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Abstract: In this study, the preparation of the composite material consisting of expanded vermiculite
(EV) and potassium carbonate (K2CO3) was conducted using a solution impregnation method. Sorp-
tion and desorption experiments were undertaken to investigate the dynamic and thermodynamic
properties of the EV/K2CO3 composites with varying salt contents. The findings suggest that the
EV/K2CO3 composites effectively address the issues of solution leakage resulting from the deli-
quescence and excessive hydration of pure K2CO3 salt, thereby substantially improving the water
sorption capacity and overall stability of the composite materials. The salt content plays a vital role
in the sorption and desorption processes of EV/K2CO3 composites. As the salt content rises, the
resistance to sorption mass transfer increases, resulting in a decline in the average sorption rate.
Concurrently, as the salt content increases, there is a corresponding increase in the average desorption
rate, water uptake, and heat storage density. Specifically, at a temperature of 30 ◦C and a relative
humidity of 60%, the EVPC40 composite with a salt content of 67.4% demonstrates water uptake, mass
energy density, and volumetric energy density values of 0.68 g/g, 1633.6 kJ/kg, and 160 kWh/m3,
respectively. In comparison to pure K2CO3 salt, the utilization of EV/K2CO3 composites under
identical heat demand conditions results in a 57% reduction in the required reaction material. This
study offers essential empirical evidence and theoretical backing for the utilization and development
of EV/K2CO3 composites within thermochemical energy storage systems.

Keywords: potassium carbonate; expanded vermiculite; composite material; salt content;
thermochemical energy storage

1. Introduction

Due to the persistent expansion of the population, economic development, and wors-
ening environmental conditions, conventional fossil fuels have become inadequate for
satisfying the escalating energy requirements of contemporary society [1]. The exploration
of renewable energy sources and the implementation of energy efficiency policies pave a
way forward for future energy systems. Solar energy is a cheap and clean renewable energy
source that is abundant and may be widely used for building space heating and domestic
hot water supply [2]. However, the intermittent and fluctuating nature of solar energy poses
a major challenge for its effective storage and utilization [3–6]. The thermochemical energy
storage (TCES) system is an emerging technology with wide application prospects [7–10].
It may be used to solve the mismatch between energy supply and demand in time, space,
and intensity. As such, it may contribute to improving the comprehensive utilization rate
of renewable energy and promote the process of energy decarbonization.

In recent years, the low-temperature TCES technology utilizing inorganic salt/water work-
ing pairs has garnered significant attention for residential building heating demand [11–13].
Notably, chloride, sulfate, and bromide salts have been extensively investigated as hydrated
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salts. Nevertheless, it is important to acknowledge that each of these materials presents distinct
limitations [14]. Chloride salts offer low cost and wide applicability but exhibit low thermal
conductivity and poor reaction stability. Sulfate salts boast higher energy density but suffer
from slow reaction rates and low hydration temperatures. Strontium bromide, despite its
advantageous stability and elevated thermal efficiency, presents potential contact hazards and
is associated with substantial expenses. Donkers et al. [15] collected and analyzed thermody-
namic data from 574 hydrated salt reactions. Through the application of filtering criteria, they
ultimately identified 25 suitable hydrated salts meeting the requirements for space heating, with
potassium carbonate (K2CO3) being considered the most promising candidate for TCES system
development.

K2CO3, a low-temperature thermochemical material (TCM), exhibits notable safety
characteristics and minimal corrosiveness, while also being cost-effective at approximately
6500 RMB/ton. Moreover, the hydration/dehydration process of K2CO3 is straightforward,
involving a single-step transformation between anhydrous K2CO3 and K2CO3·1.5H2O [16,17].
When subjected to operating conditions of 20 mbar/65 ◦C for dehydration and 12 mbar/59 ◦C
for hydration, the material-level energy densities of K2CO3 in open and closed systems are
1.3 GJ/m3 and 0.96 GJ/m3, respectively [18]. However, the application of K2CO3 in practical
TCES systems may encounter challenges, such as slow hydration rates, expansion and contrac-
tion, particle aggregation, and deliquescence, due to changes in operating conditions [19]. To
tackle these concerns, a promising strategy involves employing porous matrices, capitalizing
on their porous characteristics to disperse salt particles and accommodate salt solutions,
thereby averting leakage during excessive water sorption and deliquescence.

