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1.1 A heat challenge for the residential sector 

With the binding European 20-20-20 targets (20% improvement in energy efficiency, 20% 

share of energy from renewable sources and 20% reduction in greenhouse gas emissions from 

1990 levels) for 2020 [1], a renewable heat challenge was identified for the residential sector. In the 

Netherlands, the major part of the primary energy consumption, equivalent to approximatively 

450 PJ/year [2], is used for heating purposes (figure 1-1a). In addition to energy saving measures 

(improved insulation, heat recovery, etc...), a transition to renewable energy systems (e.g. solar 

energy) is required to phase out the use of fossil fuels. Solar heating systems, with vacuum tube 

solar collectors (figure 1-1b), are able to generate the yearly heat demand of 6 GJ (1.7 MWh) 

estimated for a low energy standard house of 110 m
2
 [3]. Additionally, the current solar heating 

systems available on the market, are able to reach temperature levels up to 150°C [4], which is 

more than sufficient for domestic heating purposes (≤ 60°C) [5]. However, such a solar heat supply 

requires a coupling to a seasonal storage, to meet efficiently the varying heat demand over the year 

(figure 1-1c). The present thesis was undertaken in the scope of developing a concept for seasonal 

solar heat storage (SSHS) that can be implemented at the level of a single house. 

 

                                   

Figure 1-1: a) Primary energy consumption by end uses identified in 2009 for households in the Netherland 

[2], [6], b) evacuated solar tube collectors adapted at the level of an individual house, c) solar energy supply 

and consumption over a year in the Netherlands [5] 

1.2 Seasonal heat storage options for a domestic application 

In the past thirty years, a substantial number of research projects focused on the 

development of seasonal solar heat storage (SSHS) concepts for the residential sector [5-7]. In 

these research projects, the focus was made on developing storage systems that could be 

implemented at the level of a single house by meeting the following criteria: 
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 High storage density (GJ/m
3
 or kWh/m

3
) under solar heating conditions (T < 150°C) to 

fulfil the required domestic heat demand for domestic application in a compact way 

 Sufficient power (kW) during the heat loading and unloading to provide the consumer’s 

demand, with adequate temperature levels for space heating (30°C) and domestic hot 

water heating (60°C). 

 High system storage efficiency, implying low heat losses during the storage period and 

during charge- and discharge phases. 

 Stable performance of the storage system to provide reliable seasonal storage for a 

lifetime of at least 30 years 

 Low cost (cts/kWh) of the storage system (storage material, container, maintenance…) 

 Safe to use in the residential environment 

For the different technologies investigated, the heat was stored as a change in internal 

energy inside storage materials according one of the three different basic principles of thermal 

energy storage: sensible, latent and thermochemical heat storages. A schematic representation of 

these principles is presented in figure 1-2. 

 

Figure 1-2: Basic principles of (a) sensible, (b) latent and (c) thermochemical heat storage – Cp = heat 

capacity of the materials – H = heat of reaction 

For sensible heat storage, the heat is stored by raising the temperature of a solid or a liquid. 

The ability to store sensible heat is determined by the heat capacity (Cp) of the storing material and 

the temperature change during the loading process (T). Latent heat storage is based on the heat 

consumed or released when a storage material undergoes a phase change (melting, crystallization, 

etc…). The storage capacity for latent heat storage mainly depends on the heat associated to the 

phase change (HPC) occurring at specific temperature for pure materials (melting, solidification). 

Thermochemical heat storage involves a chemical reaction with an accompanying heat effect 

called the reaction enthalpy (rH). 

For each storage concept, several materials show interesting potential for SSHS in the 

residential sector in terms of operating temperatures (0 < T < 150°C) as described in figure 1-3. 

However, due to some limitations in terms of energy density, heating power, stability, cost and/or 

toxicity identified under testing, none of the sensible heat storage material, phase change material 
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(PCM) or thermochemical material (TCM) is currently fulfilling all stringent criteria for 

implementation at the level of a single house. A summary of current state-of-the-art for each 

category of materials is presented below. 

  

Figure 1-3: Comparison of the energy density of water, phase change materials (PCM) and thermochemical 

materials (TCM) as function of their operating temperatures [8], *[9], **[18]  

1.2.1 Sensible heat storage in water  

For sensible thermal storage, water is currently the most common material used to store 

heat at low temperature, because of its high heat capacity Cp compared to other sensible heat 

storage materials. Water has excellent properties for heat storage, related to mechanical and 

chemical stability, low cost and non-toxic properties. However, the low energy density (0.25 GJ/m
3
 

for a T = 60°C) and especially the significant heat losses over time, intrinsic to sensible heat 

storage (figure 1-2a), would require too large tank volumes (> 40 m
3
) for SSHS at the level of 

single house [5]. The current development of SSHS in water tanks focuses on district applications 

with good thermal insulation [10], to reduce heat losses by high storage volume. 

1.2.2 Low temperature PCMs 

PCMs are divided in two sub-categories of materials [5],[8]-[12]: organic PCMs, which 

include paraffin and other non-paraffinic compounds (e.g. sugar alcohols, esters, fatty acids) and 

inorganic PCMs such as salt hydrates (e.g. sodium acetate, calcium chloride) and nitrates. Research 

projects conducted on organic PCMs identified relatively stable thermal, mechanical (low volume 

change) and chemical (congruent melting, non corrosive) properties over storage cycles. However, 

the low energy density (0.2 GJ/m
3
), the low thermal conductivity (0.2 W/m°C), the risk of 

flammability and the high cost of these materials are significant drawbacks for the development of 
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a reliable SSHS system. Inorganic PCMs show more suitable performance, in terms of thermal 

conductivity (0.6W/m°C) and energy density (0.25-0.5 GJ/m
3
), which would allow a reduction of 

the storage volume (20 m
3
) compared to water. Nonetheless, stability issues related to corrosion, 

incongruent melting (phase segregation) and sub-cooling are drawbacks needing attention. 

Technical processes such as encapsulation or impregnation improve the thermal conductivity and 

the stability of these materials [5]. However, the high cost aspect, substantial heat losses and large 

volume required for these technologies are critical issues in the development on large scale 

prototypes for implementation in the residential sector.  

1.2.3 Low temperature TCMs 

Low temperature TCMs are divided in three categories of sorption materials (figure 1-3) 

[5],[8]-[13]: liquid sorption, adsorption and absorption materials. All categories of materials 

present much higher theoretical energy density (0.7- 2.8 GJ/m
3
) than heat storage in water and 

PCMs, with the additional benefit of nearly loss-free storage of the heat over time, having only 

charging losses that are Cp related (figure 1-2).  

Liquid sorption materials can store and release heat by ions exchanges between a low 

concentrated and more highly concentration solution, with a substantial advantage above solid 

sorption materials of high heat transport properties. Research projects conducted on liquid water 

sorption within concentrated NaOH solution [18], showed effective storage density of 0.54 GJ/m
3
 

under SSHS conditions, relatively promising for domestic application. However, the material 

solidification (crystallization) observed during heat charging, with additional storage capacity to 

the material, presents currently a technical issue for the liquid sorption system (pipes and pumps 

blockage). Additional, the material conditioning required for severe corrosion issues with NaOH 

solution is still a drawback needing further improvement.  

Adsorption materials can store and release heat by a reversible physisorption (van der 

Waals interactions) of water on the solid surface or in the liquid phase. Research projects [14]-[17] 

conducted on several adsorption materials identified candidates (e.g. silica gel and zeolite) with 

relatively good thermal, mechanical (no expansion) and chemical stability over storage cycles. 

However, low effective storage density (0.12 GJ/m
3
 for silica gel and 0.25 GJ/m

3 
for zeolites) is 

found for these materials under SSHS conditions. The low performance of these materials, in 

addition of their high cost, are two critical aspects for the domestic application.  

Absorption materials [5],[13] include numerous low cost salt ammoniates (e.g. CaCl2·NH3, 

NiCl2·NH3) and salt hydrates (e.g. MgSO4·7H2O, MgCl2·6H2O, CaCl2·2H2O). These materials can 

store and release heat by reversible chemisorption (hydrogen- and covalent bonding) of a gaseous 

sorbate (NH3, H2O) into the solid phase of the salt. Research projects conducted on ammonia 

sorption [19][20] showed suitable performances for these materials related to storage density 

(1 GJ/m
3
) and temperature outputs. However, drawbacks related to the system design (closed 

ammonia system), the chemical (e.g. corrosion) and mechanical stability (material expansion) 
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remain a costly challenge for implementation of such storage concepts in the residential sector. 

Additionally, toxicity is the most critical aspect for ammonia storage in an individual house. Water 

vapor sorption in crystalline salt hydrates showed more suitable aspects related to safety and non-

toxicity of their TC process. First tests on these materials in lab-scale prototypes under SSHS 

conditions highlighted promising thermal performance related to energy storage density (0.5-

1.5 GJ/m
3 

in a packed bed) that would permit to develop a compact storage system below 10 m
3
. 

However, due to a lack of in-depth knowledge on these materials in the literature,  research 

challenge is required to understand and improve issues related to material stability (mechanical, 

chemical or structural) [22]-[23],[42], and/or slow reaction rates [22]-[23],[43]-[44] identified for 

these materials, which limit their energy density and power output over storage cycles. Filling this 

knowledge gap is the main challenge of the present research. 

1.3 Thermochemical heat storage in salt hydrates 

With the objective to develop a suitable salt hydrate material for domestic application of 

SSHS, a general state-of-the-art on the storage concept and materials studied is carried out  to 

understand where improvements could be made to face the critical issues of these materials for 

suitable thermal performance over cycles.  

1.3.1 Concept of the storage system  

In the research projects investigating thermochemical heat storage in salt hydrate materials, 

two system design options were used: open or closed sorption systems [7], [13], [23]-[25]. Both 

system concepts are based on storing and releasing solar heat in a packed bed of material, by 

reversible dehydration and hydration processes (equation 1-1).  

Salt·xH2O (s) + heat ↔ Salt (s) + x H2O (g)              (equation 1-1) 

However, the intrinsic concept of each system design differs. In a closed sorption system, 

the sorbent (dried salt) and the water vapor are both contained in an evacuated closed vessel and 

only the heat is transferred from and to the storage system by means of a heat exchanger. The 

water vapor is transported as a result of pressure differences between the sorbent and the water 

reservoir. In an open sorption system, water vapor is exchanged with the ambient and air is used 

as medium to transfer heat and water vapor to and from the sorbent. Each system configuration 

has its disadvantages for domestic application of SSHS. In a closed sorption configuration, the 

water storage inside the system reduces the overall energy density compared to an open sorption 

system. The presence of water induces larger stability issues on long term storage with salt 

hydrate materials, due to deliquescence issues. Additionally, a closed sorption configuration 

requires more specific and costly system components (heat exchanger, piping) to build an air 

tight system that can handle sub-atmospheric conditions. In an open sorption configuration, the 

main disadvantage is the low temperature rise (T + 15-20°C) provided during the heat 

discharge. Low temperature output results from the significant thermal mass of the air required 
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to transport the heat and water vapor through the storage system, due to the limited amount of 

moisture per volume of air. To phase out this negative aspect, a heat recovery process between 

the exit and the entrance of the reactor was proposed by Zondag et al.[23] to increase the 

temperature of the incoming air into the reactor.  

The open sorption configuration, showing the most promising specifications for domestic 

application regarding energy density, material stability, system development and cost, was 

generally selected in the research projects conducted on salt hydrate materials. A detailed 

description of the storage concept on system and material levels is presented below. 

1.3.1.1 Open sorption concept on the system level 

The schematic representations in figure 1-4 display the storage concept on system level 

[23]. During summer, an ambient air stream flushed into the storage system is heated up to a 

maximum temperature of 150°C by means of commercial vacuum solar tube collectors via a 

water-to-air heat exchanger. The solar heat is primarily used to heat up water inside the household 

boiler initially incorporated in the structure of the single house, while the excess of solar heat is 

sent into the thermochemical reactor containing the salt hydrate material in packed bed. 

 

Figure 1-4: Schematic representation (a) at the level of a single house and (b) concept design [23] of open 

sorption SSHS system based on water vapor sorption in salt hydrates   

The storage of the heat proceeds by dehydration of the material, releasing water vapor to 

the environment transported by the air flow. During winter, when the heat is needed, a moist 

(p(H2O) = 13 mbar) and cold air (10°C) stream, provided by water vapor saturation into a 

borehole, is subsequently flown through the storage system. When flowing through the 

thermochemical reactor, the moist air induces the rehydration of the dried salt, and hot and dry air 

is thereafter released to heat up Domestic Hot Water (DHW) via an air-to-water heat exchanger. 

An air-to-air heat exchanger (figure 1-4b) is incorporated between the exit and the entrance of the 
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reactor to operate the heat recovery process. By exchange with the exhaust air flow, the incoming 

air stream can be heated up to 50°C, which can allow heat discharge from the salt material in a 

temperature range in the order of 60-70°C, sufficient for DWH. These experimental conditions of 

temperature (10/50°C on hydration and 150°C on dehydration) and p(H2O) (13 mbar) are defined 

as in-situ conditions in the core of the present thesis.  

1.3.1.2 Open sorption concept on the material level 

The schematic representations in figure 1-5 display the storage concept on the material 

level [26]. During the dehydration, the heat is spread into the powder bed by forced convection 

with the air flow (figure 1-5a).The heat is subsequently taken up into the powder grains (figure 1-

5b) and diffuses in the crystalline structure of the salt hydrate material by heat conduction (figure 

1-5c) [29]. When the heat reaches the sites of the crystalline water inside the grain, the 

thermochemical (TC) process occurs. The crystalline water molecules are released from the crystal 

lattice, inducing a breaking of several chemical bonds. Under the influence of the heat and outside 

partial pressure, the crystalline water molecules are evaporated and new chemical bonds are 

formed, resulting in a reorganization of the structure inside the material. The chemical bonds 

rearrangement and the water evaporation induce an endothermic reaction, corresponding to heat 

storage. Then, water vapor diffuses out of the grains and finally leaves the powder by convection 

with the air flow.  

                

Figure 1-5: Schematic representation of the thermochemical process in salt hydrates occurring at different 

scales of the material: a) powder bed scale, b) grain scale and c) molecular scale -The dashed red lines 

indicate the heat flow and the solid blue lines the vapor flow occurring during the dehydration of the material. 

During hydration, the opposite process occurs. Water vapor enters the powder bed by 

convection with the moist stream and diffuses into the crystal structure inside the grain. The 

reversible TC process involving the recrystallization of the water vapor inside the lattice produces 

an exothermic heat effect. Subsequently, the heat leaves the grains by thermal conduction and 

finally leaves the powder bed by convection with the air stream.  

 

 

a) c) Grain boundaries b) 
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1.3.2 Current knowledge on salt hydrates for SSHS 

1.3.2.1 Required material properties for a salt hydrate 

For a feasible implementation of the open sorption system of SSHS at the level of a single 

house, a salt hydrate material requires to meet the following criteria: 

 High energy density of the material under the operational conditions of an open 

sorption system to fulfil the required domestic heat demand in a compact way 

 Sufficiently fast reaction rate and sufficiently high temperature lift on heat discharge to 

deliver adequate temperature levels for space heating (30°C) and hot water heating 

(60°C) 

 Stable thermal performance over storage cycles to provide sufficient storage 

performance for at least 30 cycles 

 Non-toxic properties over cycles for implementation in the residential sector  

 Low cost of the storage material, since it is the main cost component of the system 

1.3.2.2 Salt hydrates investigated for SSHS 

Based on theoretical energy density, reaction temperature in the temperature range required 

for SSHS (25-150°C), safety and low cost , several salt hydrate materials were selected in research 

projects to investigate their effective thermal performance (energy density, power output) over 

storage cycles. An overview of investigated TCMs is presented in table 1-1.   

Table 1-1: Theoretical crystal energy density calculated from the NBS tables [9] and cost estimation from web 

providers [45]] for salt hydrates materials reacting in the temperature range of SSHS (25- 150°C) under low 

p(H2O) conditions (0-20 mbar). 

Salt hydrate reactions 
Theoretical crystal 

energy density (GJ/m3) 

Cost salt 

hydrate (€/ton) 

Related research 

projects 

MgSO4·7H2O ↔  MgSO4·H2O + 6H2O 2.3 50-100 [22], [41],[46]  

Al2(SO4)3·18H2O ↔  Al2(SO4)3·5H2O + 13H2O 2.2 100-150 [22] 

KAl(SO4)3·12H2O ↔  KAl(SO4)3·3H2O + 9H2O 1.5 200-400 [44] 

Na2SO4·10H2O ↔ Na2SO4 + 10H2O 2.4 75-100 [41] 

MgCl2·6H2O ↔ MgCl2·2H2O + 4H2O 1.9 50-100 [22],[42] 

CaCl2·2H2O ↔ CaCl2 + 2H2O 1.6 75-150 [22] 

Na2S·5H2O ↔ Na2S·½ H2O + 4.5H2O 2.7 300-500 [47] 

SrBr2·6H2O ↔ SrBr2·H2O  + 5H2O 2.0 2400 [43] 

In some research projects, the dehydration process of the salt materials was investigated by 

micro-scale thermal analysis (Thermogravimetry, Differential Scanning Calorimetry) under 

temperature and p(H2O) conditions simulating SSHS. The measurements commonly highlighted a 

sequence of reactions forming intermediate lower or higher hydrates, intrinsic to each material. The 

overall energy density of a salt material was shown to depend strongly on the reaction enthalpy 
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occurring for each phase transition, with a strong variation of the enthalpy per water molecule from 

one material to another (table 1-1) and between each phase transition. Additionally, other studies in 

lab-scale SSHS prototypes [22] also showed a substantial variation of reaction rates and power 

outputs from one material to another, and between the phase transitions of each material. For 

example, under open sorption system conditions (13 mbar, reaction temperatures between 10-

50 °C), chloride materials showed higher temperature lift (T = + 10-60°C) [22] than sulfate 

materials (T = + 0-10°C) [22] and SrBr2·6H2O (T = + 10°C) [43]. Cycling measurements 

conducted on some of the materials presented in table 1-1, also highlighted a decrease of the 

thermal performances over storage cycles, with the most substantial effect between the first and the 

second cycle [43]-44].  

1.3.2.3 Material issues limiting the thermal performances 

Based on the outcome of the SSHS research projects presented in table 1-1 and additional 

thermal and structural characterization studies of a larger number of salt hydrate materials, a list of 

material-related problems reducing the thermal performance of the salts over SSHS cycles could 

be established: 

 Reaction kinetics: The reaction rate and power output of a phase transition occurring in a 

salt hydrate material on dehydration and hydration, depend on a combined effect of the reaction 

kinetics and heat and water vapor transport mechanisms, which depend on the operating conditions 

[31]-[33]. The reaction kinetics for the dehydration and hydration of a salt depend on the energy 

barrier (activation energy) required for the dissociation and reorganization of the material structure, 

and the frequency of the effective collisions between reactant molecules (pre-exponential factor) 

[26] influenced by the density, orientation and steric effect of these molecules. Kinetic hindrance 

and a substantial amount of thermodynamically stable intermediates of reaction, can significantly 

reduce the reaction dynamics and output power of the overall processes (e.g. MgSO4·7H2O [46]).  

 Heat transport:  Heat transport mechanisms in a packed bed take into account the heat 

conduction through the grain and the convective heat transfer between the grains [30]. Heat 

convection mechanisms may be neglected unless a large porosity is formed inside the packed bed 

over cycles and the velocity of air flow is too low [48]. Heat conduction in crystalline materials like 

salt hydrates, is also not considered as a critical factor for the TC process. However, if some 

structural changes in the material induce the formation of a lower conductive structure (e.g. 

amorphous structure) during the TC process [49], the dehydration and hydration rates and 

temperature output can significantly be reduced. 

 Water vapor transport: Water vapor transport upon dehydration and hydration is a 

critical aspect for salt hydrate materials due to their common high solubility in water. Upon 

dehydration, if a salt hydrate is heated up faster than the water vapor can escape from the material, 

incongruent melting can proceed, modifying the internal structure of the grains [46]. On hydration, 

the presence of water vapor in the surrounding atmosphere promotes the deliquescence of a salt at 
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low temperature, which can lead to an overhydration and, in worst case, to dissolving of the 

material (e.g. chlorides) [23],[41]-[42]. Salt solutions can cause unwanted structural modifications 

of the storage material (e.g. grain aggregation, solid impervious layer [23, 44]) and a corrosion of 

the storage system. 

 Temperature hysteresis: For several salt hydrates, a temperature hysteresis was observed 

between the dehydration and hydration around the equilibrium conditions of the materials [50]. In 

the literature [33], the hysteresis of reaction is assumed to result from physical and mechanical 

effects occurring in the material (self-cooling, activation process). This temperature hysteresis 

lowers the effective reaction temperature on hydration, which can lead to a reduced temperature lift 

(e.g. sulfate materials [22]). 

 Structural changes: Salt hydrate materials undergo structural changes during the 

dehydration and hydration processes, which include volume changes by compaction and 

expansion of the material and plastic behavior (deformation, annealing), leading to the formation 

and/or removal of structural defects (lattice defects, dislocations, grain boundaries and/or porosity) 

[31]-[32]. Those structural changes are known to improve the intrinsic kinetic properties of the 

interface grain reaction (nucleation/growth process) [31], [35] and the water vapor diffusion inside 

the grains [34], [37]-[40]. However, those material changes can also result in degradation (e.g. 

material amorphization [46], powdering, low inter grain heat transfer) and failure (e.g. non reactive 

grain area [41], powder bed clogging) of the storage material. 

 Dissociation: Low stability under hydrothermal conditions can lead to decomposition of 

the salts (e.g. chlorides hydrolysis [23], [51]- [52]], carbonation of Na2S [47]) leading to the 

formation of strong acid vapors (HCl for chloride salts and H2S for Na2S), which involve 

additional issues related to pollution and corrosion problems. 

1.4 Scope of the thesis 

According the general overview presented above, crucial information is still missing to set 

material and system guidelines that can prevent the deterioration of a salt hydrate for long term 

SSHS application. First, in-depth knowledge regarding the structural reversibility, material 

instability (mechanical, physical) and heat and water vapor transport is currently missing on the 

molecular, grain and powder bed levels of these materials, to explain the decrease of the thermal 

performance of chemically stable salt hydrates over consecutive dehydration/ hydration cycles. 

Additionally, information does not exist regarding the influence of the structural properties and 

open sorption system conditions, which promote the chemical decomposition (material 

dissociation), observed for some salt materials. Furthermore, a lack of knowledge exists regarding 

the material properties influencing the size of the temperature hysteresis between the dehydration 

and hydration. Finally, the effect of the operating temperature and p(H2O) conditions requires 

further investigation under the operating conditions of SSHS to understand their effect on the 

effective thermal performance (effective energy density, power output, temperature lift) of a salt.   
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In line with the remaining research questions, the scope of the present thesis focuses on 

getting more insight in the thermal and structural properties of salt hydrate materials over 

dehydration/hydration cycles under the in-situ SSHS system conditions to define material and 

system guidelines for the development of a suitable storage material on the long term. The choice 

was made in the present research to investigate the thermal and structural properties on the micro-

scale level (crystal and grain levels) by experimental characterization, which focuses on the 

following research objectives:  

 Firstly, the present research aims at reproducing the in-situ operational conditions of 

temperature, p(H2O), flow, etc… of the open-sorption system described in figure 1-4, to get a 

representative characterization of the thermal and structural properties. To this end, a reproducible 

experimental procedure and an adaptation of specific experimental set-up (e.g. humidification 

system) are developed, which are used for every characterization study undertaken.   

 Secondly, the variations of the effective thermal performance (heat effect and reaction 

rates) and intrinsic thermodynamical properties of the materials over in-situ thermal cycles are 

required. Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) measurements 

providing respectively sample mass and heat flow variations as function of time or temperature are 

carried out and analyzed to provide the required thermal properties.  

 Thirdly, to identify the structural evolution on the molecular level of the materials, a 

characterization of the crystal structure (lattice parameters, crystal symmetry) and chemical bonds 

is required. In-situ powder X-ray diffraction (XRD) measurements are carried out to characterize 

the structure of crystalline materials, while in-situ Raman spectroscopy measurements are 

conducted to study the structural variations in more disordered crystal structures (e.g. amorphous 

phases). 

 Fourthly, to investigate the nucleation/growth process, and the volumetric variations and 

the formation of structural defects (cracks) over thermal cycles on the grain level, studies on large 

single crystals or large powder grains are conducted by in-situ optical microscopy and Scanning 

Electron Microscopy (SEM). Additionally, complementary information from XRD measurements 

permits to identify the evolution of the crystallite size in the material and provides information on 

the grain boundary formation over thermal cycles. 

 Finally, to investigate the influence of operating conditions on the evolution of the 

thermal and structural material properties over thermal cycles, TG-DSC measurements and in 

some cases, other structural analyses are conducted under different experimental conditions of 

temperature and p(H2O).   

In the scope of the thesis, a restricted number of four materials is selected for in-depth 

investigation. Two reference salt hydrate materials, for which thermodynamic, reaction rate and 

structural properties were extensively studied in the literature, are firstly investigated to validate the 

experimental procedures, characterization techniques and calculation methods selected in this 

study. Lithium sulfate monohydrate (Li2SO4·H2O) is selected for its simple and stable TC process, 
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involving only a single water molecule [31],[34]. Then, copper sulfate pentahydrate 

(CuSO4·5H2O) is investigated for its more complex multi-step process of dehydration [53]-[54]. 

Subsequently, two TCMs, MgSO4·7H2O and MgCl2·6H2O, are investigated under the same 

experimental conditions, to study respectively the phenomena of slow reaction rate and structural 

amorphization seen for MgSO4·7H2O, and of material dissociation by hydrolysis of MgCl2·6H2O. 

1.5 Thesis outline 

After the introduction (chapter 1), chapter 2 presents the details of the material and 

methods used to perform accurate and reproducible characterizations of the thermal and structural 

properties over consecutive dehydration/hydration cycles and under SSHS application conditions. 

Chapter 3 and chapter 4 present the results of the thermal analysis and the structural 

characterization performed on the two model salts Li2SO4·H2O and CuSO4·5H2O, respectively. 

Chapter 5 presents the experimental study performed on MgSO4.7H2O aiming at understanding 

and improving the slow reaction rates of dehydration and hydration. Chapter 6 focuses on the 

characterization of the material properties and system parameters influencing the stability issues of 

MgCl2.6H2O. Finally, chapter 7 summarizes the main findings of this thesis and proposes some 

research options for future work.  
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2.1 Introduction 

The methodology of research described in chapter 1 focuses on characterizing the thermal 

and structural properties of salt hydrates over consecutive dehydration and hydration cycles. The 

experimental conditions will simulate seasonal solar heat storage (SSHS). In this chapter, the first 

part presents the methods and experimental setups used to simulate the operational conditions of 

SSHS (temperature, water vapor pressure p(H2O), flow rates, cycling conditions). The second part 

of this chapter presents the experimental techniques (STA, HPDSC), the data processing and the 

calculation methods used to characterize the thermal performance (effective heat effect, stability, 

reaction rate) and intrinsic thermal properties (enthalpy, entropy) of the materials. The last part of 

this chapter describes the characterization techniques (XRD, Raman spectroscopy, and 

microscopy) and calculation methods used to study the structure of the materials on molecular and 

grain levels over thermal cycles. 

2.2 Simulation of operating conditions  

To reproduce the operating conditions of an open sorption system for seasonal heat storage, 

first a well-defined temperature program is established for the dehydration and hydration. Next, a 

humidification system is designed to operate a stable control of the flow rate and p(H2O) 

conditions. Finally, an additional experimental setup, the tubular furnace, is built to carry out 

in-situ measurements on a larger sample scale, as micro-scale characterization techniques 

showed experimental limitations (detection, long reaction time).  

2.2.1 Temperature program 

Figure 2-1 presents the general temperature program that has been established for the 

dehydration and hydration of the salt hydrates, in order to guarantee a similar thermal treatment 

over cycles and from one characterization technique to another under thermal conditions 

simulating the in-situ conditions of an open sorption seasonal heat storage system.  

 

Figure 2-1: Temperature program simulating one dehydration and hydration cycle  
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The dehydration of the material is executed by a linear increase of the temperature followed 

by an isothermal step at the maximum temperature of dehydration (150°C) as long as required to 

stabilize the final product of reaction. Then, the hydration is performed by decreasing the 

temperature with a constant cooling rate, followed by an isothermal period at constant temperature 

until full rehydration. Due to practical conditions, a minimum temperature of 25°C is commonly 

used as initial and final temperature for each thermal cycle, to avoid the risks of water condensation 

when temperatures are set below ambient conditions (20°C). Heating and cooling rates between 

0.1 and 10°C/min are used. Either local heating with a hot-stage system (Raman spectroscopy, 

microscopic observations) or trace heating with ceramic furnaces (XRD and thermal analysis) is 

used to set the temperature with an accuracy of ± 0.1°C.  

2.2.2 Control of water vapor pressure and flow rates 

To perform an accurate and stable control of p(H2O) during the experiments, a 

humidification system is elaborated and placed at the inlet of every characterization technique. The 

concept of the system was based on mixing a dry air stream (f1) and a moist air stream (f2) to have 

a good control in a wide range of p(H2O). The general principle of the humidification system is 

schematically given in figure 2-2. 

 

Figure 2-2: Representation of the humidification system concept 

Pressurized air is injected at ambient temperature at V1 and is split into the two air flow 

segments f1 and f2. The flow rates of the two air streams are controlled by the two respective 

volumetric flow meters, VF1 and VF2. The humidification occurs in segment f2 after the flow 

meter (VF2), by water saturation of the dry air stream through a humidifier (bubbler), 

thermostated by a water bath. The control of the p(H2O) is performed by external reading of the 

temperature and humidity content of the combined flow f1/f2 after V2, with a HumidiProbe 

from Picolog coupled to a data logger and by manual adjustment of the flow rates f1 and f2. A 

trace heating element, represented by the red line circuit in figure 2-2, is applied between the 

humidifier and the entrance of the characterization set-up, to avoid condensation issues when 

p(H2O) is set above ambient conditions. The present humidification system permitted to carry 

out measurements under stable p(H2O) conditions between 0 and 70 mbar, with an accuracy of 

Volumetric flow 
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Volumetric flow 
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± 0.2 mbar. In the present research, a standard p(H2O) of 13 mbar is commonly used during the 

measurements in order to simulate the in-situ conditions of the open sorption SSHS system 

(section 1.3.1.1 in chapter 1). However, to get complementary information on the intrinsic 

thermodynamical, kinetic and structural properties of the salt hydrate materials and to optimize 

the performance of these materials for storage application, some additional measurements are 

performed within a wider range of p(H2O) between 0 and 70 mbar. In addition, for several 

characterization techniques, the setting of p(H2O) is limited by condensation issues in the 

experimental equipment. The feasible p(H2O) range for each experimental apparatus is detailed 

in table 2-1. Furthermore, to avoid concentration drop of the moisture content in the gas stream 

during the measurements, ten to hundred times higher flow rates than real life conditions of the 

open sorption SSHS system (80 m
3
/h) [1-3] are applied during the measurements. For each 

characterization technique, the flow rates are adjusted proportionally to the volume of reactor 

and/or sample mass. Details of the different flow rates are presented in table 2-1.  

Table 2-1: Ranges of p(H2O) and flow rate used for the different in-situ characterization techniques 

Characterization techniques p(H2O) range Flow rates 

Thermal analysis (STA) 0-20 ± 0.2 mbar 25(*)-100  ± 2 ml/min 

Thermal analysis (HPDSC) 0-70 ± 0.2 mbar 100 ± 2 ml/min 

In-situ XRD 0-20 ± 0.2 mbar 100 ± 2 ml/min 

In-situ Raman 0-50 ± 0.2 mbar 100 ± 2 ml/min 

In-situ microscopy 0-50 ± 0.2 mbar 100 ± 2 ml/min 

ESEM 2.7 ± 0.01 mbar No flow 

Tubular furnace 0-50 ± 0.2 mbar 10 ± 0.2 L/min 

p(H2O) = water vapor pressure, STA = simultaneous thermal analysis equipment, HPDSC = high pressure 

differential scanning calorimetry, XRD = X-ray diffraction - * experiments flow variation in chapter 3 

2.2.3 Tubular furnace 

Due to experimental issues related to signal detection and/or long reaction times 

identified during thermal analysis and XRD measurements, an experimental setup is built to 

carry out an in-situ thermal treatment on larger scale samples and allow intermediate sampling 

and measurements. The setup, denoted as tubular furnace, ensures in-situ thermal cycles on 

material quantities of 10 g, and permits intermediate sampling during the cycling process. The 

setup concept and the related sample design are presented in figure 2-3. In the experiments an 

alumina crucible, filled with the studied material, is placed into the reactor (Pyrex glass tube). 

The inlet of the reactor is connected to the humidification system. The temperature, measured 

next to the sample crucible (thermocouple), is controlled by a heating element surrounding the 

Pyrex glass tube. A temperature calibration of the furnace is performed to identify the reaction 

temperature over the sample crucible. The set point is fixed at the middle of the reaction 

crucible, resulting in a temperature difference of 5°C on the upstream and downstream side of 

the crucible. The homogeneity of the reaction was checked by XRD analysis. 
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Figure 2-3: Schematic representation (left) and photos (right) of the tubular furnace and related material 

samples  

2.3 Thermal analysis  

2.3.1 Characterization techniques 

2.3.1.1 Experimental setups 

Two thermal analysis apparatuses are selected for the present research project. The first 

apparatus, a Simultaneous Thermal Analysis apparatus Netzsch STA 409 PC Luxx with a standard 

SiC furnace (figure 2-4b), is chosen for its capacity to perform simultaneously Thermogravimetry 

(TG) and Differential Scanning Calorimetry (DSC) measurements under in-situ conditions. The 

system scheme is presented in figure 2-4a. The weighing measurement is carried out by an 

electrical balance in the bottom of the apparatus that operates with an accuracy of ± 0.02 mg. The 

heat flow variations are obtained by measurement of the heat flux difference between an empty 

sample cup (reference sample) and a cup containing the studied material (figure 2-4c). The heat 

flux measurements are performed with a thermal sensor that allows an accuracy of measurement of 

± 0.02 mW. The temperature is measured through a thermocouple located at the level of the 

thermal sensor (figure 2-4c), with an accuracy of ± 0.1°C. Temperature, mass variation and heat 

flow signals are transmitted to the acquisition system located at the bottom of the experimental 

equipment. Although a partial insulation is made between the acquisition system and the furnace 

by means of a protective tube and a protective air flow (figure 2-4a), the acquisition system of the 

STA only allows measurements at atmospheric pressure p0 (p0 = 1 atm), and p(H2O) conditions 

below condensation conditions (23 mbar at 20°C). 

The second equipment, a High Pressure Differential Scanning Calorimetry (HPDSC) 

Mettler 27NH with a standard SiC furnace (figure 2-5) is used as a complementary technique for 

p(H2O) higher than ambient conditions (23 mbar). No variations of sample mass can be measured 

with this thermal analysis equipment.  
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Figure 2-4: Schematic representation (a) and images (b, c) of the STA 409 PC Luxx Netzsch and related 

crucible  

 

  

   

 

Figure 2-5: a) Schematic representation of the HPDSC reactor Mettler 27NH and images of b) the pressure 

vessel, c) furnace, thermal sensor and crucibles and d) trace heating element 
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However, the concept of the HPDSC apparatus, given schematically in figure 2-5a, 

presents the advantage of having an acquisition system outside of the reactor, not submitted to 

variations in temperature and p(H2O) in the reaction vessel. Reaction temperatures and heat flow 

variations can therefore be studied over a much larger range of p(H2O). However, a system 

adjustment of the initial HPDSC is conducted to avoid condensation issues at high p(H2O) in the 

cold parts of the apparatus (gas inlet, piping). A RS components trace heating plate coupled to a 

thermal controller (figure 2-5d), is placed at the bottom of the setup (figure 2-5b) to compensate the 

p(H2O) increase with an increase in temperature. The accuracies of temperature and heat flow 

measurements in the HPDSC apparatus are similar to the STA equipment: ± 0.1°C and 

± 0.02 mW.  

