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Abstract 9 

Ettringite-based thermochemical energy storage has been recommended to be used in 10 

buildings for thermal energy supply because of its low material cost (< 1000 €/m3), low 11 

working temperature and high energy storage capacity. However, several physicochemical 12 

properties of ettringite were still not clear, such as reversible reaction enthalpies, 13 

thermodynamic equilibrium, and kinetics of the dehydration/hydration reactions. In this study, 14 

the dehydration of ettringite was experimentally confirmed as stepwise in TGA-DSC, Ett30.6 15 

→ Ett30 → Met17.8→ Met11.7 → Met7.5,  which is consistent with the inference according 16 

to the crystal structure. The thermodynamic equilibrium of the reversible reactions presented 17 

the impact of water activity on the stability of ettringite at controlled temperatures and water 18 

vapor partial pressures. The thermodynamic modeling based on experiment results is 19 

consistent with the extrapolated model from the literature. The rehydration enthalpy of 20 

ettringite has been confirmed about 1370 kJ/mol, which equals an energy density of 547 21 

kWh/m3 under the operating conditions of 20 °C and 90 % RH. 22 

Key words: de/re-hydration, ettringite, thermodynamic equilibrium, thermochemical 23 

energy storage, reaction kinetics 24 
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Abbreviation 26 

dHF Derivation of heat flow [mJ/s2] 

DSC Differential scanning calorimetry 

EttX Ettringite contained X H2O molecules 

MetX Meta-ettringite contained X H2O molecules 

PWVP Partial water vapor pressure [Pa]/[mbar]  

RH Relative humidity (%) 

SSA Specific surface area 

TGA Thermogravimetric analysis 

XRD X-ray diffraction analysis 

Latin symbols 27 

Cp Specific heat capacity [J/(kg·K)] 

Keq Equilibrium constant 

m Mass of sample [mg] 

Δm Mass change [mg] 

M Molar mass [g/mol] 

n Calculated water molecule number 

P Pressure (Pa) 

P0 Standard atmosphere pressure (100 kPa) 

R Ideal gas constant, 8.3145 J/(mol·K) 

R2 Coefficient of determination 

T Temperature [K] 

X Water molecule number 

ΔG  Change in Gibbs free energy [kJ/mol] 
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ΔH Change in reaction enthalpy [kJ/mol] 

ΔS Change in reaction entropy [J/(K·mol)] 

Subscripts 28 

eq Equilibrium 

H2O Water  

i Initial 

r Reaction  

sorp Sorption 

0 Standard conditions 

  29 
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1 Introduction 30 

Improving the efficiency of thermal energy use is always a hot topic in the industry and 31 

the building sector. Comparing to cut down direct consummation of heating, new options of 32 

providing extra energy from solar energy seem to be more acceptable to residents without 33 

influencing comfort. However, there exists a geographic and time mismatch between the 34 

supply and demand of solar energy. Thermal energy storage technologies aim indeed at 35 

getting rid of this shift. Thermal energy storage materials could be divided into sensible heat, 36 

latent heat, and sorption storage materials. Among them, chemical sorption materials are very 37 

promising thanks to their high energy storage densities and little heat losses during storage, 38 

especially if the storage duration is long [1,2].   39 

Previous researches on thermochemical storage materials have mainly focused on 40 

inorganic salts hydrates [2]. Whereas, only several of salts, such as MgSO4, SrBr2, and LaCl3, 41 

are classified as promising mediums for thermal energy storage [3]. Salts being commonly in 42 

form of powder, the agglomeration of particles and over-hydration are very impedimental 43 

during hydration. Moreover, high material cost only allows laboratory-scale tests rather than 44 

real, large scale, application use. Recently, composite materials based on ettringite, who could 45 

overcome the above hindrances easily, were proposed in several investigations [4–9]. As a 46 

material in the hydrated cement paste, the form of samples can be easily controlled and its 47 

material cost (< 1000 €/m3) is lower than other common thermal energy storage materials, 48 

like Silica gel (4300 €/m3), Zeolithe 13X (3000 €/m3), and SrBr2 hydrate (42 000 €/m3) [9]. 49 

The comparable energy density (500 kWh·m-3 [7]) of ettringite with salts [2,3] promises a 50 

small volume for heat storage. Additionally, reported low work temperature of 60 °C [7,10] 51 

makes ettringite suitable for storing low-temperature heat resources like household evacuated 52 

tubes panels, industrial waste heat, wind power, off-pick electricity, district heating networks, 53 

etc. 54 

1.1  Dehydration of ettringite 55 

Up to now, dehydration kinetic investigations of ettringite (3CaO∙Al2O3∙3CaSO4∙32H2O) 56 

have been carried out in the nitrogen atmosphere. The partially dehydrated ettringite is termed 57 

as meta-ettringite (3CaO∙Al2O3∙3CaSO4∙nH2O, n ≠ 0) which contains various water molecules 58 

numbers (n in the Eq.1) ranging between 8 and 13 [9], which correspond 27.2–34.4 % of 59 

weight loss for the 32-hydrate ettringite. However, reported dehydration temperatures and 60 

enthalpies varied from one study to another (Tab. 1). Grounds et al. [11] identified 21–22 61 

water molecules lost up to 70 °C and another 9–10 H2O between 70 and 1000 °C for 62 
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synthesized 30.7-hydrate ettringite in Thermogravimetric analysis (TGA). Struble and Brown 63 

