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Abstract: Thermochemical energy storage is an emerging technology aiming to mitigate the mismatch 

between heat supply and demand. Adsorption method, which belongs to the wider class of thermochemical 

energy storage, is a promising solution for storage of low-temperature heat (below 100 С). Designing 

efficient energy storage units requires the appropriate choice of the working pair. In this article, we 

address the properties of composite sorbents “CaCl2 inside alumina and carbon mesopores”, two 

commercial matrices with similar pore structure, but very different chemical nature and hydrophilicity. 

Despite this, water sorption equilibrium for both composites are very similar; the composites’ sorption 

properties are influenced more by the confined salt and the matrix’ porous structure than by its 

chemical nature. This finding provides deeper insight into the adsorption mechanisms and can guide 

designing new advanced composites “salt in a porous matrix” for various applications. High heat 

storage density (1.1–1.3 GJ/m3), low regeneration temperature (60–100 C), high heat release 

temperature (up to 60–80 C), good hydrothermal stability, and commercial availability of the 

components make the new CaCl2/Alumina composite very competitive with other materials for 

thermochemical energy storage. 

Keywords: thermochemical energy storage; salt hydration; composite sorbents; CaCl2/Alumina; 

CaCl2/carbon Sibunit; water sorption 
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Abbreviations: CSPM: composite “salt in porous matrix”; HSC: heat storage capacity; TCES: 

thermochemical energy storage; BET: Brunauer-Emmett-Teller; BJH: Barrett-Joyner-Halenda; NSA: 

normalized surface area 

Nomenclature: C: content, wt.%; D: diffusivity, m2/s; d: pore size, nm; Ea: activation energy, J/mol; 

H: enthalpy, J/mol; F: adsorption potential, J/mol; I: specific heat of immersion, J/m2; k: rate 

constant, s-1; l: grain size, mm; m: mass, g; N: mole ratio, mol_H2O/mol_CaCl2; P: pressure, mbar; 

P0(T): saturated vapor pressure at temperature T, mbar; Q: heat storage capacity, J/g; Qv: volumetric 

heat storage capacity, J/m3; R: universal gas constant, J/(mol·K); Ssp: specific surface area, m2/g; T: 

temperature, oC, K; t: time, s; w: uptake, g/g; Vp: specific pore volume, cm3/g; A, B, n, Z: fitting 

parameters 

Subscripts/superscripts: 0: saturated; : infinite; a: ambient; ad: adsorbent; av: average; c: composite; 

d: desorption; e: empty; is: isosteric; m: matrix; p: pore; r: rejection; s: salt; sol: solution; t: total 

Greek symbols: : density, g/cm3; : porosity; : tortuosity; : thickness, m; : characteristic time, s 

1. Introduction 

The development of low- and zero-carbon energy systems is a strategic goal of the global energy 

policies, which requires the effective utilization of renewable energy sources. Thermochemical storage 

of solar or waste heat can mitigate the mismatch between the heat supply and demand, which is one of 

the major factors hindering their use [1]. Among methods for thermal energy storage, namely as 

sensible, latent, and chemical heat, the thermochemical method offers important benefits: Larger Heat 

Storage Capacity (HSC) and negligible heat losses during the storage phase. ThermoChemical Energy 

Storage (TCES) involves a reversible endothermal/exothermal reaction driven by a thermal energy 

source, e.g., solar or waste heat, and recover it when needed [2]. The diversity of the reactions 

applicable for TCES offers the possibility to vary the temperature level of the heat storage/release in a 

wide range (25–1000 C) [3]. Among the many reactions for TCES, decomposition/formation of metal 

hydrides are characterized by high energy storage capacity up to 4200 kJ/kg (CaH2) and flexibility to 

operate in different environmental conditions by varying the alloy composition to cover a wide range 

of operating temperature (from ambient to 1000 C) and hydrogen pressure (from 0.001 bar to several 

hundred bars). Low temperature hydrides such as NaAlH4 and TiMn1.5H2.5 possess moderate energy 

storage capacity below 1000 kJ/kg [4,5]. Low thermal conductivity of the metal hydrates is a crucial 

factor limiting their practical application. Metal carbonates are another class of materials that have attracted 

interest for TCES due to quite high energy storage capacity up to 1657 kJ/kg (CaCO3) and economic 

attractiveness [6]. They are mostly intended for middle (100–300 C) and high temperature (>300 C) heat 

storage. Slow decomposition kinetics and reduction in the cycle uptake capacity are their drawbacks, 

which can be partially overcome by doping carbonates with additives. Both metal hydrides and 

carbonates can be applicable only for close TCES systems, in the absence of contact of reagent with 

the atmosphere. 

Low temperature heat (below 100 C) accounts for 63% of waste heat streams from electricity 

generation, transportation, industry, and domestic sectors [7–9]. For storing this low-grade heat, the 

TCES method, which involves a reversible process of water adsorption or hydration/dehydration of 

hygroscopic salts (S)  

S+nH2O(g)  SnH2O + Q   (1) 
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is a promising route (Figure 1a). TCES includes two stages, namely the heat storage (charging), and 

the heat release (discharging). During the charging stage, the heat to be stored is used to carry out 

endothermic dehydration of salt hydrates SnH2O to form anhydrous salt and water vapor. Then, when 

heating is required, discharging stage occurs, and the stored energy is released during the exothermic 

reaction of the salt with water vapor [2,7]. Thus, TCES based on the salt hydration or adsorption 

involves a solid-gas reaction.  