2.3.1.2 Sample design 

For both STA and HPDSC apparatus, a specific sample design was established during 

preliminary measurements in the STA on Li2SO4.H2O (appendix 1). Considering the range of 

temperatures investigated (25-150°C), aluminum crucibles of 25 l (figure 2-5c) are preferred over 

alumina crucibles, due to their better thermal conductivity. The crucibles are kept open to maintain 

a constant p(H2O) throughout the measurement. An empty crucible is used as reference for the 

measurements. Additionally, preliminary measurements on Li2SO4.H2O (appendix 1) learned that 

a particle size distribution (PSD) of100-200 m (figure 2-15) and a sample mass of 10 mg (figure 

2-16) are the optimal experimental conditions for relevant results. Therefore, these experimental 

settings were used thorough the research. 

2.3.1.3 Calibration procedure 

For the STA apparatus, calibration procedures are carried out to obtain accurate mass, 

temperature and heat flux signals under the specific experimental conditions selected in this 

research. For accurate mass variations, a calibration of the electronic micro-balance is conducted 

under ambient temperature and p(H2O) conditions, with micro-weight standards provided by the 

manufacturer (Netzsch). Temperature and heat flux signals in the STA are strongly dependent on 

several operating conditions used during the measurements: temperature range, p(H2O), heating 

rate, sample design, etc... The calibration of the two signals is therefore conducted under the 

following experimental conditions: moist atmosphere at 13 mbar water partial pressure, open 

aluminum crucible of 25 l, different heating rates between 0.1 and 10°C/min. In the STA, the heat 

flux signal is expressed in V/mg. A calibration of the heat flux sensor sensitivity (V/mW) is 

conducted to get accurate heat flux values (mW/mg). The heat flux sensor sensitivity is determined 

experimentally from the ratio of the peak area (V·s/mg) measured during the fusion of standard 

materials and their theoretical fusion enthalpy values (mJ/mg). For the temperature variations, a 

calibration of the thermocouple is carried out by comparison of theoretical and measured fusion 

temperatures of different calibration standards. Four conventional metal standards (indium, tin, 

bismuth and zinc) and a powdery standard material (biphenyl) are selected from literature data [9] 
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for their stable fusion processes under moist atmosphere, within the low temperature range of the 

STA apparatus (25-450°C). The theoretical fusion temperature and enthalpy values for these 

standard materials are presented in table 2-2 and the experimental fusion temperatures and values 

of thermal sensitivity obtained from the heat flux sensor calibration are displayed in figure 2-6. A 

similar calibration procedure is followed for the HPDSC setup to calibrate its thermocouple and 

heat flux sensor.  

Table 2-2: Theoretical fusion temperature (T fusion) and enthalpy (fH) of the material standards used for the 

calibration of the thermocouple and heat flux sensor in the STA apparatus 

Standards Biphenyl Indium Tin Bismuth Zinc 

T fusion (°C) 69°C 157°C 232°C 271°C 420°C 

fH (mJ/mg) 120.60 28.71 60.54 50.15 108.59 

 

Standards Exp. TFusion (°C) 

biphenyl 70.0 ± 0.1 

indium 156.8 ± 0.01 

tin 231.7 ± 0.05 

bismuth 271.5 ± 0.1 

zinc 420.8 ± 0.2 
 

 

 

Figure 2-6: Fusion temperatures and DSC sensitivity determined for five calibration standards obtained in the 

STA equipment, under p(H2O) = 13 mbar and for seven heating rates (0.1-10°C/min) – On the chart, colored 

dots = experimental data, black lines = experimental calibration fitting with a polynomial of order 2 for the 

STA equipment. 

2.3.2 Data processing and calculation methods 

The thermal analysis techniques (TG-DSC) chosen for the present research, permit to 

determine the material performance under specific operating conditions, as well as the intrinsic 

thermodynamical properties of the salt hydrate materials during the dehydration and hydration 

processes. The details of the research methodology are presented in this paragraph. 

2.3.2.1 Evaluation of the thermal performances  

The material performance, which includes the variations of material stoichiometry, the 

enthalpy of the heat stored and released, and the rates of reaction, can be estimated from sample 

mass variations on the TG signal or from the heat flow variations on the DSC signal. The material 

stoichiometry is quantified by the sample mass variations obtained from the TG signal. The mass 
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variations given in percentages of the initial sample mass of the salt hydrate permit to calculate 

according to equation 2-1, the number of water molecules and consequently the related variation in 

stoichiometry in the salt hydrate material during each moment of the dehydration or hydration. In 

equation 2-1, MM (H2O) corresponds to the molar mass of the water and MM (salt·H2O) to the 

molar mass of the initial salt hydrate. 

𝑁(𝐻2𝑂 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠) =
𝑚𝑎𝑠𝑠 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 

𝑀𝑀(𝐻2𝑂)/𝑀𝑀(𝑠𝑎𝑙𝑡.𝑥𝐻2𝑂)
                                            (equation 2-1) 

The reaction enthalpy of a phase transition ∆𝑟𝐻 can be determined by integration of the 

heat flow (Q) as function of time as described in equation 2-2.  

∆𝑟𝐻 = ∫ 𝑄. 𝑑𝑡
𝑡𝑓𝑖𝑛𝑎𝑙

𝑡0
                                     (equation 2-2)  

*t0 and tfinal are the initial and the final time of the reaction 

On the DSC signal, the enthalpy of reaction corresponds to the DSC peak area which can 

be determined graphically by the acquisition software, for which different integration methods 

(linear, sigmoidal, tangential, etc…) can be selected. For the salt hydrates, the sigmoidal integration 

method (figure 2-7) was preferably used to account for the variation of the heat capacity (Cp) of 

the salt material, occurring on dehydration and hydration with the mass loss or mass gain of the 

sample.  

 

Figure 2-7: Schematic representation of the graphical sigmoidal integration of the DSC signal  

This graphical integration method is suitable for a direct data processing of the DSC signal 

obtained with the HPDSC apparatus, due to its relatively constant baseline signal before and after 

the DSC peaks as schematically shown in figure 2-7. However, for the DSC results obtained with 

the STA equipment, a drift of the baseline signal (figure 2-8a) is identified during preliminary tests 

on multiple salt hydrates (sulfates and chlorides), resulting in a significant overestimation of the 

enthalpy values. The baseline deviation is attributed to an experimental artifact intrinsic to the STA 

apparatus under moist atmosphere, and it is shown to be proportional to the temperature change 

applied in the system as seen in figure 2-8a.  

t/T initial  t/T final 
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Figure 2-8: a) Experimental and b) corrected DSC signals obtained for the dehydration on Li2SO4.H2O 

performed in the STA apparatus, under p(H2O) = 13 mbar, with 1°C/min, 10 mg  sample mass 

In order to get relevant reaction enthalpy values from the STA measurements for 

dehydration and hydration processes, an indirect method based on linear integration of the DSC 

peak is proposed (figure 2-8). First, a correction of the drifted DSC baseline is undertaken by 

polynomial linearization (figure 2-8a). Then, a linear integration of the corrected DSC signal is 

performed (figure 2-8b). However, this data processing procedure does not take into consideration 

the changes of heat capacity (Cp) of the material during the thermochemical reaction and 

generally leads to an underestimation of the reaction enthalpy values both for dehydration and for 

hydration processes. Therefore, the average of the values obtained by sigmoidal integration and 

linear integration is taken as the final experimental value for the reaction enthalpy measured in the 

STA apparatus. The difference between these two experimental values is used as the accuracy of 

the reaction enthalpy determination.  

The reaction rate of a thermochemical process can be determined by data processing of the 

TG-DSC results. The reaction rate, denoted as d/dt [s
-1
], corresponds to the derivative of the 

material conversion fraction  as function of time t. As shown in equation 2-3,  can be directly 

calculated from both TG and DSC results. 

𝛼𝑇𝐺(𝑡) =
𝑚(𝑡=0)−𝑚𝑡

𝑚(𝑡=0)−𝑚∝
    𝑎𝑛𝑑    𝛼𝐷𝑆𝐶(𝑡)

∫ 𝑄.𝑑𝑡
𝑡

𝑡0

∫ 𝑄.𝑑𝑡
𝑡∞

𝑡0

                            (equation 2-3)  

First,  is calculated from the TG results, by calculating the ratio of the converted sample 

mass (𝑚(𝑡=0) − 𝑚𝑡) at a moment t over the total converted sample mass (𝑚(𝑡=0) − 𝑚∝) at the 

end of the reaction. mt corresponds to the sample mass of the material at time t, so m(t=0) is the 

initial sample mass of the material, 𝑚∝ is the sample mass of the material at the end of the 

thermochemical process. Then,  is also calculated from the DSC results. It corresponds to the 

ratio of the heat flow (Q) integrated between the beginning of the reaction (t0) until a moment t, 
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and the heat flow integrated for the whole reaction. In the present research, the comparison of the 

rates of reaction between the different cycles and under different operating conditions is based on 

the maximum value of reaction rate d/dt (max). For both TG and DSC results, the peak 

maximum of the d/dt curve, as represented in figure 2-9, is taken as the d/dt (max) value, and 

the data accuracy is calculated with the standard deviation of the two experimental values.    

    

Figure 2-9: Schematic representation of the determination of the maximum reaction rate value  

2.3.2.2 Calculation method of the intrinsic thermodynamical properties 

In addition to the characterization of the thermal performance of a material, the intrinsic 

thermodynamical properties (enthalpy rH
0
 and entropy rS

0
 of reaction) of a material can be 

determined from the reaction temperature results for different conditions of p(H2O) and heating 

rates. The linear form of the Van’t Hoff equation [5-6] described in equation 2-4, permits to 

determinerH
0
 and rS

0
 under equilibrium conditions, by only considering the reaction 

temperature under isothermal experimental conditions (0°C/min), at a specific moment of the 

reaction. Commonly, the onset or transition temperature is used (figure 2-10a). 

𝑙𝑛
𝑝(𝐻2𝑂)

𝑝0
= − (

∆𝑟𝐻0

𝑥.𝑅
) ( 

1

𝑇𝑒𝑞
 ) +

∆𝑟𝑆0(𝑇)

𝑥.𝑅
                             (equation 2-4)  

In this equation, R is the gas constant (R = 8.3144472 J.mol
-1
.K

-1
) and x is the number of 

water molecule/ molecule of hydrated salt (salt.xH2O) involved in the reversible thermochemical 

reaction. p(H2O) is the partial water vapor pressure applied to the system [in atm] and po is the 

standard equilibrium pressure (po = 1 atm). Teq corresponds to the extrapolated onset temperature 

[K] of a phase transition to isothermal conditions (0°C/min). This temperature is determined 

graphically as shown in figure 2-10b. It corresponds to the intercept of the linear regression of 

the onset reaction temperatures (Tonset) as function of the heating/cooling rates  [°C/min] (figure 

2-10a). The determination of rH
0
 and rS

0
 are subsequently made by graphical representation. 

As shown in figure 2-10b, these values are determined by plotting the logarithm of the 

equilibrium pressure 𝑙𝑛
𝑝(𝐻2𝑂)

𝑃0
 vs. the reciprocal onset temperature 
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Figure 2-10: Graphical determination of a) the onset temperature on the DSC signal for a given heating rate, 

b) the onset temperature in equilibrium conditions Teq and c) enthalpy rH
0 and entropy rS

0 of reaction 

(Van’t Hoff plot) 

2.4 Structural characterization 

The structural characterization conducted in the present research is performed both on 

crystal and on grain levels of the material. The characterization of the crystal structure is 

performed by two complementary characterization techniques: X-ray diffraction (XRD) analysis 

for crystalline materials and Raman spectroscopy for both crystalline and amorphous phases. 

The material characterization on the grain level was conducted by microscopy observations on 

large single crystals, and the dimensional and morphological changes in the material are 

identified during in-situ thermal treatment. The measurements performed in these 

characterization techniques are either conducted under in-situ conditions (section 2.1) by 

coupling of the equipment with the humidification system presented in section 2.2.2, or with 

material samples that have undergone a thermal treatment under in-situ conditions in an external 

setup (tubular furnace, hot cell). A description of the experimental setups, the sample design and 

the data processing and calculation methods used to acquire suitable information from each 

characterization technique is presented below. 

2.4.1 X-ray diffraction analysis 

Powder X-ray Diffraction (XRD) is selected in this thesis to characterize the crystalline 

structure of the salt hydrates. This characterization technique [6] permits to generate by XRD 

scattering with the electron cloud of the material, a unique diffraction pattern (diffractograms) 

characteristic of each material. XRD analysis measurements are performed on polycrystalline 

powders to obtain three-dimensional information on the material crystal structure, minimizing 

preferential orientation in the XRD pattern. The experimental setups and the sample preparation 

are presented in the first part of this paragraph. The second part of the paragraph presents the 

data processing and the calculation methods used to identify the crystalline form of the studied 

materials, the atomic arrangement of the crystal structure (unit cell parameters) and the 

crystallite size of the materials.  
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2.4.1.1 Experimental setups and sample preparation 

Two types of XRD equipment, based on the 2 angle operating method [6], are used in 

this research project. First, a Bruker D8 Advance (figure 2-11a) with an MRI oven (figure 2-

11b) with Cu radiation (K1 = 1.5406 Å, K2 = 1.54439 Å) is used to identify the evolution of 

the crystal structure as a function of temperature. The experiment is conducted during the first 

cycle of dehydration/hydration of the material. A powder sample of around 1 gram is placed on 

an alumina sample holder (figure 2-11c) inside the oven and exposed to temperature variations 

(section 2.1.1) under fixed p(H2O) conditions (13 mbar). Diffraction patterns are recorded every 

10°C in isothermal and isobaric state. Typical runs are conducted with a 2 ranging from 10 to 

45°, a 2 step of 0.05° and a counting time of 2s.  

Additionally, a PANalytical X’Pert Pro with Cu radiation (K1 = 1.5406 Å, K2 = 

1.54439 Å) is used to perform powder XRD measurements at room temperature, to follow the 

evolution of the material crystal structure and the crystallite size after each thermochemical 

cycle. Typical runs are conducted with a 2 ranging from 10 to 50°, a 2 step of 0.02° and a 

counting time of 3s. The calibration of the apparatus is performed by means of a high purity 

polycrystalline SiO2 standard (Perkin Elmer, 45 m). Powder samples of around 1 g are used for 

the analyses after pre-conditioning in the tubular furnace, as presented in section 2.2.3, and an 

aluminum crucible (figure 2-12) is used to perform the measurements.  

   

Figure 2-11: Images of the a) Bruker D8 Advance XRD equipment, b) MRI oven and c) alumina sample 

holder used to performed in-situ XRD measurements 

 

Figure 2-12: Aluminum sample holder for 

the PANalytical X’Pert Pro XRD equipment 

 

a) b) c) 
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2.4.1.2 Data processing and calculation methods 

The data processing performed in this study is conducted in four steps. First, the phase 

identification of the materials is performed, by comparison of the experimental XRD patterns 

obtained from both types of equipment presented above with standard reference patterns of the 

JCPDS-ICDD database [8]. The principle of this data processing is based on the identification of 

the position (2 angle) and the intensity (counts) of the XRD peaks, characteristic of the lattice 

planes (hkl) of the atomic material structure. The accuracy of the data processing depends on the 

operating parameters (2 step and counting time) selected for the run of the analysis. Then, a 

determination of the crystal symmetry and lattice parameters of the materials is carried out by 

XRD pattern fitting using the Le Bail method [8] implemented in the open source software 

WinPLOTR/Fullprof version 2014 [9]. The principle of this data processing consists in 

operating a profile matching of the lattice parameters (a, b, c dimensions and , ,  angles) 

characteristic of the pre-identified materials and the pattern properties (zero point, peak shape) to 

optimize the fitting of the XRD pattern. Subsequently, the material crystal structure is 

represented with the visualization software Diamond version 3.0 [10], with the experimental 

lattice parameters obtained by XRD pattern fitting.  Reference .cif files from the open-access 

Open Crystallographic Database (OCD) [11], are used as input for the atomic parameters x, y, z, 

and Biso of the materials crystal structure. Finally, the crystallite size L of the materials is 

determined by calculating the full width at half maximum intensity FWHM of an XRD peak 

using to the Scherrer equation (equation 2-5) [13]. 

𝐿 =  
𝐾∙ 𝜆

𝐹𝑊𝐻𝑀∙𝑐𝑜𝑠𝜃
                       (equation 2-5) 

In this equation, L is found in nm and FWHM in radians. Additionally, θ corresponds to 

the Bragg angle in degree (°) of the considered XRD peak for the data processing. λ (nm) is the 

X-ray radiation wavelength used during the experiment (λCu (K1) = 0.15406 nm). K is the 

dimensionless Scherrer constant, dependent on the shape of the crystal and the size distribution 

of the powder [12]. In this thesis, the value of K is taken at a fixed value of 0.9, commonly used 

as standard value in the literature [13]. The calculation of the crystallite size is performed on 

specific families of lattice planes (e.g. 00k, with k=1, 2, 4…) representative of the pre-identified 

crystal symmetry in the materials. The experimental values of the crystallite particle size 

presented in the core of the thesis, result from an average calculation of all crystallite sizes 

obtained for every lattice planes (e.g. k = 1, 2, 4…) of a specific family (e.g. 00k). The accuracy 

of the crystallite size corresponds to the standard deviation of each pattern measurement. 

2.4.2 In-situ Raman spectroscopy  

In-situ Raman spectroscopy is used to characterize the molecular arrangement in material 

phases that could not be identified with XRD measurements (e.g. amorphous phases). The 

principle of the Raman spectroscopy is based on the inelastic scattering of visible light (photons), 

which energy loses by exciting vibrations in the solid material (phonons or lattice vibrations) [14]. 
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This characterization technique allows an identification of the general normal vibrations of 

constituting molecules of the salt hydrates (water molecule, SO4 tetrahedron, etc...) even in 

disordered crystals.  

2.4.2.1 Experimental setup and sample design 

In-situ Raman measurements are performed using a LabRAM ARAMIS Raman-

microscope from HORIBA Scientific in back-scattering geometry (figure 2-13a). To perform 

the excitation of the material, a frequency-doubled Nd:YAG laser is used with a wavelength 

of 532 nm and providing 3.6 mW laser power. Spectral acquisitions are performed with a 

Synapse detector, objective magnification 20, grating of 1800 grate/mm with a spectral 

recording between 100 and 4000 cm
-1

, spectral definition of 1 cm
-1

 and an acquisition time of 

5 s or 10 s. 

      

Figure 2-13: Photos of (a) the LabRAM ARAMIS Raman-microscope and (b) environmental hot-cold cell 

THMS600 

The calibration of the Raman apparatus is performed by profile matching of the 

Raman spectrum with a polycrystalline silicone standard. An environmental hot-cold cell 

THMS600 (-196 °C to 600 °C), presented in figure 2-13b, is coupled to a hot stage controller 

Linkam Scientific Instrument’s TMS94 and a humidification system, presented in figure 2-2, 

was added to simulate the in-situ conditions of temperature, p(H2O) and flow rate. The 

acquisition of the Raman spectra is done under isothermal and isobaric conditions every 10°C. 

Large grains of commercial powder, sieved prior to the experiments at a particle size distribution of 

500 m, are used to perform the Raman measurements. The surface area of the laser beam on the 

material sample was in the order of 1 m
2
.  

2.4.2.2 Data processing  

The data processing of results obtained by Raman spectroscopy identifies position (cm
-1
) 

and intensity (counts) of the Raman peaks. Accuracy values of ± 0.02 cm
-1
 and ± 0.1 count pulses 

(intensity) are found during the present data processing. The spectral identification is made by 

a) b) 



Chapter 2 

 

32 | P a g e  

 

comparison with Raman spectra from the literature, used as reference to identify the composition 

and the structural molecular arrangement of the material studied.   

2.4.3 Microscopy techniques 

Microscopic characterization is undertaken to characterize the evolution of the 

morphological and structural changes on the grain level of the material. Two complementary 

microscopy techniques are used to this end. In-situ optical microscopy is used to identify 

morphological and dimensional changes on the grain surface and Environmental Scanning 

Electron Microscopy (ESEM) analyses are conducted to get a better insight of the structural defects 

on the surface of the grain. To acquire relevant results from these characterization techniques, the 

measurements have been carried out on large single crystals. Depending of the materials studied, 

large powder grains (PSD > 500 m) or single crystals (PSD = 2-5 mm) are used for this 

investigation. These materials are respectively obtained by sieving of commercial powder samples 

and by a conventional process of synthesis described in appendix 2-2.    

2.4.3.1 In-situ optical microscopy  

In-situ optical images are collected with a VWR VisiScope SZTL 350 optical microscope 

coupled to a CCD camera VWR Visicam Comfort Viewer, with a objective magnification 7. 

The environmental hot-cold cell THMS600 used in the Raman microscope (figure 2-13b) is 

adapted to the optical microscope. Image processing is performed with the open source software 

ImageJ 1.48 [15], to determine the variations of the grain surface or single crystals surface during 

consecutive dehydration and hydration cycles. The experimental procedure to estimate the 

dimensional variations consists in performing three different length measurements (mm) along the 

tri-dimensional spatial dimension (a, b, c) related to a specific family of planes (hkl) in the initial 

salt hydrate crystal habit. An example of the measurement is given in figure 2-14 for a monoclinic 

crystal habit. 

              

Figure 2-14: Length measurements for a monoclinic crystal habit 

Subsequently, the dimensional variations of the three length measurements are estimated 

by determining the ratio between the length after thermal treatment and the length of the initial 

crystal dimensions. The average value of the three measurements is used as final result for the 

crystal size variations and the accuracy of the measurement is given by the standard deviation of 

the three percentage values.      
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2.4.3.2 Environmental Scanning Electron Microscopy (ESEM) 

For more detailed observations of the surface defects and morphological changes, SEM 

microscopic observations are carried out on multiple single crystals extracted one by one from the 

hot cell (figure 2-13b), at specific steps of the cycling process. The SEM imaging acquisition is 

conducted with an environmental SEM microscope S-3700N from Hitachi High Tech, allowing a 

conditioning of the samples under low vacuum conditions (p(H2O) up to 2.7 mbar). Dehydration 

of the salt hydrates is avoid by subjecting the crystals to not too large deviations in T-p(H2O) 

conditions. Images are collected at different magnification (imaging magnification 55, 200-

500, 2700) to have global and detailed information on the structural modifications of the 

surface defects in the material over consecutive thermal cycle steps.  

2.5 Concluding remarks 

The research methodology as presented in this chapter enables to perform a parallel 

characterization of the thermal and structural properties of a material under specific experimental 

conditions. In the next chapters, the methodology will be first tested on two model salt hydrates 

materials (Li2SO4·H2O and CuSO4·5H2O) for a general validation (chapter 3 and chapter 4). 

Subsequently, it will be applied for the investigation of the two salt hydrates selected for seasonal 

solar heat storage, MgSO4.7H2O and MgCl2.6H2O, respectively studied in chapter 5 and chapter 6.  
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Appendix 2-1: Sample design optimization for thermal analysis 

Influence of the particle size distribution 

The results in figure 2-15 show that the use of small particle size in the order of 25-50 m, 

increases the thermal resistance due more particle-particle interactions and reduces water vapor 

transport between the powder bed grains, which result in incomplete dehydration or hydration 

processes. Then, the bigger the particle becomes, better heat and mass transfers are observed 

between the powder grains. However the increase of the particle size induces a reduction of the 

internal water vapor diffusion inside the grains, which leads to less complete reactions. Optimal 

transport conditions are observed for a particle size between 100 and 250m.  

  

Figure 2-15: a) Mass variation and b) dehydration enthalpy for different center line of particle sizes 

distribution of Li2SO4.H2O powder. Experimental conditions: three thermal cycles, p(H2O) = 13 mbar, 

Trange = 25-150°C, 10 mg sample mass. 

Influence of the sample mass/layer thickness 

The results in figure 2-16 show a general decrease of water content and reaction enthalpy 

during the dehydration process, when the sample mass used for the thermal analysis experiments is 

increased. Although, the experiments are conducted with identical aluminum crucible size, the 

decreasing trend of the results indicate an increase of heat and water vapor transport due to the 

increase of the material layer thickness inside the crucible.  

   

Figure 2-16: a) Mass variation and b) dehydration enthalpy for different sample masses of Li2SO4.H2O. 

Experimental conditions: 3 thermal cycles, p(H2O) = 13 mbar, Trange = 25-150°C, PSD = 100-200 m  
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Appendix 2-2: Synthesis procedure of large crystals 

Single crystals of crystalline salt hydrates are grown by slow evaporation process of 

saturated aqueous solution of salt hydrate The general principle of this synthesis, described in 

figure 2-17, consists firstly in dissolving a certain quantity of a salt hydrate material in water, under 

temperature conditions which ensure a higher solubility of the salt in water, than the solubility 

found at ambient conditions. To change of temperature, the vessel containing the aqueous solution 

is placed into a thermostated water bath. Subsequently, the solution is filtrated to remove impurities 

and first nuclei that are formed or remained by an incomplete dissolution. Finally, the solution is 

placed in a crystallizer at room temperature to recrystallize the material. With the objective to form 

large single crystals, the crystallizer is covered with a perforated paraffin film (ParaFilm M) to 

slow down the process of water vapor evaporation.  

 

Figure 2-17: Experimental protocol for the synthesis of large single crystals of salt hydrate materials by slow 

evaporation process 

In the present research, the above protocol is followed with an adaptation of the solubility 

conditions (table 2-3) to synthesize large single crystals of Li2SO4·H2O [17,18], CuSO4·H2O 

[19,20], MgSO4·7H2O [21,22] and MgCl2·6H2O [23]. The synthesis protocols of Li2SO4·H2O and 

CuSO4·H2O crystals are straight forward processes, that provide monocrystals with the crystal 

habit expected for these materials in the literature. For MgSO4·7H2O, numerous syntheses were 

performed that always led to the formation of fine needles crystal, not suitable for microscopic 

observations. For this material, large commercial grains are therefore selected. Finally, for 

MgCl2·6H2O, the overhydration issues of this material at ambient temperature established a 

recrystallization of the single crystal in closed vessels at the temperature of 0°C. 

Table 2-2: Solubility and related temperature conditions of Li2SO4·H2O, CuSO4·H2O, MgSO4·7H2O and 

MgCl2·6H2O 

Salt hydrate material Ambient solubility  High solubility  Reference 

Li2SO4·H2O 256.7 g/L (25°C) 265.0 g/L (0°C) [17,18] 

CuSO4·H2O 340 g/L (25°C) 580 g/L (55°C) [19,20] 

MgSO4·7H2O 273 g/ L (25°C) 350 g/ L (25°C) [21,22] 

MgCl2·6H2O 1528 g/ L (25°C) 1570 g/ L (80°C) [23] 

Thermostated 
water bath 
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3.1 Introduction 

In literature, lithium sulfate monohydrate (Li2SO4·H2O) and copper sulfate pentahydrate 

(CuSO4·5H2O) are reference materials to investigate the thermal and structural properties of a salt 

hydrate on dehydration and hydration [1]-[2]. Although inappropriate for seasonal solar heat 

storage (SSHS) due to substantial material cost [3] and toxicity [4]-[5], these two materials are of 

great interest for the present research. The thermochemical processes of these two materials, shown 

to be reversible upon dehydration and hydration cycles [6]-[7], present different mechanisms that 

can contribute to understand the intrinsic material properties and operational system conditions 

influencing the effective thermal performance of a salt material upon SSHS cycles. Li2SO4·H2O 

has a single step and fast thermochemical process, which allows a simple characterization of the 

effective thermal performance upon cycles. CuSO4·5H2O highlights a more complex 

thermochemical process, with intermediates of reaction (phase change, intermediate phase) whose 

presence depends on applied experimental conditions [1],[8]-[11]. This material can give a more 

realistic approach of the multi-step reactions found for the most promising salt hydrate materials 

for SSHS. Additionally, the comparison of the effective thermal performances of these two 

materials with the existing knowledge in literature, can contribute to validate the methods of 

characterization and experimental results of the present research conducted under specific 

experimental conditions.  

3.2 Experimental procedure 

For each model salt, two types of thermal analysis under well-controlled experimental 

conditions of temperature, p(H2O) and flow rate are carried out with the Netzsch equipment (TG-

DSC) presented in section 2.3.1.1 in chapter 2. First, a thermal analysis is conducted over 

successive cycles, to identify the thermal behavior of the reference materials under the in-situ 

SSHS conditions: temperature range of 25-150°C and p(H2O) =13 mbar (see section 1.3.1.1 in 

chapter 1). Subsequently, additional thermal analysis measurements under different operational 

p(H2O) conditions (8 and 20 mbar), heating/cooling rates (1, 2 and 5°C/min) and gas flow rates 

(25, 50 and 100 ml/min) are undertaken to identify the system parameters influencing the thermal 

performance of the materials over cycles. For those two thermal analysis studies, commercial 

powder samples of Li2SO4·H2O (Sigma-Aldrich, 99% purity) and CuSO4·5H2O (Merck, 99% 

purity) are used with the optimized sample design presented in section 2.3.1.2 in chapter 2: sample 

mass of 10 ± 0.2 mg, particle size distribution of 100-200 m (obtained by preliminary sieving of 

the powders). Additionally, the evaluation of the thermal performance (enthalpy of reaction, 

reaction rate) and intrinsic thermodynamical properties are performed according the methods 

presented in section 2.3.2 in chapter 2. In the present chapter, the results obtained for each 

reference material (Li2SO4·H2O and CuSO4·5H2O) are presented independently and finally 

compared to reach general conclusions for both salt hydrates. 
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3.3 Study of the simple model salt Li2SO4·H2O  

3.3.1 Thermal analysis under in-situ conditions 

The thermal analysis of the thermochemical process of Li2SO4·H2O under in-situ 

conditions is performed over nine consecutive thermal cycles. The results obtained for the 

dehydration and hydration processes are presented separately to get a better understanding of each 

process. Figure 3-1 displays the results of the consecutive dehydrations and figure 3-2 shows the 

results of the rehydrations. Both figures present in part (a), the TG results exhibiting the mass 

variations of the material during each thermochemical reaction and in part (b), the DSC results 

displaying the heat flow variations involved for each phase transition.  

 

 Figure 3-11: Evolution of (a) the sample mass and (b) the heat flow of nine consecutive dehydrations of 

Li2SO4·H2O as function of the temperature under in-situ conditions (Tdehydration=150°C, p(H2O) = 13 mbar, 

heating rate = 1°C/min) 

   

Figure 3-2: Evolution of (a) the sample mass and (b) the heat flow of nine consecutive rehydrations of 

Li2SO4·H2O as function of the time under in-situ conditions (Thydration=25°C, p(H2O) = 13 mbar, cooling rate = 

1°C/min) 
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The TG curves of the dehydrations (figure 3-1a) show a similar mass loss percentage for 

every reaction, estimated at 14.0 ± 0.5%, which corresponds to the loss of one water molecule 

from the crystalline phase of Li2SO4·H2O. This mass loss is associated with an endothermic peak 

on the DSC signal (figure 3-1b) and indicates the storage of heat into the material during the 

dehydration. However, a wider temperature range of reaction (63-114°C) is found for the first 

dehydration comparing to the consecutive cycles (78-94°C ± 1°C). Additionally, the minimum of 

the DSC peak for the first dehydration reaction is observed at higher temperature (103°C) than the 

following dehydration reactions (88°C ± 0.2°C). These results indicate a difference of thermal 

behavior for the first dehydration reaction comparing to the consecutive dehydration reactions. For 

the hydration reactions, the TG curves of consecutive reactions in figure 3-2a, show a reversible 

mass uptake around 14.0 ± 0.5%. This mass loss corresponds to the reversible uptake of one water 

molecule after each rehydration of the material. It takes place when the temperature in the system 

is lowered to the temperature onset of the reaction at 33°C. This mass uptake is associated with an 

exothermic peak on the DSC signal (figure 3-2b), which shows a similar trend over the cycles apart 

a slightly slower process during the first rehydration reaction. 

The TG-DSC results in figure 3-1 and figure 3-2, show the evolution of the reaction 

enthalpy rH and the reaction rate of both dehydrations and hydrations over the cycling process. 

Figure 3-3a represents the evolution of reaction enthalpy rH over the thermal cycling process, 

obtained by integration of the DSC peaks (figure 3-1b and figure 3-2b). For the dehydration, a 

reaction enthalpy of 44.8 kJ/mol can be found for the first dehydration reaction of the material, 

while the consecutive dehydration reactions exhibit a reaction enthalpy of 43.0 ± 0.5 kJ/mol. For 

the rehydrations, the reaction enthalpy of the heat released presents a constant trend. However, 

slightly lower values are found with values at 42.0 ± 0.5 kJ/mol. According to these results, several 

conclusions can be made. First, the thermal behavior of the initial material is different from the 

constant and stable behavior of the consecutive thermochemical reactions. This difference indicates 

a modification of the material properties during the first dehydration of the material. Furthermore, 

the average reaction enthalpy found for the hydrations is slightly lower than the values found for 

the dehydration reactions. In addition, all experimental values show a deviation of more than 20% 

in comparison with the standard enthalpy value, calculated at 57.18 kJ/mol, from the NBS data 

[12]. Moreover, the experimental values are also slightly lower than the condensation energy of the 

water (44 kJ/mol). Therefore, considering the constant involvement of one molecule for each phase 

transition (figure 3-1a and figure 3-2a), the deviation of the enthalpy values obtained by integration 

of the DSC signal can be attributed to the fact that the heat of reaction is not effectively conducted 

to and from the sample due to heat losses during the measurement. The heat losses may be 

attributed to the open-cup design of the experiment, the low thermal contact of the powdery 

material with sample cup, and bad heat conduction through the powder sample [13]. 
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Figure 3-3: a) Evolution of the reaction enthalpy per water molecule and b) of the maximum reaction rate 

(± 3.10-5 s-1) of nine consecutive dehydrations and rehydrations performed under in-situ conditions (Trange = 

25-150°C, p(H2O) = 13 mbar, heating/cooling rate = 1°C/min) 

Figure 3-3b, displaying the evolution of maximum reaction rates of each reaction over 

thermal cycles, shows five times higher rates for the dehydration than for the hydration 

(measurement accuracy = 3·10
-5
 s

-1
). This difference stems from the fact that the dehydration takes 

place during the dynamic heating of the system until 150°C (figure 3-1a), while the rehydration 

process mainly proceeds under isothermal conditions at 25°C (figure 3-2a), since lower set point 

temperatures are not possible with this system. In the case of dehydration, the constant increase of 

the temperature due to the dynamic heating in the system seems to act as an additional driving 

force for the reaction rate. However, the evolution of the hydration reaction rate over the thermal 

cycles presents a similar trend as the evolution observed for the dehydration reactions by reaching 

a stable state after 3 to 6 cycles. This thermal behavior indicates a modification of the material 

properties during the first cycles of the process, which also improves the kinetics of reaction over 

the cycling process. To get a better understanding of the parameters influencing the 

thermodynamical and kinetic performance, the next paragraph concerns the investigation of the 

influence of operating conditions and structural material properties on the thermal performance of 

Li2SO4·H2O at application conditions. 

3.3.2 Influence of operating conditions  

3.3.2.1 Parameters influencing the thermodynamical properties 

The thermodynamical properties of three consecutive dehydrations and hydrations of 

Li2SO4·H2O were investigated. Figure 3-4 displays the Van’t Hoff plot obtained from the thermal 

analysis experiments performed with different experimental conditions of water vapor 

pressures (1.2, 8, 13 and 20 mbar). For every p(H2O), the logarithm of the partial pressures 

p(H2O)/p0 is plotted as function of the onset reaction temperature under isothermal conditions, 

extrapolated from the linear regression of the experimental results performed for different 

heating and cooling rates (1, 2 and 5°C/min). 