Silica gel and zeolite are commonly recognized as porous materials that enhance
water sorption performance. Expanded graphite is known for its commendable thermal
conductivity, while activated carbon exhibits a high porosity. Recently, expanded vermi-
culite (EV) has attracted significant attention due to its substantial pore volume and high
porosity. Consequently, it has been extensively utilized in composite material performance
testing, often in conjunction with various salt hydrates. Aydin et al. [20] conducted an
evaluation of the performance of EV/CaCl2 and zeolite 13X/CaCl2 composite materials,
revealing the superior cyclic and reactive properties of EV/CaCl2. Casey et al. [21] ex-
amined samples with silica gel, zeolite, and EV as matrix materials matched with five
salt hydrates, ultimately concluding that EV demonstrated a more stable structure as a
matrix material. Zhang et al. [22] investigated EV/LiCl composite materials, suggesting
enhanced mass transfer capability and thermochemical performance in comparison to pure
LiCl salt. Furthermore, Zhang et al. [23] conducted an investigation of the thermochemical
performance of EV/SrBr2 composite materials. Their findings revealed that the inclusion
of EV could accommodate excess hydrated SrBr2 solution, thereby improving the stability
and energy storage density of the composite material. This was substantiated through
thermochemical assessments conducted on EV/CaCl2 composite materials. These stud-
ies collectively indicate that EV possesses a high level of dispersibility and a significant
capacity to accommodate salt solutions. These properties effectively mitigate material
agglomeration and solution loss that may occur during the reaction process. Due to its
large pore volume and high porosity, EV-based composite sorbents demonstrate elevated
liquid-holding capacities while retaining superior cycling properties, chemical stability,
and thermal stability. Consequently, EV is a suitable candidate for pairing with hydrates
that are susceptible to volume changes and deliquescence, making it a promising matrix
material option for K2CO3.

Zou et al. [24] employed various preparation methods to fabricate EV/K2CO3 compos-
ite materials, revealing that the vacuum degree and particle size of EV have the potential
to modify the microstructure of the composite material, thereby affecting its density and
salt content. Fisher et al. [25] successfully synthesized EV/K2CO3 composite materials
with a salt content of 33.85%, thereby showcasing enhanced water sorption capabilities and
reaction rate in comparison to pure K2CO3 salt. Shkatulov et al. [26] effectively developed
EV/K2CO3 composite materials containing a salt content of approximately 69%. The com-
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posite materials demonstrated enhanced hydration rates compared to pure K2CO3 salt and
exhibited stable performance for 47 cycles under deliquescence conditions. These findings
suggest that the utilization of EV as a matrix material can mitigate certain obstacles related
to sluggish hydration rates and particle aggregation in pure K2CO3 salt.

Currently, there is a dearth of research on the thermochemical properties of EV/K2CO3
composite materials in the academic literature. Existing studies primarily concentrate on
the characterization of morphology and performance evaluation of composite materials
under specific salt content conditions. Nevertheless, it is crucial to recognize that the salt
content has a significant impact on the microstructure and water sorption capabilities of
the composite materials, consequently influencing their reaction rate and thermal energy
storage capacity. Therefore, it is imperative to conduct investigations into the performance
of composite materials under varying salt contents. In this study, EV/K2CO3 composite ma-
terials with different salt contents were fabricated. The microstructure of each sample was
analyzed utilizing scanning electron microscope (SEM), and the sorption and desorption
properties of EV/K2CO3 composite materials with different salt contents were investigated
through sorption and desorption experiments conducted in a constant temperature and
humidity chamber (CTHC) and using thermogravimetry (TG). Based on these premises,
the primary thermodynamic parameters, namely mass energy storage density (MESD)
and volumetric energy storage density (VESD), of EV/K2CO3 composite materials were
evaluated utilizing the test outcomes obtained from differential scanning calorimetry (DSC).
The objective was to furnish fundamental data and theoretical backing for the design and
implementation of EV/K2CO3 composite materials within TCES systems.

2. Materials and Methods
2.1. Preparation of Composite Materials

EV/K2CO3 composites were prepared using the solution impregnation method. Anhy-
drous K2CO3 salt of analytical purity (99.9%) was procured from Chengdu Chron Chemical
Co., Ltd. (Chengdu, China), while EV was sourced from Hebei Lingshou (Shijiazhuang,
China). The preparation procedure encompassed four primary steps, namely drying of EV
and preparation of K2CO3 solution, impregnation of EV with K2CO3 solution, filtration,
and subsequent drying of the EV/K2CO3 composites. The entire procedure is illustrated in
Figure 1. Firstly, K2CO3 solutions with mass concentrations of 10%, 20%, 30%, and 40%
were prepared separately using anhydrous K2CO3 salt and distilled water. The solutions
were stirred with an ultrasonic stirrer for 5 min to ensure thorough mixing of the solvent
and solute, followed by cooling to room temperature (approximately 28 ◦C). EV with a
particle size of 2–4 mm was chosen as the porous substrate and dried in a vacuum oven
at 200 ◦C for 12 h to eliminate any moisture adsorbed in the EV pores. Subsequently, the
dried EV was immersed in the prepared K2CO3 solutions for 72 h to ensure complete
saturation of the EV pores with the K2CO3 solutions. The wet EV/K2CO3 samples were
then separated from the solutions using a sieve, and a quick rinse with distilled water
was performed to remove any residual bonding solution from the surface. Finally, the wet
EV/K2CO3 samples were thoroughly dried in a vacuum oven at 200 ◦C for 12 h, resulting
in the formation of EV/K2CO3 composites. These composites were designated as EVPC10,
EVPC20, EVPC30, and EVPC40, respectively, corresponding to the mass concentration of
K2CO3 employed in the impregnation process.