[12] measured the dehydration enthalpy for the dehydration at 30–70 °C at 753 kJ/mol along 64 

with a thermal capacity (Cp) of 1.3 J·g-1∙K-1 by Differential Scanning Calorimetry (DSC). 65 

Alternatively, the investigation by Ings and Brown [13] presented the endothermic process of 66 

1097 kJ/mol located at 67–122 °C, while reported in [7], the dehydration enthalpy was 1024 67 

kJ/mol at 60 °C and 1233 kJ/mol at 65 °C. The dehydration process was supposed to be 68 

stepwise according to the crystal structure of ettringite [14–16]. However, this stepwise 69 

dehydration process has not been proved in numerous thermal characterization analyses (TGA 70 

and DSC) on ettringite [7]. On the other hand, the loss of 12 H2O at 40 °C in N2 flow was said 71 

to not impact the specific surface area (SSA) of ettringite. While at higher temperatures than 72 

50 °C, loss of more than 14 H2O made the SSA increased with crystallinity down [17]. 73 

Detailed work by Baquerizo et al. [7] demonstrated that the dehydration conditions of 30-74 

hydrate ettringite was given by RH = 0.327 + 0.108T – 0.002T2 +4.8×10–5T3. Moreover, 75 

ettringite could experimentally lose its crystallinity at 60 °C and 0 % relative humidity (RH). 76 

Similar phenomena were also observed on ettringite-based cement paste materials at high 77 

temperatures (inferior to 100 °C) and low relative humidity (RH, 0–8 %) [4,5,18].  78 

3��� ∙ ����	 ∙ 3��
�� ∙ 32�� ∆→ 3��� ∙ ����	 ∙ 3��
�� ∙ ��� +�32 − ���� ��� 79 

(Eq. 1) 80 

1.2  Hydration of meta-ettringite 81 

Hydration of meta-ettringite, the reverse process of dehydration of ettringite, could make 82 

the short-range order of meta-ettringite crystals (amorphous) reform long-range order of 83 

ettringite (crystal) at above 60% RH [18,19]. After several dehydration/hydration cycles, 84 

ettringite was still able to be reformed from meta-ettringite that dehydrated at 40 °C and 0 % 85 

RH [12]. The water content of reformed ettringite depended on the dehydration degree [14] 86 

and hydration relative humidity (or partial water vapor pressure, PWVP) [7,12,20]. The 87 

hydration enthalpies of meta-ettringite and the evolution of water molecule number by liquid 88 

water and water vapor are summarized in Tab. 1 for different investigations [9]. Not only pure 89 

meta-ettringite [7,12,20] but also meta-ettringite in composite materials [4,5,9,18] have been 90 

proved to be reversible. However, the reversible reaction was accompanied by a very 91 

significant hysteresis [7,20]. In other words, the reformation of ettringite went under a 92 

relatively higher water vapor pressure compared with that of the decomposition process at the 93 

same temperature, or lower temperature at the same PWVP. Numerically, the boundary 94 
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conditions for hydration of the 13-hydrate meta-ettringite was modelled as RH = 56.608 + 95 

0.186T + 0.001T2 [7]. During the hydration, the process was believed as stepwise [7]: Step 1: 96 

From n = 9 to 13, the average enthalpy is equal to – 60.5 kJ/mol H2O; Step 2: From n = 13 to 97 

30, ΔHsorp = – 57.3 kJ/mol H2O; Step 3 is the sorption of last 2 zeolitic water molecules 98 

between the crystal columns (ΔHsorp = – 50.0 kJ/mol H2O). Hereby, the total exothermic 99 

sorption process for hydration gave 1316.1 kJ/mol ettringite (Tab. 1). However, this enthalpy 100 

of hydration decreased to 286 kJ/mol (ΔH = – 12.4 kJ/mol H2O, Tab. 1) when hydrated by 101 

liquid water [7]. The difference was due to the condensation enthalpy of water vapor. 102 

Table 1. Different dehydration and hydration reactions for ettringite and corresponding 103 

enthalpies extracted from [9]. 104 

Process Reaction 
ΔH 

(kJ/mol) 

ΔH (kJ/mol 

H
2
O) 

Weight of Samples 

(powder) 

Reference 

Dehydration 

Ett32 (s)→ Met12 (s)+ 

20H
2
O(g) 

+ 630 + 31.5 ~ 1 mg [21] 

+ 1135 + 56.7 / [7] 

Ett32 (s)→ Met13 (s)+ 

19H
2
O(g) 

+ 753 

(±126) 
+ 39.8 (±6.6) ~ 1 mg 

[12] 

+ 1074 + 56.5 / [7] 

Ett31 (s)→ Met9.3 (s)+ 

21.7H
2
O(g) 

+ 1204 

(60 °C) 
+ 55.5 5.53 mg 

[7] 