38

40

42

44

46

48

0 1 2 3 4 5 6 7 8 9 10

En
th

al
p

y 
(k

J/
m

o
l H

2
O

) 

Number of cycles 

dehydration

hydration

0.0E+00

4.0E-04

8.0E-04

1.2E-03

1.6E-03

2.0E-03

2.4E-03

0 1 2 3 4 5 6 7 8 9 10

R
e

ac
ti

o
n

 r
at

e
 (

s-1
) 

Number of cycles 

dehydration

hydration

a) b) 



Chapter 3 

 

44 | P a g e  

 

 

Figure 3-4: Van’t Hoff plot of three consecutive dehydration (triangle) and hydration (square) of Li2SO4·H2O 

in the Trange = 25-150°C (dot lines) in comparison of the theoretical data from literature [12] - p(H2O) = water 

vapor pressure, p0 = atmospheric pressure [1 atm],  T = extrapolated isothermal values of the onset reaction 

temperatures 

First, a temperature hysteresis is observed between the onset temperatures of the 

dehydration and rehydration reactions of Li2SO4·H2O, around the equilibrium conditions of the 

material. For every p(H2O) studied, the dehydration starts when the operational temperature 

reaches 25 to 50°C above the equilibrium conditions. Additionally, the first dehydration shows 

significant differences (temperature, slope) compared to the consecutive reactions, while the 

rehydrations have similar behaviors. Regarding the reaction temperature, the first dehydration 

shows a temperature difference with the equilibrium conditions of + 40-50°C varying with p(H2O), 

while the consecutive reactions shows a lower temperature hysteresis (+ 25°C), constant with the 

p(H2O) conditions. The rehydrations proceed with a temperature hysteresis of 17-18°C below the 

equilibrium conditions of the material and other influence of the p(H2O) conditions is not 

observable. From the experimental curves, the intrinsic enthalpy rH
0
 and entropy rS

0
 of reaction 

are determined for each reaction by graphical determination (section 2.3.2.2, chapter 2). Figure 3-5 

displays the evolution of these thermodynamical properties over the thermal cycling process, and 

compared to the theoretical data calculated from the NBS data [12].  
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Figure 3-5: Evolution of intrinsic a) enthalpy and b) entropy of reaction of three consecutive dehydration and 

hydration reactions of Li2SO4.H2O determined from the Van’t Hoff plot 

Figure 3-5a, plotting the evolution of reaction enthalpy rH
0
, demonstrates an 

overestimation of the enthalpy value (130 kJ/mol) for the first dehydration reaction compared to 

the average value found at 57 ± 3 kJ/mol, for the consecutive dehydration and hydration reactions. 

The results in figure 3-5a also show that the reaction enthalpies found for the consecutive 

dehydrations and hydrations present equal values compared to the reference enthalpy value 

(57.18 kJ/mol) calculated from the literature data. In figure 3-5b, plotting the evolution of the 

reaction entropy rS
0
 over the thermal cycle steps, the first dehydration reaction shows also an 

overestimated entropy value (317 J·mol
-1
·K

-1
), while the consecutive reactions exhibit an average 

entropy value at 141 ± 11 J·mol
-1
·K

-1
), equal to the equilibrium entropy values of the material 

(140 J·mol
-1
·K

-1
).  

According to these results, several conclusions can be made. First, the present 

thermodynamic study corroborates the results found in the study of Simakova et. al. [6]. Apart for 

the first dehydration, the sorption process of Li2SO4·H2O is a fully reversible process, where stable 

thermodynamical properties are maintained over the thermal cycling process. However, a 

hysteresis of reaction takes place between the dehydration and hydration reactions. This indicates 

that external effects other than the intrinsic thermodynamical properties contribute to modify the 

thermal behavior of the material. Additionally, for the first dehydration of the material, the higher 

thermodynamical values indicate a non-equilibrium state of the material. This phenomenon may be 

due to a different structural arrangement of the material coming from the initial preparation method 

of the material. The structural investigation presented in chapter 4, clarifies the non-equilibrium 

thermal properties of this first thermochemical reaction. Finally, the results in figure 3-5a, that 

show an average intrinsic enthalpy of 57 ± 3 kJ/mol for the consecutive dehydration and hydration 

reactions, confirms that the underestimation of the reaction enthalpy value found by integration of 

the DSC experiments (42-43 kJ/mol) is not related to the thermodynamical properties of the 

material. It can therefore be clearly attributed to a heat loss from the open-cup experiment.  
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3.3.2.2 Parameters influencing the rates of reaction  

To identify the system conditions that can influence the reaction rate of the dehydration and 

hydration reactions of Li2SO4·H2O, a study of the reaction rates was carried out with different 

experimental conditions of water vapor pressures (1.2, 8, 13 and 20 mbar), heating/cooling rates 

(1, 2 and 5°C/min) and flow rates (25, 50 and 100 ml/min). Figure 3-6 displays the results of three 

consecutive dehydration (figure 3-6a) and hydration (figure 3-6b) reactions for different water 

vapor pressures and heating/cooling rates. 

       

Figure 3-6: Evolution of the experimental reaction rates of a) dehydration and b) hydration reactions of three 

consecutive thermal cycles as function of p(H2O), conducted for three different conditions of heating/cooling 

rates (1, 2 and 5°C/min) 

For all dehydrations (figure 3-6a), an increase of the reaction rates can be seen by 

increasing the heating rate. This can be explained by the experimental fact that the dehydrations 

proceed during the dynamic heating of the material up to 150°C. At the moment a material starts to 

react under certain conditions, the system already reaches higher temperature conditions inducing 

an increase of the reaction rate. Nevertheless, every experiment carried out with different heating 

rates shows similar thermal behavior when the p(H2O) conditions are modified. Only a slight 

increase of the dehydration rates is found, when p(H2O) is increased from 1.2 to 13 mbar. By 

further increase of p(H2O) in the conditions studied (13-20 mbar), the dehydration rates reach a 

stable value. The rate of the dehydration reactions also increases with the number of thermal cycles 

that the material undergoes (figure 3-6a). This implies a modification of the material properties 

over the cycling process facilitating the dehydration process. For the hydration process (figure 3-

6b), similar values were found for the experiments performed with different cooling rates. The 

cooling rate does not present any additional influence of the reaction rate of the hydration reactions. 

This can be explained by the fact that these reactions start in a range of temperature close to the 

isothermal hydration conditions (25°C), where there is no additional effects from dynamic 

conditions as seen for the dehydrations. Therefore, average values were used for each experimental 

condition of p(H2O). The results are presented in figure 3-6b, show for all hydration reactions, an 
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increase of the average reaction rate, when the p(H2O) is increased from 8 to 20 mbar. 

Additionally, the rate of hydration increases between the first reaction and the consecutive ones for 

each p(H2O) studied. These results tend to indicate a difference of thermal behavior between the 

dehydration and hydration reactions with the number of cycles undergone by the material and the 

applied p(H2O) conditions. However, apart from the fact that the dehydration process is performed 

under different thermal conditions (dynamic heating) than the hydration (isothermal), additional 

thermal factors (driving force) can influence the rates of the dehydration reactions. In order to 

perform a relevant comparison of the intrinsic reaction rates of both processes, an extrapolation to 

isothermal conditions was carried out for the dehydrations. The data extrapolation results from the 

linear regression of the reaction rates as function of the heating rates presented in figure 3-22 in the 

appendix of this chapter. The results of this linear extrapolation are displayed in figure 3-7.  

 

Figure 3-7: Evolution of the extrapolated isothermal reaction rate from figure 3-21 of the three 

consecutive dehydrations of Li2SO4·H2O as function of the water vapor pressure 

The extrapolated values are found between 2·10
-4
 and 7·10

-4 
s

-1
, which correspond to the 

same order of magnitude of the reaction rate values of the hydration reactions in figure 3-6b, found 

to be between 1·10
-4 

to 6·10
-4 

s
-1
. This indicates that under isothermal conditions, it may be 

assumed that the intrinsic reaction rates are reached neglecting the additional thermal contribution 

of the dynamic conditions. A relevant comparison can therefore be made between the thermal 

behavior of both dehydration and hydration processes. An increase of the reaction rate is observed 

over the thermal cycling process for both the dehydration and hydration reactions. This comparison 

of the isothermal dehydration and hydration conditions highlights different variations of their 

reaction with the influence of p(H2O). Similar reaction rate values (5·10
-4
 to 7·10

-4 
s

-1
) are observed 

for the dehydrations between 8 and 20 mbar (figure 3-7), while in the same range of p(H2O), a 

considerable increase of the hydration rate is found proportionally to the p(H2O) increase (figure 3-

6b). For the dehydrations, the initial measurements under dynamic heating (figure 3-6a) and the 

extrapolated isothermal conditions (figure 3-7) show a global increase of the dehydration rate 

between the first and the third cycles. For hydrations (figure 3-6b), similar behavior is found 

between the first and the second thermal cycle. This indicates a modification of the material 
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properties with the increase of the thermal cycle number, which contributes to increase the reaction 

rate. Considering that the water input to the system might be the limiting factor of the hydrations, 

the influence of the rate of the moist air inflow needs to be investigated. Three experiments are 

conducted with different flow rates values: 25, 50 and 100 ml/min. The results of these 

experiments are displayed in figure 3-8.  

 

Figure 3-8: Evolution of the reaction rates of the dehydration and hydration reactions of Li2SO4.H2O as 

function of flow rate. Experiments are performed at p(H2O) = 13 mbar and heating rate = 1°C/min.  

For both the dehydration and the hydration processes, similar reaction rate values are found 

for the three flow rates studied. It can be concluded that there is no significant influence of the flow 

rate on rates of dehydration and hydration. This fact is confirmed by the fact that the water vapor 

input is considerably bigger than the conversion rate taking place in Li2SO4·H2O during both 

dehydration and hydration reactions. For example, considering a flow rate of 100 ml/min, used as 

standard value in the in-situ investigation, the water vapor inflow for the three partial vapor 

pressures studied is between 3·10
-2
 and 9·10

-2
 g(H2O)/s. This inflow rate corresponds to 25 to 60 

times the conversion rate of the hydration reactions of Li2SO4·H2O. Hence, the water vapor input is 

not the limiting factor of the hydration conversion rate. The apparent rate of reaction for both 

dehydration and hydration reactions is therefore depending on the material behavior under the 

experimental conditions.  

3.3.3 Discussion on the Li2SO4·H2O study 

The two thermal analysis studies conducted on Li2SO4·H2O confirm the reversibility of its 

thermochemical process upon consecutive dehydration and hydration cycles (figure 3-5), seen in 

literature [6]. However, differences exist between the consecutive dehydrations and hydrations 

regarding the thermodynamical properties, reaction onset and reaction rates. They are investigated 

to get a better understanding of the material properties and system conditions influencing the 

thermal performance over SSHS cycles.  
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 The first dehydration highlights a different reaction temperature compared to the 

consecutive dehydrations (figure 3-1) and different thermodynamical properties compared to the 

consecutive dehydration and hydration processes (figure 3-5). The cracking of the initial material 

structure in smaller crystalline entities after the first dehydration is currently the assumption made 

in the literature [6] to justify the difference of thermal behavior of this material. The difference of 

onset temperature may result from a change in activation energy, needed to start the reaction 

(transport phenomena, mechanical effects), due to different structural properties resulting from the 

material preparation. Additionally, thermodynamical properties, being related to the energetic bond 

rearrangement in the crystal structure of the material [1], and the cracking of the material can 

justify the difference of thermodynamical properties. These structural assumptions are discussed in 

the structural characterization presented in chapter 4. 

 Additionally, a temperature hysteresis exists between the onsets of the dehydrations and 

the hydrations around the equilibrium conditions of the material (figure 3-4), referred to literature 

[12]. Although not highlighted previously for Li2SO4·H2O, the temperature hysteresis was shown 

to be a common feature for several salt hydrates [50]. Apart for the first dehydration, the 

temperature hysteresis is shown to be independent of the conditions of p(H2O) applied during the 

process (figure 3-4). Additionally, a similar temperature difference (±18-25°C) exists between the 

reference equilibrium conditions of the material and the onset temperature of the dehydrations and 

of the hydrations at the equilibrium. This implies that the temperature hysteresis in an intrinsic 

thermal effect of the material, which might be related to several material properties. Different 

structural properties (lattice density and symmetry) can exist between the hydrated and dehydrated 

state of the material, which can influence the intrinsic kinetic properties of the material (activation 

energy) and consequently delay the reaction onset. Additional effects such a self-heating (or 

cooling) effect of the material [2] may also contribute to modify the effective onset temperature of 

the reactions at every cycles. Although the structural characterization performed in chapter 4 

contributes to identify the structural difference between the hydrated and dehydrated state of the 

material, additional investigations on the reaction kinetics, and the self-heating (or cooling) effects 

of the material not treated in the scope of this thesis, are required to get a better understanding of 

the factors influencing the phenomenon of hysteresis of Li2SO4·H2O. 

 Finally, the results of the present thermal analysis (figure 3-6), also highlight a difference 

of reaction rates between the dehydrations and hydrations of the material, a rate dependency on the 

p(H2O) conditions applied and a reaction rate increase with the number of cycles. The difference of 

reaction rates between the dehydrations and hydrations results from a significant difference of the 

thermal driving force (dynamic vs. isothermal) between the two processes, because of the presence 

of the temperature hysteresis. When isothermal conditions are considered for both processes 

(figure 3-6b and figure 3-7), neglecting the effect of the dynamic heating on dehydration, reaction 

rates for dehydrations and hydrations are more or less similar. The effect of the driving force also 

explains the difference in rate variations observed for the dehydration and hydration processes, 

with the change of the p(H2O) conditions. With an increase of p(H2O), similar dehydration rates 
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are observed (figure 3-6a and figure 3-7), while hydration rates significantly increase (figure 3-6b). 

In the case of the hydrations proceeding in the vicinity of the thermodynamical conditions of the 

material, a change in p(H2O) strongly modifies the thermal driving force for the reaction. Finally, 

the present thermal analysis studies on Li2SO4·H2O highlight an increase of both dehydration and 

hydration rates over the first cycles (figure 3-3b). They tend to stabilize after a certain number of 

cycles (around 6 cycles). Cycling studies performed on salt hydrates other than Li2SO4·H2O 

[7],[15]-[17], show a similar increase of the reaction rates of, and attribute this thermal behavior to 

the formation of structural defects (pores), due to the material structure cracking during its first 

reaction. Pores formation can effectively favor reaction kinetics by increase of the reactive material 

surface, and improvement of the transport phenomena (water vapor diffusion). However, the actual 

structural behavior of the material over cycles, not fully understood in these literature studies. This 

is one of the objectives of the structural investigation described in chapter 4.  

3.4 Study of the complex model salt CuSO4·5H2O  

3.4.1 In-situ thermal analysis of CuSO4·5H2O 

The thermal analysis conducted on CuSO4·5H2O under in-situ conditions is performed 

over four consecutive thermal cycles. The results obtained on dehydration and hydration, are 

displayed separately for a better undestanding of each process. 

3.4.1.1 Dehydration results 

Figure 3-9, displays the thermal analysis results obtained for the dehydration. Figure 3-9a 

shows the TG results displaying the mass variations of the material during each thermochemical 

reaction and figure 3-9b, shows the DSC results, displaying the heat flow variations involved for 

each phase transition. 

  

Figure 3-9: Evolution of (a) the sample mass and (b) the heat flow of four consecutive dehydrations of 

CuSO4·5H2O as function of the temperature under in-situ conditions (Trange = 25-150°C, p(H2O) = 

13 mbar heating rate = 1°C/min)  
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For each dehydration, two reactions steps are found with distinct mass losses on the TG 

results (figure 3-9a) and related endothermic peaks on the DSC profiles (figure 3-9b). However, 

the overall mass loss (figure 3-9a) involved for each dehydration decreases upon consecutive 

cycles, implying a decrease of the reactive material. Additionally, the two reaction steps have a 

changing thermal behavior over cycles, regarding both the mass loss percentage and the 

temperature onset of each reaction step. The first dehydration reaction proceeds similar to some 

experimental studies in literature [10]-[11]. Figure 3-9a shows two equal mass losses of 14.2 ± 

0.1% for each reaction step, corresponding to the removal of two times two molecules of crystal 

water from the initial sample mass of CuSO4·5H2O. This implies the formation of an intermediate 

of reaction with a tri-hydrated composition during the dehydration process, and a monohydrated 

phase at the end of the dehydration process (figure 3-10). Each of the two mass losses is 

associated to well-defined endothermic peaks in the DSC signal (figure 3-9b). The first 

endothermic peak, associated to the first mass loss in the material, proceeds between 33 and 63°C 

with a peak minimum at 57°C, while the second one takes place between 63 and 98°C with a 

peak minimum at 92°C. For both endothermic peaks, asymmetrical shapes with slower rates of 

reaction at the beginning of the peaks can be observed. In addition, an additional endothermic 

effect (small isothermal peak or peak shoulder) appears at 42°C in the first endothermic peak 

(figure 3-9b).  

For the consecutive dehydrations, the mass loss involved in each reaction step is different 

implying a different number of water molecules involved during the phase transitions. Considering 

the second dehydration, a mass loss of 19.2% can be observed for the first dehydration step, while 

only a mass loss of 9.1% for the second dehydration step is found. These mass losses correspond to 

respective losses of 2.7 and 1.3 water molecules for the two dehydration steps. From these results, 

the composition of the intermediate phase of dehydration reaction appears to be modified from a 

tri-hydrated state to a dihydrated state (figure 3-10).  

 

Figure 3-10: Evolution of the water molecule content involved in consecutive dehydration reactions of 

CuSO4·5H2O performed under in-situ conditions (Trange = 25-150°C, p(H2O) = 13 mbar, 1°C/min)  
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For the third and fourth dehydration reaction, the overall mass loss is reduced to 21.6% and 

19.3%, but the relative shape of the TG profile is roughly the same as for the second dehydration. 

The reversibility of the thermochemical process of CuSO4·5H2O being proven in previous cycling 

studies in literature [7] and also in this study under different experimental conditions (section 

3.4.2.2), the decrease of the reactive material results from incomplete rehydration in the previous 

cycles (figure 3-13a). Two assumptions can be made on the composition of the initial phase for 

the third and fourth dehydration depending on the reactivity inside the material: a) the initial 

phase can be a mixture of tri- and penta-hydrated phase of CuSO4, or b) a part of the material did 

not hydrate at all (is still in the CuSO4·H2O phase), and the initial composition of the reacting 

material is CuSO4·5H2O. Although the first assumption seems the most likely, the latter cannot be 

excluded. Each assumption leads to a slightly different value of the water content in the 

intermediate phase. In figure 3-10, the water molecule content calculated by averaging the results 

of these two assumptions and the difference between the two results is shown as the error bar. The 

results point at the existence of hydrated states between a tri-hydrate and dihydrate, as seen for the 

second dehydration. The DSC profiles for the second, third and fourth dehydrations (figure 3-9b), 

show two similar endothermic peaks with more symmetrical shapes compared to the first 

dehydration. However, an overlap of the endothermic peaks occurs due to a modification of the 

temperature ranges of the different phase transitions. For all reactions, the first endothermic peak 

remains in the same range of temperature between 35 and 65°C, with a slight shift of the minima to 

a higher temperature (59°C ± 0.4°C). Additionally, the additional endothermic effect in the first 

phase transition (peak shoulder) is still present in all reactions, and also shifted to a slightly higher 

temperature of 50°C ± 2°C. For the second endothermic peak, the temperature range is 

considerably shifted to a lower temperature range, between 65 and 75°C, with a peak minimum 

found at 72°C ± 0.2°C.  

Based on the TG-DSC results for the four consecutive dehydrations, preliminary remarks 

can be made. First, a decrease of the reactive material is shown over cycles under in-situ conditions 

due to incomplete dehydration process. Additionally, the endothermic effect observed at low 

temperature in the DSC peak of the first dehydration step (figure 3-9b), is also observed in the 

subsequent thermal cycles. It indicates that this phenomenon is an intrinsic physical effect at low 

temperature in the dehydration process of CuSO4.5H2O. Furthermore, the asymmetry of the DSC 

peaks and the shift of reaction temperatures of both dehydration steps, observed only for the first 

dehydration reaction, suggest a modification of the material properties during this first dehydration 

reaction. Finally, the variations of the mass content of the two dehydration steps tends to suggest a 

modification of the intermediate phase on dehydration over cycles (figure 3-10). However, due to 

the overlap of the two dehydration steps observed on the DSC signal (figure 3-9b) after the first 

dehydration reaction, a false interpretation of the effective composition of the phase may not be 

excluded. Investigation of the enthalpy and rates of the reaction can bring additional information to 

answer some of these effects. 
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Reaction enthalpy  

For the dehydration, the overlap of the DSC peaks found in figure 3-9b for the second, third 

and fourth dehydrations, does not give access to the reaction enthalpy for each step of dehydration. 

Thermal analysis measurements with significantly slower heating rate are recommended for further 

understanding, but are not performed in the scope of this study due to the limited time of the 

research. In the present study, the reaction enthalpy for the two individual steps of dehydration can 

therefore only be determined in the case of the first dehydration, while for the subsequent steps 

only an overall reaction enthalpy can be obtained. The results displayed in table 3-1, have been 

compared to the standard values calculated from the NBS data [12].  

Table 3-1:  Reaction enthalpy rH values calculated for each reaction step of the first dehydration reaction of 

CuSO4·5H2O under in-situ conditions (Trange = 25-150°C, p(H2O) = 13 mbar, 1°C/min)   

 

Reference (NBS) Experimental 

 
5 --> 3 3 --> 1 peak 1 (deh.) peak 2 (deh.) 

peak area (J/g) 
  

359.2 371.1 

rH / CuSO4·5H2O mol (kJ/mol) 111.7 114.8 89.7 92.7 

% mass change 14.4 14.4 14.3 14.1 

H2O mol 2 2 2.0 2.0 

rH / H2O mol (kJ/mol) 55.8 57.4 45 48 

error % 
  

1.3 2.9 
 

The experimental reaction enthalpy values per water molecule found for the two 

dehydration steps of CuSO4·5H2O, show a minor difference between the first (45 ± 1 kJ/mol) and 

the second (48 ± 3 kJ/mol) reactions. These experimental values are around 20% lower than the 

standard values (table 3-1) calculated from the NBS table [12]. This experimental deviation recalls 

the study on Li2SO4·H2O, where a deviation of the enthalpy values is proven to be caused by heat 

losses from the open-DSC cup configuration used in this study. The investigation of the 

thermodynamical properties of CuSO4·5H2O under different operating conditions will clarify these 

results (section 3.4.2). Additionally, comparing to reference data [12], a similar difference of 

reaction enthalpy (5%) is found between the two steps. Different structural changes between the 

two phase transitions seem to occur, which will be detailed in the structural characterization 

presented in chapter 4.  

The variations of the overall reaction enthalpy for the consecutive reactions, displayed in 

figure 3-11, show a decrease over consecutive dehydrations, implying a non reactivity of the 

material over cycles. However, the reaction enthalpy of per water molecule shows a constant value 

at 48 ± 2 kJ/ H2O mol over cycles (figure 3-11), confirming that the reduction of the overall 

reaction enthalpy result from incomplete rehydration processes under in-situ conditions for a 

limited reaction time (figure 3-13a). 
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Reaction rates 

Maximum reaction rates for the two dehydration steps over cycles were determined from 

the TG-DSC results presented in figure 3-9 according the methods presented in chapter 2. The 

results of this investigation are displayed in figure 3-12.  

 

For the first step of dehydration, the reaction rate increases until the third cycle and reaches 

a stable value in the consecutive cycles. For the second dehydration step, a decrease of the reaction 

rate is observed between the first and the second dehydration cycles, but after the first thermal 

cycle the reaction rate seems to be constant. The overlap of the two dehydration steps seen on the 

DSC profiles (figure 3-9b) leads to an uncertainty on the effective reaction rates over cycles and 

does not permit at this stage to conclude on the parameters influencing the process. Results in 

figure 3-12, permit however to make a remark about the effective composition of the intermediate 

of reaction. The overlap of the two endothermic peak, associated to a rate increase of the first 

dehydration step and a rate decrease of the second one, may result on misinterpretation of the 

effective composition of the intermediate of reaction (figure 3-10). The hypothesis of an effective 

composition change over cycles from a tri-hydrate to a “di-/tri- hydrate” composition is further 

discuss in the thermal analysis study conducted under different operating conditions (section 3.4.2). 
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Figure 3-12: Evolution of the reaction rate 

of the reaction steps found in the four 

consecutive dehydration reactions of 

CuSO4·5H2O performed under in-situ 

conditions (Trange = 25-150°C, p(H2O) = 

13 mbar, 1°C/min).  

 

Figure 3-11: Evolution of the reaction 

enthalpy involved for four consecutive 

dehydration reactions of CuSO4·5H2O 

performed under in-situ conditions (Trange = 

25-150°C, p(H2O) = 13 mbar, 1°C/min).  
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3.4.1.2 Hydration results 

The TG results for the four consecutive hydrations, displayed in figure 3-13a, show that all 

reactions start when the temperature of the system reaches 28 ± 2°C, and proceed in a single step 

reaction with very slow reaction rates. Additionally, incomplete processes are observed even after 

100h for every thermal cycle. On the DSC profiles in figure 3-13b, a wide and very low intensity 

exothermic peak is associated to the slow mass uptake of each rehydration reaction in figure 3-13a. 

For the hydration reactions, reaction enthalpy values cannot be identified, due to the fact that 

relevant heat flows cannot be estimated as the peaks are smeared out in the DSC signal baseline. 

However, since the reversibility of the thermochemical process of CuSO4·5H2O has been proved 

in previous cycling studies in literature [7], the incomplete hydration process is ascribed to the slow 

reaction rate of the material under in-situ conditions.  

      

Figure 3-13: Evolution of (a) the sample mass and (b) the heat flow of four consecutive rehydrations of 

CuSO4·5H2O as function of the time under in-situ conditions (Thydration=25°C, p(H2O) = 13 mbar, cooling rate 

= 1°C/min)  

Although, quantitative values of the hydration rates cannot be determined over cycles either 

TG or DSC results, due the incomplete dehydration process, a rate decrease is observed over 

consecutive cycles. This rate decrease may indicate a modification of the combined kinetics and 

transport phenomena into the material, generally attributed to a modification of the material 

properties (thermal, structural, intermediate hydration states) over the cycles. However, due to the 

fact that the material requires a minimum of 200h for a full rehydration under isothermal in-situ 

conditions, slight variations in temperature and p(H2O) occurring during the measurement may 

induce a large influence on the observed rate of the reactions. The influence of the operational 

conditions and material properties influencing the speed of the hydration process is further 

investigated in the thermal analysis performed with different experimental conditions of heating 

rate and p(H2O) in section 3.4.2. 

 

a) b) 
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3.4.2 Influence of the operating conditions 

In order to study the thermodynamics, kinetics and transport phenomena taking place 

during the dehydrations and hydrations of CuSO4·5H2O over thermal cycles, an additional thermal 

analysis is performed under different operational system conditions (water vapor pressure, 

heating/cooling rates). First, the intrinsic thermodynamical properties of the material were 

investigated like in the Li2SO4·H2O study. Then, the slow hydration rate, identified at 13 mbar, 

made it necessary to conduct a thermal analysis under more dedicated experimental 

conditions to study the variations of the material composition, and of the dehydration and 

hydration rates over thermal cycles. The details of the experimental conditions and the results 

obtained for this thermal analysis are described in the following sub-chapters. The 

composition of the material was determined by direct calculation from TG measurements as 

performed in figure 3-10.  

3.4.2.1 Thermodynamics investigation 

For CuSO4·5H2O, the Van’t Hoff plot presented in figure 3-14 is determined with a limited 

set of results due to experimental limitations for the rehydration of the material. For the first 

dehydration of the material, three water vapor pressures 8, 13 and 20 mbar and three 

heating/cooling rates (1, 2 and 5°C/min) are investigated. However, for the consecutive hydrations 

and dehydrations, only the data from the measurements performed at 20 mbar with three 

heating/cooling rates 1, 2 and 5°C/min can be used. And due to experimental limitations 

(rehydration time), only measurements with one heating/cooling rate (1°C/min) are used at 

13 mbar. Extrapolated isothermal values are used to build the Van’t Hoff plot in figure 3-14.  

The results of the Van’t Hoff show a hysteresis between the onset of the dehydration and 

hydration of CuSO4·5H2O around the equilibrium conditions of the material. The two steps of the 

dehydration begin with onset temperatures 20 to 45°C above the equilibrium conditions. In 

contrast, the hydration reactions proceed in a single reaction step with onset temperatures found 

with a smaller temperature difference (5-10°C) to the equilibrium conditions. Additionally, the 

first dehydration reaction presents different reaction temperatures compared to the consecutive 

reactions. For every water vapor pressure, the onset temperature of the first dehydration step 

slightly increases after the first cycle, while for the second dehydration step the onset temperature 

decreases to lower temperature. This change of onset conditions is related to the overlap of the 

reaction steps observed in figure 3-9b. It also implies a modification of the thermodynamical 

properties for the two reaction steps of the material. However, the intrinsic enthalpy rH
0
 and 

entropy rS
0
 of reaction per water molecule extrapolated from the Van’t Hoff plot presented in 

figure 3-15, do not allow to establish a clear difference between the thermal cycles unlike in the 

case of Li2SO4.H2O (figure 3-5).   
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Figure 3-14: Van’t Hoff representation of three consecutive thermochemical cycles of CuSO4·5H2O in the 

Trange = 25-150°C (straight lines) in comparison of the theoretical data from literature [12] (dot lines)- p(H2O) 

= water vapor pressure, po= atmospheric pressure [1 atm],  T = extrapolated isothermal values of the onset 

reaction temperatures 

 

Figure 3-15: Evolution of the a) enthalpy rH
0 and b) entropy rS

0of reactions per water molecule involved in 

each thermochemical reaction taking place during 3 consecutives dehydration and hydration reactions – 

deh1-peak1 = 5H2O to intermediate phase, deh1-peak 2 = intermediate phase to H2O  

Average values are found at 40 ± 10 kJ/mol for the reaction enthalpy and at 126 ± 63  

J·mol
-1
·K

-1
 for the reaction entropy. These values are 20 to 30% lower than the standard data 

calculated from the NBS tables [12]. Although large error percentages of ± 25% for the enthalpy 

(figure 3-15a) and ± 50% for the entropy (figure 3-15b) are observed, related to a limited number 
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of experimental data on the Van’t Hoff plot (figure 3-14),  a tendency of decreasing enthalpy and 

entropy values is seen over cycles. The identification of enthalpy per water molecule, can be 

performed only for the overall process from pentahydrate to monohydrate, but does not allow 

identifying the intermediate states of dehydration and hydration. However, several general 

conclusions can be drawn based on this thermodynamic investigation. First, the Van’t Hoff plot in 

figure 3-14, shows different thermodynamical properties for the first dehydration, comparing to the 

consecutive reactions. A relevant estimation of the thermodynamical properties of a salt hydrate 

should therefore be performed after the material underwent a first few thermal cycles. Furthermore, 

enthalpy and entropy values per water molecule are fairly constant over the number of cycles, 

indicating a reversibility of the process. Finally, an intermediate step is observed during the 

dehydration of the material, while the hydration process proceeds in a single step reaction. 

3.4.2.2 Parameters influencing the rates of reaction  

To investigate the system conditions influencing the dehydration and hydration rates of 

CuSO4·5H2O over thermal cycles, thermal analysis measurements were conducted under different 

operational conditions (dynamic rates, p(H2O)). Due to experimental limitations (figure 3-14), the 

influence of the p(H2O) conditions could only be studied for the first dehydration of the material. 

Subsequently, the cycling effect on the reaction rates could only be studied at 20 mbar. In both 

studies, the influence of the dynamic heating and cooling was also investigated. 

Influence of p(H2O) on the first dehydration  

Figure 3-16 plots the evolution of the reaction rate as function of time, of the first 

dehydration of CuSO4·5H2O performed under different p(H2O) conditions (1.5, 8, 13 and 20 mbar) 

with a dynamic heating of 1°C/min.  

 

When p(H2O) is increased, a shift of the maximum reaction rates to higher temperature is 

observed for both dehydration steps identified previously for this material (figure 3-10). This 

thermal effect results from the intrinsic thermodynamic material properties (figure 3-14). However, 

the temperature shift is more pronounced for the first dehydration step, due to the fact that the 
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thermal driving force for this reaction is smaller than for the second dehydration step (figure 3-14). 

Furthermore, the experiment carried out under dry condition (1.5 mbar) shows a different thermal 

behavior compared to the experiments performed under higher p(H2O) conditions (8, 13 and 20 

mbar). For the experiment performed under dry conditions, the additional endothermic effect in the 

first dehydration step is not observed. In addition, a two times larger reaction rate is found for the 

second dehydration step. For the experiments performed under higher p(H2O), the first dehydration 

step shows an increase of the maximum reaction rate with increase of the water vapor pressure, 

while the second dehydration step shows a small decrease of the reaction rates. These two 

observations tend to indicate that the presence of water vapor during the dehydration of the 

material induces the endothermic phenomenon taking place during the first dehydration step, 

resulting in material property changes affecting the second dehydration step.  

Cycling study at 20 mbar 

The thermal analysis measurements conducted on CuSO4·5H2O at 20 mbar were carried 

out over three consecutives cycles, with three different heating/cooling rates (1, 2 and 5°C/min). As 

presented in the example in figure 3-17 (2°C/min), the sorption process for CuSO4·5H2O is stable 

and fully reversible over the thermal cycles, with fast kinetics of rehydration (10h). As seen for the 

measurements performed at 13 mbar (figure 3-9), the dehydration proceeds in two reaction steps, 

while only one reaction step is observed for the hydration process. For both dehydration and 

hydration, the increase of the p(H2O) conditions to 20 mbar induces a shift of the reaction 

temperatures to higher values. This thermal behavior is related to the intrinsic material properties of 

the material as seen on the Van’t Hoff plot in figure 3-14.  

 
 

Figure 3-18 shows that the first and second dehydrations show similar material 

compositions as observed in the measurements performed at 13 mbar. These material 

compositions are independent of the heating rate applied during the measurements. The first 

dehydration shows a tri-hydrated intermediate phase, while the second dehydration presents an 

Figure 3-17: TG-DSC results 

of 3 consecutive rehydrations 

of a CuSO4·5H2O powder 

sample under controlled 

experimental conditions: Trange 

= 25-150°C, p(H2O) = 20 

mbar, heating/cooling rate = 

2°C/min 
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intermediate composition between the tri-hydrate and dihydrate phase (CuSO4·2.5H2O). However, 

for the third cycle, the composition of the material is influenced by the dynamic conditions applied 

in the system. The composition of CuSO4·2.5H2O, CuSO4·1.8H2O and CuSO4·H2O are found for 

the three rates of reaction studied (1, 2 and 5°C/min).  

 

Figure 3-18: Evolution of the water molecule content involved for consecutive dehydration reactions of 

CuSO4·5H2O performed under in-situ conditions (Trange = 25-150°C, p(H2O) = 13 mbar, 1°C/min) - * overlap 

of the data points at 1 and 2 K/min 

Figure 3-19 presents the evolution of the dehydration rate for three consecutive cycles, for 

two different heating rates (1 and 5°C/min). A reaction rate increase is observed with the increase 

of the applied heating rate. The use of a dynamic heating provides an additional driving force to the 

reaction. For the experiment performed at 1°C/min (figure 3-19a), a similar profile (reaction time) 

is observed for the reactions, with a proper distinction of their dehydration steps, while at 5°C/min 

(figure 3-19b), a much larger overlap of the dehydration steps is found for the third reaction. It 

implies that the intrinsic kinetic properties are similar, but additional phenomena (structural) 

associated to faster heating rate modify the overall speed of the reaction.  