2.2. Microscopic Characterization

The Helios Nanolab G3 SEM manufactured by FEI in the United States (Hillsboro, Ore-
gon, USA) was utilized to conduct high-resolution microstructural analysis of EV/K2CO3
composites with different salt contents. In order to overcome the inadequate electrical con-
ductivity of the EV/K2CO3 composites, the samples were coated with a layer of gold before
testing. Subsequently, the gold-coated composite particles were placed on an aluminum table
that was covered with double-sided adhesive carbon tape. The vacuum pressure within the
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microscopy chamber was maintained at 3 × 10−5 mbar during the examination process, and
SEM images were obtained using an electron beam with an acceleration voltage of 2 kV.
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2.3. Sorption Experiments

Sorption experiments were performed on EV/K2CO3 composite materials with vary-
ing salt contents using a CTHC apparatus (TX-TH-150F, Dongguan Juya testing instrument
equipment Co., Ltd., Dongguan, China) to determine the maximum allowable salt contents
and the equilibrium sorption capacities achievable under specific operational parameters.
For the CTHC, the measurement accuracies of the temperature and relative humidity (RH)
are ±0.1 ◦C and ±2%, respectively. Considering an actual closed TCES system, the evap-
oration temperature is usually lower than 20 ◦C, and the sorption temperature is higher
than 30 ◦C. Thus, 30 ◦C and 60% RH are considered to be the most unfavorable conditions
(corresponding to an evaporation temperature of 20 ◦C) [23]. Therefore, 30 ◦C and 60% RH
were applied as the experimental conditions for sorption in this study. The weight of each
sample for the CTHC experiments was about 5 g. Before the experiment, samples were
fully dried at 200 ◦C in a vacuum oven. Afterward, the dried samples were placed into
the CTHC at the selected experimental temperature and RH. During the experiment, the
mass variations of the samples were measured every half hour using an electronic balance
with an accuracy of 0.001 g until the mass of the samples became constant. As it is well-
known, the deliquescence relative humidity (DRH) of pure K2CO3 salt at room temperature
is approximately 43% [27]. The propensity for deliquescence in pure K2CO3 salt occurs
when the environmental RH surpasses this threshold, which should be avoided in TCES
applications. Therefore, in order to examine the impact of RH on sorption performance,
additional sorption experiments were conducted on the EVPC40 sample under five distinct
RH conditions (with a constant temperature of 30 ◦C): 29% RH, 40% RH, 44% RH, 55% RH,
and 67% RH.

2.4. Desorption Experiments

Desorption experiments were conducted on EV/K2CO3 composite materials with
varying salt contents utilizing a Simultaneous Thermal Analyzer (STA) Netzsch STA449
F3 (NETZSCH Group, Selb, Bavaria, Germany). This instrument allows for simultaneous
measurements of TG and DSC, thereby facilitating the examination of both changes in
mass and variations in heat flux during the desorption process. The resolutions of the
measurements of mass and heat flux of the STA apparatus are 1 µg and 1 µW, respectively.
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The measurement conditions were as follows: the weight of each sample for the STA test
was about 10 mg, and the initial state was the sorption equilibrium state at 30 ◦C and 60%
RH following the sorption experiment in the CTHC. The temperature ranged from room
temperature (approximately 30 ◦C) to 250 ◦C at a heating rate of 10 K/min, and the purge
gas was argon with a flow rate of 30 mL/min.

2.5. Cycle Experiments

The reliability of the EV/K2CO3 composite material is contingent upon its cycling sta-
bility. An experimental study was conducted to assess the cyclic stability of the EV/K2CO3
composite material. The EVPC40 sample was chosen for investigation, with two humidity
test protocols established, with one involving six hydration–dehydration cycles at low hu-
midity (30 ◦C and 29% RH) and the other consisting of sixteen cycles under high humidity
conditions (30 ◦C and 60% RH). These tests were carried out using a CHTC apparatus,
and, prior to these tests, all samples were subjected to preconditioning at 150 ◦C for a
duration of 6 h in order to establish a stable baseline. The initial masses of the samples
were approximately 22 mg for the low-humidity trials and approximately 65 mg for the
high-humidity experiments. The objective of this series of tests was to assess the perfor-
mance consistency and durability of the EV/K2CO3 composite material under multiple
hydration–dehydration cycles.