  

(a)    

        

(b) 

Figure 1. (a) Scheme of TCES based on the salt hydration; (b) Scheme of the composites’ 

preparation.  

Designing efficient TCES units requires the appropriate choice of a chemical reaction or an 

adsorbent, the properties of which have a significant impact on the performance indexes of TCES    

units [10]. However, the practical application of bulk salt hydrates for TCES is hindered by their 

deliquescence due to the water absorption, aggregation of salt particles in hydration/dehydration cycles, 
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and low thermal conductivity of salts, which result in poor hydration dynamics and low specific power 

of TCES units [7]. Several types of solid porous adsorbents have been proposed for TCES [11], such 

as crystalline aluminophosphates, metal-substituted aluminophosphates (AlPOs, MeAPOs) [12,13], 

and metal-organic frameworks (MOFs) [14,15]. However, the practical application of these materials 

for TCES is challenging because of high cost and poor commercial availability of these adsorbents.        

A family of Composite materials “Salt in a Porous Matrix” (CSPM) was invented [16] and studied 

for TCES [17–20], as well as other applications such as maintaining relative humidity [21], shifting 

chemical equilibrium [22], etc. CSPM are two-component materials, which consist of a porous host 

matrix and a hygroscopic salt confined to the matrix pores. CSPMs take an intermediate position 

between common porous adsorbents and pure hygroscopic salts and can be organized in a way to 

combine the best features of both components.  

Since salt is the main water sorbing component, the adsorption and energy storage capacities of 

CSPMs grow with an increase in the salt content [17,19]. The porous matrix is also of paramount 

importance as it contributes to heat and mass transfer in the adsorbent particles. Moreover, the porous 

structure of the matrix greatly affects the sorption equilibrium of the confined salt, which enables 

tuning the composite’ properties by introducing the salt into pores of a certain size [17,19–25]. To the 

best of our knowledge, little is known on the influence of another important characteristic of the matrix, 

namely its chemical nature, which can be attributed to the complexity of finding the matrices of 

different chemical nature with the same porous structure. 

In this article, two commercial mesoporous adsorbents with very similar porous structure, but 

completely different chemical nature and affinity to water, namely activated alumina and carbon 

Sibunit [26], were used as host matrices for CaCl2. This enables us to gain insight into the influence of 

the chemical nature of the matrix on adsorption properties of the composites.  

During the formation of solid CaCl2 hydrates and aqueous solution, a large amount of heat is 

released [16,19,20,23] that promotes high energy storage capacity of CaCl2-based CSPMs. CaCl2 was 

introduced into other porous matrices (silica gel, zeolites, vermiculite, microporous carbons, MOFs, 

clays, SBA-15, etc.) [16,18,19]. However, only a few studies were devoted to CaCl2-composites based 

on activated alumina [20,27] and none to composites based on a mesoporous carbon, such as Sibunit. 

Both matrices have very good structure stability and high strength, which is an important parameter 

because the composites must remain intact during numerous hydration/dehydration cycles. Thus, the 

commercially available active alumina has a crush strength of 16 kg, which is much higher than that 

for silica gels (3.6–9 kg) [28]. Relatively high bulk density (910 kg/m3 for alumina as compared        

with 415 kg/m3 for silica gel and 130 kg/m3 for expanded vermiculite) is also profitable for energy-

related applications as promotes a high volumetric energy storage capacity [29]. Thermal conductivity 

of monolithic and pelletized alumina equal to 23–28 and 0.28 W/m/K, respectively [29,30], is higher 

than that for CaCl2 pellets (0.11–0.15 W/m/K) [31], which can contribute to fast sorption dynamics on 

the composite. Finally, it is worthy to note that both matrices and salt are commercially available and 

cheap (the cost of active alumina and CaCl2 is 1.5–5 and 2–4 USD/kg, respectively). All these 

properties are beneficial for practical implementation of TCES using these composites. 

The equilibrium of the water vapor adsorption on composites CaCl2/Alumina and CaCl2/Sibunit 

was studied and compared. The novelty of this study lies in revealing the effect of the matrix chemical 

nature on the water adsorption equilibrium of the composites, which become possible due to the use 

of these two matrices with similar porous structure but completely different chemical composition and 

hydrophilicity. The water sorption kinetics was studied for the CaCl2/Alumina composite; its 
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hydrothermal stability was tested for the first time under 200 sorption-desorption cycles. Based on the 

equilibrium sorption data, the heat storage capacity, the temperatures of the composite regeneration, 

and the heat release were evaluated, and the effect of the operating conditions on the TCES 

performance was analyzed. The results showed a high potential of the composites for TCES. 