    

Figure 3-19: Evolution of the reaction rate of three consecutive dehydration reactions of CuSO4·5H2O 

performed at p(H2O)= 20 mbar and with a) 1°C/min and b) 5°C/min heating rates. 
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Figure 3-20, displays the thermal behavior of CuSO4·5H2O on hydration. Once more, only 

a single reaction step can be observed, which seems to maintain a constant reaction rate profile as 

function of time, over the thermal cycles. Additionally, lower reaction rates are found in 

comparison with the dehydration reactions. An explanation for this is that the rehydration reactions 

proceed under isothermal conditions and the dehydrations under dynamic heating. The thermal 

driving force for the hydration is significantly lower, inducing significantly lower reaction rates. In 

order to compare the intrinsic rates of both dehydration and hydration, an extrapolation to 

isothermal dehydration rates was carried out (figure 3-22 in appendix). Both isothermal 

dehydration and hydration rates are displayed in figure 3-21.  

   

 

 

Figure 3-20: Evolution of the reaction 

rate of three consecutive rehydration 

reactions of CuSO4·5H2O performed at 

20 mbar water vapor pressure.  

 

 

Figure 3-21: Evolution of the 

(isothermal) reaction rates of the 

thermochemical reactions taking place 

in a CuSO4·5H2O over three 

consecutive thermal cycles operated 

under 20 mbar water vapor pressure. 

The reaction rate variation obtained at 20 mbar (figure 3-21), permits to give general 

remarks on the dehydration and hydration process of CuSO4·5H2O. At 20 mbar, the reaction rate 

per water molecule on hydration is three times smaller than the dehydration rate per water 

molecule. This effect results from a significantly smaller driving force (T equilibrium/reaction) 

observed for hydration compared to the dehydration (figure 3-14). Additionally, the isothermal 

dehydration and hydration rate of CuSO4·5H2O at 20 mbar is shown to be constant over thermal 

cycles, apart for the first dehydration, while at 13 mbar (figure 3-12), the dehydration rates were 

shown to vary with the number of thermal cycles. The difference of thermal behavior between the 

two experiments cannot be explained. A reproduction of the experiments under more dedicated 

experimental conditions for the hydration (T << 25°C), would allow to establish the effect of 

p(H2O) on the dehydration and hydration rate of CuSO4·5H2O. 
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3.4.3 Discussion on the CuSO4·5H2O study 

The present investigation on CuSO4·5H2O confirms the reversibility of its thermochemical 

process upon dehydration and hydration cycles (figure 3-17) seen in literature [7]. However, the 

phase transitions occurring during this thermochemical process, the related thermodynamical 

properties and reaction rates are significantly varying between the dehydration and hydration of the 

material, and over storage cycles. Additionally, the thermal performance of the material are shown 

to strongly be reduced over cycles under in-situ SSHS conditions (Trange = 25-150°C, p(H2O) = 

13 mbar). Based on the outcome of the two thermal analysis studies conducted in this research, 

several hypotheses can be made to explain this material behavior and to complete the information 

got from the study on Li2SO4·H2O. 

 First, although the thermodynamical investigation conducted in the present study on  

CuSO4·5H2O is rather inconclusive regarding the variations of the values of the intrinsic reaction 

enthalpy and entropy of the material over cycles (figure 3-15), the first dehydration of the material 

shows a different thermal behavior (onset temperatures) compared to the consecutive cycles. 

Assumptions made in the study on Li2SO4·H2O, regarding structural properties changes between 

this first reaction and the consecutive ones, can also be made for CuSO4·5H2O. The structural 

characterization performed on this material described in chapter 4 will confirm this assumption.  

 The evolution of the phase transitions (endothermic peak, intermediate phases) observed for 

this material on dehydration and hydration also leads to points of discussion. On dehydration, the 

endothermic peak found during the first reaction step of the material (figure 3-9b), is commonly 

attributed in literature [9]-[11] to a partial melting to the material. The investigation of the 

reaction rate as function of p(H2O) made for the first dehydration (figure 3-17)  indicates that 

the endothermic phenomenon proceeds only in presence of water vapor. In the study of 

Donkers et al. [18] investigating CuSO4·5H2O over cycles, the presence of liquid water was 

assumed in the material, which can explain the incongruent melting observed at low temperature 

during the dehydration. Slow transport phenomena in the material seem to promote a local 

dissolution of the salt. However, liquid water was not found in the consecutive dehydration, due 

to the material structure opening (cracks formation) promoting the water vapor transport in the 

material. This would imply that the incongruent melting of the material is absent in the consecutive 

cycles. However, the result presented in this study shows that the endothermic peak at low 

temperature is found for every thermal cycle. This must be investigated further, but is not included 

in the scope the present thesis. 

The crystalline intermediate phase, only identified on dehydration, shows a variation of its 

composition between the first and the consecutive dehydrations (figure 3-10 and figure 3-18). In 

the first dehydration, a tri-hydrated phase is found like in literature studies [8]-[11], while in the 

consecutive cycles, the intermediate phase tends to reach a composition between the tri- and di-

hydrated state of the material, with an average composition of CuSO4·2.5H2O. This compositional 

change is found in the two studies performed at 13 and 20 mbar, implying an intrinsic behavior of 
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the material after the first cycle, in this p(H2O) range. This material composition (CuSO4·2.5H2O) 

was not found previously in literature, but a similar compositional change has already been seen in 

previous studies performed on magnesium sulfate (MgSO4·2.5H2O) under specific p(H2O) 

conditions. A topotactic transition may therefore occur in the consecutive cycles, which ensures a 

more stable energetic state in the material. A validation of this hypothesis should be made by 

structural characterization to confirm the presence of this phase after the first thermal cycle. Due to 

experimental limitations, this investigation was not performed in the structural study described in 

chapter 4, and should be conducted in future work. 

On hydration, the thermochemical process of the material is shown to proceed in a single 

step reaction without showing the intermediate phase observed during the dehydrations. This 

process difference results from slower reaction rates on hydration, due to the temperature 

hysteresis also observed for this material (figure 3-14). As seen in the study on Li2SO4·H2O, the 

hysteresis of reaction results in different experimental conditions for the thermochemical process 

on dehydration (dynamic) and hydration (isothermal), which strongly influence the driving force of 

the process. The effect of driving force is confirmed by the fact that dehydration and hydration 

rates under isothermal conditions have values in the same order of magnitude (figure 3-21). In the 

case of CuSO4·5H2O, this effect is even more pronounced than for Li2SO4·H2O, because the 

temperature hysteresis places the effective temperature onset of the phase transitions at the 

temperature of the hydration, set during the measurements (25°C).  

 For CuSO4·5H2O, apart for the first dehydration, a steady state of the reaction rates is found 

over the thermal cycles (figure 3-21). This thermal behavior is in contradiction with a previous 

cycling study on this material [7], stipulating an increase of the rates due to the presence of pores 

that facilitate the water vapor transport and improve the reactive surface of the material over cycles. 

In the present study, the hypothesis of an incongruent melting (endothermic peak at low 

temperature), taking place at every cycle, may prevent the pore opening inside the material leading 

to similar material structure over cycles. The structural characterization conducted on 

CuSO4·5H2O in chapter 4 contributes to obtain a better insight in the structural changes occurring 

inside the material. 

 The decrease of the thermal performance (reaction enthalpy, reaction rates) of CuSO4·5H2O 

over cycles under in-situ SSHS conditions (T=25-150°C, p(H2O) = 13 mbar) can be explained by 

different effects. The reduction of the overall reaction enthalpy (figure 3-11) results from the effect 

of incomplete hydration, due to the temperature hysteresis. At 13 mbar, a smaller driving force is 

present for the hydration process compared to 20 mbar (figure 3-14), leading to very slow reaction 

rates and incomplete rehydration processes for a reaction time of 100h (figure 3-13). The decrease 

of the reaction rates over cycles may result from the melting of the material. The melting process 

may significantly modify the internal structuring of the material grains. The hydration being 

strongly influenced by the experimental conditions of temperature and p(H2O) and experimental 

artifacts (T-p(H2O) variations on time) may also influence the effective hydration rate of the 

material.  
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3.5 Conclusions  

Based on the thermal analysis studies performed on the two model salt hydrates, 

Li2SO4·H2O and CuSO4·5H2O, some general conclusions on the intrinsic material properties and 

operating conditions influencing the thermal performances of salt hydrate materials can be 

established: 

 The thermochemical process of a salt hydrate is reversible when the intrinsic 

thermodynamical properties of the material are constant over cycles. The first 

dehydration commonly shows different thermodynamical properties due to additional 

effects related to the initial restructuring of the material. 

 The rates of dehydration and hydration over the thermal cycles are controlled by the 

driving force (temperature, water vapor pressure) applied to the system. A dynamic 

heating or cooling rate contributes to increase the rate of the reaction but does not 

influence the intrinsic kinetic properties of the materials. The reaction rates over cycles 

are strongly influenced by structural changes in the material (pores, melting).  

 A temperature hysteresis exists between the dehydration and hydration processes around 

the equilibrium conditions of the salt materials, which considerably influence the 

thermodynamics and rate of reaction on dehydration and hydration. 

Another objective of the present thermal analysis study on the two model salts, 

Li2SO4·H2O and CuSO4·5H2O was the validation of the characterization procedure under in-situ 

conditions. The effective reaction enthalpy values, determined by integration of the DSC profile, 

gave an under-estimation of around 20% of the intrinsic reaction enthalpy of the material 

determined by the graphical method of Van’t Hoff.  The deviation of the experimental reaction 

enthalpy, that seems to result from heat losses in the open cup design selected in this study, can 

therefore be corrected for the investigation of other salt hydrates (chapter 5 and chapter 6). 

Additionally, the experimental procedure used in this study based on temperature variations 

between 25 and150°C, give a relevant estimation of the thermal performance of a salt under SSHS 

conditions (13 mbar). However, in order to determine with better accuracy the thermodynamical 

and kinetic properties of the material, the study performed with different experimental conditions 

should be conducted with larger ranges of temperature and p(H2O) conditions to avoid 

experimental limitations (long reaction time, low power output). Finally, the heating (and cooling) 

rates should be adapted to avoid phase transition overlap in DSC results (figure 3-9b). 
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Appendix 3: Extrapolation from dynamic dehydration rates to 

isothermal dehydration rates 
The present thermal analysis studies conducted in this research on Li2SO4·H2O and 

CuSO4·5H2O in the temperature range of 25-150°C show different experimental conditions of 

dehydration (dynamic) and hydration (isothermal), due to the existence of a temperature hysteresis 

between the dehydration and hydration onsets. The reaction rates for dehydration are significantly 

higher than the reaction rates for hydration, due to the heating rates applied during the dehydration 

measurement. Figure 3-22 and figure 3-23 show the effective dehydration rates obtained for 

different heating rates for the two materials. A proportional effect is shown between the heating 

rate applied and the effective reaction rate observed during the measurement. A linear 

extrapolation of the different measurement conditions is applied to obtain the isothermal reaction 

rate of the consecutive dehydrations. This procedure allows a comparison of the dynamic 

dehydration rates over cycles extrapolated to isothermal conditions, with the measured reaction 

rates of the isothermal hydrations. 

 

Figure 3-22: Evolution of the reaction rate of three consecutive dehydrations of Li2SO4·H2O as function of the 

heating rate used for the experiments performed at 13 mbar. 

 

Figure 3-23: Evolution of the reaction rate of two consecutive dehydration reactions of CuSO4·5H2O as 

function of the heating rate used for the experiments performed at 20 mbar.  

0.0E+00

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

6.0E-03

0 1 2 3 4 5 6

R
e

ac
ti

o
n

 r
at

e
 (

s-1
) 

Heating rate (°C/min) 

deh1 -13 mbar

deh2 - 13 mbar
deh3 - 13 mbar

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

3.0E-03

3.5E-03

4.0E-03

4.5E-03

0 1 2 3 4 5 6

R
e

ac
ti

o
n

 r
at

e
 (

s-1
) 

heating rate (°C/min) 

deh 1 - peak 1
deh 1 - peak 2
deh 2 - peak 1
deh 2 - peak 2



Chapter 3 

 

66 | P a g e  

 

References  

[1] Galwey A.K., Brown M.E., Thermal Decomposition of ionic solids, Elsevier, 1999, p.217-268 

[2] L'vov B.V., Novichikhin A. V., Dyakov A. O., Computer simulation of the Topley-Smith effect, 

Thermochim Acta, 1998, Vol. 315, p.169-179 

[3] Internet site of large scale material provider Alibaba [Online]; http://www.alibaba.com (accessed Dec 

13, 2015) 

[4] Lithium sulfate monohydrate, Material Safety Data Sheet (MSDS) 992451, ScienceLab.com - [Online]; 

http://www.sciencelab.com/msds.php?msdsId=9924518 (accessed Dec 13, 2015) 

[5] Copper sulfate pentahydrate, Material Safety Data Sheet (MSDS) 9923597, ScienceLab.com - 

[Online]; http://www.sciencelab.com/msds.php?msdsId=9923597 (accessed Dec 13, 2015) 

[6] Simakova N.A., Lyakhov N.Z., Rudina N.A., Thermal dehydration of lithium sulfate monohydrate. 

The reaction reversibility and the solid product morphology, Thermochim. Acta, 1995, vol.256, p.381-

389  

[7] Hume J., Colvin J., The dehydration of copper sulphate pentahydrate, Proceedings of the Royal Sociaty 

of London, 1931, vol.132A p.548 

[8] Saig A., Danon A., Finkelstein Y., Kimmel G., Koresh J.E., A continuous polymorphic transition of 

coordinating water molecules in CuSO4·5H2O, Journal of Physics and Chemistry of Solids, 2003, 

vol.64, p.701-706  

[9] Gadalla A.M., Kinetics of thermal decomposition of CuSO4·5H2O  to CuO, International Journal of 

chemical kinetics, 1984, vol.16 (6), p.665-668  

[10] El-Houte S., El-Sayed Ali M., Dehydration of CuSO4·5H2O  studied by conventional and advanced 

thermal analysis techniques, Thermochemical Acta, 1989, vol.138, p.107-114 

[11] Paulik F., Bessenyey-Paulik E., Walther-Paulik K., Differential thermal analysis under quasi isothermal 

quasi isobaric conditions - Part IV. Latent error in the determination of the decomposition heat of salt 

hydrates decomposing congruently and incongruently, Thermochimica Acta, 2005, vol. 438, p.76–82  

[12] Wagman D. D., Evans W. H., Parker V. B., Schumm R. H., Halow I., Balley S. M., Churney K. L., 

Nuttall R. L., The NBS tables of chemical thermodynamic properties : selected values for inorganic and 

C₁ and C₂ organic substances in SI units, J. Phys. Chem. Ref. Data, Vol. 11 (2), 1982.  

[13] Aristov Y.I., Chemical and Adsorption heat pump: cycle efficiency and boundary temperatures, Theor 

Found Chem Eng, 2008, Vol.42 (6), p. 873-881 

[14] Andersson J., Azoulay M., de Pablo J., Chemical heat pumping: a rapid experimental procedure for 

investigating the suitability of salt hydrates under dynamic conditions, International Journal of research, 

1988, vol.12, p.137-145. 

[15] Flanagan T.B., The kinetics of sorption and desorption of water vapor by lead styphnate, Canadian 

Journal of Chemistry, 1966, vol.44 p.2941  

[16] Stanish M.A., Pelmutter D.D., Rate processes in cycling a reversible gas-solid reaction, AlChe Journal, 

1984, vol. 30, p.56-62 

[17] Bevers E.R.T., Oonk H.A., Haije W.G., van Ekeren P.J., Investigation of thermodynamic properties of 

magnesium chloride amines by HPDSC and TG, J. Therm. Anal. Calorim., 2007, vol. 90 (3), p. 923-

929 

[18] Donker P., Experimental study on thermochemical heat storage materials, thesis manuscript form the 

Technical University of Eindhoven, 2015, p.122-129 

http://www.alibaba.com/
http://www.sciencelab.com/msds.php?msdsId=9924518
http://www.sciencelab.com/msds.php?msdsId=9924518


Chapter 4 

 

67 | P a g e  

 

 

4 
In-situ structural  

characterization  

of model salts  
 

 

 

  



Chapter 4 

 

68 | P a g e  

 

4.1 Introduction 

In chapter 3, several structural assumptions are made to justify the evolution of the 

thermodynamical properties and reaction rate of the thermochemical process of the two model 

salt hydrates, Li2SO4·H2O and CuSO4·5H2O, over dehydration and hydration cycles. According 

to literature [1], thermodynamical properties are assumed to be dependent on the structural 

rearrangement of the material on the molecular level and the phase change of the water from 

solid to gaseous state. Additionally, the dehydration and hydration rates of a salt material are 

known to be dependent on the combined effect of the intrinsic kinetic properties of the material 

controlled by its structural reorganization on the molecular level, and the heat and water vapor 

transport phenomena inside the material grain [1]. A characterization of the molecular and grain 

structures of the material contributes to have a better insight in the structural material properties 

influencing the thermal performance of a salt hydrate material. In this study, the structural 

characterization of the two model salt hydrates is conducted under the in-situ conditions of 

seasonal solar heat storage (SSHS) for two reasons. First, it allows a direct interpretation of the 

thermal behavior of the materials in the in-situ thermal analysis studies conducted in chapter 3. 

Additionally, it gives additional insight in the mechanical properties (expansion, mechanical 

strength) of the material over cycles, which can give information on the structural evolution of a 

packed bed in a large scale prototype.    

4.2 Experimental procedure 

To perform the in-situ structural characterization on the molecular level of the material, 

two types of powder X-ray diffraction (XRD) analysis are performed on each model salt to 

identify the evolution of the crystalline structure upon consecutive dehydration/hydration cycles. 

XRD measurements are performed with the two sets of equipment presented in section 2.4.1.2 

in chapter 2. First, XRD measurements as a function of temperature (in-situ XRD) are carried 

out with the Bruker D8 Advance setup, to study the evolution of the crystal structure of the 

material by temperature variations. The experiments are conducted during the first 

dehydration/hydration cycle of the materials in the temperature range of 25-150°C, under a fixed 

p(H2O) of 13 mbar to simulate in-situ SSHS conditions. During the measurement, powder 

samples with a weight of around 1g are used. Diffraction patterns are recorded every 10°C in 

isothermal and isobaric state. Typical runs are conducted with 2 ranging from 10 to 45°, a 

2 step of 0.05° and a counting time of 2s. In a second step, considering the long reaction time 

needed to rehydrate both studied model salts, single XRD measurements are carried out on the 

hydrated phase of the material at room temperature after successive thermal cycles (0, 1, 2, 3 

and 5 cycles). For each material studied, powder samples of around 1g are collected after each 

thermal cycle out of a larger powder sample of around 10 g, that is conditioned under in-situ 

conditions (temperature, p(H2O)) in the tubular furnace equipment (section 2.2.3 in chapter 2). 

These measurements are performed with more accurate XRD settings (2 range = 10 to 50°, 
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2 step = 0.02°, counting time = 3s), in order to follow the evolution of the crystal structure and 

crystallite size over the successive thermochemical cycles for both model salt materials. These 

measurements are performed with the PANalytical X’Pert Pro setup, which have a simpler 

configuration for routine XRD measurements. This also permits to verify the reproducibility of 

the results. Data processing of the XRD results is conducted according the methods presented in 

section 2.4.1.2 in chapter 2. 

Additionally, microscopy techniques were used to follow the evolution of the grain 

dimensions and morphology over thermal cycles. Two microscopy techniques were used. In-situ 

optical microscopy observations with magnification 5-10x (section 2.4.3.1 in chapter 2) were 

performed to follow the morphological evolution of the material under temperature variations in 

a controlled atmosphere (p(H2O) = 13 mbar). The experiment was conducted on single crystals 

synthesized according to the methods presented in appendix 2-2 in chapter 2. The samples were 

submitted to three consecutive dehydration/hydration cycles. Additionally, for more detailed 

observations of the surface defects and morphological changes, SEM microscopic observations 

with magnification of 10-1000x (section 2.4.3.2 in chapter 2) were carried out on different 

single crystals. For both materials, several single crystals were placed on the environmental hot–

cell to undergo the cycling process under well-controlled operating conditions and were 

extracted at different steps of the cycling process. Then, the SEM imaging acquisition was 

conducted at different magnifications to have global and more detailed observations of the 

structural modifications of the material over the thermal cycle steps. 

4.3 Structural characterization of Li2SO4.H2O 

4.3.1 Characterization of the crystal structure  

The results of in-situ XRD analysis on Li2SO4·H2O are presented in figure 4-1 for the first 

dehydration-hydration cycle. Figure 4-1a displays the XRD diffractograms during the dehydration 

reaction, while figure 4-1b exhibits the diffractograms of the rehydration process of the material. 

During the dehydration, the in-situ XRD results (figure 4-1a) show similar diffraction patterns 

until 100°C. The diffraction patterns illustrate the phase of the crystalline salt hydrate 

Li2SO4·H2O, with a preferential orientation along some lattice planes, identified in appendix 4 

(figure 4-13a) as been planes {-101}, {101}, {102} and {020}. Subsequently, the characteristic 

diffractogram of the crystalline phase of the anhydrous salt Li2SO4 appears between 100-

110°C and remains similar until 150°C. During the rehydration process, the diffractogram of 

the crystalline phase of Li2SO4 (figure 4-1b) remains comparable during the cooling step until 

the isothermal conditions at 25°C are reached. Then, a coexistence of the anhydrous (Li2SO4) 

and hydrated (Li2SO4·H2O) phases can be observed between 0-4h of rehydration, 

characteristic of a slow rehydration process of the material. The preferential orientation 

observed for the initial powder sample of Li2SO4·H2O is not observed in the rehydrated phase after 

the thermal cycle and broader peaks are observed on the diffractograms. 
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Figure 4-1: Diffractograms of the in-situ X-ray diffraction analysis of (a) the first dehydration process and (b) 

the first rehydration process of Li2SO4·H2O powder sample sieved at 100-200 m, under in-situ conditions 

(p(H2O) = 13 mbar) – different intensity scale between a) and b) figures. 

The lattice parameters and crystal structure symmetry of the initial powder, the 

dehydrated material at 150°C and the rehydrated material after 8h at 25°C were identified by 

fitting of the experimental diffractograms. The results of the fitting are displayed in table 4-1. 

Furthermore, based on the reference files of the different crystal structures [2,3], a molecular 

representation of each structure was made in figure 4-2. These results show that the crystal 

structure of the material maintains a monoclinic arrangement during the phase change 

occurring on dehydration and hydration. However, a modification of the material symmetry 

can be observed from P21 symmetry for the hydrated phase to P21/c symmetry for the 

anhydrous phases, which indicates a molecular reorganization of the crystal structure. The 

latter configuration (P21/c) presents additional crystal symmetry along the unit cell axis c. 

Table 4-1: Lattice parameters of the hydrated and anhydrous phases of lithium sulfate during the first thermal 

cycle performed under in-situ conditions (T range = 25-150°C and p(H2O) = 13 mbar)- S.G.= space group, 

Z= number of chemical formula units per unit cell 

Sample S.G.  Z a (Å) b (Å) c (Å)  (°) 

Initial powder P21 2 5.47(6) 4.89(4) 8.18(5) 107.3(3) 

After dehydration  P21/c 4 8.30(1) 4.87(1) 8.47(4) 107.8(7) 

After rehydration  P21 2 5.45(3) 4.86(8) 8.17(2) 107.3(4) 

a) b) 



Chapter 4 

 

71 | P a g e  

 

 

Figure 4-2: Molecular representation of crystal structures of a) Li2SO4.H2O and b) Li2SO4 crystalline phases. 

The schematic representation in figure 4-2 of the crystal structures of the hydrated and 

anhydrous phases shows a reorientation of the [Li(2)O3H2O] tetrahedra (figure 4-2a). The 

structural reorientation is caused by removal of the water molecules and H-bonds during the 

dehydration of the material, creating stronger energetic bonds (covalent bonds) between the newly 

formed [Li(1)O4] tetrahedra (figure 4-2b). The water molecule removal also explains the 

compaction of the crystal structure and the modification of the lattices parameters seen in table 4-1. 

During the rehydration process, the insertion of water molecules into the crystal structure of Li2SO4 

induces the breaking of covalent bonds, and the reforming of weaker energetic bonds (H-bonds), 

releasing thermal energy from the material. The water uptake also influences the structural 

reorganization of the material by re-expansion of the lattice structure. Figure 4-2 also shows that 

the crystal structure reorganization of the material takes places mainly along the a-axis and c-axis 

orientation of the crystal structure and that the removal of the water molecules preferentially 

proceeds along the b-axis orientation.  

Additionally, the results in table 4-2, obtained from the more accurate XRD 

characterization of the Li2SO4·H2O phase after every thermal cycle, show a shrinkage of the lattice 

parameters between the structures of the initial powder of Li2SO4·H2O and the powder that 

underwent a thermal cycle of dehydration/hydration. For the initial phase of Li2SO4·H2O, the 

lattice parameters are slightly bigger along the crystal dimensions a and c. The results of the 

cycling test performed over five consecutive thermal cycles (table 4-2), extrapolated from the 

diffractograms in figure 4-13a  in appendix 4, confirm that the initial powder used in this study 

presents different crystal structure dimensions compared to the rehydrated phases obtained after the 

successive cycles. Furthermore, the evolution of the crystallite size of the material along the three 

dimensional directions of the crystal (h00), (0k0) and (00l) was determined from the XRD 

diffractograms of the thermal cycling test. The results of this experiment, as presented in table 4-2, 

show that the initial powder exhibits larger crystallites (60-130 nm) that are   preferentially oriented 

along the plane families (h00) and (00l), corresponding to the a-axis and c-axis orientation. 

b

) 

c 

a 
b 

c 

a 
b 

a) b) 
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Table 4-2: Lattice parameters and crystallite sizes of the crystalline phases of lithium sulfate monohydrate 

after five consecutive thermochemical cycles under in-situ conditions - * S.G. = Space group 

Sample S.G.* 

Lattice parameters Crystallite size (nm) 

a (Å) b (Å) c (Å)  (°) 
along h00 along 0k0 along 00l 

average s.d. average s.d. average s.d. 

Initial 

powder 
P21 5.47(6) 4.87(5) 8.19(6) 107.3(8) 130.2 24.7 64.7 21.0 100.8 41.3 

Cycle 1 P21 5.45(3) 4.86(6) 8.17(3) 107.3(2) 44.2 9.6 41.3 7.5 47.9 14.9 

Cycle 2 P21 5.45(7) 4.87(1) 8.17(9) 107.3(4) 44.5 10.4 40.4 5.6 38.4 10.1 

Cycle 3 P21 5.45(5) 4.86(9) 8.17(7) 107.3(3) 35.0 8.9 41.5 3.0 38.0 5.6 

Cycle 5 P21 5.45(6) 4.87(1) 8.17(7) 107.3(2) 45.5 14.0 45.4 4.1 42.3 11.1 

 

This observation explains the higher peak intensities of the XRD peaks representative of 

the (h00) and (00l) plane families on the diffractogram in figure 4-13b in appendix 4. After the 

first thermal treatment, isotropic crystallites with a smaller size (around 40-45 nm) are produced. 

This crystal structure is maintained after each of the subsequent thermal cycles, indicating that the 

material reaches a stable coherent block structure. Finally, the preferential orientation along the 

plane families (h00) and (00l) observed for the initial powder, do not take place anymore for the 

powders of Li2SO4·H2O, which have undergone thermal cycles. This is illustrated by the 

rehydrated phase of Li2SO4·H2O after the first thermochemical cycle (figure 4-13a in appendix 4). 

4.3.1 Characterization of the grain structure and morphology  

The in-situ microscopic observations performed in this study contributed to understand the 

evolution of the structural properties on the grain level of the material over the thermal cycling 

process. Figure 4-3 illustrates the evolution of morphological properties in a single crystal of 

Li2SO4·H2O over three thermal cycles as observed by in-situ optical microscopy. Figure 4-4 

summarizes the evolution of the single crystal dimensions along the a and c unit-cell axes, 

quantified from the microscopic pictures in figure 4-3. During the first dehydration reaction, 

random nuclei appear on the surface of the initially transparent single crystal when the temperature 

is raised above 120°C (figure 4-3b), with a homogeneous distribution on every face of the single 

crystal. With further increase of the temperature, the nuclei on the surface grow in diameter and 

also into the bulk of the single crystal. At 150°C, the initially transparent crystal shows a total 

opacity (figure 4-3c), that indicates a modification of the internal structure of the grain by addition 

of local defects scattering the light in the material. After the first rehydration of the material 

(figures 4-3d), the grain structure of the material does not recover its initial transparent structure. A 

global increase of the single crystal surface can be observed and the formation of structural defects 

(roughness) appears on the surface of the single crystal (figure 4-3d). The results in figure 4-4 show 

an increase of single crystal dimensions with a larger expansion along the c unit-cell axis (10 

± 2 %) than along the a-axis (8 ± 2 %). After the second thermal cycle (figure 4-3e), the structure 
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of the single crystal shows further expansion of the single crystal surface with an increase of the 

structural defects on the single crystal surface. The anisotropy of the expansion is increased along 

the two unit-cell directions in the material with an expansion of 20 ± 5 % of the single crystal 

dimensions along the c unit-cell axis, and 10 ± 2 % of increase along the a-axis. The dimensions 

and the amount of defects on the surface of the material remain similar after the third thermal cycle 

(figure 4-3f), indicating that the material reach a stable grain structure after the second thermal 

cycle. 

   

   

Figure 4-3: In-situ microscopic observations of a single crystal of Li2SO4.H2O that undergoes three 

consecutive thermal cycles under in-situ conditions - a) synthesized single crystal, b) crystal during the first 

dehydration reaction at T =132°C, c) crystal after the first dehydration until 150°C, d) crystal after the first 

rehydration at T =25°C, e) crystal after the second thermal cycle, f) crystal after the third thermal cycle.  

    

Figure 4-4: Evolution of the dimensions of a single crystal of Li2SO4·H2O along a and c unit-cell axes over the 

different reaction steps of the reversible thermochemical process of Li2SO4·H2O performed under in-situ 

conditions (Tdeh.=150°C, Thyd.=25°C, p(H2O) = 13 mbar) 

a) c) b) 

d) f) e) 



c 

b 

a 

10-1 

001 

1 mm 1 mm 1 mm 

1 mm 1 mm 1 mm 



Chapter 4 

 

74 | P a g e  

 

The complementary investigation of the surface defects performed by SEM microscopy 

further illustrates the morphological evolution of the surface of the single crystal. Figure 4-5 

displays more detailed observations of the nucleation and growth process taking place during the 

first dehydration of the material. These SEM observations show the formation of nanoscale 

structural units (figure 4-5c) at the level of every nucleus (figure 4-5b). The growth of the nuclei 

phase further proceeds with a preferential orientation along the a unit-cell axis on the single crystal 

surface (figure 4-5c), forming new structural defects (grain boundaries) in the single crystal 

structure. The structural defects observed on the SEM pictures justify the previous assumption of the 

in-situ optical observation why the material becomes opaque after the first dehydration. The 

anisotropic development of the new phase is related to the structural modification of the crystallites 

with the largest modification along the crystal family planes (h00) or the a unit-cell axis (figure 4-4).  

     

Figure 4-5: SEM observations of nuclei formed on the surface of a single crystal of Li2SO4.H2O during the first 

dehydration reaction at the temperature of 105°C. Images were taken at a) x55, b) x200 and c) x2700 

magnification. 

   

    

Figure 4-6: SEM observations of Li2SO4.H2O single crystals that undergo successive thermal cycles - a) 

synthesized crystal, b) crystal after the first reversible thermochemical process, c) crystal after the second 

reversible thermochemical process, d) crystal after the third reversible thermochemical process – The index 1) 

indicates microscopic observations of the overall single crystals performed with a x50 magnification; the index 

2) is an enlargement of the single crystal surface performed with magnifications between x250 and x500. 
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In the consecutive rehydration of the material, the SEM observations (figure 4-6b) show the 

formation of cracks of 50-100 m homogeneously distributed on the surface of the material, and 

keeping the preferential orientation along the unit-cell axis a. In the consecutive cycles (figure 4-

6c), the cracks increase to 100-150 m and form spider-like structures. The shape and size of the 

cracks remain identical after the third thermal cycle with the formation of additional 

interconnections between the cracks (figure 4-6d). These results corroborate the large expansion of 

the single crystal dimensions in figure 4-4 over the first two cycles. The expansion and 

morphological transformation of the cracks after the second thermal cycle can merely be related to 

the further expansion of the grain boundaries formed during the first dehydration, since the 

crystallite arrangement remains identical after this reaction (table 4-2).  

4.3.2 Discussion on the Li2SO4·H2O study 

The structural investigation conducted in this study, contributes to explain the evolution of 

thermal behavior of Li2SO4·H2O over the thermal cycles observed during the thermal analysis 

investigation (figure 3-1 and figure 3-2 in chapter 3). First, the higher enthalpy values (figure 3-3a 

in chapter 3) and intrinsic thermodynamic properties (figure 3-5 in chapter 3), found for the first 

dehydration of the material, can be explained by two complementary effects. The expanded lattice 

parameters of the commercial powder (table 4-1 and table 4-2) can explain the higher intrinsic 

thermodynamic values found for the first dehydration of the material result breaking of the initial 

crystal structure of the commercial powder into a smaller and well-defined isotropic crystal 

structure (table 4-2). Additionally, the formation of new grain boundaries (figure 4-5) induces 

mechanical stress and strain effects in the material requiring additional activation energy. The need 

of additional activation energy can therefore explains the delay of reaction for the first dehydration 

of the material on the Van’t Hoff plot (figure 3-4 in chapter 3). The formation of cracks may also 

explain the noisy onset on the TG-DSC measurements in figure 3-1b in chapter 3. An accurate 

determination of the performance and intrinsic thermodynamical properties of Li2SO4·H2O should 

therefore be performed after the first dehydration of the material.  

The present structural characterization by XRD measurement (table 4-2) also confirms the 

assumption made by Simakova et al. [4], stipulating that the reversibility of the thermochemical 

process of Li2SO4·H2O is caused by maintenance of the crystal structure over the thermal cycles. 

The conservation of the crystallite size in the material after the first dehydration relate the stability 

of thermodynamical properties (figure 3-5 in chapter 3), by no further breaking of the crystal 

structure. However, the present study shows that dehydration process of Li2SO4·H2O is not based 

on a vacancy process [4], but on a reversible structural reorganization of the crystal structure with 

evident changes of crystal parameters and symmetry (figure 4-2). The constant crystallite size over 

cycles, as observed wit XRD, ensures a mechanical coherency of the material over the thermal 

cycles as observed on the microscopic observations in figure 4-3. However, the general mechanical 

strength of the material is diminished due to the increase of cracks dimension over the thermal 

cycles (figure 4-6).  
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The morphological changes on the grain level of the material (cracks, additional porosity) 

are related to the evolution of the rates of the dehydrations and hydrations of Li2SO4·H2O over the 

thermal cycling process. The formation of cracks during the first dehydration (figure 4-5), and their 

expansion during the consecutive dehydrations and hydrations, increase the reactional interface and 

the water vapor diffusion into the material. The fact that these structural changes correspond to an 

increase of the reaction rates (figure 3-3b), indicates that the rate-limiting step of the material is 

associated to the nucleation surface area and/or the water vapor diffusion in the material and not to 

the conversion rate of the material controlled by the movement of the interphase boundaries. When 

the evolution of the crack size and morphology tends to stabilize, as seen in the third cycle, the 

reaction rates also tend to constant values. The maximum volume expansion of the grains of 

Li2SO4·H2O (20 ± 5 %) found from the second cycle (figure 4-4) is similar to the lattice volume 

variation per Li2SO4·H2O molecule (20%) on dehydration and hydration (table 4-1). 

