  without  EG (SA/SC1L,  18.50%).
No  chemical  reaction  occurred  between  the  SC matrix  and
SA during the preparation of the composites.

(3)  The  thermal  conductivity  of  the  prepared  SA/SC1L/
EG0.1 composite is 127% (0.59 W·m−1·K−1) higher than that
of  pure  SA,  indicating  that  the  transient  temperature  re-
sponse behavior of this composite had improved. The phase
change temperature and melting latent heat of the composite
were 52.17°C and 121.5 J·g−1, respectively.

(4) All composites adopting the treated SC matrix showed
good thermal  stability  at  200°C.  However,  SA/SC with  the
raw SC matrix lost absorbed water from its matrix at 100°C
and experienced lattice water dehydration at 500–600°C dur-
ing roasting. These effects worsened its stability.

Overall,  SC-based  composites  can  be  considered  prom-
ising PCMs for the full exploitation of SC resources because
of  their  excellent  thermal  properties,  including  appropriate
melting  temperature,  use  of  SC  extracted  from  vanadium,
and high thermal conductivity.
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