2.6. Data Processing

The reaction rate of the thermochemical processes of the EV/K2CO3 composite ma-
terials can be determined via data processing of the results obtained from the CTHC
experiments or STA tests. The relative reaction rate is expressed as dα/dτ (min−1), which
corresponds to the derivative of the material conversion, α, as a function of time, τ. As
shown in Equation (1), α can be calculated directly using the results of the sorption or
desorption experiments

α =
mτ0 − mτ

mτ0 − mτ∞

(1)

where mτ0 and mτ∞ represent the initial and the final masses of the EV/K2CO3 composite
materials during the sorption or desorption processes, respectively, and mτ represents the
mass of the EV/K2CO3 composite materials at the reaction time τ.

The relative reaction rate is meaningful only when one sorbent has the same water
uptake. Therefore, the absolute sorption (desorption) rate, SR(DSR), is introduced to
compare different sorbents with different water uptakes, and the definition is shown in
Equation (2):

SR(DSR) =
mτ2 − mτ1

τ2 − τ1
(2)

where mτ1 and mτ2 represent the masses of the EV/K2CO3 composite materials at the
reaction times τ1 and τ2 during the sorption or desorption processes, respectively.

The reaction enthalpy of the desorption process can be determined by processing the
data of the DSC results. On the DSC curve, the enthalpy of the reaction corresponds to the
DSC peak area, which can be obtained by integrating the curve using Equation (3)

∆rH =
∫ τ∞

τ0

Qτdτ (3)

where τ0 and τ∞ represent the initial and final times of the reaction, respectively, and Qτ

represents the heat flux of the EV/K2CO3 composite materials at the reaction time τ.

3. Results and Discussion
3.1. SEM Images and Salt Contents

Based on the preparation procedure illustrated in Figure 1, EV/K2CO3 composite
materials were fabricated with different salt contents. The corresponding salt content and
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bulk density values are presented in Table 1. The data clearly indicates that an increase in
the concentration of the impregnation K2CO3 solution results in a corresponding rise in the
salt content of the EV/K2CO3 composite materials, as well as an increase in bulk density.
This finding suggests that a higher concentration of the impregnation solution facilitates
the filling of a greater amount of K2CO3 salt into the voids of the EV.

Table 1. Salt content and bulk density of EV, EV/K2CO3 composites, and K2CO3.

Samples EV EVPC10 EVPC20 EVPC30 EVPC40 K2CO3

Salt content, θ (%) 0 31.1 43.1 64.4 67.4 100
Bulk density, ρc (kg/m3) 128 1 181 216 327 353 2428 2

1 Taken from ref. [23]. 2 Taken from ref. [28].

To further observe the microstructure of EV/K2CO3 composite materials under vary-
ing salt contents, SEM images were acquired, as depicted in Figure 2. It is evident that
an augmentation in salt content leads to an escalation in the surface roughness of the
EV/K2CO3 composite material. This phenomenon can be attributed to a higher proportion
of K2CO3 salt occupying the surface of the EV layer. In the case of EVPC40, the K2CO3 salt
nearly entirely covers the surface of the EV layer, forming a honeycomb-like layer with nu-
merous macropores and mesopores. The multitude of channels and pore structures present
in the material offer a wide range of attachment sites for salt particles, effectively prevent-
ing their aggregation and promoting uniform dispersion. Additionally, the distinctive
capillary forces between pores can adsorb and stabilize salt particles, thereby enhancing the
homogeneous distribution of salt particles within the pores. Therefore, the incorporation of
EV as a matrix material not only effectively disperses salt particles, thus reducing particle
aggregation, but also greatly increases the specific surface area of the composite material,
leading to improved overall performance.

3.2. Sorption Properties

Figure 3 illustrates the sorption kinetics curves of dried EV and EV/K2CO3 composite
materials with varying salt content at 30 ◦C and 60% RH. It can be observed that the
equilibrium water uptake of EV is merely 0.04 g/g. However, the inclusion of K2CO3
salt particles significantly increases the water uptake of EV/K2CO3 composite materials.
The known theoretical chemical adsorption capacity of K2CO3 for water vapor is 0.20 g/g,
while the equilibrium water uptake (the time required to reach sorption equilibrium) for
EVPV10, EVPC20, EVPC30, and EVPC40 is 0.32 g/g (5.0 h), 0.42 g/g (7.0 h), 0.63 g/g (14.5 h),
and 0.68 g/g (16 h), respectively. It is worth noting that the equilibrium water uptake of
the EVPC40 sample is 3.4 times the theoretical chemical adsorption capacity of pure K2CO3
salt. The increase in K2CO3 salt content is found to positively correlate with the equilibrium
water uptake of EV/K2CO3 composite materials, suggesting the significant influence
of salt content on the sorption process. This observation further suggests the presence
of solution absorption in addition to physical and chemical adsorption in EV/K2CO3
composite materials, as supported by the findings of Shkatulov et al. [26]. Therefore, upon
attaining sorption equilibrium, the EV/K2CO3 composite materials exhibit the presence of
K2CO3 within the interstices of EV in a solute form. The quantified values for the physical
adsorption of EV (xad,EV), the chemical adsorption of K2CO3 (xad,salt), the absorption of
K2CO3 solution (xab,salt), and the mass concentration of the K2CO3 salt solution (csalt) at
the sorption equilibrium are listed in Table 2, employing Equations (4)–(7).