This experimental reasoning is consistent with the model investigation carried out by 

Stanish et al. [5-7] on the water (de)sorption of hydrated carbonates. The mechanistic rate model, 

proposed in these studies, is based on the basic principle of nucleation and heterogeneous phase 

transformation as also found in the present investigation. In the range of partial pressure close to 

the equilibrium conditions of the material, Stanish et al. [5-7] presents a dependency of the reaction 

rate on defect concentration in the material, as also identified in the present study with the presence 

of cracks and porosity.  

4.4 Structural characterization of CuSO4·5H2O 

4.4.1 Characterization of the crystal structure 

The results of in-situ XRD analysis at p(H2O) = 13 mbar, performed during the first 

reversible thermochemical process of CuSO4·5H2O, are presented in figure 4-7. Figure 4-7a 

displays the diffractogram patterns every 10°C during the dynamic heating until 150°C, while 

figure 4-7b exhibits four of the diffractogram patterns obtained during the cooling and the 

isothermal processes of the material rehydration under in-situ conditions (T hydration = 25°C). During 

dehydration, the diffraction pattern of the initial crystalline phase of CuSO4·5H2O shows a 

preferential orientation along the some lattice planes until the temperature of 50°C, identified in 

appendix 4 (figure 4-13b) as been planes {001}, {101} and {002}. At the temperature of 60°C, the 

XRD diffraction pattern shows the co-existence of the two crystalline phases CuSO4·5H2O and 

CuSO4·3H2O. This confirms the formation of a metastable phase during the first dehydration step 

of the material seen in the thermal analysis in section 3.2.1 in chapter 3. The metastable phase of 

CuSO4·3H2O remains until 90°C. At this temperature, the material shows a coexistence of 

CuSO4·3H2O and the crystalline phase of CuSO4·H2O. Furthermore, XRD diffractograms between 

100°C and 150°C maintain the specific pattern from CuSO4·H2O, which indicates that this phase is 

the final product of the dehydration of CuSO4·5H2O under in-situ conditions (p(H2O) = 13 mbar) 
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and Tmax =150°C). All these results confirm the in-situ thermal analysis results performed on 

CuSO4·5H2O in chapter 3. During the rehydration of the material, the XRD pattern specific for 

CuSO4·H2O is found during the active cooling of the material to 25°C and during the first 8h of the 

isotherm at 25°C. After 300h of rehydration under in-situ conditions, the crystalline phase 

CuSO4·5H2O was found again. However the preferential orientation of the lattice planes, observed 

on the diffractogram of the initial powder in figure 4-7a, disappears and the XRD pattern of the 

rehydrated phase presents the typical diffractogram characteristic of the crystalline phase 

CuSO4·5H2O [8]. 

               

Figure 4-7:  In-situ powder XRD analyses of the first a) dehydration and b) rehydration of the reversible 

thermochemical process of CuSO4·5H2O under in-situ conditions of heat storage ( Trange = 25-150°C, p(H2O) 

= 13 mbar)- different scales of intensity between the diffractograms in a) and b). 

The pattern fitting of the experimental diffractograms identifies the evolution of the lattice 

parameters and crystal symmetry during the reversible thermochemical process of the material. 

The results displayed in table 4-3, show a modification of the crystal symmetry with a substantial 

modification of the lattice parameters (dimensions and angles) for each phase change identified 

during the dehydration and hydration. This indicates that the crystal structure of the material 

undergoes a significant reorganization of the constituting molecules during the reversible 

dehydration process of CuSO4·5H2O. Additionally, an overall compaction of the crystal structure 

is observed during the dehydration process, between the crystal structures of the highly hydrated 

phase and the lower hydrated phase. Finally, as observed previously for Li2SO4·H2O, the results in 

table 4-3 show more expanded lattice dimensions for the initial phase of CuSO4·5H2O than for the 

phase obtained after a first dehydration/hydration cycle.  

 

CuSO4.5H2O 

CuSO4.3H2O 

CuSO4.H2O 

CuSO4.H2O 

CuSO4.5H2O 
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Table 4-3: Symmetry and lattice parameters identified for the crystalline phases of CuSO4·xH2O (x = 1. 3. 5) 

taking place during the first thermal treatment of the CuSO4·5H2O commercial powder, which is sieved 

between 100-200 m under in-situ conditions (T range = 25-150°C. p(H2O) = 13 mbar) 

Sample Phase S.G. Z a (Å) b (Å) c (Å)  (°)  (°)  (°) 

Initial powder CuSO4.5H2O P -1 2 6.18(6) 10.76(1) 6.01(8) 82.4(1) 107.2(7) 102.4(0) 

Deh. 70°C CuSO4.3H2O C m 4 5.60(7) 13.05(8) 7.35(6) 90 97.2(0) 90 

Deh. 150°C CuSO4.H2O P -1 2 5.04(7) 5.14(6) 7.57(0) 108.6(1) 108.6(1) 90.5(4) 

Hyd. 25°C – 300h CuSO4.5H2O P -1 2 6.12(6) 10.73(2) 5.97(4) 82.3(9) 107.6(9) 102.6(3) 

   * S.G.= space group, Z= number of chemical formula units per unit cell 

                    

               

Figure 4-8: Molecular representation of crystalline phases of a) CuSO4·5H2O, b) CuSO4·3H2O and c) 

CuSO4·H2O  

Furthermore, based on the reference files of the different crystal structures [8-10], a 

molecular representation of each structure was made in figure 4-8. The initial crystalline phase of 

CuSO4·5H2O, having a triclinic crystal structure (figure 4-8a), shows infinite chains of alternating 

corner-sharing [CuO2(OH2)4] octahedra and [SO4] tetrahedra, extended along [110]. The [SO4] 

tetrahedra are in this configuration linked by two oxygen atoms to the Cu
2+ 

ions. The chains are 

cross-linked by hydrogen bonds between the octahedral (H2O) ligands and the oxygen atoms of the 

[SO4] tetrahedra. Additionally, a free crystalline (H2O), bonded by hydrogen bonds, promotes the 

a) b) 

c) 

[SO4] tetrahedra 

[CuO6] octahedra 

Free crystalline [H2O] 

molecule tetrahedra 
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linkage between the infinite chains. During the first dehydration step of the material, figure 4-8b, 

the crystalline phase of CuSO4·5H2O loses the free crystalline (H2O) molecule and one of the 

(H2O) ligands is linked by a covalent bond to the Cu
2+

 ion, to form the  monoclinic phase 

CuSO4·3H2O. The material gets a new crystal structure based on a skewed arrangement of 

[CuO3(OH2)3] octahedra and [SO4] tetrahedra chains, polymerized by corner-sharing of polyhedra 

from adjacent chains. Hence, the structure gets a more stable arrangement. By further dehydration, 

the crystal structure of the material loses two additional (H2O) ligands linked by covalent bond to 

the Cu
2+

 ion, inducing the formation of the triclinic phase of CuSO4·H2O (figure 4-8c). This 

structure is based on corner-sharing [CuO5(OH2)] octahedra and [SO4]. For this second 

dehydration step of the material, the reorganization of the material crystal structure results in a 

fixed arrangement where the [SO4] tetrahedra corner are fixed to complex Cu
2+ 

ions. These 

observations clearly identify a difference of energetic bonding and structural rearrangement 

between the two dehydration steps of the material. For the rehydration of the material, the very 

slow process (figure 4-7b) did not permit to get relevant information of the intermediate phase 

changes in the material.  

The results of the XRD pattern fitting performed on the fully rehydrated phases of 

CuSO4·5H2O after three consecutive thermal cycles, are presented in table 4-4. These results 

confirm that a different structural configuration is only found for the initial commercial powder. In 

the consecutive thermal cycles, the crystal structure presents more contracted lattice parameters, 

with similar dimensions and structural arrangement. These results indicate that CuSO4·5H2O 

behaves similarly to the commercial powder of Li2SO4·H2O, with a non-equilibrium of the initial 

commercial powder. The results in figure 4-9, that present the evolution of the crystallite size of the 

material over the three thermal cycles, also confirm a different structural arrangement for the initial 

commercial powder compared to the consecutive thermal cycles. Indeed, a global reduction of the 

crystallite size is observed after the first thermal cycle, from 80 ± 20 nm to 45 ± 5 nm, along the 

main plane families of the single crystal. After each consecutive thermal treatment, the crystallite 

size is maintained in an isotropic steady state along every plane. These observations indicate that 

the first thermal treatment induces a breaking of the structural arrangement in the material, forming 

structural defaults (porosity). However, the fact that the structure is maintained stable in the 

consecutive cycles ensures a conservation of the material crystal structure over the thermal cycling 

process. 

Table 4-4: Symmetry and lattice parameters identified for the crystalline phases of CuSO4·5H2O, as found 

after three consecutive thermal treatments performed under in-situ conditions (T range = 25-150°C. p(H2O) = 

13 mbar) – (* Initial powder) 

Sample Phase S.G. Z a (Å) b (Å) c (Å)  (°)  (°)  (°) 

Init. Pw* CuSO4.5H2O P-1 2 6.18(6) 10.76(1) 6.01(8) 82.4(1) 107.2(7) 102.4(0) 

Cycle 1 CuSO4.5H2O P-1 2 6.12(6) 10.73(2) 5.97(4) 82.3(9) 107.6(9) 102.6(3) 

Cycle 2 CuSO4.5H2O P-1 2 6.12(4) 10.73(1) 5.97(3) 82.3(9) 107.2(9) 102.5(9) 

Cycle 3 CuSO4.5H2O P-1 2 6.12(8) 10.72(9) 5.96(7) 82.3(9) 107.3(1) 102.5(9) 
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Figure 4-9: a) Crystallite size identified for the crystalline phases of CuSO4·5H2O, as found after three 

consecutive thermal treatment performed under in-situ conditions (T range = 25-150°C. p(H2O) = 13 mbar) 

b) Crystal habit of single crystal of CuSO4·5H2O – Init. Pw. = Initial powder 

4.4.2 Characterization of the grain structure and morphology  

Figure 4-10 gives the in-situ microscopic observations of a CuSO4·5H2O monocrystal and 

shows the evolution of the grain structure and the morphological properties of this material over 

the thermal cycling process. The experiment was performed over three thermal cycles under in-situ 

conditions. During the first dehydration step of the material, random nuclei appear on the surface 

of the initially transparent single crystal when the temperature is raised above 65°C (figure 4-10b). 

A homogeneous distribution of the nuclei is found on every face of the single crystal. By further 

increase of the temperature, the nuclei grow on the surface and into the core of the single crystal 

with a preferential orientation along the unit-cell axis c. At 88°C, the single crystal structure used 

for the experiment is fully transformed into an opaque light blue single crystal, as shown in figure 

4-10c. It indicates a modification of the single crystal structure by generation of local defects. This 

material change also induces a very slight expansion of 0.3% (figure 4-11) of the crystal 

dimensions. By further increase of the temperature, the material progressively losses its blue color 

to reach a fully white aspect from a temperature of 115°C onwards, indicating a modification of the 

material composition. During this second physical change in the material, the single crystal does 

not present an overall modification of its dimensions. The composition and structure remain similar 

when the temperature is further raised to 150°C. After the first rehydration of the material (figures 

4-10e) the single crystal does not recover its initially transparent structure, but gets an opaque blue 

coloration. Additionally, a global increase of the single crystal dimensions is observed. The result 

in figure 4-11 shows an expansion along the c unit-cell axis of around 12 ± 0.5 %. This clearly 

indicates a significant modification of the mechanical stress in the material structure.  
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Figure 4-10: Microscopic observations of the reversible sorption process of a CuSO4·5H2O single crystal over 

three thermal cycles of dehydration/rehydration under the operational conditions of seasonal heat storage 

(Trange = 25-150°C, p(H2O)=13 mbar, heating/cooling rates = 1°C/min) – a) synthesized single crystal of 

CuSO4·5H2O by slow evaporation, b) first dehydration T=73°C, c) first dehydration T=90°C, d) first 

dehydration T=150°C, e) first rehydration at T=25°C after 400h, f) second dehydration T=150°C, g) second 

rehydration at T=25°C after 400h, h) third dehydration T=150°C, i) third rehydration at T=25°C after 400h.  

  

95

100

105

110

115

120

125

synt.
crys

deh1 hyd1 deh2 hyd2 deh3 hyd3

Ev
o

lu
ti

o
n

 o
f 

th
e

 c
ry

st
al

 d
im

e
n

si
o

n
s 

 
al

o
n

g 
c 

(%
) 

Figure 4-11: Evolution of the grain 

dimensions along the unit-cell c-axis 

of the CuSO4·5H2O single crystal 

determined by evaluation of the in-situ 

microscopy pictures in figure 4-10 
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In the consecutive thermal cycles, the single crystal behaves similarly over the cycles with a 

slight increase of the structural dimensions and surface defects (cracks). During the dehydrations 

(figure 4-10f and figure 4-10h), the single crystal loses its blue aspect between 50 and 100°C, 

indicating a compositional change in the material. Additionally, shrinkage of the single crystal 

dimensions is observed (figure 4-11). For the second dehydration reaction, the single crystal shows 

a shrinkage of 3.5 ± 0.5 %, while for the third dehydration, a shrinkage of 5.8 ± 0.3 % is observed. 

After each rehydration reaction (figure 4-10g and figure 4-10h), the single crystal presents an 

opaque blue structure as observed after the first cycle. An expansion of the single crystal 

dimensions is also observed over multiple cycles, which can be related to the increase of defects 

like cracks or internal porosity after each thermal cycle (figure 4-10e and figure 4-10g). However, 

the results presented in figure 4-11 show that the overall expansion of the material tends to reach a 

steady state over multiple thermal cycles: 12% after the first cycle, 5% after the second cycle and 

3% after the third cycle. This recalls the observations made for Li2SO4·H2O (figure 4-4), where the 

material structure also reaches a steady state after several thermal treatments.  

  

  

Figure 4-12 : Microscopic observations by ESEM microscopy under low p(H2O) conditions (2.7 mbar) of 

CuSO4·5H2O single crystals before and after three thermal cycles of dehydration/rehydration under the 

operational conditions of seasonal heat storage (Trange = 25-150°C, p(H2O)=13 mbar, heating/cooling 

rates = 1°C/min) – a-b) synthesized single crystal of CuSO4·5H2O at the respective magnifications 50 

and 200, c-d) single crystal of CuSO4·5H2O after three thermal cycles at the respective magnifications 

50 and 200. 

The complementary investigation of the single crystal defects (porosity, cracks) 

performed by SEM microscopy is presented in figure 4-12. Figure 4-12a and figure 4-12c 

present the overall evolution of the single crystal surface before and after three thermal cycles. 

It shows that the cracks formation in the material structure is preferentially oriented along the 

a) 

c) 

b) 

d) 

1 mm 
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c-unit cell axis, supporting the observations made for the nucleation process in figure 4-10b. 

However, figure 4-12b and figure 4-12d, that present more detailed observations of the crystal 

surface before and after the thermal treatment, confirm the structural changes in every spatial 

direction demonstrated in the XRD measurements in figure 4-9. As also been observed for 

Li2SO4·H2O, CuSO4·5H2O seems to maintain a coherency of the material structure on the 

grain level despite the increase of cracks and internal porosity. 

4.4.3 Discussion on the CuSO4·5H2O study 

The structural investigation on CuSO4·5H2O indicates the influence of the structural 

properties of this material, on its thermal behavior observed in chapter 3 (section 3.3). First, the 

crystal lattice dimensions (table 4-4) and crystallite size (figure 4-9) of the initial commercial 

powder can explain the difference of thermal behavior found for the first dehydration of the 

material (figure 3-14 in chapter 3). On the structural level, this first dehydration induces the 

breaking of the initial material structure of the commercial powder, into smaller and well-defined 

crystallites (figure 4-9), and leads to the formation of cracks and additional porosity in the grain 

structure (figure 4-12). The grain structure breaking, shown to have influence on the intrinsic 

thermodynamical properties (reaction enthalpy and entropy) of Li2SO4·H2O, is not observed in 

the case CuSO4·5H2O (figure 3-15), due to the large inaccuracy on the thermodynamical values. 

However, the difference of onset temperature of the two reaction steps of the first dehydration 

compared to the consecutive cycles (figure 3-14) indicates that additional energetic contributions 

(mechanical stress and strain effects) take place, resulting from the breaking of the initial material 

structure. In the subsequent cycles, the full reversibility of the crystal structure of the material 

(table 4-4) and a conservation of the crystallite size (figure 4-9) can confirm a stability of the 

thermodynamics (figure 3-14). 

Furthermore, XRD results in table 4-3 confirm the presence of the intermediate crystalline 

phase of CuSO4·3H2O during the first dehydration of the material. The first step of dehydration, 

from the pentahydrate to tri-hydrate crystalline phase of CuSO4, involves both H-bonds and 

covalent bonds between the (H2O) ligands and the copper ions in the crystal structure (figure 4-

8a), while for the second step of dehydration, the material involves only covalent bonds (figure 4-

8b and c). The difference in chemical bonding and the structural rearrangement between the two 

steps of dehydration (figure 4-8) justify the difference of reaction enthalpy found between the first 

(45 ± 1 kJ/mol) and the second (48 ± 3 kJ/mol) steps of dehydration (table 3-1 in chapter 3). 

Moreover, the presence of both types of chemical bonds (H-bond and covalent) in CuSO4·5H2O, 

may induce different reaction times for the removal of the two water molecules involved during 

this first dehydration step. The water molecules linked by H-bonds, having lower energy, may be 

removed faster from the crystal structure than the water molecules linked by covalent bonds. This 

phenomenon may explain the additional endothermic contribution (peak shoulder) in the first 

dehydration step associated with an incongruent melting (figure 3-9b in chapter 3). The water 

molecules linked by H-bonds are released faster and may induce the partial melting of the 
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material before a recrystallization of the CuSO4·3H2O phase proceeds. The presence of H-bonds 

in the initial CuSO4·5H2O structure may contribute to the melting in every thermal cycles.  

Finally, the structural characterization on CuSO4·5H2O shows a stability of the crystal 

structure (table 4-4), which ensures a certain mechanical coherency in the material on the crystal 

level. However, the breaking of the crystallites during the first dehydration induces the formation 

of cracks and additional porosity (figure 4-12). With the compaction and expansion effect of the 

crystal lattice over cycles (table 4-3), the pore size is expanded over cycles leading to a gradual 

expansion of the material dimension (figure 4-11). These structural changes recall the 

observations made for Li2SO4·H2O (section 4.2.2), where the pore opening promotes the reaction 

rate for dehydration and hydration cycles, with a larger reactive surface area that promotes faster 

kinetics, and an improvement of the water vapor transport. However, in the case of CuSO4·5H2O, 

although porosity and surface area are increased, the overall reaction rate remains constant over 

cycles (figure 3-21 in chapter 3). The difference of rate evolution between the two materials may 

be explained by different phenomena: 

 The rate stability over cycles observed for CuSO4·5H2O indicates that the pore expansion 

does not affect the overall rate of the reaction, because the conversion of the material is the 

rate-limiting factor of the process. The complex reorganization of the crystal structure of 

CuSO4·5H2O, involving more substantial changes of energetic bonds (covalent to 

covalent), lattice parameters and crystal symmetry (figure 4-8), can result in a slower 

recrystallization on dehydration and hydration.  

 Although the maximum volume expansion of the grains of CuSO4·5H2O (20 ± 5 %) 

(figure 4-11) is similar to the one found for Li2SO4·H2O (figure 4-4), the lattice volume 

variation per CuSO4·5H2O molecule (50%) on dehydration and hydration (table 4-3) is 

significantly higher than for Li2SO4·H2O (20%) (table 4-1). The larger 

contraction/expansion of the crystal lattice structure as compared to the grain size  for 

CuSO4·5H2O may induce pore blocking on hydration, reducing the water vapor transport 

inside the material. This phenomenon may have a negative effect on the reaction rate for 

hydration although the opening of the structure favors the kinetics. However, this 

hypothesis is not very likely as the pore opening should at least promote the dehydration 

rate over cycles, not seen on the thermal analysis results (figure 3-21). 

 The presence of additional structural changes in CuSO4·5H2O, such as the incongruent 

melting assumed in the result of the thermal analysis (figure 3-9b in chapter 3), may 

induce internal structural changes limiting the water vapor transport inside the material. 

For CuSO4·5H2O, the melting effect is assumed to be a consequence of the removal of the 

crystalline water bonded in the lattice structure of by H-bonds, also occurring in the case 

of Li2SO4·H2O. However, the temperature for which occurs this water loss being lower in 

the case of for the CuSO4·5H2O, melting effect may be more critical  
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A structural study of the internal pores over cycles (e.g. by NMR), would contribute to 

understand further the structural phenomena occurring during the cycling process of 

CuSO4·5H2O.  

4.3 Conclusions 

The structural characterization conducted on the two model salt hydrates Li2SO4·H2O and 

CuSO4·5H2O, permits to draw general conclusions on the structural material properties that 

influence the dehydration and hydration processes of salt hydrate materials.  

First, the structural characterization of both model salt materials shows that the 

conservation of crystal structure (unit cell dimensions and crystallites size) ensures the stability of 

the thermodynamical properties (enthalpy, reaction time/temperature) of the materials over the 

thermal cycles. This explains, for both studied materials, that a different thermal behavior is 

observed for the first dehydration of the material, where the material structure presents expanded 

crystal dimensions (unit cell and crystallites). The breaking of this initial structure during this first 

reaction induces additional energetic contribution by release of mechanical stress and strain 

effects, which modify the time/temperature of reaction in the material. The conservation of the 

crystal structure arrangement after the first dehydration reaction ensures the mechanical 

coherency of both model salt materials over the thermal cycle. However, a reduction of general 

mechanical strength is clearly observed over the thermal cycles by the cracking and opening of 

the grain material. This effect will negatively affect the performance on the packed bed level, by 

strong modification of its permeability over cycles. 

Additionally, the structural characterization on the molecular and grain level conducted on 

the two model salts permits to identify the salt hydrate properties controlling the reaction rates on 

dehydration and hydration.  

 The opening of the pores formed after the first dehydration, followed by 

expansion/contraction of the material lattice structure upon consecutive dehydrations and 

hydrations, tends to promote an increase of reaction kinetics by formation of a larger 

reactive surface area inside the material, and an improvement of the water vapor transport 

inside the material (case of Li2SO4·H2O).  

 However, slow reaction kinetics can be rate-limiting when the chemical bonding (H-bond 

or covalent bond) of the water molecules involved in the reactions and the reorganization 

of the crystal structure (symmetry, lattice parameters) favors a slow recrystallization of the 

material. H-bonds seem to promote faster reaction rates (Li2SO4·H2O), but provide lower 

reaction enthalpy. 

 A large expansion/contraction of the lattice structure during the thermochemical process 

may induce on hydration a pore blocking despite its gradual opening over cycles, which 

may reduce the water vapor transport inside the material. Salt hydrates involving large 
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volume variations during their thermochemical process may involve larger water diffusion 

issues on hydration resulting in slow reaction rates. 

 Additional structural changes, as seen in the case of CuSO4·5H2O with the phenomenon 

of incongruent melting, may also modify the internal structure of the material and have a 

negative effect on the kinetics and transport phenomena inside the material. A further 

investigation of the material properties and operational conditions promoting the melting 

of a salt would be recommended for future research.      

Finally, although general assumptions by comparison of two model salt materials can be 

made from the parallel structural and thermal characterizations performed in this research, the 

thermal behavior of a specific material will remain unique because of the singularity of the crystal 

structural evolution of the material under specific operational conditions. Therefore, an 

investigation of the crystal and grain structure is strongly recommended for every other salt 

hydrate, in order to understand their thermal behavior (thermodynamics and reaction rate). This 

line of research has been followed in the next two chapters to investigate the thermochemical 

processes of MgSO4·7H2O and MgCl2·6H2O.  
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Appendix 4: XRD diffractograms of Li2SO4·H2O and 

CuSO4·5H2O commercial powders over consecutive thermal 

treatments 
In this appendix, the XRD patterns of the initial commercial powder samples of 

Li2SO4·H2O and CuSO4·5H2O sieved at 100-200 m, is compared to the XRD patterns of the 

rehydrated phase of these powder samples consecutive dehydration/hydration cycles under in-situ 

conditions (Trange = 25-150°C. p(H2O) = 13 mbar). For both materials, the initial commercial 

powder presents a preferential orientation along specific crystal plane families, characteristic of 

their crystal habit: 

 Li2SO4·H2O (figure 4-13a): {-101}, {101}, {102} and {020} planes 

 CuSO4·5H2O (figure 4-13a): {001}, {110} and {002} planes 

In the consecutive cycles, the preferential orientation of the XRD pattern disappears, and 

the two powder sample highlight their characteristic XRD pattern found in literature: 

Li2SO4·H2O[2] and CuSO4·5H2O [8].  

 

Figure 4-13: XRD diffractograms of hydrated powder samples of a) Li2SO4·H2O and b) CuSO4·5H2O, after 

consecutive thermal cycles performed under in-situ conditions (T range = 25-150°C. p(H2O) = 13 mbar)  
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 Introduction 5.1

As previously mentioned in chapter 1, magnesium sulfate heptahydrate, MgSO4·7H2O, is a 

material receiving much attention for domestic application of seasonal solar heat storage (SSHS) 

[2, 5-9], due to its high theoretical storage density (2.8 GJ/m
3
), non toxicity and low cost. However, 

a research challenge exists to understand the following material-related problems observed 

specifically for this material under in-situ SSHS conditions: 

 A slow heat loading (low dehydration rate) [2,4-7,9],  accompanied by the formation of 

atypical amorphous and non-stoichiometric material structures during the process [2,8] 

 Low temperature and power outputs on hydration [2,7,9] 

 A thermal performance decrease over storage cycles, assumed to be related to a gradual 

formation of a non-reactive area (pore blocking) inside the material [33]  

With the objective to improve the performance of MgSO4·7H2O for SSHS, the present 

study aims to understand the material properties and operating conditions responsible of the 

material-related problems mentioned above under SSHS system conditions.  

 Experimental procedure 5.2

Two experimental micro-scale characterization studies are performed with the different 

characterization techniques presented in chapter 2. Firstly, a characterization of the thermal and 

structural properties of MgSO4·7H2O is conducted over consecutive dehydration/hydration cycles 

under in-situ conditions (Trange = 25-150°C and p(H2O) = 13 mbar, heating/cooling rates = 

1°C/min). Thermal analysis measurements (TG-DSC) are carried out with the STA Netzsch 

apparatus on powder samples of 10 ± 0.2 mg, to identify the compositional changes and thermal 

effects in the material. X-ray diffraction (XRD) and Raman spectroscopy analysis are performed to 

characterize the structural changes on the molecular level. XRD measurements are performed to 

identify crystal structure changes (symmetry, lattice parameters) in the crystalline phase. In-situ 

XRD measurements (Bruker D8 Advance) are conducted as a function of temperature during the 

first dehydration/hydration cycle of the material. Then, XRD measurements at room temperature 

(PANalytical X’Pert Pro) are conducted on the hydrated phases of the magnesium sulfate after 

each dehydration/hydration cycle. For all measurements, powder samples (around 1g) are used. 

For the latter XRD analysis, the powder samples analyzed are extracted out of a larger powder 

sample of around 10 g, cycled under in-situ conditions in the tubular furnace equipment. In-situ 

Raman measurements are carried out to identify the evolution of the characteristic vibrational 

bands of MgSO4·xH2O (wavelength range = 50 to 4000 cm
-1
) as a function of temperature for both 

crystalline and amorphous phases. Then, microscopic observations on a single crystal are 

conducted to follow the morphological (structural defects, porosity) and dimensional changes in 

the material structure. In-situ optical microscopy observations are conducted to characterize the 

overall variation of the single crystal dimensions, while SEM analyses are conducted to get a better 

insight into the surface defects. The SEM observations are conducted at room temperature under 
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the maximum p(H2O) condition allowed by the equipment (2.7 mbar), to avoid the dehydration of 

the material during the experiment as much as possible. For the SEM characterization, single 

crystals are collected out of the hot-cold cell of the Raman microscope, after the crystals underwent 

consecutive dehydration/hydration cycles under in-situ conditions. 

Secondly, in order to identify the effect of the operating conditions on the thermal and 

structural properties upon consecutive dehydration and hydration processes, a complementary 

material investigation is conducted by additional thermal analysis (HPDSC) and Raman 

spectroscopy measurements under different conditions of p(H2O). Due to the limited experimental 

settings of the STA Netzsch apparatus in terms of p(H2O) conditions (maximum 20 mbar), the 

HPDSC equipment is used to investigate the influence of p(H2O). Different p(H2O) conditions 

between 8 to 70 mbar are used with similar temperature conditions (Trange, heating/cooling rate). 

Measurements are conducted with powder samples of 10 ± 0.2 mg. In-situ Raman measurements 

at 50 mbar are conducted with the same measurement settings presented above, to study the 

structural variations of the material under different operating p(H2O) conditions. 

For every characterization study, commercial powder samples of MgSO4·7H2O (VWR 

BDH Prolabo, CAS 10034-99-8, NORMAPUR, 99.5% pure) are used with two particle size 

distributions (PSD) obtained by sieving prior to the experiments. Sieved powders with a PSD of 

100-200 m are used in thermal analysis and XRD measurements according to the sample design 

optimization performed in chapter 2, section 2.2.1.2, while large single crystals of 1-2 mm are used 

for a better measurement accuracy in Raman analyses and microscopic observations. Additionally, 

for each characterization technique used, flow rates are set sufficiently high to avoid a rate-limiting 

effect through concentration polarization on dehydration and hydration (chapter 2, table 2-1). 

 Characterization under in-situ conditions 5.3

 Thermal analysis investigation 5.3.1

The results of the in-situ thermal analysis conducted on MgSO4·7H2O over three 

consecutive thermal cycles have been separated into the dehydration processes (figure 5-1) and the 

hydration processes (figure 5-2) for a better comparison of the two process types over cycles. For 

each process type, TG and DSC results have been given under the respective labels (a) and (b). 

The dehydration results in figure 5-1 show a difference between the first and the consecutive 

reactions. For the first dehydration, two phase transitions take place highlighted by the two DSC 

peaks in figure 5-1b. The first DSC peak found in the temperature range of 35-45°C presents a 

symmetrical shape, characteristic of a well-defined phase transition, with a minimum at 43°C. This 

phase transition corresponds to mass loss of 1 water molecule in the TG result (figure 5-1a). The 

second phase transition proceeds in the temperature range of 55-150°C, highlighted by the 

formation of an asymmetrical DSC peak with a minimum found at 75°C. The TG results (figure 5-

1a), this phase transition is accompanied by an overall mass loss of 5.4 water molecules. 
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Figure 5-1: TG (a) and DSC (b) results of three consecutive dehydrations of MgSO4·7H2O under in-situ 

conditions (Trange = 25-150°C, p(H2O) =13 mbar, heating/cooling rate = 1°C/min)  

 

Figure 5-2: TG (a) and DSC (b) results of three consecutive hydrations of MgSO4·7H2O under in-situ 

conditions (Trange = 25-150°C, p(H2O) =13 mbar, heating/cooling rate = 1°C/min)  

However, the TG results show two intermediate steps of reaction for this phase transition 

highlighted by a change of reaction rate. The first reaction step proceeding between 55 and 80°C, 

corresponds to a loss of around 3 water molecules. And the second reaction step proceeds 

consecutively between 80 and 150°C, with a mass loss in the sample corresponding to around 2.4 

water molecules. Although the heat effect of these two mass losses can not be clearly distinguished 

on the DSC signal (figure 5-1b), the first reaction step can be associated with the peak of reaction 

at 75°C, and the second reaction step can be associated with the tail of the asymmetrical DSC peak. 

The two consecutive dehydrations show only the second phase transition in the temperature range 

of 55-150°C (figure 5-2b). The endothermic peaks related to this phase transition, present a similar 

asymmetrical shape as observed for the first dehydration with no variation of the peak minima 

(75°C). Additionally, the results of the TG analysis (figure 5-1a) also show a loss of around three 

water molecules for the intermediate reaction step between 50 and 80°C. However, the overall 

mass loss involved during the second and third thermal cycles, is reduced to 5 and 4.7 water 

molecules for the respective reactions, which implies a reduction of the water content at the start of 

the cycle. Finally it should be noticed for all dehydrations, that the phase transition at 55-150°C still 

shows a slight variation of composition (± 2%) after 2h hours in isothermal process at 150°C. 

a) b) 

a) b) 
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The three consecutive hydrations (figure 5-2) show a similar behavior with an onset of the 

process when the temperature is lowered below 30°C (not visible in figure 5-2). The reactions 

further proceed very slowly in a single step during the isothermal process, set at 25°C (figure 5-2a). 

However, differences in water uptake and reaction rate are observed for the three consecutive 

hydrations. For the first rehydration of the material, the TG results in figure 5-2a show that the 

material reaches a steady state after 100h with an uptake of five water molecules (table 5-1). For 

the second and third cycles, the hydrations still progress slowly when the measurements are 

stopped after 180h. Additionally, mass uptakes corresponding to 4.3 and 4.7 water molecules 

(table 5-1) are respectively found for the second and third hydrations. For every hydration, the 

DSC results in figure 5-2b show an exothermic peak, that only takes place during the first 10h of 

reaction, associated with an uptake of 2 ± 0.1 water molecules in the TG results (table 5-1). This 

thermal behavior suggests the formation of an intermediate non-stoichiometric composition 

between the di- and tri-hydrated states. The uptake of the consecutive water molecules shows a 

heat release with a smeared out heat effect disappearing in the baseline of the DSC signal.  

For each dehydration and hydration, an investigation of the reaction enthalpy and the 

maximum reaction rate is conducted. The enthalpy of reaction is determined by integration of the 

DSC peaks according to the method described in chapter 2, section 2.2.2.1. The overall reaction 

enthalpy of each DSC peak is calculated with respect to the molar mass of MgSO4·7H2O 

(MM = 246.47 g/mol). Additionally, the reaction enthalpy per water molecule is calculated, to take 

into account the number of water molecules involved during each reaction (to correct for 

incomplete overall hydration/dehydration). Finally, based on the outcome of the thermal analysis 

study conducted on model salts (chapter 3) with the STA apparatus, a correction of the reaction 

enthalpy values is made to compensate the deviation of 20% of the experimental enthalpy values. 

The outcome of this data processing, displayed in table 5-1, is compared to reference enthalpy 

values calculated from the NBS table [10]. According these results, the phase transition occurring 

at 35-45°C during the first dehydration shows a reaction enthalpy per water molecule of 58 ± 

2 kJ/mol. This experimental enthalpy value permits to attribute this first phase transition to the 

dehydration of MgSO4·7H2O into MgSO4·6H2O, and is comparable to reference studies (59 

kJ/mol) [10].The second phase transition, taking place during the dehydrations between 55-150°C, 

shows a decrease of the overall enthalpy values (298 ± 3 kJ/mol, 259 ± 3 kJ/mol and 238 ± 

3 kJ/mol) for the three consecutive dehydrations. This decreasing trend results from the reduction 

in the number of water molecules (5.4, 5.2, 4.7 H2O molecules) involved during each consecutive 

reaction. The reaction enthalpy per water molecule (55, 49 and 52 ± 1 kJ/mol) shows equal or 

slightly lower values over cycles in comparison with the reference data of the dehydration of 

MgSO4·6H2O into MgSO4·H2O (55 kJ/mol). However, the TG results (table 5-1) show a larger 

mass loss than the dehydration from the hexahydrated to the monohydrated state. For the 

hydrations, the reaction enthalpy obtained by integration of the exothermic DSC peaks gives 

values of 120, 113 and 124 kJ/mol for the uptake of the first 2.0 ± 0.1 water molecules. The 

reaction enthalpy per water molecule of each rehydration process (59, 60 and 58 ± 1 kJ/mol) 

presents similar values with the rehydration of MgSO4 into MgSO4·6H2O (59 ± 1 kJ/mol) [10]. 
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This outcome indicates that the di-/tri-hydrated intermediate of reaction has stable 

thermodynamical properties upon consecutive rehydrations, independent of the phase composition 

at the end of the rehydration.  