2. Material and methods 

2.1. Composite synthesis and characterization 

Commercial alumina A1 (Angarsk Oil Refinery) and carbonaceous material Sibunit (Institute for 

Problems of Hydrocarbon Processing SB RAS) were used as host matrices for CaCl2 (purity > 99%, 

Aldrich). The composites were prepared by an incipient wetness impregnation of the matrix’s grains 

with an aqueous solution of CaCl2 (30 wt. %) (Figure 1b). Before impregnation, both matrices were 

dried at 150 C for 10 h, and the CaCl2 solution was added to the matrices dropwise. The solution 

volume Vsol was equal to pore volume of the matrix, Vsol = Vpmm, where Vp is the specific pore volume 

and mm is the mass of the matrix. The wet composites were maintained in a closed vessel for 1 day to 

achieve uniform salt distribution inside pores and then dried at 150 C for 16 hours. The salt content 

Cs was determined by weight method from the difference of the masses mc of the dried composite and 

mm of the pristine matrix according to the following equation:  

Cs = [(mc-mm)/mc]100%          (2) 

The composites based on alumina and carbon were Cs = 21.1 and 19.4 wt. %, respectively.  

The specific surface area, pore volume, average pore size, and pore size distribution were 

measured by nitrogen adsorption at 77 C using a Micromeritics ASAP 2040 Analyzer in the range of 

the relative pressures P/P0 = 0.06–0.99 with a step of 0.015. Before testing, a sample was degassed    

at 200 C for 12 h in vacuum. The specific surface area Ssp was obtained by the Brunauer-Emmett-

Teller (BET) method. The specific pore volume Vp was determined at P/P0 = 0.99 (adsorption branch). 

The pore size distribution was obtained using the Barrett-Joyner-Halenda (BJH) method applied to the 

desorption branch of the isotherms. The morphology of the composites was characterized with a 

scanning electron microscope Regulus 8230 (Hitachi, Tokyo, Japan) with cold field emission at an 

accelerating voltage of 2.5 kV and 4 kV. The immersion heat was measured by a calorimeter Tian-

Calvet as described in more detail in the Supplementary Materials (Section 1) and Ref. [32]. The total 

heat storage capacity of the sample was measured by DSC analysis using a DSC 404 C Pegasus 

calorimeter (Netzsch). Before measurements, the calorimeter was calibrated using the melting point 

and thermal effects of metal standards In, Bi, Sn, and Zn (see Section 4 in the Supplementary Materials). 

A sample weighed 20 mg was placed into a standard aluminium crucible, saturated with water vapor 

until pore filling, hermetically sealed, and kept for 24 h. Before measurements, a small hole was made 

in the crucible lid, then the sample was placed in the calorimeter measuring cell and heated in helium 

flow to 320 °C at a rate of 5 K/min. The results obtained were processed using standard Proteus 

Analysis software. Three measurements were made, and the average value was calculated. 
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2.2. Water sorption equilibrium and kinetics 

Isobars of water sorption were measured by the thermogravimetric method in the temperature 

range 25–150 C and partial pressure of water vapor P = 9–50 mbar with a Rigaku Thermoflex unit. 

Before measurements, a sample was placed into the measuring cell and heated to 150 C in the flow 

of dry air to reach anhydrous state. The typical mass of dry sample mad was 20–25 mg, which 

corresponded to approximately one layer of loose composite grains on the bottom of the measuring 

cell. Then, humid air with a given partial vapor pressure P was passed through the measuring cell, 

maintaining a constant temperature of the sample. The dependence of the sample mass on time was 

recorded until the weight became constant, giving the kinetics of water sorption and the final change 

in the sample mass m(T, P) equal to the equilibrium water sorption. The specific water uptake was 

presented as w(T, P) = mH2O/mad or as number N of moles of adsorbed water related to 1 mole of the 

salt N = (mH2O/MH2O)/(madCs/Ms); here, MH2O and Ms are molar masses of the water and the salt. 

The water sorption kinetics were measured for the fractions of the composite with grain size          

of 0.6–0.7, 1.4–1.5, 2.4–2.6, and 4.4–4.5 mm. The supply rate of humid air was carefully chosen so 

that it did not affect the kinetics of water sorption. Thus, the sorption kinetics was determined by vapor 

transport through the outer grain surface or/and inside the grain (Section 3.2).  

2.3. Hydrothermal stability 

First, the sorbent sample (grain size 4.5 mm) was saturated with the water vapor in a flux of humid 

air at a relative pressure of water vapor P/P0 = 0.70 and temperature of 20–25 C until the equilibrium. 

Then, it was dried in a dry air flux at 150 °C. After every 5–10 cycles, sorbent fragments smaller       

than 0.5 mm in size, formed as a result of sorbent degradation, were sifted out and the weight loss was 

determined. The equilibrium water uptake on the sample after 10 adsorption/desorption cycles was 

measured at a RH of 70% at room temperature. The weight of the sample was measured each hour 

until it become constant. The equilibrium uptake was calculated from the increase in the sample weight. 

3. Results and discussion 

3.1. Material characterization 

Alumina A1 is a mesoporous material with a wide pore size distribution (Figure 2a) ranged 

between 2 and 20 nm with the average pore size dav = 6.0 nm. The specific surface area Ssp = 195 m2/g 

and the total pore volume Vp = 0.70 cm3/g (Table 1) are typical for activated alumina [33,34]. 

Impregnation with the salt reduces the pore volume to Vp = 0.47 cm3/g_composite. The pore size 

distribution for the composite remains non-uniform with the same shape as before salt              

impregnation (Figure 2a).  
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Figure 2. Pore size distribution of the studied matrices and composites. 