xad,EV= (1 − θ) · xw,EV (4)

xad,salt = θ · xcs,salt (5)

xab,salt = xw,EVPC − xad,EV − xad,salt (6)
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csalt =
θ

θ + xw,EVPC − (1 − θ) · xw,EV
× 100% (7)

where xw,EV and xw,EVPC represent the total water uptake of EV and EV/K2CO3 composite
materials, respectively. The theoretical saturation chemical adsorption capacity of K2CO3 is
denoted as xcs,salt, with a specific value of 0.20 g/g. The parameter θ corresponds to the
salt content of the material, and its respective values can be obtained from Table 1.
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Table 2. Evaluation of water uptake behavior of EV/K2CO3 composites.

Samples EVPC10 EVPC20 EVPC30 EVPC40

xad,EV (g/g) 0.03 0.02 0.02 0.02
xad,salt (g/g) 0.07 0.11 0.13 0.13
xab,salt (g/g) 0.22 0.29 0.48 0.53

xw,EVPC (g/g) 0.32 0.42 0.63 0.68
csalt (%) 51.7 52.4 51.1 50.2

Based on the data presented in Table 2, it is apparent that the water uptake of the
EV/K2CO3 composite materials is predominantly attributed to chemical adsorption and
solution absorption processes, accounting for approximately 19.1% to 20.2% and 71.8% to
78.6% of the total, respectively. The physical adsorption of EV plays a minor role in the
overall water uptake of the EV/K2CO3 composite materials, constituting approximately
2.9% to 9.4%. Moreover, the influence of physical adsorption decreases as the salt content
increases. The mass concentrations of the salt solutions for the four samples obtained at
sorption equilibrium are 51.7%, 52.4%, 51.1%, and 50.2%, respectively. These values are
closely aligned with the mass concentration of a saturated K2CO3 solution at the same
temperature (30 ◦C), which is 53.1%. This observation implies that the presence of EV,
serving as the substrate for K2CO3 salt, does not have a substantial impact on the sorption
equilibrium of the reaction salt.

The aforementioned findings were acquired at a relative humidity of 60%. Further-
more, experiments were conducted to assess the sorption capabilities of the EVPC40 com-
posite material at various relative humidities, while keeping the temperature constant at
30 ◦C. The outcomes are depicted in Figure 4. When the relative humidity falls below 43%,
the water uptake of the EVPC40 composite material remains consistently at 0.12~0.13 g/g,
which aligns with its theoretical chemical adsorption capacity (0.13 g/g). This indicates
that no deliquescence occurs at this point. In contrast, when the relative humidity ex-
ceeds 43%, the water uptake experiences a rapid escalation, which further amplifies with
subsequent increases in relative humidity. This observation suggests that the composite
material undergoes deliquescence, thereby exhibiting the phenomenon of solution absorp-
tion. Additionally, it implies that the EV, acting as the substrate for the K2CO3 salt, does
not significantly influence the critical relative humidity of the reaction salt.

In summary, the EV/K2CO3 composite material, wherein EV serves as the porous
substrate, effectively preserves the sorption properties exhibited by pure K2CO3 salt. Fur-
thermore, no substantial leakage was observed after all samples reached sorption equilib-
rium. This indicates that the EV/K2CO3 composite material not only significantly increases
the total water uptake but also effectively accommodates the salt solution formed due to
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deliquescence and excessive hydration of K2CO3 salt, thereby mitigating material loss and
enhancing the stability of utilizing TCES materials.
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The EV/K2CO3 composite materials exhibit similar sorption properties as pure K2CO3
salt, allowing for the utilization of conventional analytical techniques employed for pure
K2CO3 salt in the analysis of the EV/K2CO3 composite materials. Consequently, the
sorption process of the EV/K2CO3 composite materials can be delineated into two distinct
stages: adsorption and absorption.