Table 5-1: Water molecule content and reaction enthalpy, determined from the TG-DSC results obtained for 

the three consecutive dehydration/hydration cycles of MgSO4·7H2O under in-situ conditions (Trange = 25-

150°C, p(H2O) =13 mbar, heating/cooling rates = 1°C/min)  

 

peak 1 (35-45°C) peak 2 (55-150°C) total H2O  

rH 

mass H2O 

mol 

rH/H2O rH 
mas

s H2O 

mol 

rH/H2O 

mass H2O 

mol 

Exp. Cor

. 

Exp

. 

Cor. Exp

. 

Cor. Exp

. 

Cor

. 

kJ/mol % kJ/mol kJ/mol % kJ/mol % 

deh 1 47 *56 7.1 0.97 48 *58 248  *298 39.3 5.4 46 *55 46.4 6.4 

hyd 1 - - - - - - 100 *120 14.9 2.0 49 *59 36.3 5.0 

deh 2 - - - - - - 216 *259 38.3 5.2 41 *49 38.3 5.2 

hyd 2 - - - - - - 94 *113 13.9 1.9 50 *60 31.8 4.3 

deh 3 - - - - - - 198 *238 34.1 4.7 43 *52 34.1 4.7 

hyd 3 - - - - - - 103 *124 15.5 2.1 48 *58 34.0 4.7 

NBS 

data 
MgSO4·7H2O  MgSO4·6H2O + H2O  MgSO4·6H2O ↔ MgSO4·H2O + 5H2O   

  60 7.3 1.0  60  276 36.6 5.0  55 43.9 6.0 

   MgSO4·6H2O ↔ MgSO4 + 6H2O   

    351 43.9 6.0  59 51.2 7.0 

*%error mass = ± 0.1%, %error overall enthalpy rH = ± 3 kJ/mol - exp. = experimental, cor.=corrected at 20% deviation, *indexation = 

corrected enthalpy values, rH = reaction enthalpy 

The investigation of the maximum reaction rate of the heat effect observed during the 

dehydration and hydration reaction was conducted according the method presented in chapter 2, 

section 2.3.2.1. First, the outcome of this investigation, displayed in figure 5-3, shows dehydration 

rates around 10 times higher than the hydration rates.  
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This phenomenon results from an additional driving force brought by the dynamic heating 

of the material during the dehydration, while the hydration proceeds under isothermal conditions at 

25°C. Additionally, the results in figure 5-3 show an increase of both dehydration and hydration 

rates with the number of cycles. This thermal behavior over thermal cycles seems to result from the 

increase of the internal porosity in the material over cycles, as it will be discussed in the structural 

characterization study presented later on in this chapter (figure 5-13). 

 Characterization of the crystal structure 5.3.2

In-situ X-ray diffraction analysis at 13 mbar 

Figure 5-4 presents the results of the in-situ XRD measurements conducted during the first 

dehydration (figure 5-4a) and rehydration (figure 5-4b) of the material. The experiment was 

conducted under the following standard conditions of water vapor pressure (13 mbar), flow rate 

(100 ml/min) and heating/cooling rate (1°C/min). A fitting of the different XRD patterns was 

subsequently carried out to identify the crystal symmetry and lattice parameters for each phase 

transition observed during the cycling process. The results of this data processing are presented in 

table 5-2. Finally, a schematic representation of the crystalline phases observed during the first 

dehydration/hydration cycle of the material is presented in figure 5-5.  

       

Figure 5-4: In-situ XRD patterns of the first a) dehydration (dynamic) and b) hydration at 25°C of 

MgSO4·7H2O under in-situ conditions (Trange = 25 -150°C, p(H2O) = 13 mbar, heating rate = 1°C/min) -          

* XRD peaks characteristic of the sample holder in alumina (Al2O3) 

* * * * 
a) b) 
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Table 5-2: Lattice parameters of the hydrated phases of magnesium sulfate identified during the first thermal 

cycle performed under in-situ conditions (T range = 25-150°C and p(H2O) = 13 mbar) - * S.G.= space group, 

Z= number of chemical formula units per unit cell 

Sample Corresponding phase system S.G. Z a (Å) b (Å) c (Å)  (°) 

Dehydration 

(25-30°C) 
MgSO4.7H2O orthorhombic P212121 4 11.8(7) 11.9(9) 6.8(7) 90 

Dehydration 
(40-60°C) 

MgSO4.6H2O monoclinic C2/c 8 10.1(2) 7.2(2) 24.4(3) 98.2(1) 

Hydration 

(25°C/ 2-97h) 
MgSO4.6H2O monoclinic C2/c 8 10.1(2) 7.2(2) 24.4(4) 98.2(2) 

 

                                      

Figure 5-5: Representation of the crystallographic structures of the crystalline phases of (a) MgSO4·7H2O 

[11] and (b) MgSO4·6H2O [12] identified during the first dehydration/hydration cycle of MgSO4·7H2O under 

in-situ conditions 

For the dehydration reaction (figure 5-4a), two structural changes in the material are 

observed. The first structural change proceeds between 30°C and 40°C. The results in table 5-2 

indicate that this structural change corresponds to the dehydration of the crystalline phase of 

magnesium sulfate heptahydrate MgSO4·7H2O [11] into the crystalline phase of magnesium 

sulfate hexahydrate MgSO4·6H2O [12]. On the crystal level of the material, this phase transition 

involves the loss of the interstitial free H2O molecules of MgSO4·7H2O (figure 5-5a), linked by H-

bonds to both the Mg(H2O)6
2+

 octahedra and (SO4
2-
) tetrahedra in the crystal structure [13]. The 

phase transition also induces a change of the crystal symmetry in the material, from an 

orthorhombic system for MgSO4·7H2O to a monoclinic system for MgSO4·6H2O. This structural 

SO4
2- tetrahedra 

Free H2O 

molecule 

Mg(H2O)6 

octahedra 

a) b) 
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change induces a reorientation of the independent Mg(H2O)6
2+

 octahedra and (SO4
2-
) tetrahedra, 

linked by H-bonds (figure 5-5b). By further increase of the temperature, the crystalline phase of 

MgSO4.6H2O is slowly decomposed between 60°C and 80°C into an amorphous phase 

highlighted by the absence of peaks on the XRD patterns. The amorphous feature of the XRD 

pattern remains during the further increase of the temperature until 150°C. The dehydration of the 

crystalline phase MgSO4.6H2O (figure 5-5b) implies a removal of the (H2O) ligands of the 

Mg(H2O)6
2+

 octahedra leading to a coordination between the oxygen atoms of the (SO4
2-
) ions to 

the Mg
2+

 ions. The absence of peaks on the XRD patterns suggests therefore an inhomogeneous 

removal of (H2O) ligands and a disordered reorganization of the material into a crystalline 

structure. During the rehydration of the material (figure 5-4b), the amorphous structure of the 

dehydrated phase remains during the cooling of the system to 25°C. A recrystallization of the 

material is only observed during the isothermal step at 25°C. After 30 min at 25°C, the 

characteristic peaks of the crystalline phase of MgSO4·6H2O appear. Additionally, the intensities 

and the sharpness of these peaks slowly increase until 97 h of reaction, corresponding in the TG 

results (figure 5-2a) to around 97% of conversion of the material. This material behavior indicates 

a slow reorganization of the disordered molecular structure of the amorphous phase into the well-

ordered crystal structure of the crystalline phase MgSO4.6H2O during the rehydration process. It 

should be mentioned that none of the characteristic XRD peaks of crystalline phase of 

MgSO4·7H2O are observed. 

Figure 5-6 presents the results of the XRD analyses conducted on MgSO4·7H2O after 

multiple consecutive thermal cycles in the tubular furnace. The measurements are carried out under 

standard conditions of p(H2O) (13 mbar), flow rate (10 L/min) and heating/cooling rate (1°C/min). 

Isothermal stages of 3h at 150°C, and 300h at 25°C, are respectively applied for the dehydrations 

and hydrations of the material. Diffraction patterns are recorded at room temperature, with a 

2 ranging from 10 to 50°, a 2 step of 0.02° and a counting time of 3s. The fitting of the different 

XRD patterns, carried out to identify the crystal symmetry and lattice parameters for material 

phase, is displayed in table 5-3. 

Table 5-3: Lattice parameters of the phases identified after 300h of rehydration at 25°C over three 

consecutive thermochemical cycles under in-situ conditions (Trange = 25-150°C, p(H2O) = 13 mbar, 

heating/cooling rates = 1°C/min) - * S.G. = space group 

Sample 
Identified 

phase 
S.G.* 

Lattice parameters 

a (Å) b (Å) c (Å)  (°) 

Initial powder MgSO4·7H2O P212121 11.87(3) 12.0(0) 6.86(2) 90 

Cycle 1 MgSO4·6H2O C2/c 10.11(6) 7.218(3) 24.45(0) 98.29(2) 

Cycle 2 MgSO4·6H2O C2/c 10.117(2) 7.21(7) 24.44(5) 98.2(8) 

Cycle 3 MgSO4·6H2O C2/c 10.117(5) 7.219(7) 24.45(8) 98.28(6) 
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Figure 5-6: XRD patterns of the crystalline phases of magnesium sulfate hydrates during three consecutive 

dehydration/hydration cycles under in-situ conditions (Trange = 25-150°C, p(H2O) = 13 mbar, heating/cooling 

rates = 1°C/min) - *XRD results from the in-situ measurements presented in figure 5-4 for comparison of the 

phase of MgSO4•6H2O 

After each thermal cycle, similar XRD patterns (figure 5-6) and lattice parameters (table 5-

3) are found for the crystalline phase of MgSO4.6H2O identified during the first dehydration of the 

material (table 5-2). These results imply that the initial crystalline phase of MgSO4.7H2O (table 5-

3) is never formed again upon dehydration/hydration cycles under in-situ conditions, and the 

crystalline phase of MgSO4.6H2O is the general final state of rehydration. The similarity of the 

lattice parameters found in table 5-3 for the phase of MgSO4.6H2O after each thermal cycle 

indicates the stability of the crystal structure upon dehydration and hydration. 

In-situ Raman spectroscopy at 13 mbar 

The present section describes the results obtained for the in-situ Raman analyses of 

MgSO4.7H2O conducted over three thermal cycles under in-situ conditions. The measurements 

were conducted under the following standard conditions: Trange = 25-150°C, p(H2O) = 13 mbar, 

heating/cooling rate = 1°C/min, flow rate = 100 ml/min. The Raman spectra were recorded every 

10°C in isothermal and isobaric state, in the wavelength range between 50 and 4000 cm
-1
. Figure 

5-7 displays the results obtained for the first dehydration of the material, figure 5-8 displays the 

MgSO4·7H2O 

MgSO4·6H2O 

MgSO4·6H2O 

MgSO4·6H2O 

MgSO4·6H2O 



Chapter 5 

 

99 | P a g e  

 

Raman spectra of the first rehydration of the material and figure 5-9 shows the results obtained for 

the second (figure 5-9a) and third (figure 5-9b) dehydrations of the material. Table 5-4 lists the 

position of the Raman peaks identified during the experiment, and compares the results to 

reference data [1] to identify the phase during the cycling process.  

 

Figure 5-7: Raman spectra of the first dehydration of MgSO4·7H2O performed under in-situ conditions (Trange 

= 25-150°C, p(H2O) = 13 mbar, heating rate = 1°C/min) split in three wavelength ranges: a) 0-800cm-1, b) 

900-1200cm-1 and c) 2500-4000 cm-1. - * experimental artefacts common to all spectra  

For the first dehydration (figure 5-7), the results have been partitioned into three spectral 

ranges, characteristic of the vibrational bands of the hydrated forms of magnesium sulfate. Figure 

5-7a presents the spectral range 50 to 800 cm
-1
, gathering the characteristic bands of the 

translational mode of the sulfate tetrahedra (SO4
2-
), the H-bond of the free H2O, the H-bond 

between the MgO6 octahedra (MgSO6) and the sulfate tetrahedra (Mg(OH2)6
2+

-SO4
2-
), the vibration 

modes 5 (MgSO6) and 1 (MgSO6), and the vibration mode 2 (SO4
2-
). Figure 5-7b displays the 

spectral range 900 to 1200 cm
-1
, dominated by the fundamental vibrational modes 1 (SO4

2-
) and 

3 (SO4
2-
) of the sulfate tetrahedra. And figure 5-7c shows the spectral range 2500–4000 cm

-1
, 

where the Raman peaks of crystalline water dominate: 1 (H2O) and 2 (H2O). The in-situ Raman 

characterization of the first dehydration of MgSO4·7H2O (figure 5-7) confirms the presence of 

two significant phase transitions. The first phase transition, taking place between 40°C and 50°C, 

can once more be attributed to the dehydration of MgSO4·7H2O into MgSO4·6H2O (table 5-4). 

On the Raman spectra presented in figure 5-7c, this phase transition is
 
highlighted by the 

modification of the positions and intensities of Raman peaks characteristic of the vibrational 

bands of the structural water. 1(H2O) is shifted to lower wavelength from 3277 ± 7 cm
-1
 to 3256 

± 2 cm
-1
 and undergoes an intensity reduction, while 2 (H2O) is shifted to higher wavelength 

(from 3401 ± 2 cm
-1
 to 3416 ± 3 cm

-1
) and undergoes an increase in peak intensity. 

* a) b) c) 
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The second phase transition of the first dehydration of MgSO4·7H2O, proceeds between 

70 and 80°C (figure 5-7). This phase transition is highlighted in the Raman spectra, by the 

reduction of the intensity and an overall broadening of the Raman peaks (table 5-4). This feature 

of the Raman spectra is indicative for a heavily disordered non-crystalline structure [1], which 

was also identified in the XRD measurements (figure 5-4). In addition, between 80 and 150°C, 

the vibrational bands 2 (SO4
2-
) and 4 (SO4

2-
) are respectively found at 450 ± 3 cm

-1 
and 618 ± 2 

cm
-1
. According to the reference Raman spectra of crystalline phases in literature [1], these peak 

positions suggest a hydrated state of the material corresponding to the crystalline phase of 

MgSO4·3H2O. However, the peak position of the fundamental band 1 (SO4
2-
) shows an 

evolution of the Raman peak position between 1024 ± 1 cm
-1
 and 1034 ± 2 cm

-1 
between 80 and 

150°C (figure 5-10). This suggests a progressive evolution of the hydration state of the material 

within the range of MgSO4·3H2O (1023.8 cm
-1
), identified in literature [1] to the crystalline phase 

of the sanderite MgSO4·2H2O (1033.8 cm
-1
). 

During the rehydration of the material (figure 5-8), the Raman spectra recorded between 

150°C and 27°C (30 min) show peak positions characteristic of the amorphous phase obtained at 

the end of the rehydration (1 (SO4
2-
) at 1034 ± 2 cm

-1
). Only a modification of the spectral 

baseline is observed with the decrease of temperature. This effect is an experimental artifact 

related to the decrease of the fluorescence of the experimental setup with the decrease of the 

temperature. The spectra recorded after 200h of rehydration (figure 5-8), show that the material 

has completely rehydrated as observed in the characteristic Raman spectra of the crystalline phase 

MgSO4·6H2O (table 5-4). This phase is highlighted by the formation of a sharp Raman peak at 

982 cm
-1
 characteristic of the vibrational bands 1 (SO4

2-
) and the specific shape and intensity of 

the vibrational bands of the structural water 1 (H2O) and 2 (H2O) at the respective wavelength 

3256 cm
-1
 and 3415 cm

-1
. MgSO4·6H2O is therefore confirmed as final phase of the rehydration 

of the material under in-situ conditions. 

 

Figure 5-8: Raman spectra for the first rehydration of MgSO4·7H2O performed under in-situ conditions 

(Trange = 25-150°C, p(H2O) = 13 mbar, cooling rate = 1°C/min). 
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The results of the consecutive second and third dehydrations of the same sample of 

MgSO4·7H2O are displayed respectively in figure 5-9a and figure 5-9b. For both reactions, the 

results show a single phase transition between 60 and 70°C. This phase transition is similar to the 

second transition phase of the first dehydration found between 80 and 150°C (table 5-4). In this 

range of temperature, a reduction of the intensity and an overall broadening of all Raman peaks are 

observed, characteristic of an amorphous phase. The position of the vibrational bands 2 (SO4
2-
) 

and 4 (SO4
2-
) of the newly formed phase at 450 ± 3 cm

-1 
and 618 ± 2 cm

-1
, suggests a hydration 

state corresponding to the crystalline phase of MgSO4·3H2O [1]. The shift of the Raman peak 

characteristic of 1 (SO4
2-
) from 1027 ± 1 cm

-1
 to 1036 ± 2 cm

-1
 observed between 70 and 150°C in 

figure 5-10, suggests a change of the hydration state in the material, from a tri-hydrated state to 

a hydrated state lower than the dihydrate. The shift of the onset temperature of the phase 

transition from 80°C for the first dehydration to 70°C for the second and third cycles implies 

different reaction rates between the first and the consecutive dehydrations of the material.  

 
Figure 5-9: Raman spectra for the a) second and b) third dehydration of MgSO4·7H2O performed under in-

situ conditions (Trange = 25-150°C, p(H2O) = 13 mbar, heating rate = 1°C/min) - * index indicating the 

presence of a signal disturbance between 1300 and 3000 cm-1 on the Raman spectrum conducted at 70°C. 

 

a) b) 
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Table 5-4: Identification of the Raman peaks for the three dehydrations and hydrations of MgSO4·7H2O 

studied under in-situ conditions with use for the reference study conducted by Wang et al. [1] – index (1) = 

dehydration 1, index (2-3) = dehydrations 2 and 3. 

dehydrations hydrations 
Attribution of the 

Raman bands 
25-40°C (1) 

50-70°C (1) 

25-60°C (2-3) 

80-100°C (1)  

70-100°C (2-3) 
110-150°C 25°C/ 200h 

85-87 84-86 85-90 85-90 89 Translational mode 

(SO4
2-) 105-120 114-122 - - 118 

147-152 - - - - H-bond free H2O 

198-201 204-206 190-305     

(large peak) 

210-285     

(large peak) 

202 H-bond MgSO6-SO4
2- 

242-247 241-244 241 5 (MgSO6)

365-369 357-361 - - 355 1 (MgSO6)

457-459 442-443 447-454 448-452 445 2 (SO4
2-)

- 460-462 - - 456 


608-609 602-614 617-618 617-620 624 4 (SO4
2-)

983 982 1023-1029 1032-1036 982 1 (SO4
2-)

1056-1057 1078-1084 1073-1259 
(large peak) 

1083-1288 
(large peak) 

1142 3 (SO4
2-)

1093-1096 1145-1146 
 

1142-1147 
    

1671 1654 1639 1634 1653  (H2O)

3272-3283 3254-3258 
3461-3469    

(large peak) 

3477-3483 

(large peak) 

3256 1 (H2O)

3399-3403 3413-3419 3415 2 (H2O)
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peak position of the fundamental 
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heating rate = 1°C/min) 
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 Characterization of the grain dimensions and morphology 5.3.3

As in the model salts study (chapter 4), microscopic observations are conducted on single 

crystals of MgSO4·7H2O over three consecutive dehydration/hydration cycles under in-situ 

conditions. The following standard conditions are used during the measurement (Trange = 25-150°C, 

p(H2O) = 13 mbar, heating/cooling rate = 1°C/min, flow rate = 100 ml/min), with long isothermal 

stages of 3h at 150°C and 200h at 25°C to reach stable phases after the dehydrations and 

hydrations. Figure 5-11 presents the microscopic observations at different steps of the first 

dehydration/hydration cycle, which shows the most significant morphological changes in the 

material. Figure 5-12 presents the variations of the single crystal dimensions during the three 

consecutive dehydrations. Finally, figure 5-13 presents the ESEM observations after the first 

dehydration and after three consecutive dehydration/hydration cycles, illustrating the evolution of 

the structural defects in the material at these reactions steps. 

   

   

Figure 5-11: Microscopic observations of the first dehydration/hydration cycle of a single crystal of 

MgSO4·7H2O under in-situ conditions (Trange = 25-150°C, p(H2O)=13 mbar, heating/cooling rates = 

1°C/min) – a) initial single crystal; dehydration process at b) 57°C, c) 80°C and  d) 150°C for 3h; 

hydration process at 25°C e) for 20h and  f) for 180h. 

The initial single crystal selected for the in-situ experiment in figure 5-11a, exhibits the 

common crystal habit of the orthorhombic structure (space group P212121) of MgSO4·7H2O 

crystals presented in figure 5-11b, with the distinction of the crystal faces associated to the lattice 

planes (110), (-110) and (111). During the first dehydration (figure 5-11), when the temperature is 

raised above 50°C, nuclei appear on the surface of every crystal face with a preferential onset on 

the edges and surface defects (figure 5-11b). A spontaneous pivoting of the crystal occurs during 

the dehydration process, indicative of a stress release by the material. At a further increase of the 

temperature, the nuclei grow on the surface and into the core of the crystal with a preferential 

orientation along the unit-cell axis c, as shown in figure 5-11b. At 80°C, the crystal becomes fully 

1 mm 

1 mm 1 mm 1 mm 

1 mm 1 mm a) c) b) 

d) f) e) 
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opaque, as shown in figure 5-11c, indicating a modification of its internal structure. This material 

change also induces a slight shrinkage (about 1 %) of the crystal dimensions along the c-unit cell 

axis (figure 5-12a). The further increase of the temperature to 150°C leads to an additional 

shrinkage of the crystal dimensions (figure 5-11d) of 6.5% of the initial dimensions (figure 5-12a).  

     

Figure 5-12: a) Variations of the crystal dimensions along the unit-cell axis c for three dehydrations of 

MgSO4·7H2O performed under in-situ conditions (Trange =25-150°C, p(H2O)= 13 mbar, 1°C/min) and 

b)representation of the crystal habits of MgSO4·7H2O single crystal presenting an orthorhombic structure 

(space group P212121) [14-15] 

  

  

Figure 5-13: Microscopic observations by ESEM microscopy under low water vapor pressure conditions (2.7 

mbar) of MgSO4·7H2O single crystals after the first dehydration at T=150°C (a-b) and after three cycles of 

dehydration/rehydration (c-d) under in-situ conditions (Trange =25-150°C, p(H2O)=13 mbar, 1°C/min) –

Images taken with the respective magnifications 35 (a-c) and 500 (b-d). 
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In addition, the ESEM observations taken at the end of the first dehydration of the material 

(figure 5-13b), show a formation of cracks in the grain structure of the material. By analogy with 

the model salts study (chapter 4), all these morphological changes on the grain level of the material 

(opacity, dimensional shrinkage, and cracks formation) may be related to the formation of smaller 

crystallites, initiated by the removal of crystalline water and the reorganization of crystal structure 

in the material. During the first rehydration process, the single crystal presents no variation of 

morphological aspects and dimensions during the cooling of the material from 150 to 25°C. A 

progressive expansion of the single crystal dimensions is subsequently observed until 100 % of the 

initial dimensions, during the first 15-20h at 25°C (figure 5-11e), while no significant change of the 

crystal dimensions is found in the consecutive 180h. The expansion of the crystal dimensions 

corresponds to the inhomogeneous uptake of the first two water molecules in the material structure. 

In the consecutive thermal cycles, no significant modifications of the single crystal morphology are 

observed compared to the material morphology at the end of the first thermal cycle (figure 5-11f). 

Only an increase of the surface defects is observed, with an opening of the cracks in the material 

(figure 5-13). Additionally, only a variation of 2-3% of the single crystal dimensions is observed 

for the second and third cycles, while the first cycle shows variations of 7.5%. This difference may 

be explained by the fact the grain structure is already open before the second and third 

dehydrations, and the rehydration of the previous cycles do not eliminate the cracks of the previous 

dehydration. No additional cracks are formed and only an increase of pore size takes place over 

cycles. 

 Discussion 5.3.4

The material characterization conducted on MgSO4·7H2O over thermal cycles under in-situ 

conditions (Trange =25-150°C, p(H2O) = 13 mbar, heating rate = 1°C/min) has two objectives. First, 

this investigation aims to identify the thermal and structural behavior of this material over 

consecutive dehydration and hydration cycles. The second objective is to identify the intrinsic 

material properties and operating conditions influencing the thermal behavior and structural 

changes of that material over cycles. The present discussion is built separately on the results 

obtained for the dehydration and hydrations processes.  

The dehydration process  

For the dehydration process, numerous studies on magnesium sulfate hydrates identified 

the formation of a large number of crystalline phases MgSO4·xH2O (x = 7, 6, 5, 4, 3, 2.5, 2, 1, 0) 

when the process was undertaken under quasi-isothermal and quasi-isobaric conditions (appendix 

5). These studies demonstrated that the formation of these crystalline phases is influenced by the 

temperature and p(H2O) conditions applied during the measurements. In the study of Watelle et al. 

[16], four crystalline intermediates of reaction (hexa-, tetra-, di- and mono-hydrate) were identified 

for a full dehydration of MgSO4.7H2O under isothermal conditions for p(H2O) below 50 mbar. In 

the present investigation, conducted at 13 mbar and with a heating rate of 1°C/min in a temperature 

range between 25 and 150°C, the dehydration of MgSO4.7H2O shows a different outcome, which 



Chapter 5 

 

106 | P a g e  

 

presents similarities with other experimental studies conducted with a dynamic heating [2, 16, 17]. 

The formation of the crystalline phase of MgSO4.6H2O is still identified in the thermal (figure 5-1) 

and structural (figure 5-4a) characterization between 35 and 55°C. However, by further increase of 

the temperature until 150°C, the crystalline phase of MgSO4.6H2O is dehydrated into an 

amorphous phase (figure 5-4a), showing a tri-hydrated composition at its formation (70-80°C) and 

reaching a non-stoichiometric composition MgSO4·xH2O (1 < x < 0) at 150°C (figure 5-1a). The 

Raman characterization conducted in the present study, permits to attribute the compositional 

variation of the amorphous phase with temperature, to the presence of multiple short-range order 

molecular arrangements, with a preferential structural configuration varying from a tri-hydrated 

toward a monohydrated state (figure 5-10).  

The amorphization of the material results from a collapse of the crystal structure of 

MgSO4·6H2O, caused by the effect of dynamic thermal conditions on the intrinsic properties of the 

material. First, the representation of the crystalline phase of MgSO4·6H2O made in figure 5-5, 

shows that the crystal structure of this material is constituted with independent Mg(H2O)6 
2+

 and 

SO4
2-
 entities linked by hydrogen bonding (O-H

…
O). The removal of the H2O ligands from the 

Mg(H2O)6 
2+

, occurring during the dehydration, may therefore  proceed in random directions in the 

crystal structure. This intrinsic structural property may result in an inhomogeneous recrystallization 

process when dynamic conditions are applied, forming multiple short-order molecular 

arrangements as identified in the results of the Raman investigation. Additionally, the removal of 

the H2O ligands of the Mg(H2O)6
2+

 octahedra induces a coordination between the oxygen atoms of 

the (SO4
2-
) ions to the Mg

2+
 ions. This newly formed chemical bonds, having significantly shorter-

range molecular distances (0.01 to 0.4 Å) than the initial hydrogen bonding (O-H
…

O) [9], induce a 

substantial compaction of the lattice volume (figure 5-14). Although the formation of pores 

increases the water transport out of the material, the larger compaction specific to this material may 

also lead to an obstruction in the newly formed crystallite and to a local recrystallization in the 

material. 

 

 

 

 

 

 

 

 

 

 

Figure 5-14: Comparison of the experimental grain structure compaction, observed during the dehydrations of 

MgSO4·7H2O under in-situ conditions (Trange =25-150°C, p(H2O)= 13 mbar, 1°C/min), with the compaction of 

the crystal structure of magnesium sulfate hydrates MgSO4·xH2O as function of their hydration state x, 

determined from their molecular volume presented in appendix 5. 
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Furthermore, the dehydration of the crystalline phase of MgSO4·6H2O, considerably 

modifies the orientation of the MgO6 and SO4 entities in the molecular structure. The two entities, 

linked initially by hydrogen bonding (O-H
…

O) with angle parameters between 118 to 165° for the 

different hydrates of magnesium sulfate [9], are aligned by formation of the covalent bonds. This 

structural modification results in a substantial modification of the crystal symmetry to form lower 

crystalline phases as seen in appendix 5. When dynamic conditions are applied during the 

dehydration process, the reorientation of the crystal structure preferentially takes a configuration 

that requires the minimum change of crystal structure symmetry. The crystal structure of 

MgSO4·2.5H2O, identified in reference studies in the literature [16, 22] shows a topotaxy with the 

crystal structure of MgSO4·6H2O (appendix 5). This explains the preferential rearrangement taken 

on the short-order molecular scale during reaction under dynamic conditions (figure 5-10). In 

addition, the dynamic conditions of dehydration induce the formation of multiple short-order 

molecular arrangements in the amorphous phase. This therefore explains the non-stoichiometric 

composition MgSO4·xH2O (1 < x < 0) at the maximum temperature of dehydration set at 150°C. If 

the material was left sufficiently long under these isothermal conditions, a recrystallization of the 

material could occur with a stoichiometric compositions in relation with the T- p(H2O) applied.  

The last point of discussion on the dehydration process focuses on the parameters 

influencing the rates of dehydration. The results of the thermal analysis (figure 5-3) show ten times 

slower reaction rates for the dehydration of magnesium sulfate compared to the model salts studied 

in chapter 3. The disordered molecular structure, intrinsic to the magnesium salts under dynamic 

dehydration, and the larger grain compaction (about 7-8%) observed by microscopic observations 

(figure 5-12), compared to the model salts studied in chapter 4 (0-2% compaction), are two 

structural phenomena that explain the slower water transport out of the magnesium salts. 

Additionally, Watelle et al. [16] identified very slow intrinsic kinetics of reaction at 13 mbar 

related to the recrystallization process of the material in presence of water vapor pressure. The 

contribution of each factor is further investigated in section 5.3, aiming to identify the effect of 

p(H2O) on the dehydration process.  

The hydration process   

For the rehydrations, the material characterization performed under in-situ conditions (Trange 

= 150-25°C, p(H2O) = 13 mbar, cooling rate = 1°C/min) shows a rehydration of the non-

stoichiometric phase MgSO4·xH2O (1 < x < 0), into an intermediate “di/tri-hydrated” state of the 

material with a significant exothermic effect (figure 5-2b). Subsequently, the thermal analysis 

results in figure 5-2a show a very slow rehydration process of the material until a hexahydrated 

state, with a significantly smeared out heat effect (low power). In the XRD (figure 5-4b) and 

Raman (figure 5-8) results, only one phase transition is observed corresponding to the rehydration 

of the amorphous phase of magnesium sulfate into the crystalline phase of MgSO4·6H2O. The 

absence of the reversible phase transition from the crystalline phase MgSO4·6H2O into the 

crystalline phase of MgSO4·7H2O, after each thermal cycle (figure 5-6), is a consequence of the 



Chapter 5 

 

108 | P a g e  

 

experimental p(H2O) conditions used during this study (13 mbar). Chipera et al.[3] showed indeed 

that the formation of the crystalline phase of MgSO4·7H2O only proceeds at ambient temperature if 

the ambient p(H2O) conditions are set above 60 mbar. However, despite the evident reversibility of 

the structural properties of the material over consecutive dehydration and hydration cycles, the 

thermal analysis results only point out a significant exothermic heat flow for the uptake of the first 

two water molecules.  

The thermal analysis results (figure 5-1 and figure 5-2) also identify a hysteresis in reaction 

temperature between the dehydration and hydration reactions of magnesium sulfate. For the 

rehydration of the non-stoichiometric phase MgSO4·xH2O (1 < x < 0) into the “tri/di-hydrated 

state”, the onset temperature of the reaction is found between 30 and 25°C. Under these 

experimental conditions, the driving force is sufficiently high to release efficiently the stored heat 

in the material with a significant exothermic effect (figure 5-2b). However, for the rehydration of 

the material from the “tri/di-hydrated state” into the hexahydrated state, the onset of the reaction is 

found at 25°C. The driving force of this rehydration step is therefore considerably slower, resulting 

in a smeared out heat effect on the thermal analysis results (figure 5-2b). Furthermore, the 

reduction of the reaction enthalpy and water molecule content in consecutive dehydrations and 

hydrations may be explained by the slow kinetics of rehydration of the material under the in-situ 

conditions. For the limited time of experiment of 200h selected in this study, the slow hydration 

kinetics induces an incomplete rehydration process of the material over thermal cycles. 

The investigation of the dehydration and hydration rates in the thermal analysis results 

(figure 5-3) show an increase of the rates over thermal cycles. This thermal effect may be 

associated with the formation of a significant porosity in the grain structure of the material 

observed in the microscopic observations (figure 5-13), which increase of the number of nucleation 

sites and improve the water vapor transport inside the material. With the objectives to limit the 

amorphization of the material during the dehydration process and to improve the rate of 

rehydration, the dehydration and hydration processes of magnesium sulfate will be further 

investigated under different p(H2O) conditions.  

 Investigation of the effect of p(H2O)  5.4

Thermal analysis and Raman spectroscopy measurements are conducted under different 

p(H2O) conditions to investigate the influence of this system parameter on the thermal and 

structural behavior of magnesium sulfate during the dehydration and the hydration processes.   

 Effect on the thermal performances of the material 5.4.1

As previously mentioned, due to the limited experimental settings of the STA Netzsch 

apparatus in term of p(H2O) conditions (maximum 20 mbar), the HPDSC equipment is used to 

investigate the influence of p(H2O) on the thermal performance of the material. The DSC 

measurements are carried out for different p(H2O) conditions in the range of 8 to 70 mbar. Due to 

the long reaction time of the material, the measurements are only conducted for the first 
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dehydration and rehydration. Additionally, different dynamic heating rates (1, 2 and 5°C/min) are 

applied. The increase of the p(H2O) conditions required an adaptation of the experimental 

conditions of temperature, to avoid condensation issues in the experimental setup. The summary of 

these experimental conditions is presented in table 5-5. It should also be mentioned that as 

consequence of the change of apparatus, the correction factor (around 20%) used due to thermal 

losses for the estimation of the effective reaction enthalpy in STA results, is not applicable for the 

present study. 

Table 5-5: Experimental conditions of the DSC measurements conducted under different water vapor pressure 

conditions in the HPDSC equipment.  

Reaction p(H2O) Heating rate Temperature range 

dehydration 

8, 13, 20, 30 and 40 mbar 1, 2 and 5°C/min 
30-150°C + isotherm for 

3h at 150°C 

50, 60 and 70 mbar 1°C/min 
40-150°C + isotherm for 

3h at 150°C 

hydration 

13 and 20 mbar 1°C/min 
150 -30°C  + isotherm for 

200h at 30°C 

30, 40, 50, 60 and 70 mbar 1°C/min 
150-40°C + isotherm for 

200h at 40°C 

5.4.1.1 Study of the dehydration process 

As mentioned previously in table 5-5, the first dehydration of MgSO4·7H2O is 

investigated under different conditions of p(H2O) and heating rates. Figure 5-15 displays the DSC 

results conducted at 1°C/min, for different p(H2O) conditions within the range of  8 to 70 mbar. 