Table 1. Salt content, specific surface area, total pore volume, and average pore size for 

the pristine matrices and appropriate composites.  

 Cs, wt.% Ssp, m2/g Vp, cm3/g Vp.th, cm3/g NSA dav, nm 

Alumina - 195 0.70 - - 6.0 

Sibunit - 215 0.63 - - 6.2 

CaCl2/Alumina 21.1 174 0.47 0.46 1.13 5.9 

CaCl2/Sibunit 19.4 156 0.33 0.42 0.9 5.8 

The volume Vs occupied by salt related to 1 g of composite is equal to Vs = Cs/100/s = 0.098 cm3; 

here, s = 2.15 g/cm3 is the density of anhydrous CaCl2. The theoretical pore volume available for N2 

molecules can be calculated assuming that CaCl2 occupies internal pore space as Vp.th = (VpCm) − Vs 

= (0.70 cm3/g0.79 g) − 0.098 cm3 = 0.46 cm3, which is almost equal to the measured pore volume Vp 

of the composite. Moreover, the Normalized Surface Area NSA = Ssp(composite)/(1-

Cs/100)1/Ssp(matrix) is estimated as 1.13 (Table 1). NSA slightly exceeding 1 can be attributed to 

assembling the guest phase particles with the size comparable to the pore size of the matrix [35]. Indeed, 

the XRD pattern of CaCl2/Alumina (Figure S1 in the Supplementary material) shows broad peaks         

at 2θ  20 and 29–30, which can be assigned to nano-dispersed CaCl2 particles. The size of coherently 

scattering domains of CaCl2 crystallites, estimated by X-ray diffraction and equal to 4–6 nm, is close 

to the average pore size of the alumina. SEM images of CaCl2/Alumina composite (Figure S2 in the 

Supplementary material) show that it consists of rod-shaped primary alumina particles of about 0.1–0.3 µm 

length randomly bonded to each other (Figure S2). Some macropores are observed between the 

alumina particles. No bulky salt particle is observed on the external surface of alumina particles. These 

results confirm that CaCl2 in the composite forms nanocrystals inside mesopores of the alumina. 

The structure of the pristine carbon Sibunit is mesoporous and homogeneous with dav = 6.2 nm, 

Ssp = 215 m2/g, and Vp = 0.63 cm3/g (Figure 2b). These texture characteristics are close to that for 

alumina. After impregnation with the salt, the pore volume decreases to Vp.c = 0.33 cm3/g (Figure 2). 

Estimated the theoretical pore volume Vp.th = 0.42 cm3 is somewhat larger than measured Vp = 0.33 cm3/g. 

NSA is equal to 0.9. Thus, after impregnation, the pores become partially inaccessible to N2. According 

to [35], it may indicate formation of the guest particles whose size is comparable to the pore diameter, 

deposited at least partially inside pores. SEM images of CaCl2/Sibunit (Figure S2 in the Supplementary 
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material) show that the composite is composed of ensembles of round particles of 0.1–0.3 m size connected 

to each other, forming some macropores between the particles. Again, no bulky salt particle is detected 

between these carbon particles. These results show that the salt particles are inside Sibunit pores near 

throat of narrow pores may partially block them [35]. This behavior is typical for matrices with small 

pores [17,24,36], such as the Sibunit. Indeed, no pores larger than 20–30 nm are detected in the pore 

size distribution (Figure 2b). Furthermore, the blocking may increase for hydrophobic matrices, which 

promotes formation of the droplets of the aqueous salt solution during drying the wet composite. Then, 

salt crystallization occurs from these droplets, which results in formation of the particles with the size 

closed to the pore size partially clogging the pores [37]. Similar behavior was observed for 

LiCl/alumina [38], LiCl/silica [39], and CaCl2/MIL-101 composites [40].  

The hydrophilicity of porous solids can be characterized by the heat of immersion in water (Table 

S1 in the Supplementary Materials). Indeed, the specific heat of alumina immersion in water I = 0.290 

 0.006 J/m2 is one order of magnitude larger than I = 0.0324  0.001 J/m2 for Sibunit. The alumina 

surface is highly hydrophilic due to the presence of active surface sites, including several types of 

hydroxyl groups (terminal -OH groups coordinated to a single Al3+ cation and bridging -OH groups, 

which links two or three Al3+ cation) [33]. These groups bear partial negative or positive charge and, 

consequently, have strong affinity to water [41]. For Sibunit, the heat of immersion in water coincides 

with the immersion heat (0.0322 J/m2) of a non-porous graphite carbon black Grafon [42]. The Sibunit 

is produced by deposition of pyrolytic carbon on grains of graphitized carbon black followed by steam 

activation at high temperature of 700–1100 C. Upon activation, narrow slit-like pores are formed, 

which give a sharp peak at 4–5 nm in the pore size distribution (Figure 2b). The surface of these pores 

mostly consists of highly hydrophobic basal faces of graphite-like carbon layers [26]. 

Thus, two commercial mesoporous matrices, activated alumina and carbon Sibunit, have close 

average pore size (ca. 6 nm), specific surface area (ca. 200 m2/g), and total pore volume (0.63–0.70 cm3/g), 

but very different chemical nature and hydrophilicity, they are used as host matrices for impregnating 

similar amounts of CaCl2 (ca. 20 wt.%). Next, the water sorption on these composites is studied and 

compared, which enables identifying the effect of the matrix’s chemical nature on the sorption 

properties of the composites.  