Ett31(s)→ Met8.7 (s)+ 

22.3H
2
O(g) 

+ 1233 

(65 °C) 
+ 55.2 8.93 mg 

[7] 

Hydration 

Met15.5 (s)+ 16.5H
2
O 

(l)→ Ett32(s) 

– 241 –14.6 Several grams [21] 

– 205 – 12.4 / [7] 

Met10.5 (s)+ 21.5H
2
O 

(l)→ Ett32(s) 

– 385 – 17.9 Several grams [21] 

– 279 – 13.0 / [7] 

Met11 (s)+ 21H
2
O (l)→ 

Ett32(s) 
–238.5 – 11.4 38–50 mg 

[7] 

Met9 (s)+ 23H
2
O (l) → 

Ett32(s) 
– 286 – 12.4 492 mg 

[7] 

Met 9(s)+ 23H
2
O (g) → 

Ett32(s) 
– 1316.1 – 57.2 ~ 80 mg 

[7] 

Current researches have proved the possibility of using low-cost ettringite materials for 105 

thermal energy storage. However, most key properties of ettringite are still unclear. The 106 

alleged stepwise dehydration and hydration in terms of theoretic ettringite structure are not 107 

experimentally proved. In the meantime, the dehydration enthalpies are not identical in the 108 

literature. Besides, the hydration demands an extra humidity resource, which could be 109 

economically beneficial if the heat release takes place under near-boundary conditions (e.g. 110 

thermodynamic equilibrium). Nevertheless, no detailed dynamic and kinetic studies are 111 
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accessible for de/re-hydration of ettringite that showing the possible evolution of water 112 

molecule number in per phase of ettringite. Therefore, in the present investigation, the 113 

dehydration and rehydration of pure ettringite are supposed to be systematically explained to 114 

conclude the thermodynamic equilibrium. Moreover, the kinetics of de- and hydration of 115 

ettringite and corresponding enthalpies are studied at charging and discharging conditions 116 

according to thermodynamic equations.  117 

2 Materials and methodology 118 

2.1  Preparation of materials 119 

Aiming at obtaining ettringite of high purity, all reagents used were analytical grade. 120 

Calcite was firstly calcined at 1000 °C for 4 h. Once no carbonate in the solid confirmed by 121 

XRD, the prepared CaO was then dissolved in fresh cold CO2-free distilled water. The 122 

saturated Ca(OH)2 solution was then mixed with Al2(SO4)3·14H2O (8.2 wt.% Al2O3) under 123 

the string and N2 protection at 10 °C for 2h to produce ettringite crystals. After decanting for 124 

3 days, the precipitates were vacuum filtered and washed by cold distilled CO2 free water and 125 

ethanol for two times. At last, the purity of ground solids was defined by XRD and the 126 

remains were stored in a desiccator containing saturated CaCl2 solution and N2 for later use. 127 
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2.2  Characterization methods 128 

2.2.1 Particule size 129 

From laser granulometry analysis, the ground synthetic ettringite powder is mostly smaller 130 

than 125 µm. The mean diameter is about 28 µm. 131 

 132 

Figure 1. Size distribution of ettringite particles. 133 
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2.2.2 TGA 134 

The thermal stability of ettringite was characterized by TGA (Mettler TGA/DSC 3+) from 135 

30 to 1000 °C with a heating rate of 10 K/min under a nitrogen flow of 20 ml/min. The 136 

quantity of water and carbonate in the samples were then determined thanks to different 137 

decomposition temperatures. The water molecule number in per mole of ettringite could be 138 

calculated by Eq. 2 with the assumption of a perfect metal oxides structure 139 

(3CaO∙Al2O3∙3CaSO4) before 550 °C: 140 

� =  �������� °��
 !"#

� ���� °�
 �$%&' ()�*$+

, �   (Eq. 2) 141 

Where mi is the initial mass of sample in TGA, M is the molar mass of substances and n is the 142 

water molecule number. 143 

The dehydration and hydration processes were monitored by TGA-DSC (Sensys Evo TG-144 

DSC, Setaram Instrument) coupling with a gas humidity generator (Wetsys, Setaram 145 

Instrument). The micro-balance of the instrument was protected by helium. For dehydration, 146 

certain amounts of samples were heated at different temperatures with 10 K/min under target 147 

humidities controlled by Wetsys with an N2 flux of 50 ml/min. In terms of hydration, meta-148 

ettringite was firstly produced by dehydrating ~3 mg of ettringite at 80 °C then cooled down 149 

to set hydration temperature in dry N2 environment. Once the temperature stabilized, the 150 

humidity generator injected humid N2 flow containing the target quantity of water vapor into 151 

the TGA-DSC for hydrating meta-ettringite. During the thermodynamic experimentations, the 152 

end of each process is defined as: the variation of weight is less than 0.04 % during the last 153 

hour. It should be noticed that the Wetsys needed about 20 minutes to reach the set values. 154 