The first sorption stage:

EV + K2CO3(s) + 1.5H2O(g) → EV + K2CO3 · 1.5H2O (s) + Heat (8)

The second sorption stage:

EV + K2CO3 · 1.5H2O (s) + nH2O(g) → EV + K2CO3 solution + Heat (9)

where n is a constant that can be calculated via conversion using the salt concentration at
the final sorption equilibrium state of EV/K2CO3 composite materials. In this study, the
value of n ranges approximately between 5.5 and 6.1.

The sorption rates of the two sorption stages of EV/K2CO3 composite materials are
illustrated in Figure 5. It can be observed that the average sorption rates for the first
and second stages are 2.06 × 10−3 g/g·min−1 and 0.72 × 10−3 g/g·min−1, respectively.
The average sorption rate of the first stage is approximately 2.4 to 3.3 times that of the
second stage. This disparity can be attributed to the greater sorption energy associated with
crystalline water bonded in chemical form compared to structural water and free water.
Moreover, the salt content has a certain influence on the average sorption rates of these two
stages. The average sorption rate of the first stage initially increases and then decreases
with an increase in salt content. This suggests that the augmentation in salt content could
potentially result in heightened resistance to mass transfer, potentially attributable to the
occupation of pore volume by salt particles, as corroborated by the investigation conducted
by Michel et al. [29]. The average sorption rate of the second stage slightly decreases
with an increase in salt content, but the variation is not significant. Therefore, although
increasing the salt content can enhance the water uptake of the composite materials, it may
also impede the sorption rate due to an elevation in mass transfer resistance.
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3.3. Desorption Properties

The desorption process of potassium carbonate hydrate salt can be utilized for efficient
thermal energy storage involving a single-step conversion between K2CO3·1.5H2O and
K2CO3 [30]. However, the desorption process of EV exhibits a more complex series of two
to three steps, as shown in Figure 6. As the temperature increases, the adsorbed water in
EV gradually evaporates, resulting in three distinct peaks during the desorption process
at temperatures of 32.9 ◦C, 70 ◦C, and 133.4 ◦C, respectively. The combined mass loss
of the first two mass plateaus accounts for approximately 90% of the total mass loss. In
order to examine the potential impact of the EV substrate on the desorption performance
of EV/K2CO3 composite materials, desorption experiments were conducted on composite
materials with varying salt contents, considering the unique desorption process of EV in
comparison to pure K2CO3·1.5H2O.
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Figure 7 presents the TG test outcomes of the EV/K2CO3 composite materials attaining
sorption equilibrium under initial conditions of 30 ◦C and 60% RH. It can be observed that
the desorption process of the EV/K2CO3 composite materials encompasses three to four
steps, and with an increase in salt content, the temperature peaks of each mass plateau
generally shift to the right. This indicates that the incorporation of the EV porous matrix
complicates the dehydration process, which can be attributed to the complex structure of
EV or possibly to the heating rate. At higher heating rates, the desorption process of salt
hydrates may result in melting, causing localized peaks [31].
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The boundary line for the desorption process of the EV/K2CO3 composite materials is
taken as EV + K2CO3·1.5H2O(s), represented by the horizontal dashed line in Figure 7a–d.
The initial two steps primarily involve the conversion from EV + K2CO3 solution to EV +
K2CO3·1.5H2O(s), while the subsequent one or two steps mainly involve the conversion from
EV + K2CO3·1.5H2O(s) to EV + K2CO3(s). Consequently, these two conversion processes can
be described by the two desorption stages outlined in Equations (10) and (11).

The first desorption stage:

EV + K2CO3 solution + Heat → EV + K2CO3 · 1.5H2O (s) + mH2O(g) (10)

The second desorption stage:

EV + K2CO3 · 1.5H2O (s) + Heat → EV + K2CO3(s) + 1.5H2O(g) (11)

According to Equation (2), the average desorption rates of EV/K2CO3 composite
materials with different salt contents can be determined for the two desorption stages
outlined in Equations (10) and (11), as depicted in Figure 8. It can be seen that the average
desorption rates for these stages are 3.60 × 10−2 g/g·min−1 and 1.05 × 10−2 g/g·min−1,
respectively. Notably, the average desorption rate of the first desorption stage is approxi-
mately three to four times that of the second desorption stage, owing to the higher activation
energy required for the dehydration of chemically bound crystalline water in comparison
to structural water and free water. Moreover, the salt content has a discernible influence
on the average desorption rates of the two desorption states in EV/K2CO3 composite
materials. Specifically, as the salt content increases, the average desorption rates exhibit a
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corresponding increase. Consequently, increasing the salt content proves advantageous for
enhancing the desorption rate of EV/K2CO3 composite materials, which is significantly
faster compared to the sorption process. Therefore, in practical applications of salt hydrates,
the sorption process typically acts as the primary limiting factor.
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3.4. Cycle Stability