3.2. Water vapor adsorption 

For both composites, the sorption isobars are smooth curves, and the water uptake gradually 

decreases with increasing temperature (Figure 3); thus, the equilibrium sorption is bi-variant over the 

range of water uptake w = 0–0.40 g/g. Such type of water sorption equilibrium is typical of CSPMs 

with “narrow” pores, in which the hydrated salt can continuously change its composition as in an 

aqueous salt solution [17,19,24]. In “large” pores, the solid crystalline hydrates CaCl2NH2O (N = 1/3, 

1, 2, and 4) are formed with a constant composition over a certain temperature range and a step-wise 

transition between them [17,19].  



909 

 

AIMS Energy  Volume 13, Issue 4, 901–921. 

 

Figure 3. Isobars of water vapor sorption on the composites CaCl2/Alumina (a) and 

CaCl2/Sibunit (b).  

Based on the experimental isobars, a set of sorption isosteres is plotted (Figure 4) and the isosteric 

heat His(w) of water sorption is calculated according to the Clausius-Clapeiron equation  

ln(PH2O) = His(w)/RT + C(w)        (3) 

where C(w) is a fitting coefficient. For both composites, the isosteric heat is almost the same in the 

uptake range w = (0.07 – 0.24)  0.005 g/g or N > 2 mol/mol and tends to slightly decrease at increasing 

water content (Table 2). At a smaller w (N < 2 mol/mol), an increase in His is observed, which can be 

attributed to the formation of the salt hydrate CaCl22H2O with stronger bonds between the water 

molecules and the salt ions. At large w-values, it approaches the evaporation heat for a bulk CaCl2 

aqueous solution [43].  

 

Figure 4. Isosteres of water sorption on the composites CaCl2/Alumina (a) and CaCl2/Sibunit (b). 
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Table 2. Isosteric sorption heat His (1.0 kJ/mol) at various water uptakes w and N. 

w, g/g 0.02 0.04 0.07 0.10 0.14 0.17 0.21 0.24 

CaCl2/Alumina 

N, mol/mol - 1.2 2.1 2.9 4.1 5.0 6.1 7.0 

His, kJ/mol  53.2 50.9 49.3 48.2 48.7 46.4 46.7 

CaCl2/Sibunit 

N, mol/mol 0.6 1.3 2.2 3.2 4. 5 5.4 6.7 7.6 

His, kJ/mol 57.6 53.4 51.8 47.9 47.0 47.0 47.1 46.2 
 

The set of these experimental data enables the water sorption properties of the composites 

involved to be thoroughly compared. For this purpose, the primary experimental data w(P,T) are 

presented in a more universal form, e.g., as a function of water uptake on the Polanyi-Dubinin 

adsorption potential F = -RTln[(P/P0(T)], where R is the universal gas constant, T is the temperature, 

P is the water vapor pressure, and P0(T) is the saturated vapor pressure at temperature T (Figure S3 in 

the Supplementary Materials). All the experimental data (totally 154 readings), measured in a wide 

range of P = 8.7 – 50.3 mbar and T = 22–150 °C, well transform to one curve of water adsorption 

w(F) for each the composite, which can be considered a universal characteristic curve of water 

adsorption.  

In order to account for somewhat different salt content of 21.1 and 19.4 wt.% for CaCl2/Alumina 

and CaCl2/Sibunit, respectively, the adsorption data are related to the unit mass of the salt (Figure 5). 

This representation shows that in the small values of adsorption potential F < 6.5 kJ/mol, the 

characteristic curves of the water sorption for both composites virtually coincide despite essential 

difference in the hydrophilicity of the matrices. This shows that the sorption properties of the 

composites, along with the salt’ properties, depend more on the matrix porous structure than on its 

chemical nature (hydrophilicity). This may indicate that the sorbed water molecules interact more 

strongly with salt ions than with the adsorption sites of the matrix surface.  

 

Figure 5. Characteristic curve w(F) of water sorption related to the unit mass of the salt. 

At ΔF > 6.5 kJ/mol, the CaCl2/Sibunit based composite sorbs somewhat less water than 

CaCl2/Alumina; the difference does not exceed 0.02  0.01 g/gc or 0.1  0.05 g/gCaCl2 (Figure 5 and 
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Figure S3 in the Supplementary Materials). Probably at high ΔF-values, the chemical nature of the 

matrix starts affect the water adsorption. Indeed, at high adsorption potential (low relative pressure 

P/P0(T)), the water molecules are adsorbed mainly on active adsorption sites of the matrix [17,24]. 

Accordingly, a higher affinity to water of the hydrophilic surface sites of alumina can cause slightly 

larger water uptake on CaCl2/Alumina composite at ΔF > 6.5 kJ/mol. Another reason for this deviation 

can be slight differences in the pore structure of alumina and Sibunit. Although the average pore sizes 

of the matrices are close, the pore size distribution for the Sibunit is much narrower. This matrix 

contains virtually no pores smaller than 4 nm, and the main contribution to its pore volume is made by 

pores with a size of ca. 5 nm (Figure 2b). Thus, it seems that the absence of small pores reduces the 

water sorption at large values of F. Indeed, when calcium chloride is introduced into small pores, it 

begins to absorb water at a lower vapor pressure, i.e., greater F [24]. 