During all processes, the evolutions of sample masses were continuously recorded. The same 155 

white experiments were executed for every thermal characterization. Thanks to the variation 156 

of mass, water molecule number in per ettringite molecule could be extrapolated, neglecting 157 

the trace of impurities, by: 158 

�!"# =  ∆�/ !"�
��/ $%%.��/�%$

  (Eq. 3) 159 

Where Δm is the variation of mass during certain operations in TGA. The hydration 160 

advancement could be inferred as: 161 

!0*.&%�(� &*1&�2$�$�% =  �3&%$. /&��
�$%%.��/�%$� ��$%&4$%%.��/�%$

  (Eq. 4) 162 
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2.2.3 XRD 163 

X-ray diffraction analysis (XRD) used in this contribution was to follow the phase 164 

assemblage. It was equipped with a Philips/PANalytical X’Pert Pro-MPD Powder 165 

Diffractometer with an X’Celerator detector (CuKα radiation beam, 40 kV and 40 mA).  The 166 

scanned range is between 2θ = 5–65 ° by a step of 0.25 ° for 40 min in the ambient 167 

environment.  168 

2.3  Calculation for thermodynamic equilibrium 169 

The variation of Gibbs free energy for a chemical reversible process could be expressed 170 

as ∆.5� = −6789:$;. The equilibrium constant :$; of Eq. 1 could be simplified as :$; =171 

<=$;�!"#� =�⁄ ?@"��
. For a reaction at constant temperature and pressure, the Gibbs free 172 

energy equation can also be specified in terms of changes in enthalpy and entropy ∆.5� =173 

∆.!� − 7∆.A� . Hereby the correlation of water vapor and temperature for the 174 

thermodynamic equilibrium of dehydration and hydration processes is extracted as Eq. 5 175 

at =� = B�� C=&: 176 

89:$; = 89 DEF$;�!"#�
F� G@"��H = − ∆.!�

67$;
+ ∆.A�

6   (Eq.5) 177 

Thus, 178 

89 =$;�!"#� = − ∆.!�
�@"���67$;

+ ∆.A�
�@"���6 + 89 =�  (Eq. 6) 179 

The van’t Hoff plot of Eq. 6 demonstrates that the logarithmic water vapor pressure is linearly 180 

proportional to 
B

7$;
 with the slop of − ∆.!�

�@"���6 and intercept of  ∆.A�
�@"���6 + 89 =�. 181 

3 Results and discussion 182 

3.1 Material characterization 183 

The purity of synthesized ettringite is 99.6 % with a trace of Al(OH)3 and Ca(OH)2. No 184 

calcium carbonate is detected in XRD (Fig. 2 a), which is also confirmed in the TGA result: 185 

no peak locates between 550 and 1000 °C (Fig. 2 b) where carbonates are supposed to 186 

decompose. The synthetic sample undergoes a total weight loss of 44.8 % (till 1000 °C). 187 

Therefore, the synthesized ettringite phase averagely contained 30.6 water molecules 188 



11 

 

(chemical formula: 3CaO∙Al2O3∙3CaSO4∙30.6H2O), neglecting the impurity traces. The 189 

dehydration could be mainly divided into two stages of water removal. The first step occurs 190 

between 30–200 °C with a loss of 36.3 %, which corresponds to 24.8 water molecules. The 191 

maximum water removal rate locates at around 130 °C. At the second stage, between 200 and 192 

550 °C, the water loss is 7.9 %, equivalent to 5.4 H2O.   193 

a) 

 
b) 

 
Figure 2. XRD (a) and TGA (b) analysis of synthetic ettringite. 194 

3.2 Kinetics of dehydration and rehydration of ettringite 195 

3.2.1 Temperature and mass effect on dehydration 196 

Fig. 3 a represents the weight loss curves during isothermal dehydration in dry nitrogen 197 

for around 10 mg ettringite at different temperatures. The dehydration mostly occurs during 198 

the first hour. A higher dehydration temperature leads to a faster dehydration process and 199 

higher mass loss. The results are very reproducible at the same dehydration temperature 200 

(80 °C). Additionally, a small quantity of samples could accelerate the dehydration behavior 201 
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but with a similar final water loss level (Fig. 3 b). The analysis results about dehydration are 202 

detailed in Tab. 2. The enthalpies, that are proportional to the loss of water molecule number, 203 

stabilize around 1260 kJ/mol. It should be noted that the dehydration continued slowly after 204 

15 hours in a dry nitrogen environment. However, the rate is very low and the heat flow is too 205 

small to be detected (see in Fig. 4). Considering the rate of dehydration and also the possible 206 

damage of the column structure of ettringite caused by high temperature, the dehydration 207 

temperature and sample mass are settled at 80 °C and 3 mg for the remaining experiments 208 

presented in this article. Moreover, under humid N2, the increase of PWVP only decreases 209 

slightly dehydration rate and degree at 80 °C (Fig. 3 c); because the variation of RH from 4 to 210 

12 mbar H2O (g) is very little, from 0.8 to 2.6 % RH. Comparing to the 34.1% weight loss at 211 

80 °C in dry N2, the dehydration at 8 mbar H2O (g) leads to a lower level of 31.2 %.  212 

Table 2. Summarization of isothermal dehydration of ettringite in dry N2 flux. 213 

Dehydration 

temperature (°C) 

Mass of 

sample (mg) 