The assessment of the reliability and repeatability of the sorption properties of the
EV/K2CO3 composite material relies on the consistency and stability of the data. Figure 9
illustrates the variation in water uptake of EVPC40 composite material during six hydration–
dehydration cycles in the case of RH lower than DRH (i.e., 30 ◦C and 29% RH), starting with
an initial mass of approximately 22 mg. Throughout these cycles, the equilibrium water
uptake remained constant within a narrow range of 0.120–0.124 g/g, with an average of
0.122 g/g and a minimal standard deviation of approximately 0.001 g/g. This observation
highlights the consistent maintenance of sorption levels within a narrow range, despite
minor inherent variations in repeated experiments. This indicates strong data consistency
and suggests that the EV/K2CO3 composite material demonstrates a high level of stability
and repeatability in its sorption performance under conditions of low humidity.
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Figure 10 presents the mass change of the EVPC40 composite material during the
16 hydration-dehydration cycles in the case of RH higher than DRH (i.e., 30 ◦C and 60%



Energies 2024, 17, 2847 13 of 18

RH). The initial mass of the sample following the first drying process was recorded at
65.53 mg, and subsequent measurements after 16 cycles of hydration–dehydration revealed
a mass of 65.42 mg, indicating minimal variation in mass before and after the cycles. The
average sample mass over the course of the 16 cycles remained constant at 65.42 mg, with a
deviation of no more than 0.5% between the maximum (65.53 mg) and minimum (65.32 mg)
values. These findings suggest that the EV/K2CO3 composite material experienced no
solution leakage after 16 cycles, demonstrating strong cycling stability and reinforcing its
potential for reliable performance in practical applications.
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3.5. Thermal Energy Storage Properties

The MESD and the VESD are two important parameters for evaluating the heat storage
efficiency of TCES systems. The MESD of EV/K2CO3 composite materials (Qm,EVPC)
includes three components, the physical adsorption heat of EV (Qad,EV), the chemical
adsorption heat of K2CO3 salt (Qad,salt), and the absorption heat of K2CO3 solution (Qab,salt),
as illustrated in Equation (12). The VESD of EV/K2CO3 composite materials (QV,EVPC) can
be obtained by converting the MESD using Equation (13).

Qm,EVPC = Qad,EV + Qad,salt + Qab,salt (12)

QV,EVPC = ρc · Qm,EVPC (13)

where ρc represents the mass density of the EV/K2CO3 composite materials, which can be
obtained from Table 1.

The DSC experimental curve, obtained through the utilization of DSC for thermal
analysis of the samples, is shown in Figure A1. The characteristics observed in the DSC data
exhibit similarities to those depicted in the DTG curves of Figures 6 and 7. By integrating the
DSC curve, the desorption heat of the EV/K2CO3 composite materials can be determined,
as presented in Table 3. It is evident that the desorption heat of the EV/K2CO3 composite
materials rises with the augmentation of salt content. Among them, the EVPC40 sample
exhibits a desorption heat of 1633.6 kg/kg.

Table 3. Dehydration heat of EV and EV/K2CO3 composites at the heating rate of 10 K/min.

Samples EV EVPC10 EVPC20 EVPC30 EVPC40

Desorption heat (kJ/kg) 81.6 818.0 1091.3 1572.0 1633.6
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Because the sorption process of salt hydrates can be considered a reversible process of
desorption, the sorption heat is equal to the desorption heat. By utilizing Equations (14)–(16),
it is possible to indirectly ascertain the physical adsorption heat of EV, the chemical adsorption
heat of K2CO3 salt, and the absorption heat of the K2CO3 solution.

Qad,EV = (1 − θ) · Qm,EV (14)

Qad,salt = θ · Qcs,salt (15)

Qab,salt = Qm,EVPC − Qad,EV − Qad,salt (16)

Figure 11 depicts the variations in the MESD and VESD of EV/K2CO3 composite
materials as a function of salt content. It is evident that both the MESD and VESD of
EV/K2CO3 composites exhibit an upward trend with increasing salt content. This observa-
tion suggests that augmenting the salt content confers advantages in enhancing the heat
storage performance of the material and serves as a crucial determinant of the thermal
energy storage density. Furthermore, the MESD of EV/K2CO3 composites exceeds that of
pure K2CO3 salt gas–solid adsorption. This can be predominantly ascribed to the presence
of EV, which possesses the ability to accommodate the salt solution generated from salt
deliquescence and excessive hydration without any leakage, effectively utilizing the heat
absorbed by the solution in EV/K2CO3 composite materials. This portion of heat accounts
for approximately 66 to 69% of the total heat. Among the various materials examined, the
EVPC40 composite material demonstrates the highest heat storage density, as evidenced by
its VESD of up to 160 kWh/m3 and its MESD of 1633.6 kJ/kg. This MESD value is approxi-
mately 2.34 times that of pure K2CO3 salt (710 kJ/kg). This suggests that the utilization of
EV/K2CO3 composite materials, in comparison to pure K2CO3 salt, can result in a cost re-
duction of approximately 57% for TCES materials under identical heat demand conditions.
Thus, the inclusion of EV as a porous matrix in EV/K2CO3 composite materials presents a
promising option for the advancement of TCES materials in forthcoming research.
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4. Conclusions