A number of empirical and semi-empirical isotherms are used for description of water vapor 

adsorption on various adsorbents, including traditional Toth, Freundlich, Sips equations, and novel 

isotherms for multi-types adsorption [44,45]. The water sorption on the CSPMs involves several 

adsorption mechanisms, including the reaction between the salt and water resulting in the formation 

of the salt hydrates, the salt hydrates deliquescence, and further absorption of water vapor by the salt 

solution formed. Despite this, the Dubinin-Astakhov approach, although developed for the vapor 

adsorption on microporous adsorbents, is often employed as a model for analyzing the water, methanol, 

and ethanol sorption on CSPMs [46–48]. Indeed, the dependence w(F) is well described by the 

common Dubinin-Astakhov equation [49], rewritten as:  

w(F) = w0exp[-(F/Z)n],           (4) 

(see Figure S3 in the Supplementary Materials), where w0, Z and n are fitting parameters displayed in 

Table 3. Here, we apply the generally accepted assumption that the density of sorbed water does not 

depend on temperature over the narrow temperature range considered. It should be noted that, 

parameters Z and n are considered here as empirical, and Eq (4) is used only for the sake of comparison 

without delving into their physical meaning. Parameter w0 can be considered the maximum water 

uptake. Thus, Eq (4) provides a fairly good approximation of the equilibrium data for predicting 

sorption equilibrium at any P and T values to compare the composites and estimate their energy storage 

capacity under the conditions of a specific TCES cycle.  

Table 3. Fitting parameters w0, Z, n of Eq (4) and coefficient of determination COD. 

Matrix w0, g/g Z, J/gK n COD 

Alumina 0.514  0.007 3.49  0.07 0.979  0.01 0.997 

Sibunit 0.407  0.008 4.59  0.09 1.17  0.03 0.995 

Thus, the adsorption properties of these CSPMs are more affected by the porous structure of the 

matrix; the effect of its chemical nature can likely appear only at high ΔF-values. This seems quite 

unexpected, because, for porous adsorbents, the chemical nature along with the porous structure are 

key-factors determining their adsorption properties. However, for CSPMs, the salt is the main 

absorbing component, and its chemical nature mainly influences the water sorption equilibrium. 

Furthermore, the porous structure of the matrix determines the size of the salt particles due to 

geometrical constrains. When salt is dispersed inside nano-pores of a few nanometers in size, its 
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properties become size dependent. Thus, the porous structure of the matrix may affect the adsorption 

equilibrium of CSPMs [17]. Therefore, the choice of expensive and exotic matrices, like MOFs and 

graphene oxide aerogel can be justified if some unusual sorption properties appear due to a strong and 

specific interaction between the salt and the matrix. Otherwise, cheaper and readily available matrices 

can be used, including mineral ones [20,50], such as expanded vermiculite [51], perlite [52], Wakkanai 

shale [53], attapulgite [12], pumice [54], and bentonite [55]. 

The detailed kinetic study of water adsorption has been performed for the composite 

CaCl2/Alumina because activated alumina is a low-cost and readily available mesoporous material, 

which along with its adsorption properties, makes this composite more promising for practical large-scale 

application. Typical kinetic curves of water sorption m(t) on the composite CaCl2/Alumina (Figure 6a) 

turn into straight lines (Figure 6b) when plotted in the coordinates  

ln[1-m(t)/m)] vs. t. Here, m(t) and m are the current and final mass change, respectively. This 

means that the uptake curves obey the first order equation  

m(t) = m[1 – exp(-kt)],        (5) 

where k is the sorption rate constant.  

 

Figure 6. (a) Experimental curves of water sorption on the composite CaCl2/Alumina and 

(b) their presentation by Eq (5), grain size l = 2 mm, T = 38 oC.  

 

Figure 7. (a) Dependences of the sorption rate constant k on the grain size l and (b) on the 

reciprocal of the temperature 1/T. P = 15.6 mbar (a, b), T = 38 C (a), l = 2 mm.  
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The first order kinetic behavior (Eq (5)) is often observed in adsorption systems and can be 

attributed to the kinetic regime when the surface resistance controls the adsorption rate [56]. In this 

case, the kinetics is determined by vapor transport through the external grain surface, and the sorption 

rate related to the grain volume is proportional to the inverse grain size 1/l. Indeed, the observed rate 

constant k increased for smaller grains as k ~ 1/l (Figure 7a). For the composite CaCl2/Alumina, this 

surface resistance can be caused by the formation of a salt solution in pores near the grain external 

surface. These pore spaces, filled with the solution, form a film at the grain surface and, as a result, 

water sorption kinetics can be controlled by the slow diffusion of water molecules through this film.  