Mass loss 

 (%) 

Number of residual 

water molecules 

Enthalpies 

(kJ/mol) 

60  10.32 32.2 8.6 1248 

80 

10.76 33.8 7.5 1241 

10.30 33.5 7.7 1262 

6.70 33.9 7.4 1257 

3.18 34.1 7.3 1290 

100 10.48 36.2 5.9 1348 

 214 

a) 
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b) 

 
c) 

 
Figure 3. Dehydration behavior of ettringite under effects from: dehydration 215 

temperature (a, dry N2), mass (b, dry N2) and PWVP (c, humid N2). 216 

3.2.2 Stepwise dehydration process 217 

Given by Fig. 4, the profile of isothermal weight loss curve demonstrates that, the main 218 

loss of weight is very continuous without any plateau. However, the peaks on the curve of 219 

heat flow derivation (dHF) indicate the rate variation of heat-consuming during the 220 

endothermic process at 80 °C in TGA-DSC. The endothermic heat flow change is supposed to 221 

be caused by the rupture of different chemical bonds of hydroxyl groups on calcium and 222 

oxygen atoms. According to the positions of dHF peaks on time, the weight loss could be 223 

separated into four parts corresponding to different losses of water molecule numbers (Tab. 3). 224 

This process is consistent with theoretical inference in [14–16]. To remove the residual water 225 

molecules, a higher dehydration temperature is required. It should be noted that this stepwise 226 
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dehydration is not like a mono-variant system: no clear boundaries (plateaus) have been 227 

detected for each step in the TGA signal. 228 

Table 3 Experimental confirmation on the stepwise dehydration process of ettringite at 229 

80 °C in N2 flow. 230 

Theoretical inference [14–16] Experimental results in this study 

Component description 
Number of removed 

water molecules 
Location Component description 

Number of removed 

water molecules 

3CaO∙Al2O3∙3CaSO4∙@2H2O   3CaO∙Al2O3∙3CaSO4∙@�.6H2O  

3CaO∙Al2O3∙3CaSO4∙@�H2O 2 Inter-column channel 3CaO∙Al2O3∙3CaSO4∙@�H2O 0.6 

3CaO∙Al2O3∙3CaSO4∙18H2O 
12 In the additional vertices of the 

trigonal prisms 
3CaO∙Al2O3∙3CaSO4∙17.8H2O 12.2 

3CaO∙Al2O3∙3CaSO4∙12H2O 6 

In the main vertices of the 

trigonal prisms. 

3CaO∙Al2O3∙3CaSO4∙11.7H2O 6.1 

3CaO∙Al2O3∙3CaSO4∙6H2O 

6 

3CaO∙Al2O3∙3CaSO4∙7.5H2O 

(dehydration process not 

completed) 

4.2 

3CaO∙Al2O3∙3CaSO4 6 Al and Ca polyhedral N/A N/A 

 231 

Figure 4. Possible stepwise dehydration process at 80 °C (dry N2). 232 
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3.2.3 Rehydration enthalpy of meta-ettringite 233 

Fig. 5 presents the hydration profile of meta-ettringite (from 2.96 mg ettringite as 234 

calculation reference) at 20°C and 21 mbar PWVP in order to complete the reversible reaction. 235 

During the first 30 minutes, the sorption of water vapor was very rapid given by the slope of 236 

curve “degree of hydration advancement” and the instantaneous heat release power could 237 

reach up to 1.4 mW. Then the heat flow decreased to about 0.3 mW with a linear increase of 238 

mass. After about 2.5 hours, the hydration slowed down and heat release trended to 0 239 

progressively. At 7 hours, the heat liberated by the sorption of water vapor was too weak to be 240 

detected by the instrument. The final level of the hydration advancement for ettringite 241 

stabilized at 1.14 which could be converted to around 40 % for weight gain. About 6 % extra 242 

weight growth is due to over-hydration compared to mass loss during dehydration. The over-243 

hydration owns to adsorption of zeolitic water molecules which could be as many as 6 instead 244 

of 2 in normal ettringite crystal [22]. The cumulated enthalpy of the hydration process is 1370 245 

kJ/mol for forming Ett32.4. This real value is indeed bigger since the continuous absorption 246 

of 3.6 water molecules, during which the water molecule number in ettringite increases from 247 

32.4 to 36 (n = 32.4 → 36). However, due to the limitation and incertitude of measurement, 248 

the extra heat released is not counted. This kind of over absorption is found in all rehydration 249 

experiments if the RH > 76% (Fig. 6). Moreover, the degree of over absorption depends on 250 

water vapor pressure. The higher the water vapor is, the more significant the over-hydration. 251 

The rate of hydration is similar when hydration advancement inferior to 0.12, which may be 252 

attributed to the absorption of water vapor at the surface of particles. Then, it depends on the 253 

chosen conditions, like temperature and water vapor pressure. The results about rehydration 254 

experiments are concluded in Tab. 4. 255 

Table 4. Hydration enthalpies and regained water molecule number at different 256 

conditions. 257 

Hydration 

temperature 

(°C) 

Water 

vapor 

pressure 

(mbar) 