This study employed a solution impregnation method to fabricate EV/K2CO3 com-
posite materials with varying salt content. The microscopic morphology of these composite
materials was meticulously examined via SEM, while the sorption and desorption kinetics
performances were rigorously investigated through CTHC experiments and STA testing.
Furthermore, the MESD and VESD of the EV/K2CO3 composite materials were determined
using the DSC analysis. The main conclusions are as follows.

In the context of EV/K2CO3 composite materials, the inclusion of EV has been found
to have several beneficial effects. Firstly, the presence of EV effectively disperses salt
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particles, mitigating their tendency to aggregate and promoting a larger specific surface
area for the composite material. Importantly, this dispersion does not disrupt the sorption
equilibrium or critical relative humidity of the reacting salt. Additionally, EV serves as a
reservoir for the salt solution, effectively addressing the issue of solution leakage caused
by deliquescence and excessive hydration of pure K2CO3 salt. This reservoir function
significantly enhances the water uptake and stability of the composite material. Hence, EV
demonstrates its appropriateness as a matrix material for K2CO3 and holds practical value
and significant potential in TCES systems.

The salt content plays a crucial role in determining the performance of EV/K2CO3
composite materials. The water uptake of these composites surpasses the chemical adsorp-
tion capacity of pure K2CO3 salt, primarily attributed to the solution absorption of K2CO3.
Notably, an increase in salt content directly correlates with higher water uptake. In the
desorption process, increasing the salt content has been observed to positively influence the
average desorption rate. Conversely, in the sorption process, elevating the salt content has
been found to enhance the water uptake but concurrently increase the resistance to mass
transfer, leading to a decrease in the average sorption rate. This indicates that the sorption
process may serve as the primary limiting factor in its kinetic performance. Moreover,
the MESD and VESD of EV/K2CO3 composite materials exhibit an upward trend with
the augmentation of salt content. In terms of enhancing energy density, it is advisable to
maximize the salt content of EV/K2CO3 composite materials while ensuring the absence of
solution leakage.

Among the various EV/K2CO3 composite materials analyzed in this study, the EVPC40
composite material, characterized by a salt content of 67.4% and operating conditions
of 30 ◦C and 60%RH, is deemed to be the optimal TCES material. It exhibits a water
uptake of 0.68 g/g, with MESD and VESD values of 1633.6 kJ/kg and 160 kWh/m3,
respectively. In terms of cost savings, employing EV/K2CO3 composite materials under
identical heat demand conditions can result in a reduction of approximately 57% compared
to the utilization of pure K2CO3 salt, thus establishing it as a highly promising TCES
material.

The present study provides fundamental data and theoretical backing for the uti-
lization and design of EV/K2CO3 composite materials in TCES systems. Future research
efforts will focus on exploring the performance of EV/K2CO3 composite materials under
diverse operational circumstances, as well as delving deeper into the relevant properties of
EV/K2CO3 composite materials at both the reactor and system levels.
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Abbreviations
The following abbreviations are used in this manuscript.
Abbreviations
CTHC constant temperature and humidity chamber
DRH deliquescence relative humidity
DSC differential scanning calorimetry
DSR desorption rate
EV expanded vermiculite
MESD mass energy storage density
RH relative humidity
SEM scanning electron microscope
SR sorption rate
STA Simultaneous Thermal Analyzer
TCES thermochemical energy storage
TCM thermochemical material
TG thermogravimetry
VESD volumetric energy storage density
Nomenclature
m masses of samples
Q heat flux or sorption heat
x water uptake of samples
csalt mass concentration of the K2CO3 salt solution
Greek Symbols
α material conversion
θ salt content
ρ mass density
τ reaction time
Subscripts
ab,salt absorption of K2CO3 solution for EV/K2CO3 composites
ad,EV physical adsorption of EV for EV/K2CO3 composites
ad,salt chemical adsorption of K2CO3 for EV/K2CO3 composites
cs,salt theoretical saturation chemical adsorption capacity of pure K2CO3
m,EVPC sorption of EV/K2CO3 composites
w,EV sorption of pure EV

Appendix A

The DSC measurement results of the EV and EV/K2CO3 composites at the heating
rate of 10 K/min are shown in Figure A1.
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