The sorption rate constant (or effective mass transfer rate constant) k can be expressed in terms 

of the effective water diffusivity Def in the solution film, the mass transfer surface related to the 

spherical grain volume S/V = 6/l, and the film thickness , k = DefS/V/. If we assume a typical film 

thickness  = 10−4 m, the effective water diffusivity Def can be estimated from the experimental rate 

constant as Def = 410−11 m2/s. The obtained value is smaller by a factor of 30 than the water diffusivity 

Db in bulk aqueous solutions of CaCl2 equal to 1.210−9 m2/s [57]. First, water transport in the salt 

solution confined to the alumina pores slows down compared to the bulk solution because the space 

occupied by the alumina skeleton is inaccessible for water transport. The porosity of an alumina grain 

 = Vp/(Vp-1/Al2O3) = 0.74 (here, Al2O3 = 3.99 g/cm3 is true density of Al2O3) reduces the diffusivity 

by a factor of 1.4. The diffusivity further decreases due to the tortuosity  of the alumina pores, which 

accounts for the increased path length and the pore connectivity. Typically, the tortuosity factor              

is 2–4 [8]. Thus, the combined effect of porosity and tortuosity can reduce the effective water 

diffusivity Def = Db/ several times.  

This stronger deceleration can be attributed to the slowing of water transport at the “vapor-

solution” interphase boundaries. Indeed, due to capillary phenomena, solution domains inside pores 

can be interspersed with vapor domains. This can additionally slow the water transport, since the exit 

of a water molecule from the solution phase into the vapor phase may require overcoming the 

activation barrier [58].  

The existence of such a barrier comes from the observed acceleration of water sorption with an 

increase in temperature from 30 to 55 C. The temperature dependence of the rate constant plotted in 

the Arrhenius coordinates is a straight line (Figure 7b), which slope gives the activation energy Ea of 

water sorption equal to 45  2 kJ/mol. This value is close to the heat of water sorption displayed in 

Table 3. The authors of [27] reported a smaller rate constant 9.610−5 s−1 and a higher activation energy 

Ea = 66–69 kJ/mol for water sorption on a 15 wt.% CaCl2/Alumina composite at 20 C and 30% RH. 

However, the composite grain size was not reported, which does not enable a more detailed comparison.  

Thus, these kinetic data may be useful to analyze open adsorption units for seasonal heat storage, 

air dehumidification, and regeneration of heat and moisture in ventilation systems, which utilize the 

composite CaCl2/Alumina.  

3.3. Evaluation of TCES cycle performance 

TCES is one of the most promising applications of CSPMs based on activated aluminas [27,29,59,60]. 

These composites can be more in demand for open adsorption systems due to very good structure 

stability, high crush strength, and excellent hydrothermal stability (Section 3.4). The total heat storage 

capacity Qt is estimated from the maximum mass of water desorbed and the average heat of sorption, 

Qt = ΔwHis.av/MH2O = 1.3  0.05 kJ/g_ads, where MH2O is the molar weight of the water. The total 
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heat storage capacity is measured by DSC analysis Qt.ex = 1.23  0.05 kJ/g_ads (Figure S4 in the 

Supplementary Materials), which is very close to the estimated Qt - value. The average enthalpy of the 

water desorption obtained by DSC Hav = 44.5  0.7 kJ/mol_H2O is somewhat lower than isosteric 

heat His = 46.7–53.2 kJ/mol (Table 2) calculated from water adsorption isosters. This can be caused 

by a further decrease in the isosteric heat at water uptake w > 0.24 g/g and partial water desorption 

from the sample after making a hole in the lid before heating the sample. The obtained Qt.ex-value is 

larger than the heat storage capacity Qt = 576 J/g reported in [27], probably because the authors used 

the commercial alumina with a smaller pore volume of 0.25 cm3/g. The total heat storage capacity of 

mesoporous -Al2O3 with a larger pore volume of 0.37–0.54 cm3/g impregnated with CaCl2 (15 wt.%) [20] 

is estimated as Qt = 1.03 kJ/g. Considering here the bulk density of the composite equal to 1,090 kg/m3, 

the volumetric heat storage density of the studied CaCl2/Alumina composite is calculated as                   

Qv = 1.34  0.05 GJ/m3. 

Another characteristic of the adsorbent important for TCES is charging temperature Tch, which 

drives the sorbent regeneration. Figure 3a shows that the temperature needed for the complete removal 

of the sorbed water from CaCl2/Alumina composite decreases at a lower partial pressure of water vapor 

but exceeds 150 C even at P = 8.7 mbar. However, most of the sorbed water can be removed at                

T < 60–80 C, which is available from simple solar collectors [61] or low-temperature waste heat [62]. 

Let us assume that the composite CaCl2/Alumina is regenerated by ambient air with RH = 50% at ambient 

temperature of 30 C (or at water vapor pressure P = 22 mbar) heated to Tch = 60, 80, and 100 C. Then, 

the specific mass of water remained adsorbed can be evaluated directly from the corresponding isobar 

in Figure 3a as 0.12, 0.07, and 0.04 g/g. This incomplete desorption leads to the heat storage capacity 

equal to 1.0, 1.1, and 1.2 kJ/g, which is slightly lower than Qt = 1.3  0.05 kJ/g, but remains 

encouraging (even at the low regeneration temperature 60 C). Especially promising are values of the 

heat storage capacity related to a unit volume of the composite, 1.1, 1.2, and 1.3 GJ/m3.  