Initial 

Weight 

of 

sample 

(mg) 

Water 

molecule 

loss 

water 

molecules 

gained 

Final 

water 

molecule 

number 

Enthalpies* 

(kJ/mol) 

Enthalpies 

(kJ/mol 

H2O) 

25 27 2.48 22.8 28.1 35.9 1330 (29.6) 60.9 

22 20 2.44 23.7 24.4 31.1 1058 (25.8) 55.9 

20 

21 2.96 23.9 27.4 34.1 1370 (32.4) 53.3 

20 2.84 23.9 27.0 33.7 1341 (31.8) 53.5 

19 2.82 23.8 27.2 33.9 1214 (28.5) 55.9 
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* The value the in bracket presents the water molecule number in the reformed phase for the 258 

corresponding enthalpy. 259 

 260 

Figure 5. Hydration of meta-ettringite at 20°C and 21 mbar (90 % RH). 261 

 262 

Figure 6. Hydration of meta-ettringite at various temperatures and PWVPs. 263 

3.3 Thermodynamic equilibrium 264 

3.3.1 Dehydration of ettringite 265 

The dehydration of ettringite refers to the loss of zeolitic water in the channel structure 266 

and chemically bonded water in the column structure. The number of water molecules (n) 267 

in per ettringite and meta-ettringite phases were obtained from several experiments under 268 

the ranges of 25–80 °C and 0 (dry N2 environment)–32 mbar. Fig. 7 shows the 269 
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corresponding results of water molecule numbers as a function of temperature and 270 

PWVPs. The PWVPs, at which ettringite (Ett30) starts to dehydrate, are different at 271 

various temperatures. The higher the temperature is, the bigger the water vapor pressure. 272 

At ambient temperature (25 °C), ettringite is stable at PH2O as low as 1 mbar (3.2 % RH). 273 

Then it dehydrates very slowly to a 13.2-hydrate at 0.3 mbar (1 % RH) for more than one 274 

week in TGA-DSC. When temperature increases to 50 °C, ettringite is at PH2O down to 8 275 

mbar, similarly 14 mbar for 55 °C and 20 mbar for 60 °C. Before these PWVPs, the loss 276 

of weight is due to the removal of zeolitic water in the channels between ettringite column 277 

structures. After these PWVPs, it has been observed that weight loss varies for each 278 

change of the PWVPs. The sample shows a bi-variant behavior during the dehydration at 279 

50, 55, and 60 °C at low PWVPs. The equilibrium values of weight loss depend on both 280 

temperature and PWVP. Systematic repetitions of experiments have been performed in 281 

order to verify whether the obtained experimental values of weight loss corresponded to 282 

equilibrium values. At 70 °C and 80 °C, ettringite dehydrates directly to meta-ettringite 283 

under given conditions. The water molecule number in the dehydrated phases are 284 

respectively 12.6 for 70 °C at 28 mbar and 8.8 for 80 °C at 32 mbar. This could be 285 

explained by that the dehydration energy given is higher than the activation energy of 286 

thermodynamic equilibrium to form intermediates observed at 50–60 °C. 287 

Seen from the results of water being regularly removed at 50, 55, and 60°C, the slope 288 

break of curves, locating at n ≈ 12, indicates a different mechanism of losing water 289 

molecules before and after this point. When n is higher than 12, the absolute value of the 290 

slope of curves is bigger than the one of n < 12, which means a relatively smaller 291 

activation energy needed to remove water molecules until equal to 12. According to [14–292 

16], after the removal of 18 water molecules from Ett30 to Met12, there still remains 6 293 

H2O bound in the Ca polyhedral of the columns. Comparing to the former bond length of 294 

Ca-OH in Ett30, this interatomic distance could be shorter due to the arrangement of 295 

structure for a smaller coordination number of Ca. This reorganization may increase the 296 

dehydration activation energy for water molecules remained, which leads to a smaller 297 

water molecule number removed when n < 12. The n at 0 mbar (dry N2 environment) is 298 

lower than the ones in the section 3.2.1 for kinetic study, eg. here n = 6 instead of about 299 

7.5 for dehydration at 80 °C. Because a much longer time is required to achieve the 300 

thermodynamic equilibrium. The last 6 H2O correspond to those molecules bonded in the 301 
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Al and Ca polyhedral [14–16], which means more energy (a higher temperature) is 302 

necessary to make them detached than other H2O in the ettringite crystal.  303 

Overall, four zones can be distinguished in Fig. 7. The first zone is characterized by 304 

the continuous removal of zeolitic water of the ettringite. The second zone (light-redden 305 

area in Fig. 7) at low temperature (curve at 25 °C) and low water vapor pressure where 306 

there is no equilibrium points and can be interpreted as a mono-variant zone (see more in 307 

the Section 3.3.2). The isotherm at 25 °C is step-shaped meaning that the water vapor 308 

pressure of dehydration transformation in this zone is a function of the temperature. In the 309 

third zone, at higher temperatures (50–60 °C) and higher water vapor pressure (3–22 mbar) 310 

for 13 < n < 30, the continuous change of the water molecule number with water vapor 311 

pressure. Finally, the fourth zone is characterized by the continuous change of water 312 

molecules (6 < n < 13) with the water vapor pressure for a fixed temperature. This zone 313 

can be interpreted as the stability domain for the meta-ettringite phase. 314 

 315 

Figure 7. Evolution of water molecule number in ettringite/meta-ettringite during the 316 

dehydration at various temperatures and water vapor pressures. 317 

3.3.2 Rehydration of ettringite 318 

After being dehydrated to meta-ettringite, the rehydration of ettringite is executed at 319 

different temperatures with the continuous growth of water vapor pressures (Fig. 8). At 320 