Figure 5-16 displays the DSC profiles obtained for different heating rates (1, 2 and 5°C/min). It is 

chosen to present in figure 5-16 only the DSC results obtained at 30 mbar, as similar DSC 

profiles are obtained as function of the heating rate for the other p(H2O) conditions (8, 13, 20 and 

40 mbar). For each condition of p(H2O) and heating rate investigated, the DSC profile of the first 

dehydration of MgSO4·7H2O presents similar features as the DSC profile in the TG-DSC results 

experiments under in-situ conditions (figure 5-1b). Two distinct endothermic peaks can be 

identified. The first endothermic peak presents a symmetrical shape indicative of a well-defined 

phase transition in the material. The second endothermic peak highlights an asymmetrical shape 

with a tail effect which indicates the presence of an intermediate state of dehydration during the 

phase transition. However, figure 5-15 shows a shift of the reaction temperatures of the DSC peak 

minima from 42 to 56°C for the first phase transition and from 78 to 89°C for the second phase 

transition, when the p(H2O) is increased from 8 to 70 mbar. The temperature variations result 

from the thermodynamical properties of each phase transition with the variations of p(H2O). 

Additionally, figure 5-15 shows a narrowing of the DSC peak and a variation of the maximum 

heat flow with the increase of the p(H2O), implying an influence of the p(H2O) conditions on the 

reaction rates of the two dehydration steps.  
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Figure 5-16 also shows a variation of the reaction temperatures and heat flow with changes 

of the heating rates. When the heating rate is increased from 1 to 5°C/min a temperature shift of the 

DSC peak minima is observed from 47 to 53°C for the first phase transition and from 79 to 94°C 

for the second phase transition. Additionally, the increase of the dynamic heating induces an 

increase of the heat flow and an overlap of the two phase transitions. Both variations of reaction 

temperature and heat effect result from an experimental modification of the reaction time and do 

not reflect changes of kinetics and thermodynamical properties intrinsic to the material. However, 

this effect should be taken in consideration for a relevant interpretation of the experimental results. 

For each condition of p(H2O) and heating rate, data processing was conducted to investigate the 

influence of p(H2O) on the intrinsic thermodynamical properties on the effective reaction enthalpy 

identified by integration of the DSC signal and on the rate of reaction of the two phase transitions.  

Investigation of the intrinsic thermodynamical properties 

The investigation of the intrinsic thermodynamical properties is conducted according the 

graphical method of Van’t Hoff (chapter 2, section 2.2.2.2). For this investigation, the transition 

temperatures (DSC peak temperatures) are preferably used instead of the onset temperatures of the 
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Figure 5-15: DSC results of the 

first dehydration of MgSO4·7H2O 
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Figure 5-16: DSC results of the 

first dehydration of MgSO4·7H2O 

carried out at 30 mbar for different 

experimental conditions of heating 

rate (1, 2 and 5°C/min) 
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DSC peaks, due to the overlap of the phase transitions for the measurements conducted with 

heating rates at 2 and 5°C/min (figure 5-16). Due to the effect of the heating rate on the reaction 

temperatures, the Van’t Hoff plot in figure 5-17 is built with extrapolated isothermal temperatures. 

These isothermal temperatures are determined by linear regression of the reaction temperatures 

obtained for different heating rates according the method presented in chapter 2 (section 2.3.2.2).  

 
For both phase transitions, the Van’t Hoff plot in figure 5-17 shows a linear trend of the 

isothermal transition temperatures with the variation of the p(H2O) condition. This outcome 

indicates similar intrinsic thermodynamic properties for the two phase transitions in the p(H2O) 

range of 8 to 40 mbar. By analogy with the results from the in-situ investigation (figure 5-1), the 

present investigation permits to conclude in this p(H2O) range, that the crystalline phase 

MgSO4·6H2O and the tri-hydrated amorphous state of magnesium sulfate are intrinsic 

intermediates of reaction for the dehydration of MgSO4·7H2O. The intrinsic reaction enthalpies of 

the two phase transitions determined graphically from the Van’t Hoff plot (figure 5-17), show 

respective values of 191 ± 3 kJ/mol of H2O and 182 ± 5 kJ/mol of H2O. These enthalpy values 

show a substantial deviation from the reference enthalpy values found in the order of 55-60 kJ/mol 

(table 5-1) for the dehydration of different magnesium sulfate compounds. As previously seen in 

the model salts study (chapters 3 and 4), this mismatch results from additional energetic 

contributions taking place during the first dehydration of the material due to additional mechanical 

effects in the material structure (stress, different structural arrangement). Therefore, the intrinsic 

enthalpy values identified during the present investigation do not reflect the equilibrium 

thermodynamical properties of the material. 

Influence on the effective enthalpy reaction  

The reaction enthalpy values determined by DSC peak integration (chapter 2, section 

2.3.2.1) are displayed in figure 5-18 for each condition of p(H2O) and heating rate (1, 2 and 

5°C/min). 

Figure 5-17: Van’t Hoff 

representation of the p(H2O) 

conditions vs. the extrapolated 

isothermal transition temperature 

for the first dehydration of 

MgSO4·7H2O – Lines = theoretical 

equilibrium curve for magnesium 

sulfate hydrates [10], dot lines = 

experimental data 
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Figure 5-18: Overall enthalpy of reaction of the a) first and b) second endothermic peak identified in the DSC 

results for the first dehydration of MgSO4·7H2O with different p(H2O) and heating rate conditions  

As general observation, the enthalpy values of the first dehydration step (figure 5-18a) 

presents a constant trend with the increase of the p(H2O) condition, while a decreasing trend of the 

reaction enthalpy values is found for the second dehydration step (figure 5-18b). For the 

measurements performed with a heating rate of 1°C/min, a constant reaction enthalpy of 37 ± 

15 kJ/mol, below water evaporation enthalpy (44 kJ/mol), is found for the first dehydration step 

and a decrease of the overall reaction enthalpy between 216 ± 5 kJ/mol (8 mbar) and 183 ± 

5 kJ/mol (70 mbar) is observed for the second dehydration step. Additionally, the results 

presented in figure 5-18 identify a decrease of the reaction enthalpy values with the increase of 

the heating rate for each p(H2O) conditions. The first dehydration step of the material (figure 5-

18a) shows average enthalpy values of 37 ± 15 kJ/mol, 35 ± 3 kJ/mol and 25 ± 2 kJ/mol for the 

respective heating of 1, 2 and 5°C/min. Finally, under similar experimental conditions (p(H2O) = 

13 mbar, heating rate =1°C/min), the enthalpy data found during the present DSC investigation 

show lower values than observed during the investigation performed previously by in-situ TG-

DSC measurement. The two consecutive dehydration steps shows enthalpy values of 37 ± 

15 kJ/mol and 212 ± 3 kJ/mol in the present investigation, while enthalpy values of 47 ± 1 kJ/mol 

and 248 ± 3 kJ/mol, , not corrected with the 20% deviation of the apparatus, are found in the TG-

DSC results presented in table 5-1.  

The decrease of the enthalpy of reaction with the increase of heating rate, as well as the 

difference of enthalpy values between the present investigation and the previous in-situ TG-DSC 

analysis, results from experimental artifacts. The decrease of the enthalpy of reaction with the 

increase of heating rate results from an underestimation of the apparent enthalpy during the data 

processing, due to the overlap of the phase transitions. The lower enthalpy values found in figure 5-

18b result from larger heat losses in the HPDSC apparatus comparing to the STA equipment. 

Therefore, the quantitative values presented in the present study do not reflect the intrinsic reaction 

enthalpy of the material during the dehydration. However, the reproducibility of data processing 
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(peak integration) for the measurements performed with identical heating rates, ensures a relevant 

qualitative comparison of the reaction enthalpy values to study the effect of the p(H2O) conditions. 

The constant reaction enthalpy found for the first dehydration step with different p(H2O) conditions 

(figure 5-18a) confirmed the stability of the thermodynamical properties, as previously identified 

for the dehydration of MgSO4·7H2O into MgSO4·6H2O. However, the decrease of the reaction 

enthalpy values found for the second dehydration step with the variation of the p(H2O) conditions 

(figure 5-18b), indicates a change of the material composition (equilibrium water content) during 

this second phase transition. In the in-situ investigation (section 5.2), the final phase of dehydration 

was identified as an amorphous phase MgSO4·xH2O with a non-stoichiometric composition fixed 

by the maximum dehydration temperature set at 150°C. In the present investigation conducted at 

different conditions of p(H2O), the variation of reaction temperatures (figure 5-15) induces 

therefore a change of stoichiometry in this final dehydration phase at 150°C, resulting in lower 

overall reaction enthalpy values by increase of p(H2O).  

Influence on the rate of dehydration 

The maximum reaction rates of the two steps of dehydration are studied as function of the 

p(H2O) conditions between 8 and 70 mbar, according the method presented in chapter 2, section 

2.2.2.1. For this investigation, the measurements conducted at 1°C/min are used to limit the 

overlapping of the phase transitions at higher heating rates. For the two dehydration steps of 

MgSO4·7H2O investigated in this study, the results in figure 5-19 show an increase of the 

dehydration rates when the p(H2O) conditions increases from 8 to 50 mbar. The two dehydration 

steps show subsequently a decrease of their reaction rate by further increase of the p(H2O) until 

70 mbar.  

 

Figure 5-19: Evolution of the rates of the first a) dehydration and b) rehydration of MgSO4·7H2O, investigated 

under different p(H2O)conditions at 1°C/min. 

The presence of a maximum rate of reaction with the variation of p(H2O) is a common 

feature found for the dehydration in many crystalline salts, conventionally named in the literature 
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as the Topley-Smith effect [27-28]. This material behavior is commonly attributed to a combined 

influence of the catalytic effect of the surrounding moist atmosphere (water) on the 

recrystallization process of lower hydrates [29] and the transport of the water, freed during the 

dehydration. Slow reaction rate and slow transport were considered to justify the characteristic low 

reaction rate found at low p(H2O) conditions. The reference studies stipulate that if low p(H2O) is 

used, the recrystallization process results in the formation of fine pores due to compaction of the 

crystal structure. The transport of the water out of the material is therefore slow and a local 

rehydration at the surface of the pores may occur, resulting in a strong inhibition of the 

dehydration. At higher p(H2O), the literature studies state that the catalytic effect of water induces a 

faster recrystallization, which promotes the opening of the internal structure of the material (pores) 

and allows a more rapid escape of water molecules freed during the dehydration. This assumption 

explains the increase of the dehydration rate with increasing vapor pressure, until maximum 

recrystallization rate is reached. The consecutive decrease of the reaction rate, when p(H2O) is 

increased further, was subsequently attributed to a reversible rehydration of the material by the 

water provided by the surrounding atmosphere. Although the amorphization of the material 

proceeds for every p(H2O) condition (figure 5-4 and figure 5-7 demonstrate the formation of an 

amorphous material during the dehydration), the Topley-Smith effect (figure 5-19) can still be 

explained by short-order crystalline arrangement on the molecular level of the material. The 

maximum reaction rate found for the two dehydration steps of MgSO4·7H2O found in the present 

investigation, shows however a difference with other experimental studies conducted under 

isothermal conditions in the literature (table 5-6).  

Table 5-6: Values of p(H2O) corresponding to a maximum dehydration rate of MgSO4·7H2O found in different 

experimental studies – PSD = particle size distribution 

Reactant Product T (°C) PSD (m) 
p(H2O) for max. 

deh. rate (mbar) 
Reference 

MgSO4·7H2O MgSO4·H2O 40 310-420 9 [30] 

MgSO4·7H2O MgSO4·H2O 40 310-420 20 [31] 

MgSO4·7H2O MgSO4·2H2O 86 < 63 40 [32] 

MgSO4·7H2O MgSO4·(1-x)H2O 
25-150 

(1°C/min) 
100-200 50 this study 

The mismatch can be explained by the influence of additional experimental conditions of 

measurement (temperature, sample mass, powder grain size, presence of foreign gases) [28]. These 

experimental parameters play a role in the driving force of the recrystallization process 

(temperature) and the transport phenomena in the material. Additionally, the dynamic conditions of 

dehydration, used in the present investigation, result in an amorphization of the material during the 

dehydration. This also modifies the driving force and transport phenomena controlling the rate of 

dehydration. Therefore, the maximum dehydration rate found for a p(H2O) at 50 mbar in figure 5-

19  may be considered as a characteristic feature of the experimental conditions selected in the 

present study and may not reflect the kinetic behavior of the material under different experimental 

conditions (temperature range, PSD, mass sample). 
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5.4.1.2 Study of the hydration process 

Figure 5-20 displays the DSC results of the first rehydration process of MgSO4·7H2O for 

different p(H2O) conditions within the range of 13 to 70 mbar. For each p(H2O) condition, the 

material is cooled from 150°C with a rate of 1°C/min until an isothermal stage, and left under 

isothermal conditions for 10h. As already mentioned in table 5-5, the temperature of the isothermal 

stage is adjusted for the different p(H2O) studied, to avoid issues of condensation in the 

experimental apparatus. For the measurements at 13 and 20 mbar the isothermal temperature of 

30°C is used, while for the measurements conducted between 30 and 70 mbar the isothermal 

temperature was fixed at 40°C. The outcome of every DSC measurements is displayed in figure 5-

20. For the measurement conducted at 13 mbar, the DSC profile shows a smaller heat effect 

smeared out in the baseline of the DSC signal compared to the in-situ measurements (figure 5-2b). 

The mismatch is due to the difference of set point temperature (from 25 to 30°C). 

 

Figure 5-20: DSC results of the first rehydration of MgSO4·7H2O, carried out for different water vapor 

pressure conditions, with a cooling rate of 1°C/min - *experimental artifact –  = additional peak at 60 and 

70 mbar 
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When the p(H2O) is increased up to 20 mbar, two low intensity and overlapping 

exothermic effects appear, implying the presence of two phase transitions in the material. The first 

exothermic effect forms a low intensity peak after 30 min at 30°C and proceeds for 1h, and the 

second heat effect corresponds to a smeared out signal. Similar to the measurements at 13 mbar, an 

incomplete hydration process takes place at 20 mbar, highlighted by the fact that the second heat 

effect does not reach the DSC baseline at the end of the measurement. By further increase of 

p(H2O) from 30 to 70 mbar, the two overlapping exothermic effects progressively form well-

defined DSC peaks, with an increase of the heat flow. At 60 and 70 mbar, an additional shoulder 

effect is observed at the end of the second exothermic peak, implying an additional phase transition 

in the material. The increase of p(H2O) causes a modification of the onset of the rehydration. The 

hydration onsets at 30 and 40 mbar are respectively found after 15 and 4 min of reaction at 40°C. 

At 50, 60 and 70 mbar, the hydration process starts during the dynamic cooling of the material at 

the respective temperatures of 50, 53 and 54°C. The increase of p(H2O) also induces a narrowing 

of the peak shape and a reduction of the reaction time, characteristic of a modification of the 

reaction rates. Between 30 and 50 mbar, the reaction time decreases from 8 to 2.5 h of reaction. By 

further increase of p(H2O) to 60 and 70 mbar, the hydration proceeds in 3h of reaction.  

From the DSC results in figure 5-20, the enthalpy and rate of the two steps of hydration are 

determined for each p(H2O) condition investigated. Due to the overlap of the exothermic peaks of 

the two phase transitions identified in figure 5-20, only an estimation of the overall hydration 

enthalpy is permitted as function of p(H2O). The determination of the enthalpy values for each 

p(H2O) condition is therefore performed by integration of the entire DSC profile according the 

method presented in chapter 2, section 2.2.2.1. Figure 5-21, displaying the outcome of this data 

processing, shows an increasing trend of the reaction enthalpy (from 9 to 227 ± 10 kJ/mol) with the 

increase of the p(H2O) conditions from 13 to 50 mbar, while a slight decrease of the reaction 

enthalpy (from 227 to 203 ± 10 kJ/mol) is found in the p(H2O) range from 50 to 70 mbar.  

       

The lower enthalpy values found for the measurements conducted between 13 and 40 

mbar, result from incomplete rehydration processes in the limited measurement time of 10h, 
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related to the fact that the formation of MgSO4·6H2O was found in the in-situ investigation (figure 

5-2a) at 13 mbar after a required reaction time of 200h. The enthalpy value at 20 mbar (100 ± 10 

kJ/mol) shows a higher value than the measurement conducted at 30 mbar (88 ± 10 kJ/mol), 

resulting from the change of hydration temperature set point from 30 to 40°C between the two 

measurements. This therefore modifies the driving force and consequently the rate of reaction. The 

variation of reaction enthalpy between 50 and 70 mbar, shows similar values in comparison with 

the data identified for the second dehydration step of MgSO4·7H2O (figure 5-18b). Both effects are 

a result of the change of stoichiometry of the material at the maximum temperature of dehydration 

(150°C), with the variation of p(H2O). This outcome suggests for this p(H2O) range, a full 

rehydration of the final dehydration phases MgSO4·xH2O (1 < x < 0) into the crystalline phase of 

MgSO4·6H2O. The MgSO4.7H2O phase is not observed here, although the study of Chipera et al. 

[3] showed a recrystallization of MgSO4·7H2O for p(H2O) conditions above 60 mbar. The absence 

of the heptahydrated phase in the present investigation, results from higher isothermal conditions of 

hydration (40°C) comparing to the reference study (ambient conditions).  

The maximum reaction rate of each exothermic DSC peak is determined according the 

method presented in chapter 2, section 2.2.2.1. For this investigation, only the results obtained 

between 30 and 70 mbar are considered to avoid the effect of different isothermal set point 

conditions. Figure 5-22, displaying the variation of the maximum reaction rates of the two 

exothermic peaks as function p(H2O), shows a significant increase of the reaction rates for both 

phase transitions between 30 and 50 mbar, with the largest increase between 40 and 50 mbar.  

     

This kinetic effect results from the change of experimental circumstances of the hydration 

onset between these two measurements. The hydration onset at 30 and 40 mbar is found during the 

isothermal stage set at 40°C, while for the higher p(H2O) (50-70 mbar), the hydration onset is 

found during the dynamic cooling of the material (50-54°C). The effect of the increasing 

temperature, decreasing the driving force of the reaction, added to the larger p(H2O), results 
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therefore in the variation of rates between these measurements. Consequently, figure 5-22 shows a 

slight decrease of reaction rates between 50 and 70 mbar, particularly for the second phase 

transition (peak 2), resulting from different hydrated state (stoichiometry) of the material in the 

preliminary dehydration of the material for each p(H2O) condition. All the variations of the 

reaction rates as function of p(H2O), presented in figure 5-22, show similar features compared to 

the outcome of the dehydration study of MgSO4·7H2O (figure 5-19). Maximum reaction rates are 

found for a p(H2O) of 50 mbar. The increase of the p(H2O) between 30 and 50 mbar, could be 

explained from the increase of the catalytic effect of water on the recrystallization process in the 

material and a larger driving force. The unexpected  decreasing trend found between 50 and 70 

mbar, may be associated to the formation of an additional intermediate of reaction or a phase 

change in the material ( in figure 5-20), highlighted by the change of reaction kinetics (peak 

shoulder) during the second phase transition in the DSC profiles (figure 5-20).  

The outcome of the present thermal analysis points out that the p(H2O) conditions influence 

the heat effect and the reaction time of the rehydration, which can be associated with the possible 

catalytic effect of the water on the material recrystallization mentioned in the literature, and a larger 

driving force. Under the operating conditions (temperature range, dynamic rate, PSD, mass 

sample, etc…), an optimal recrystallization process is identified at 50 mbar for both dehydration 

and hydration processes (figure 5-19 and figure 5-21). As already mentioned in the dehydration 

study, this outcome is intrinsic to the present measurement conditions and might not reflect the 

material behavior of magnesium sulfate hydrates under other experimental conditions. In addition, 

the present investigation highlighted the common presence of two phase transitions during the 

hydration process for every p(H2O) condition investigated, suggesting an intrinsic feature of the 

material imposed by the dynamic operating conditions. To confirm this assumption, an additional 

structural characterization of the material was conducted at 50 mbar by Raman spectroscopy, as 

XRD analysis measurements cannot be performed for such high conditions of p(H2O).  

 Raman spectroscopy at 50 mbar 5.4.2

An additional structural characterization by in-situ Raman spectroscopy was conducted at 

50 mbar to identify the effect of the water vapor pressure on the material structure under different 

operating conditions. Figure 5-23 displays the results of experiments conducted for the first 

dehydration and hydration of MgSO4·7H2O, in the temperature range 40-150°C. Heating and 

cooling rates of 1°C/min and standard conditions of flow rate at 100 ml/min were used during the 

experiment. The Raman spectra were recorded every 10°C under isothermal and isobaric 

conditions, in the wavelength range between 50 and 4000 cm
-1
.  The evolution of the structural 

material behavior during the dehydration (figure 5-23a) and hydration (figure 5-23b) of 

MgSO4·7H2O, shows similar phase transitions as seen before in the investigation conducted at 13 

mbar (table 5-4).  
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Figure 5-23: Raman spectra of the first a) dehydration and b) rehydration of MgSO4·7H2O performed at 

p(H2O) = 50 mbar, in the Trange = 25-150°C, with heating/cooling rates = 1°C/min. 

During the dehydration (figure 5-23a), the crystalline phase of MgSO4·7H2O is dehydrated 

into the crystalline phase of MgSO4·6H2O between 40 and 50°C. This phase transition is 

highlighted in figure 5-23a by the peak shifts and intensity changes of the characteristic bands of 

the structural water. 1 (H2O) is shifted from 3277 ± 7 cm
-1
 to 3256 ± 2 cm

-1
 and 2 (H2O), from 

3401 ± 2 cm
-1
 to 3416 ± 3 cm

-1
. Subsequently, above 80°C, the crystalline phase of MgSO4·6H2O 

is dehydrated into an amorphous phase, showing a local structural arrangement between a tri-

hydrated and a mono-hydrated state with the increase of the temperature. The amorphization 

of the material is once more highlighted by the widening of the peaks (figure 5-23a). The 

evolution of the local hydration state in the material is underlined by the shift of the vibrational 

band 1 (SO4
2-
) shown in figure 5-24, suggesting a hydration state within the range of the 

metastable phase MgSO4·3H2O (1023.8 cm
-1

), and the crystalline phase of the kieserite 

MgSO4·H2O (1046.1 cm
-1

). As also observed in previous thermal analysis results (figure 5-

15), a shift of the reaction temperature takes place compared to measurements conducted at 

13 mbar (figure 5-7). The formation of the amorphous phase starts at 80°C (50 mbar) instead 

of 70°C (13 mbar). This temperature difference is directly related to the change of p(H2O) 

conditions during the measurements.  

a) b) 
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Figure 5-24: Variation of the peak position of the fundamental band 1 (SO4

2-) of the amorphous phase 

obtained for the first dehydration and hydration of MgSO4·7H2O under experimental conditions Trange = 25-

150°C, p(H2O) = 50 mbar and heating/cooling rates = 1°C/min 

For the hydration process (figure 5-23b), a gradual rehydration of the amorphous phase is 

observed between a mono- and tri-hydrated state during the cooling of the material from 150 to 

40°C. This phase change is characterized by the shift of the vibrational band 1 (SO4
2-
) from 

1035.9cm
-1

 to 1027.3 cm
-1

 as shown in figure 5-24. Subsequently, the results in figure 5-23b 

exhibit a shift of the vibrational band 1 (SO4
2-
) from 1027.3 cm

-1 
to 983 cm

-1 
after 15 min of 

rehydration at 40°C. Additionally, the final Raman spectra of rehydration indicates that the final 

phase of hydration is the crystalline phase of MgSO4·6H2O. This phase change confirms the 

rehydration of the tri-hydrated amorphous state into the crystalline phase of MgSO4·6H2O. The 

experimental conditions of temperature and p(H2O) selected for the investigation (T = 40°C 

and p(H2O) = 50 mbar) justify the absence of the crystalline phase of MgSO4·7H2O at the end 

of the rehydration process [3].  

The outcome of this structural characterization conducted by Raman spectroscopy shows 

an identical structural behavior between the measurements conducted at 13 and 50 mbar, with 

faster reaction time for the measurements performed at 50 mbar. This permits to conclude that the 

material amorphization and the formation of a “tri-hydrated” amorphous phase, as intermediate of 

reaction, are intrinsic structural features of the material for measurements conducted under 

dynamic operating conditions in the range of p(H2O) from 13 to 50 mbar. An additional structural 

characterization is recommended for future work to investigate the structural variations above 50 

mbar. 

 Conclusions  5.5

The purpose of the material characterization undertaken on MgSO4·7H2O consisted in 

identifying the material properties and operating conditions influencing the thermal behavior of 
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this material, during consecutive dehydration/hydration cycles under in-situ conditions typical 

for seasonal heat storage (Trange = 25-150°C, p(H2O) = 13 mbar, heating/cooling rates = 1°C/min). 

Under those experimental conditions, the consecutive cycles of dehydration and hydration show an 

intrinsic variation of the material structure between a non-stoichiometric amorphous phase 

MgSO4·xH2O (1 < x < 0) at the end of the dehydrations and the crystalline phase 

MgSO4·6H2O at the end of the rehydrations. Additionally, both dehydration and hydration 

processes did not indicate the presence of intermediate crystalline phases of magnesium sulfate 

hydrates, seen in isothermal studies [11-12, 16, 18-25]. Instead, a distinguishable 

tri/dihydrated amorphous phase is found as intermediate phase for both processes. The 

amorphous intermediate results from a collapse of the crystal structure of the material with an 

inhomogeneous rearrangement of the molecular entities (MgO6
2+

 and SO4
2-

 ions) due to a 

combination of the slow kinetics properties intrinsic to the magnesium sulfate hydrates and 

the dynamic conditions of measurements. The topotaxy between the crystal structures of the 

crystalline phases MgSO4·2.5H2O [22] and MgSO4·6H2O [12] explains the preferential 

structural arrangement of a tri/dihydrated state, taken by the amorphous phase on the local 

molecular level. Additionally, the variation of composition of the amorphous phase in 

temperature between the tri- and di- hydrate, results from the intrinsic stoichiometric 

conditions under specific conditions of temperature and p(H2O). The non-stoichiometric 

composition of the final phase of dehydration MgSO4·xH2O (1 < x < 0) and the presence of 

MgSO4·6H2O as final phase of rehydration, result from the experimental conditions of 

temperature and p(H2O) set by the application requirements for each process. 

The amorphization of the material also permits to relate the characteristic slower 

dehydration and hydration rates for magnesium sulfate at 13 mbar compared to other salt 

hydrates (chapter 3), due to a reduction of the transport phenomena in a disordered crystal 

structure. However, a similarity exists between MgSO4·7H2O and the two sulfate model salts 

studied. For MgSO4·7H2O, significantly slower hydration rates (10 times) are found 

compared to the dehydration rates under in-situ conditions. This thermal behavior results from 

the presence of a temperature hysteresis between the two processes, leading to different 

experimental conditions for the two processes (dynamic dehydration vs. pseudo-isothermal 

hydration). This therefore results in a considerably lower driving force for the rehydration 

process, which permits to explain the low heat release found at 13 mbar. Additionally, 

although an increase of the hydration rate is observed over thermal cycles by increase of the 

material porosity, a general reduction of the heat effect takes place over thermal cycles. This 

latter material behavior results from incomplete rehydrations under fixed experimental time of 

200h, due to the very slow structural reorganization of the material (kinetics) and possible 

formation of non-reactive area inside the material, seen in a previous studies on MgSO4·7H2O.  

From a storage application point of view, the thermal behavior of MgSO4·7H2O 

resulting from the slow rehydration kinetics, induces a much too low power delivery. With an 

upscaling to full scale reactor of 10 m
3
, the slow reaction rates would reduces further, due to 
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additional transport issues related to the packed-bed configuration. The study investigating the 

effect of the p(H2O) conditions shows a significant improvement of the rehydration kinetics 

with an increase of the p(H2O) conditions up to 50 mbar. However, to obtain these 

experimental conditions, the system would require to be maintained above a temperature of 

36°C to avoid overhydration issues of the material [26]. Additionally, to reach p(H2O) 

conditions of 50 mbar, a full saturation of the incoming air stream is required with minimum 

temperature of 33°C. Both thermal adjustments require the addition of active heating and a 

possible adjustment of the evaporation system developed for the application (chapter 1, section 

1.3.1.1), so these operating conditions reduce the energy neutral aspect of the pre-designed 

storage system. Therefore, the outcome of the present investigation shows strong 

disadvantages of using MgSO4·7H2O as a thermochemical material for seasonal heat storage 

in the residential sector. 
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Appendix 5: Reference crystal structures of the crystalline 

phases of MgSO4 hydrates 
Table 5-7: Symmetry, lattice parameters and volume of the reference crystalline phases of MgSO4 hydrates  
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6.1 Introduction 

In the overview on suitable salt hydrates for domestic application of seasonal solar heat 

storage (SSHS), presented in the introduction chapter of this thesis (chapter 1), magnesium 

chloride hexahydrate (MgCl2·6H2O) shows the most promising characteristics regarding cost, 

storage energy density (2.5 GJ/m
3
 for crystal density) and temperature output (T = + 20-60°C). 

However, the cyclic stability of this material is problematic. Two material-related problems 

intrinsic to MgCl2·6H2O are identified in recent studies [23]-[42]  to be responsible for the 

reduction in thermal performance over cycles: 

 The material has a high deliquescence temperature. Therefore, overhydration may occur 

at ambient temperature, inducing significant structural changes in the packed bed (grain 

agglomeration, clogging). This blocks the vapor transport and reduces performance over cycles.  

 Decomposition of the material occurs at high temperatures (140-150°C) [23], forming 

HCl vapors. This leads not only to irreversible degradation of the performance, but also to 

corrosion and safety issues for application in a domestic environment. 

With the objective to improve the performance of MgCl2·6H2O as thermochemical 

material for SSHS, the present study aims to understand these intrinsic material properties in 

relation to the in-situ operating conditions for a SSHS system. 

6.2 Experimental procedure 

Two experimental micro-scale characterization studies are performed with the different 

characterization techniques presented in chapter 2. Firstly, a characterization of the thermal and 

structural properties of MgCl2·6H2O is conducted over consecutive dehydration/hydration cycles 

under in-situ conditions (p(H2O) = 13 mbar), to identify the influence of the intrinsic material 

properties on the thermal performance and material stability. Thermal analysis measurements (TG-

DSC) are carried out with the STA Netzsch apparatus on samples of 10 ± 0.2 mg, to identify the 

compositional changes and thermal effects in the material. An X-ray diffraction (XRD) analysis is 

carried out on powder samples (around 1g) to characterize the structural changes on the molecular 

level. In-situ XRD measurements (Bruker D8 Advance) are performed to identify crystal structure 

changes (symmetry, lattice parameters) in the crystalline phase as a function of temperature at 

different steps of the cycling process. Then, in-situ optical microscopy observations on large 

samples (3-5 mm) are conducted to follow the morphological (structural defects, porosity) and 

dimensional changes in the material structure.  

Secondly, a complementary thermal analysis study, performed with the STA Netzsch 

apparatus (using samples of 10 ± 0.2 mg), is conducted under different conditions of temperature 

range and p(H2O) to identify the effect of the operating conditions on the thermal and structural 

properties over consecutive dehydration/hydration cycles. For each characterization technique 
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used, flow rates are set sufficiently high to avoid a rate-limiting effect due to change of the local 

vapor pressure by dehydration and hydration of the sample (chapter 2, table 2-1). 

Three types of MgCl2·6H2O samples are used for this study. ACS reagent grade powders 

of MgCl2·6H2O (Merck, CAS 7791-48-6, ≥ 99% purity), sieved prior to the experiments to a 

particle size distribution (PSD) of 100-200 m, are used during the thermal analysis and XRD 

analysis to characterize the intrinsic material properties of MgCl2·6H2O. Then, a synthesized single 

crystal of MgCl2·6H2O with PSD of 3-5 mm, grown with the techniques presented in Chapter 2 

(appendix 2-1), is used for a microscopic observation of the structural changes of the material on 

the grain level. Finally, commercial pellets from Nedmag C (≥ 98% purity) with a PSD of 3-5 mm 

used in the previous lab-tests [23], are also investigated by thermal analysis and microscopic 

observations to identify the influence of different material properties (lower purity, different 

morphological aspect) on the material behavior over cycles. Grinded pellet samples sieved to a 

PSD of 100-200 m are used for thermal analysis measurements in comparison with the powder 

sample, and in XRD measurements, which require powdery samples. 

6.3 Characterization under in-situ conditions  

6.3.1 In-situ thermal analysis 

6.3.1.1 First dehydration of MgCl2·6H2O up to 300°C 

To identify the experimental limits due to deliquescence and hydrolysis of MgCl2·6H2O, a 

thermal analysis study is conducted on the first dehydration of the powder and grinded pellet 

samples of MgCl2·6H2O in the temperature range of 25-300°C under a p(H2O) of 13 mbar. Figure 

6-1 presents the results of this thermal analysis, performed with a heating rate of 1°C/min. 

 

Figure 6-1: (a) TG results and (b) DSC results of the dehydration of commercial samples of MgCl2·6H2O 

(Merck powder and grinded Nedmag pellets) performed in the temperature range 25- 300°C, with a heating 

rate of 1°C/min under p(H2O) =13 mbar. 
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According to these results, the two MgCl2·6H2O samples show similar thermal behavior in 

the temperature range studied (25-300°C), with a slight difference in mass loss above 150°C, that 

may be attributed to the level of purity in the material. First, the TG results in figure 6-1a, show a 

mass uptake between 25 and 30°C. A mass uptake of 0.9 ± 0.1% and 2.3% is found respectively 

for the pellet and powder samples. These mass uptakes correspond to water uptakes in the 

materials of 0.1 and 0.3 water molecules. The larger uptake found for the powder compared to the 

pellets is caused by the fact that the powder has a larger surface area in contact with the moist 

atmosphere. Between 30 and 60°C, the TG results (figure 6-1a) show complete loss of this 

additional water uptake, and this is associated with a small endothermic effect on the DSC profile 

at a minimum at 38-40°C. This result indicates that the material deliquescence at 13 mbar proceeds 

below 30°C. By further increase of the temperature from 48 to 144°C, the TG results in figure 6-1a 

exhibit mass losses of 16.9 ± 0.1% and 18.6 ± 0.1% of the initial composition of the material 

(MgCl2·6H2O). These mass losses correspond to consecutive losses of 1.9 and 2.1 water 

molecules, implying the formation of a tetra-hydrated and a di-hydrated state in this temperature 

range. On the DSC results (figure 6-1b), the water losses are associated with two overlapping 

endothermic peaks with peak minima at 96.7 and 131 ± 2°C. Above 150°C, two mass losses, 

associated with overlapping DSC peaks at 174 and 231± 1°C, proceed for each sample with an 

overall average mass loss of 26.7 ± 0.5 %. This corresponds to the loss of one water molecule and 

one HCl molecule from the initial composition of the material, forming a final phase of MgClOH. 

In literature [57]-[58], the loss of H2O and HCl are assumed to proceed in parallel. The hydrolysis 

reaction occurs from both the dihydrated and the monohydrated state in competition with the 

dehydration reaction. Therefore, hydrolysis can be avoided by limiting the dehydration of the 

material to the dihydrated state. 