The heat release temperature Tdis is also of primary importance since, at this temperature, the 

stored heat is supplied to the consumers, and it must meet their needs. This can be roughly evaluated 

from the characteristic curve of water adsorption (Figure S3): If the adsorbent is regenerated at P = 22 

mbar and Tch = 100 C, the sorbed water is removed from the adsorption sites with an affinity F  

−RTch ln[P/P0(Tch)] = 12.1 kJ/mol. At the heat release stage, these sites adsorb water vapor. If the 

ambient temperature Tam = 10 C and RH = 50% (or water vapor pressure P = 6.2 mbar), these sites 

sorb water vapor if F = −RTdis ln[P/P0(Tdis)]  12.1 kJ/mol. Then, the maximum Tdis can be estimated 

as 76 C, providing the temperature lift (Tdis-Tam) up to 66 C. At higher RH = 70% and vapor pressure 

P = 8.7 mbar, the maximum Tdis is higher and equals 82 C, with the temperature lift up to 72 C. 

In modern houses, low temperature space heating systems such as floor heating are widely used, 

which can operate at supply temperatures below 40 °C. For domestic hot water production, 

temperatures of 60 °C are normally required to prevent growth of bacteria [63]. These space heating 

and hot water temperatures can be provided during the discharge phase of adsorption system operating 

with the studied CaCl2/Alumina composite. 

3.4. Hydrothermal stability 

Hydrothermal stability at sorption/desorption cycles is a characteristic of adsorbents that is 

important for practical implementation of TCES, since the composites are subject to numerous 

adsorption/desorption cycles, particularly in short-term (daily) TCES. It turned out that the destruction 
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of the composite CaCl2/Alumina does not exceed 0.004–0.005 wt.% per cycle, and its rate decreases 

at increasing number of cycles, so that after 200 cycles, the weight loss is less than 1% (Figure 8). The 

equilibrium water uptake on the composite after ten consequent sorption/desorption cycles is measured 

as 0.36  0.01 g/g at RH = 70  1%, which is similar to that for the as-prepared sample (0.37  0.01 g/g). 

It is known that adsorption performance degradation usually occurs during the first 

adsorption/desorption cycles. Thus, the data obtained enables us to expect good durability of 

CaCl2/Alumina composite upon further cycling. 

 

Figure 8. Weight loss of CaCl2/Alumina composite vs. cycle number. 

It should be noted that the salt deliquescence during water sorption, which results in its 

agglomeration during cycling and the deceleration of the water sorption/desorption, is a major 

challenge hindering the use of bulky salts for TCES. At a relative pressure of water vapor of 0.70, the 

equilibrium water uptake w = 0.37 g/g is lower than the composite’ pore volume Vp = 0.47 cm3/g. 

Accordingly, the formed salt solution is retained within the pores by capillary forces, which prevents 

salt agglomeration. Indeed, the pore size distribution of the composites before and after the cycles are 

similar (Figure 2a), which indirectly indicates that the salt distribution inside the alumina pores does 

not change. During cycling, the adsorbent is regenerated at a high temperature of 150 C to almost dry 

state. During typical TCES cycles driven by solar collected by simple tube collectors, the regeneration 

temperature is lower (80–120 C); thus, the hydrothermal stability of the composite is expected to be better. 

Thus, due to a high energy storage capacity, low regeneration temperature, high released heat 

temperature, good hydrothermal stability, and readily available components at a reasonable price, the 

composite CaCl2/Alumina can be very attractive for industrial implementation of TCES technology.  
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4. Conclusions 

Our aim of this study was to study new composite sorbents “calcium chloride in mesoporous 

matrix” for TCES. Highly hygroscopic salt CaCl2 was impregnated into two commercial mesoporous 

matrices, namely, activated alumina and carbon Sibunit, which have a fairly similar porous structure 

but differ greatly in chemical composition. The novelty of this study lies in revealing the effect of the 

matrix chemical nature on the water adsorption equilibrium of the composites. We show, for the first 

time, that despite the very different chemical nature and hydrophilicity of the matrices, the isobars and 

isosteric heat of water sorption appear to be very similar. Both composites possess di-variant water 

sorption equilibrium, indicating no formation of the crystalline hydrates CaCl2NH2O. The isosteric 

heat of water sorption for both composites decreases from 53  1.0 kJ/mol to 46 (1.0 kJ/mol) at 

increasing water uptake from 0.04 to 0.24 g/g. This shows that the composite sorption properties are 

more influenced by the pore structure of the matrix than by its chemical nature, which can have some 

effect only at high values of adsorption potential. This finding provides deeper insight into the 

adsorption mechanisms and can guide designing new advanced composites “salt in a porous matrix” 

for various applications.  

For the CaCl2/Alumina composite, kinetics of the water sorption from a humid air flow is studied; 

the sorption rate constant is measured as a function of the size of composite grains (0.5–4.5 mm) and 

temperature (35–55 C). The apparent activation energy is 45 kJ/mol. These equilibrium and kinetic 

data are used to analyze open TCES cycles. The new composite CaCl2/Alumina possesses a good heat 

storage capacity (1.0–1.3 GJ/m3), low regeneration temperature (60–100 C), and high heat release 

temperature (up to 60–80 C). The composite demonstrates a good hydrothermal stability with no 

significant change of the adsorption capacity during ten adsorption/desorption cycles. These properties, 

along with the wide availability of the components, make CaCl2/Alumina very attractive for industrial 

implementation of TCES technology.  
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