15 °C, the start point of meta-ettringite is n = 7.4. Once water pressure is presented, the 321 

water molecule number per phase increases gradually to 12.1 until PH2O = 8 mbar. Then a 322 

plateau is formed between 8 and 10 mbar for Met12.2. After that, a sharp rise is observed 323 
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even the very small step of the water pressure set (0.2 mbar). The next change point seems 324 

to locate at 11 mbar (n = ~ 23) and water vapor is then absorbed steadily to produce 325 

higher hydrates. Comparing with the rehydration at 15 °C, the n increases regularly but 326 

more slowly at 20 °C due to a higher hydration temperature. A similar plateau of n ~ 12 is 327 

observed between 12 and 14.5 mbar. After the sudden increase to n = 23 at 15 mbar, the 328 

slope of rising reduces at the interval of 15–19 mbar. Differing in the former two cases, 329 

the hydration at 25 °C does not reach a plateau after the slow absorption of water vapor to 330 

arrive n = 13. After nH2O equivalent to 24, a bigger water vapor pressure step is necessary 331 

to make a similar increase in water molecule number in the phase than the ones at 15 and 332 

20 °C. As has been expected, the regular increase of the n has been observed at 30 °C until 333 

25 mbar but the value of n = 12 is not achieved because of required high water vapor 334 

pressures.  335 

To summarize, the rehydration process can be separated to different steps according to 336 

the slope breakpoints: 1) similar to the results of dehydration of ettringite, the water 337 

molecules number changes (7.4 < n < 12) are observed for each change of the water vapor 338 

pressure in the meta-ettringite domain of stability; 2) dramatic increase step to yield a 24-339 

hydrate without any equilibrium points, indicating that the water vapor pressure of a 340 

hydration transformation in this zone is a function of the temperature; 3) the last step to 341 

form higher hydrate ettringite for 24 <  n < 32 which can be characterized by a slow 342 

kinetic of a reformation of Ett30 [7].  343 

 344 

Figure 8. Evolution of water molecules number in the phases during the hydration at 345 

various temperatures and water vapor pressures. 346 
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3.3.3 Thermodynamic equilibrium 347 

Because of the hysteresis between the hydration and dehydration of ettringite [7], the 348 

thermodynamic equilibriums are going to be discussed separately for hydration and 349 

dehydration. Fig. 9 a) extracts the main results of the thermodynamic equilibrium for 350 

hydration of meta-ettringite at different temperatures and PWVPs. The process has been 351 

carried out in the hydration direction shown in Fig. 9 a. The water molecule number in the 352 

phase increases from 8.4 to 12.2 during the bi-variant behavior. Once stepped in the light-353 

redden zone, it involves a mono-variant change to 23.8-hydrate until to the upper limit of 354 

the cyan curve. After that, the samples continue to hydrate in bi-variant behavior including 355 

the absorption of zeolitic water. This variation of hydration mechanism is quite different 356 

from [7] as mono-variant from the whole process, but similar to the hydration of soluble 357 

anhydrite (AIII-CaSO4) to hemihydrate (CaSO4·0.5H2O) [23]. 358 

 The slopes and intercepts for corresponding curves of hydration are summarized in 359 

Tab. 5. The activation energy generally decreases with the increasing n. When the water 360 

molecule number in the phase is smaller than 12, the activation energy is around 69.5 361 

kJ/mol H2O. Then the enthalpy value decreases to about 51.6 kJ/mol H2O for the 362 

corresponding dramatic increase of the hydration in Fig. 8. The absorption of zeolitic 363 

water contributes 47.9 kJ/mol H2O. The total exothermic hydration produces 1226.9 364 

kJ/mol (equivalent to 52.0 kJ/mol H2O). This value is somehow underestimated because 365 

of the difficulty to achieve an exact same level of water molecule number for the 366 

thermodynamic equilibrium.  367 

The hysteresis reported in [7] between ettringite dehydration and rehydration has been 368 

also identified by comparing the results in Fig 9 a and b. The dehydration temperatures are 369 

much higher for the same water vapor pressures for the reversible process in the hydration 370 

or a lower water vapor pressure at the same temperatures. The dehydration activation 371 

energy increases erratically to 87.4 kJ/mol H2O when the n decreases. Same as hydration, 372 

the ettringite in dehydration is also proved as a bi-variants system with respect to the 373 

thermodynamic study. It should note that the result of dehydration at 25 °C seems to be 374 

mono-variant from Ett30 to Met13.3. Therefore, it has not been presented in Fig. 9 b and 375 

Tab. 5. 376 

In the literature, the physically deduced model by Baquerizo et al. [7] limited the 377 

hydration of meta-ettringite occurring as mono-variant behavior for Met13 + 17 H2O → 378 
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Ett30 (partially shown in Fig. 9 a). According to Eq. 6, the mathematical approach is 379 

��IJK = −5.927 × 10�	 SJK, + 27.34. In this study, experimental results demonstrate the 380 

variation of van’t Hoff equations with the increase of water molecule number. Same as 381 

mono-variant for 12.2- to 23.8-hydrate, the approach is ��IJK = −6.627 × 10�	 SJK, +382 

29.69 with the respect to Eq. 6. However, for the higher hydrates of 26.7 and 29.9 H2O 383 

(Tab. 5), the results are very comparable. These similar slopes of curves present similar 384 

activation energy of hydration. As for the dehydration of Ett30 to Met13 [7], the model 385 

equation is concluded as ��IJK = −9.853 × 10�	 SJK, + 37.06 (partially shown Fig. 9 b), 386 

while  ��IJK = −9.875 × 10�	 SJK, + 37.27  in this experimental study for ettringite 387 

starting to lose structural water. Same as hydration, the dehydration conditions in this 388 

investigation are also found stricter than reported in [7]. The curves of different 389 

dehydration gather around the physical model as well as hydration curves. It means that 390 

once a dehydration temperature of RH given far from equilibrium, these steps could 391 

barely be observed. That’s why the stepwise dehydration of ettringite is difficult to be 392 

proved in the classic experimental studies of TGA and DSC [7,12,13]. 393 

Table 5. Thermodynamic equilibrium results during hydration of meta-ettringite. 394 

Processes n  
Slope ( 

– 103 ) 
Intercept (SI) R2 

Activation energy 

∆WX (kJ/mol H2O) 

Hydration 

8.4 8.402 34.54 0.990 69.8 

9.1 8.423 35.18 0.998 70.0 

11.4 8.266 35.09 0.999 68.7 

12.2-b1 6.696 29.93 1.000 55.7 

12.2-m2 6.627 29.69 1.000 55.1 

23.8-b3 5.709 26.78 1.000 47.5 

26.7 6.034 27.95 0.999 50.2 

29.9 5.889 27.55 0.991 49.0 

31.0 5.758 27.17 0.996 47.9 

Dehydration4 

30.1 9.875 37.27 0.986 82.1 

25.3 10.174 38.06 0.995 84.6 

20.3 10.28 38.22 / 85.4 

13.2 9.442 35.45 0.999 78.5 

11.9 8.890 33.53 0.992 73.9 

10.9 10.08 36.79 0.968 83.8 

9.8 10.08 36.51 0.968 83.8 

8.7 10.51 36.78 0.979 87.4 
1 Upper limits for the bi-variant zone from 7.4 to 12.2 H2O 395 
2 Van’t Hoff plot for the mono-variant zone from 12.2 to 23.8 H2O 396 
3 Lower limits for the bi-variant zone from 23.8 to 32 H2O 397 
4 The dehydration results at 25 °C (mono-variant) is not used to the bi-variant behavior 398 
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 399 

a) 

 
b) 

 
Figure 9. Thermodynamic equilibrium of ettringite hydration (a) and dehydration (b), 400 

in which [7]* is the reversible process of Met13 ↔ Ett30 adapted from [7]. 401 

4 Conclusions 402 

The present work reports the thermal performance of ettringite for heat storage processes. 403 

The water vapor pressure and temperature are the two key parameters for the kinetics and 404 

thermodynamics of dehydration and hydration. Specially, the thermodynamics of hydration 405 

for meta-ettringite is separated into 3 stages: Met7.4 → Met12 → 24-hydrate → higher 406 

hydrates including EttX. While for dehydration, the 3 steps are: Ett30.6 →Ett30 → Met12 → 407 

Met6 in thermodynamics. The activation energy deduced for hydration reduced when the 408 
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water molecule number increasing. However, for dehydration, the values increase erratically 409 

to 87.4 kJ/mol H2O when n is as low as 8.7. In terms of the kinetics investigation, the removal 410 

of water in ettringite is proved as stepwise at 80 °C in nitrogen, which is identical with its 411 

crystal structure: Ett30.6 → Ett30 → Met18 → Met12 → Met7.5. Due to being a bi-variant 412 

system for dehydration at high temperatures, this stepwise process is continuous without clear 413 

plateaus for each stage. The temperature affects not only the rate of dehydration but also the 414 

water removal degree: the higher the temperature is, the higher the rate and the water removal 415 

degree are. For rehydration of ettringite, the over-absorption of water is very common when 416 

the RH > 76 % without forming a liquid solution. The hydration enthalpy could be 1370 417 

kJ/mol (~ 547 kWh/m3) for forming Ett32.4 under the operating condition (20 °C and 90 % 418 

RH), which is very competitive to other energy storage materials. Therefore, ettringite is very 419 

suitable for storing thermal energy; especially during hydration, the no risk of forming an 420 

apparent saturated solution makes it easy to control the variation of RH for hydration.   421 
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