6.3.1.2 Cycling test of MgCl2·6H2O  

Next, cycling tests were carried out in the TGA-DSC. The maximum temperature on 

dehydration is reduced to 130°C to avoid the hydrolysis, and a minimum hydration temperature of 

40°C is set to avoid the deliquescence. To distinguish the DSC peaks of the different reaction steps 

more clearly, slower heating and cooling rates (0.2-0.5°C/min) are applied. For the cycling of the 

powdery samples, 23 dehydration/hydration cycles are carried out. For the cycling of the pellets (3-

5 mm), using the same sample weight as for the powdery sample (10 ± 2 mg), the completion of 

the reaction requires much longer isothermal stages (5 hours). Therefore, only five cycles were 

investigated. The TG-DSC results of the cycling study as a function of time for the powder and 

pellet samples are respectively displayed in figure 6-2 and figure 6-3. 
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 Figure 6-2: In-situ TG-DSC results of 23 dehydration/hydration cycles on a powder sample (Merck) of 

MgCl2·6H2O (PSD=100-200m) as a function of time, performed under in-situ conditions (Trange =40-130°C, 

p(H2O) = 13 mbar), heating rate = 0.5°C/min and cooling rate = 0.2°C/min) 

 

Figure 6-3: In-situ TG-DSC results of five dehydration/hydration cycles on a pellet sample (Nedmag) of 

MgCl2·6H2O (PSD=2-5m) as a function of time, performed under in-situ conditions (Trange =40-130°C, 

p(H2O) = 13 mbar), heating/cooling rates = 0.5°C/min) 

The TG results for the powder sample in figure 6-2 (blue line), show a progressive 

degradation of the material over consecutive dehydration and hydration cycles. At the 23
rd
 cycle, 

mass variations in the sample are almost non existent and the sample reaches a constant sample 

mass of 56.6 ± 0.1% of its initial composition (MgCl2·6H2O). This total mass loss is slightly 

smaller than the mass loss found for the formation of MgClOH (60.9 ± 0.1%) during the first 

dehydration of the material at higher temperature (200-300°C).  

For the pellet sample, the TG results of the first dehydration (figure 6-3) show a mass loss, 

corresponding to dehydration of a hexahydrated state to a dihydrated state. However, a different 

behavior is found for this material during the consecutive rehydration, compared to the powder 

sample. For the pellet sample, the first and second rehydration show lower mass uptake (13.3 and 

21.1 ± 0.2%) compared to the powder sample (34.6 and 32.2 ± 0.2%), while a longer isothermal 
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period is used. Then, an increase is found in cycle 3 (28.0 ± 0.2%), with similar mass uptake as for 

the powder sample. Cycle 4 and 5 have a lower uptake than cycle 3, which may be related to a 

degradation of the material over thermal cycles. The incomplete rehydration of the pellet during  

the first two cycles results from a slow reaction in the bulk sample, due to slower water vapor 

transport compared to a powder sample. 

Figure 6-4 displays the DSC results over cycles as a function of temperature for the powder 

and pellet samples. The powder sample of magnesium chloride hexahydrate (figure 6-4a) is 

dehydrated and rehydrated with two distinct reaction steps, highlighted by well-defined DSC 

peaks. Taking into consideration the associated mass variations for each DSC peak (figure 6-2), the 

two phase transitions correspond to reversible dehydration/hydration of the 6-hydrate state into 4-

hydrate at low temperature, and of the 4-hydrate state into 2-hydrate at higher temperature. For the 

pellet sample (figure 6-4b), similar phase transitions are found, but formless and overlapping DSC 

peaks are observed upon consecutive dehydration and hydration reactions. The difference in 

thermal behavior between the two samples results from different heat and vapor transport 

phenomena in the sample due to their different particle size.  

    

Figure 6-4: DSC results as a function of temperature of a) 23 dehydration/hydration cycles of MgCl2·6H2O 

powder sample (PSD = 100-200 m) and b) 5 dehydration/hydration cycles of MgCl2·6H2O pellet sample 

(PSD = 2-5 mm), performed under in-situ conditions (Trange = 40- 130°C, p(H2O) = 13 mbar, heating/cooling 

rates = 0.5°C/min (apart from a cooling rate of 0.2°C/min for the powder sample in a)) 

Both dehydration and hydration proceed fully in the temperature range of 40 to 130°C 

unlike for sulfate materials (Chapter 3 and Chapter5). The DSC results of the powder sample 

(figure 6-4a) also show a shifted and larger temperature range of reaction for the first reaction step 

(6 → 4) of the first dehydration compared to the consecutive cycles. Additionally, for both samples 

studied, a temperature hysteresis is observed for the onset of the phase transitions between the 

dehydration and hydration processes. For the reaction step between the 6-hydrate and the 4-

hydrate, the reaction starts at 68 ± 1°C, while the hydration reaction starts at 62 ± 2°C on hydration. 

For the phase transition between the 4-hydrate and the 2-hydrate, the temperature hysteresis is 
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found between at 105 ± 1°C on dehydration and 84 ± 1°C on hydration. For a better understanding 

of the cycling effect on the thermochemical process in each MgCl2·6H2O sample, an investigation 

of the reaction enthalpy and the maximum reaction rate is performed. 

Enthalpy of reaction 

The reaction enthalpy for each phase transition can only be identified with sufficient 

accuracy for the powder sample. The enthalpy values are determined by integration of the DSC 

peaks in figure 6-2, according to the method described in chapter 2, section 2.3.2.1. Also a +20% 

correction factor is applied to correct experimental heat losses in the Netzsch apparatus, identified 

during the measurements performed on the model salts in Chapter 3. The overall enthalpy per 

reaction step is displayed in figure 6-5. 

 

Figure 6-5: Variations of a) the overall reaction enthalpy and b) enthalpy per water molecule of the two 

phases transitions of the 23 consecutive dehydration and hydration processes in the powder sample of 

MgCl2·6H2O (100-200 m) performed under in-situ SSHS conditions (T range = 40- 130°C, p(H2O) = 13 mbar 

heating/cooling rates = 0.5°C/min) 

For both phase transition steps, a proportional degradation of the enthalpy is found over 

cycles on both dehydration and hydration. The material loses 50% of its storage capacity after 5 

cycles and a complete degradation is observed after 20 cycles. Reaction enthalpy values found for 

the two phase transitions during the first dehydration (122 ± 5 kJ/mol and 140 ± 5 kJ/mol) are in 

the order of the enthalpy values found in literature [59] for the phase transitions from the 6-hydrate 

to the 4-hydrate (116 kJ/mol) and from the 4-hydrate to the 2-hydrate (136 kJ/mol). However, the 

first reaction step (6 → 4) is out of the trend of the degradation curve, indicating different 

thermodynamical properties for this first reaction of the material (figure 6-4), attributed to the 

breaking of the material structure during this reaction (figure 6-12).  

Figure 6-6 presents the evolution the overall hydration enthalpy and hydration enthalpy per 

water molecule over consecutive cycles for the powder and pellet samples. The overall hydration 

enthalpy values are determined by integration of the DSC peaks in figure 6-4. The enthalpy values 
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per water molecule are calculated by normalizing the overall enthalpy values with the variation in 

water content obtained from the TG results (figure 6-2 and figure 6-3). 

 

Figure 6-6: Corrected overall reaction enthalpy (+ 20%) of the consecutive hydrations of a) powder sample 

(100-200 m) and b) pellet sample (2-5 mm) of MgCl2·6H2O, performed under in-situ SSHS conditions (T range 

= 40- 130°C, p(H2O) = 13 mbar heating/cooling rates = 0.5°C/min) 

For the powder sample (figure 6-6a), a stable hydration enthalpy per water molecule (50 ± 

5 kJ/mol) is observed over cycles indicating a intrinsic process of dehydration over cycles. The 

decrease of the overall hydration enthalpy proceeds with around 50% reduction of the energy 

storage capacity after the fifth cycle confirms once more the degradation of the material over 

consecutive cycles. Additionally, the stability of the hydration enthalpy per water molecule 

validates the assumption made from figure 6-4, that the reactive material found after each 

dehydration/hydration cycle has a 6-hydrate composition, and that the two consecutive reaction 

steps on dehydration correspond to the conversion of the 6-hydrate to the 2-hydrate, with the 4-

hydrate phase as reaction intermediate. For the pellet sample (figure 6-6b), the first and second 

cycles show significantly lower overall reaction enthalpy values (86 and 110 ± 5 kJ/mol) than the 

powder sample for similar stages in the cycling process, and also lower than the expected enthalpy 

values for MgCl2·6H2O in literature (252 kJ/mol) [59]. These lower overall enthalpy values result 

from incomplete rehydration due to a slower diffusion and/or lower nucleation rate inside the pellet 

(PSD = 3-5 mm) compared to the powder sample (PSD = 100-200 m). The increase of the 

overall hydration enthalpy between the first and the third cycle results from the opening of the 

grain structure of the material, as shown later in the grain structure characterization (figure 6-14), 

which favors the water uptake in the material during rehydration. After the third cycle, a decrease 

of the overall enthalpy of reaction is observed (232 to 178 ± 5kJ/mol) indicating that the pellet 

sample is also degrading over dehydration/hydration cycles. The overall enthalpy observed for the 

pellets after the fifth cycle (178 ± 5 kJ/mol) corresponds to the overall enthalpy observed for the 

powder after the third cycle (171 ± 5kJ/mol). This indicates that the incomplete rehydration of the 

pellet in the two first cycles delays the degradation process but does not prevent it. 
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Reaction rates 

The investigation of the maximum reaction rate of each phase transition occurring in both 

pellet and powder samples of MgCl2·6H2O over consecutive dehydrations and hydrations is 

conducted according to the method presented in chapter 2, section 2.3.2.1. The outcome of this 

investigation is displayed in figure 6-7.  

  

Figure 6-7: Reaction rates of the phase transitions of the consecutive dehydrations and hydrations of a) 

powder (100-200 m) and b) pellet (2-5 mm)  samples of MgCl2·6H2O, performed under the in-situ SSHS 

conditions (T range 40-130°C, p(H2O)= 13 mbar, heating/cooling rates = 0.5°C/min) 

For the powder sample, the results in figure 6-7a show an increase of both dehydration and 

hydration rates until the 12
th
 cycle, while the reaction rate maintains a constant value in the 

subsequent cycles. This first observation indicates an improvement of the reaction kinetics and/or 

transport phenomena in the material in the first 12
th
 cycles and a stabilization of these properties in 

the consecutive cycles. The results in figure 6-7a also show higher reaction rates on dehydration 

compared to the hydration, while the two phase transitions in each hydration/dehydration have 

similar rates until the 12
th
 cycle. The difference in reaction temperature between the dehydration 

and hydration (the temperature hysteresis shown in figure 6-4) induces a different driving force to 

each process, which can explain the smaller reaction rates found on hydration. After the 12
th
 cycle, 

where reaction rates seem constant, the 4 ↔ 2 transition shows smaller reaction rates than 6 ↔ 4 

transition on both dehydration and hydration. Since the 4 ↔ 2 transition requires a higher enthalpy 

of reaction than the 6 ↔ 4 transition (figure 6-5), the 4 ↔ 2 transition may also require higher 

activation energy, resulting in slightly lower reaction rates. For the first reaction of the material 

(6 ↔ 4 transition of the first dehydration), the results in figure 6-7a show a significantly lower 

reaction rate compared to the consecutive dehydrations. This effect results from the cracking of the 

initial material structure during the first dehydration step, as will be shown later in the structural 

characterization of the material (figure 6-12). For the pellet sample, the results in figure 6-7b also 

show an increase of the reaction rate under the effect of cycling, for all phase transitions. Again, 

this is ascribed to the crack formation in the sample (figure 6-14). 
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6.3.2 Structural characterization 

6.3.2.1 X-ray diffraction characterization 

In the present study on MgCl2.6H2O, a comparison of the initial composition of the 

commercial powder and pellet samples is performed in appendix 6. The two samples present the 

characteristic pattern of the crystalline phase of MgCl2.6H2O and have similar lattice parameters. 

No effect is found of the difference in material purity between the two materials. For the in-situ 

XRD analysis, only powder samples are investigated. The in-situ XRD diffraction analysis is 

conducted in three different steps. First, a dehydration of the material under a p(H2O) of 13 mbar is 

conducted up to 300°C, to identify the specific phases observed during the thermal analysis 

measurement performed in figure 6-1. Subsequently, the first dehydration/hydration cycle of the 

material is analyzed under more dedicated in-situ conditions for SSHS (Trange = 25-150°C, 

p(H2O)=13 mbar). Finally, an XRD analysis of the material phase, found after 23 cycles (figure 6-

2), is performed to identify the effective composition of the material after total degradation of the 

material.  

In-situ XRD analysis of the first dehydration of MgCl2.6H2O up to 300°C 

Figure 6-8 presents the XRD patterns of a MgCl2.6H2O powder sample (Merck) for 

different reaction temperatures during the in-situ XRD analysis of the first dehydration of the 

material up to 300°C. For each XRD pattern, a profile matching is carried out with reference data 

[60] to identify the different lattice planes characteristic for each phase. At 30°C and 60°C, the 

characteristic XRD pattern of the crystalline MgCl2.6H2O phase is found. However, the XRD 

pattern obtained at 30°C shows less XRD peaks and a larger baseline noise, compared to the XRD 

pattern obtained at 60°C. The difference between the two measurements can be explained by the 

fact that the initial phase of MgCl2.6H2O at 30°C, undergoes deliquescence which modifies the 

intensity of the XRD peaks. At 60°C, the deliquescence effect is removed due to drying of the 

material and additional XRD peaks are observed. The XRD pattern obtained at 90°C is 

characteristic of the crystalline phase of MgCl2.4H2O. This confirms the loss of two water 

molecules from the initial MgCl2.6H2O observed in the thermal analysis study (figure 6-1). At 

140°C, the crystalline phase of MgCl2.2H2O is observed, which indicates a further dehydration of 

the material by removal of two additional water molecules. Finally, at 200 and 300°C, one large 

XRD peak at 2 = 15.4° confirms the presence of MgClOH, confirming the hydrolysis of the 

material at high temperature. The wideness of this peak and the absence of other XRD peaks, 

characteristic of the crystalline phase of MgClOH, indicate the formation of a relatively amorphous 

structure.  
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Figure 6-8: In-situ XRD patterns of the dehydration of MgCl2·6H2O powder (Merck) (Trange =30 -300°C, 

p(H2O) = 13 mbar, and  heating/cooling rate = 1°C/min) - * = additional XRD peaks characteristic of the 

Al2O3 sample holder 

For each XRD pattern, a fitting of the lattice parameters is also performed with the initial 

parameters obtained, by profile matching with the reference data [60]. The results are displayed in 

table 6-1. However, different symmetries are used for the crystalline phases of MgCl2·4H2O and 

MgCl2·2H2O (x = 6, 4 and 2) compared to reference data to take into account the effective changes 

of the molecular structure of the material during the dehydration process. Additionally, a schematic 

representation of the molecular structures of the hydrates is presented in figure 6-9 to illustrate the 

structural changes of the material. The representation of the MgClOH phase could not be 

performed due to lack of crystal data for this phase in literature. 

Table 6-1: Lattice parameters of the crystalline phases observed during the first dehydration of MgCl2·6H2O 

(Trange =30 -300°C and p(H2O) = 13 mbar) 

Sample Phase system S.G. Z a (Å) b (Å) c (Å)  (°) V(Å3
) 

30°C MgCl2·6H2O monoclinic C2/m  2 9.9(1) 7.12(3) 6.1(0) 93.(5) 429.7(9) 

60°C MgCl2·6H2O monoclinic C2/m  2 9.8(9) 7.11(8) 6.0(8) 93.(9) 427.0(2) 

90°C MgCl2·4H2O monoclinic P21/a 2 8.4(5) 7.3(0) 5.90(3) 111.(1) 339.7(1) 

140°C MgCl2·2H2O monoclinic C2/m 2 8.5(4) 7.3(6) 3.6(5) 98.(8) 226.7(2) 

200-300°C MgClOH rhombohedral R-3m 2 3.3(6) 3.3(6) 17.3(5)  

* S.G. = space group, Z= number of chemical formula units per unit cell, V = unit cell volume from literature data [60]-[61] 
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Figure 6-9: Crystal structure of the crystalline phases of a) MgCl2·6H2O [62], b) MgCl2·4H2O [63] and c) 

MgCl2·2H2O [64]  

The crystalline structure of MgCl2·6H2O is composed of single Mg(H2O)6
2+

 octahedra, 

linked by H-bonds between the coordinating water molecules and the chloride (Cl
-
)
 
ions [62]. The 

first dehydration step of the material between 60 and 90°C removes two crystalline water 

molecules from the Mg(H2O)6
2+

 octahedra, forming the MgCl2·4H2O crystal structure. Single 

octahedral MgCl2(H2O)4 units are formed with the Cl
-
 ions placed in trans positions. The Cl

-
 ions 

are linked by predominant electrostatic interaction to the Mg
2+

 ions, and the H-bonds provide 

bonding to the neighboring octahedral MgCl2(H2O)4 units [63] via Cl
-
 and water entities. This new 

configuration in the material induces a compaction of the lattice along the a- and c-unit cell axes 

and through a tilt of the octahedral units in the lattice (= 93 to 111°) increasing the interaction 

energy, leading to a change in crystal structure (table 6-1). Subsequently, the removal of two 

additional water molecules during the second dehydration step between 90 and 140°C results in the 

formation of the MgCl2·2H2O crystal structure. The removal of the two crystalline water molecules 

from the octahedral MgCl2(H2O)4 units, results in square planar Cl
-
 and trans water coordination, 

resulting in edge sharing octahedra [64] along c, which explains the significant compaction of the 

material in this direction during the phase change(table 6-1). The combination of Cl
-
 insertion and 

edge sharing leads to an even larger compaction. By further increase of the temperature above 

200°C, the loss of one additional H2O molecule and one HCl molecule leads to the formation of 

the MgClOH phase with a completely different rhombohedral system (table 6-1).  

The schematic representation in figure 6-9 of the different crystalline phases of magnesium 

chloride during dehydration shows very little changes in crystal symmetry (unique and constant 

unit cell-axis b) and minor structural reorganization of the molecular constituents composing the 

material. Additionally, for the phases of MgCl2·6H2O and MgCl2·4H2O, the crystalline structures 

of the magnesium chloride hydrated phases are composed of single octahedral units linked by H-

bonds that enable the removal of the crystalline water from the structure. Finally, the 

compaction/expansion of the lattice volume is estimated to be around 36% for four H2O molecules 

a) b) 

a 

b 
c 

c) 
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during the dehydration and hydration process of MgCl2·6H2O. All these structural effects tend to 

promote a fast reorganization of the molecular structure and enable enhanced water vapor transport 

inside the material. 

In-situ XRD analysis of the first dehydration/hydration cycle of MgCl2.6H2O  

An additional in-situ XRD analysis study is performed under a p(H2O) of 13 mbar and a  

temperature range of 25-150°C, corresponding to  the dehydration/hydration process found under 

SSHS conditions. The outcome of this study, carried out for the first dehydration/hydration cycle 

of the material, is displayed in figure 6-10. For the dehydration (figure 6-10a), two phase 

transitions are clearly observed, which is in agreement with the thermal analysis study presented in 

figure 6-2. Between 70 and 80°C, the crystalline phase of MgCl2·6H2O (black pattern) is firstly 

dehydrated into the crystalline phase of MgCl2·4H2O (blue pattern), and next between 110 and 

120°C in the crystalline phase of MgCl2·2H2O (red pattern). At 150°C, the characteristic XRD 

pattern of crystalline phase of MgCl2·2H2O is found. Additionally, no additional XRD peaks 

characteristic of the crystalline phase of magnesium hydroxychloride MgClOH are observed after 

3h under isothermal conditions at 150°C. This first dehydration of the material up to 150°C does 

not show degradation of the material. A remark should be made on the XRD diffraction pattern for 

the crystalline phase of MgCl2·6H2O (black pattern) between 50 and 60°C. The crystalline phase of 

MgCl2·6H2O undergoes a change of preferential orientation of the plane families between these 

two temperatures of reaction. However, the crystalline phase of MgCl2·6H2O maintains a similar 

crystal symmetry and similar lattice parameters (table 6-1). The difference of XRD pattern can be 

attributed to the removal of additional water molecules present due to the deliquescence of the 

material at low temperature. 

During the rehydration of the material, the reversible phase transitions are observed again. 

The crystalline phase of MgCl2.2H2O (red pattern) is rehydrated to MgCl2.4H2O (blue pattern) 

when the system is cooled down below 100°C and to MgCl2.6H2O (black pattern) when the 

temperature reaches 60°C. These measurements indicate once again the temperature hysteresis 

between the dehydration and hydration processes. The crystalline phase of MgCl2·6H2O  remains 

in a solid state for a temperature above 30°C, but slowly liquefies at 25°C to form a solution of 

magnesium chloride (green pattern). This confirms the deliquescence of the material observed in 

the thermal analysis study (figure 6-1), highlighted by the additional sample mass uptake (TG) 

below 30°C.  
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Figure 6-10: In-situ XRD patterns of a) dehydration and b) rehydration of MgCl2.6H2O (T range = 25-150°C, 

p(H2O) = 13 mbar,  heating/cooling rate = 1°C/min ) – Black pattern = MgCl2·6H2O, blue pattern = 

MgCl2·4H2O, red pattern = MgCl2·2H2O, green pattern = solution of MgCl2, * = Al2O3 sample holder 

XRD analysis of MgCl2.6H2O after 23 cycles  

 An XRD analysis study is carried out on the powder sample (10 mg) of MgCl2.6H2O 

after  23 cycles of dehydration and hydration under dedicated in-situ conditions for SSHS (Trange = 

40-130°C, p(H2O) = 13 mbar). The XRD pattern is measured under ambient conditions and is 

displayed in figure 6-11 (red pattern). The resulting profile shows a match with the crystalline 

phase of Mg3Cl2(OH)4·2H2O (blue peaks) previously identified in literature [60]-[61]. But it does 

not match the XRD pattern of the crystalline phase of MgClOH (green peaks) found in this study 

at high temperature (figure 6-8), as well as  in previous literature studies [60]-[61]. This result 

indicates that hydrolysis of the material occurs over in-situ thermal cycles, resulting in a different 

structure and stoichiometry than the MgClOH phase found at high temperature. Additionally, the 

sharpness of the XRD peaks of this phase (red pattern) indicates a higher crystalline state of the 

material than the MgClOH phase obtained at higher temperature (figure 6-8). Due to a lack of 

characterization of the Mg3Cl2(OH)4·2H2O phase in literature, the lattice parameters and the crystal 

symmetry of this phase are currently unknown.  

* * * * * * 
* 

* a) b) 
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Figure 6-11: XRD pattern of the powder sample of MgCl2·6H2O (100-200 m) after 23 dehydration/hydration 

cycles under in-situ SSHS conditions, compared to the literature XRD data for the phases of 

Mg3Cl2(OH)4·2H2O  and MgClOH [58],[60]-[61]  

6.3.2.1 Grain structure characterization  

Similar to the sulfate salts studies (Chapter 4 and Chapter 5), microscopic observations are 

conducted on large samples of MgCl2·6H2O over consecutive dehydration/hydration cycles under 

in-situ conditions. To perform this investigation, two sample types are studied. First, a large single 

crystal (2 × 6 mm), synthesized by slow evaporation (appendix 2-2, Chapter 2), is investigated to 

identify the structural and dimensional variations for a highly crystalline material of MgCl2·6H2O. 

Then, a pellet sample, as used previously during the thermal analysis investigation, is studied to 

investigate the effect of a different sample size (3 × 5 mm). The conditions used during the 

measurements  are Trange = 40-120°C, p(H2O) = 13 mbar and heating/cooling rate = 1°C/min, with 

isothermal stages of 1h at 120°C and 2/3h at 40°C to reach a stable phase after each dehydration 

and hydration. The results of the two studies are presented separately to have a better 

understanding of the structural changes occurring on the grain level for each type of sample 

studied. 
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Microscopic observations on a single crystal of MgCl2·6H2O 

Figure 6-12 displays the microscopic observations obtained for four consecutive 

dehydration/hydration cycles on a single crystal of MgCl2·6H2O and figure 6-13 presents the 

dimensional variations of the single crystal during the cycling test. 

   

   

 Figure 6-12: Microscopic observations of a single crystal of MgCl2·6H2O  over four consecutive 

dehydration/hydration cycles under in-situ SSHS conditions (Trange = 40-130°C, p(H2O) = 13 mbar, and 

heating/cooling rate = 1°C/min) - a) deh.1 - 40°C, b) deh.1 - 70°C, c) deh.1 - 120°C/1h , d) hyd.1 - 40°C/170h, 

e) hyd.2- 40°C/170h, f) hyd.4 - 40°C/170h  

 

Figure 6-13: a) Variations of the crystal dimensions of a MgCl2.6H2O single crystal along the c and b-unit cell 

axes during four dehydration/hydration cycles (Trange = 30- 130°C, p(H2O) = 13 mbar, heating/cooling rate = 

1°C/min) and b) crystal habits of a single crystal of MgCl2·6H2O[65] 

The initial structure of the synthesized single crystal (figure 6-12a) matches the crystal 

habit of the monoclinic structure (space group C2/m) of MgCl2·6H2O (figure 6-13b). The crystal 
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faces are associated to the lattice planes (-1-10), (1-10), (-1-1-1), (1-11), (-100) and (-201). During 

the first dehydration, when the temperature is raised above 60°C, nuclei appear on the transparent 

surface of every crystal face with a preferential onset on the edges and surface defects (figure 6-

12b). At a further increase of the temperature, the nuclei grow on the surface and into the core of 

the crystal as seen in figure 6-12b. At 95°C, the crystal becomes fully opaque, as shown in figure 6-

12c, indicating a modification of its internal structure and the formation of structural defects that 

scatter the light. This material change also induces a significant shrinkage of the crystal dimensions 

along the c-unit cell axis (about 7 %), and a slight shrinkage of the crystal dimensions along the b-

unit cell axis (about 1 %), as seen in figure 6-13a. Further increase of the temperature to 120°C 

leads to an additional 5% shrinkage of the crystal dimensions along the c-unit cell axis as 

compared to the initial dimensions (figure 6-13a).  

After the first rehydration process at 40°C (figure 6-12d), the single crystal presents no 

significant change of the crystal dimensions in the consecutive 170h (figure 6-13a). In the 

consecutive cycles, progressive expansions of the single crystal dimensions along the b- and c-unit 

cell axes are observed after each dehydration process. Along the b-unit cell axis, the single crystal 

increases of from 99 to 102% of the initial dimensions, while along the c-unit cell axis, the single 

crystal shows an increase of the crystal dimensions from 85 to 99% of its initial dimensions. 

Additionally, some roughness appears on the surface of the single crystal over the consecutive 

cycles (figure 6-12e and figure 6-12f), indicating an increase of structural defects. Although no 

evidence of cracks is observed for this material sample, the material expansion and increase of 

surface defects observed over cycles indicate the presence of an internal porosity inside the 

material, which grows over consecutive cycles, as also seen in the studies on sulfate salt hydrates 

(Chapter 4 and Chapter 5). 

Microscopic observations on a pellet sample of MgCl2·6H2O 

Figure 6-14 displays the microscopic observations obtained for five consecutive 

dehydration/hydration cycles on a single crystal of MgCl2·6H2O and figure 6-15 presents the 

dimensional variations of the pellet sample during the cycling test. The initial structure of the pellet 

sample (figure 6-14a) does not present the crystal habit of the MgCl2·6H2O structure and the 

transparency of the single crystal sample (figure 6-13b). This difference results from the method of 

preparation of the materials. The single crystal is synthesized by recrystallization of the material, 

giving it a highly crystalline structure, while the pellets are synthesized by fast cooling of an 

aqueous solution of MgCl2·6H2O on a hot plate, which gives a more random and disordered 

structure to the material. This latter method of material preparation induces more internal structural 

defects that scatter the light (e.g. lattice defects, dislocations), which gives the pellet a lower 

transparency than the single crystal. After the first dehydration/hydration cycle, a complete loss of 

the material transparency is observed (figure 6-14b) and a slight increase of the crystal dimensions 

(1-3%) is found (figure 6-15), indicating an additional formation of internal structural defects. In 
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the consecutive cycles, a progressive expansion of the pellet dimensions, reaching 15 ± 2% after 

the fifth cycle, is observed along every spatial direction in the material (figure 6-15). The fact that 

no preferred direction of expansion is observed, confirms a lack of structural organization of the 

initial structure of the pellet due to its method of preparation. Additionally, consecutive 

dehydration and hydration cycles induce a substantial pore opening, which can be considered to be 

equal to the 15 ± 2% material expansion, as shown for the pellet sample in figure 6-14c (after 2
nd

 

cycle) to figure 6-14f (after 5
th
 cycle). This pore opening induces a considerable loss of mechanical 

strength in the material. Note that the induced porosity over cycles for the pellet is much larger than 

for the single crystal, as observed by comparing figure 6-15 to figure 6-13a.  

 

 
  

   

Figure 6-14: Microscopic observations of a commercial pellet of MgCl2·6H2O (nedMag C) over five 

consecutive dehydration/hydration cycles under in-situ SSHS conditions (Trange = 40-130°C, p(H2O) = 

13 mbar, and heating/cooling rate = 1°C/min) - a) initial pellet, b) after cycle 1, c) after cycle 2, d) after cycle 

3, e) after cycle 4, f) after cycle 5.  

 

Figure 6-15: Dimensional expansion over five consecutive in-situ dehydration/hydration cycles of the 

commercial MgCl2·6H2O pellet (nedMag C) presented in figure 6-14. 
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6.3.3 Discussion on the in-situ characterization of MgCl2·6H2O 

The in-situ thermal and structural characterization performed on MgCl2·6H2O shows 

similarities and differences in process characteristics, compared to the sulfate salt hydrates under 

the specific operating conditions of SSHS (Trange = 25-150°C and p(H2O) = 13mbar). 

Similar process characteristics with the sulfate salts   

 The thermodynamical properties (enthalpy of reaction, onset temperature) found during 

the first thermochemical reaction for MgCl2·6H2O (figure 6-4 and figure 6-5), differ from the 

properties in subsequent cycles. This difference results from the breakdown of the initial structure 

of the material (figure 6-12). The same effect was observed for sulfate materials, for which the 

observed difference in thermodynamical properties was also found to be related to the breakdown 

of the initial structure of the material (pore formation and reduction of crystallite size), due to the 

release of stress from the commercial production method. 

 An increase of the dehydration and hydration rates (figure 6-7) occurs over cycles due to 

the opening of the pores by consecutive contraction and expansion of the lattice structure over 

cycles (figure 6-14). The opening of the pores improves the water vapor transport and the reaction 

kinetics (due to increase of the reactive surface area). 

 A loss of mechanical strength (figure 6-14) is also found for this material over 

consecutive cycles due to the opening of the grain structure. This may lead to powdering of the 

material, which is critical for the permeability in packed designs.  

 A temperature hysteresis also exists for the phase transitions occurring during the 

dehydration and hydration processes of MgCl2·6H2O (figure 6-5). This hysteresis influences the 

effective driving force for the hydration and dehydration reactions, and reduces the hydration rate 

relative to the dehydration rate. 

Difference of process characteristics for MgCl2·6H2O    

 Higher power output is found on hydration compared to sulfate materials, due to a 

combined effect of larger driving force during the hydration reaction and faster reaction kinetics. 

Fast kinetics are illustrated by the fact that the material hydration proceeds fully during the cooling 

process of the material (figure 6-5). The fast reaction kinetics of MgCl2·6H2O on dehydration and 

hydration can be related to the fact that the material maintains a monoclinic system over the 

reversible thermochemical process, with little changes in crystal symmetry. Additionally, the 

crystal structures of the hydrated phases of MgCl2·6H2O and MgCl2·4H2O are composed of single 

octahedral units linked by hydrogen bonds. It is expected that this facilitates the heat and water 

vapor transport inside the material, and differs from the sulfate material that linked by covalent 

structure (Chapter 4 and Chapter 5). Finally, the small compaction and expansion of the lattice 
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volume of MgCl2·6H2O on dehydration and hydration favors fast reorganization and fast internal 

water vapor transport compared to the sulfates (table 6-2). 

Table 6-2: Lattice volume variations of MgCl2·6H2O during the dehydration and hydration process, compared 

to the three sulfate salt hydrates studied in Chapter 4 and Chapter 5. 

Material  Li2SO4·H2O CuSO4·5H2O MgSO4·7H2O MgCl2·6H2O 

Water molecules involved 1 4 6 4 

Lattice volume variations 20% 50% 70% 36% 

  

 The deliquescence observed for MgCl2·6H2O at low temperature and under moist 

atmosphere (figure 6-1 and figure 6-10b), results from intrinsic thermodynamical properties in 

combination with the operating conditions of SSHS [57]. The thermal and structural studies 

conducted in the present work (figure 6-2) show that deliquescence at 13 mbar can be avoided 

when the temperature of the storage system is maintained above 40°C over dehydration and 

hydration cycles.  

 The degradation of MgCl2·6H2O by hydrolysis is shown over consecutive thermal cycles 

performed under adapted SSHS conditions (Trange = 40-130°C, p(H2O) = 13mbar). The thermal 

analysis results (figure 6-2) show a full degradation of the material after 23 cycles, resulting in 

crystalline Mg3Cl2(OH)4·2H2O (figure 6-11), previously reported in several studies in literature 

[58],[60]-[61],[66]. This degradation reaction can be written as follows: 

MgCl2·6H2O → 1/3 Mg3Cl2(OH)4·2H2O + 4 H2O + 4/3 HCl              (equation 6-1) 

The absence of variations in sample mass and heat flow after the 23
th
 cycle seems to 

indicate that Mg3Cl2(OH)4·2H2O is the final composition of the material, resulting from hydrolysis 

over thermal cycles under SSHS conditions (Trange = 40-130°C, p(H2O) = 13mbar). However, the 

crystalline phase of Mg3Cl2(OH)4·2H2O may also be a metastable intermediate phase in the 

hydrolysis process of MgCl2·2H2O towards non-reactive MgClOH (figure 6-8) according to 

equation 6-2 below:  

MgCl2·2H2O → MgOHCl + H2O + HCl                (equation 6-2) 

Further investigation is required to determine the stability or metastability of the crystalline 

phase Mg3Cl2(OH)4·2H2O. The combined presence of Mg
2+

 and Cl
-
 ions in the material seems 

to be a promoting factor of the hydrolysis of the material. In solution, the acidic properties of 

the hexa-aqua-magnesium Mg(H2O)6
2+

 ions are known to lead to the formation of more stable 

basic hydroxonium ions [Mg(H2O)5(OH
-
)]

+ 
[66-68]. Under SSHS conditions, the presence of 

water vapor and the release of crystalline water molecules on dehydration may also promote the 

formation of such hydroxonium ions [Mg(H2O)5(OH)]
+
 and the acid ions H3O

+
(equation 6-3). 

Combined with the chloride ions Cl
-
 present inside the molecular structure of MgCl2·6H2O, the 

H3O
+ 
ions form HCl vapor (equation 6-4).  
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Mg(H2O)6
2+

 + H2O → [Mg(H2O)5(OH
-
)]

+
 + H3O

+ 
              (equation 6-3) 

H3O
+ 

+ Cl
-
 → H2O + HCl                           (equation 6-4) 

With the evacuation of the HCl vapor in an open-sorption system, the formation of H3O
+
 

ions promotes the hydrolysis of the material. The hydrolysis occurs particularly for the lower 

hydrated phases (2-hydrate, 1-hydrate), for which the equilibrium depends strongly on the HCl 

pressure [57][58]. 

6.4 Influence of the operating conditions 

For a better understanding of the influence of the experimental conditions on the 

hydrolysis, thermal cycling experiments are carried for different values of the maximum 

dehydration temperature. Additionally, a thermodynamic study is conducted by variation of the 

p(H2O) conditions.  

6.4.1 Influence of the maximum dehydration temperature 

For this study, in-situ thermal analysis measurements are carried out over cycles under a 

p(H2O) of 13 mbar, with heating and cooling rates of 0.5°C/min. However, instead of a maximum 

dehydration temperature of 130°C, lower maximum dehydration temperatures are used of 90°C 

and 110°C. The isothermal stages on dehydration and hydration are adjusted to ensure complete 

dehydration and hydration processes for each set of measurements. Every measurement is 

conducted with 10 ± 0.2 mg powder samples of MgCl2·6H2O (Merck) sieved to a PSD of 100-200 

m. The TG-DSC results obtained for each cycling test are presented first. Subsequently, the 

reaction enthalpy values and the maximum reaction rates obtained from these thermal analysis 

studies, are compared to the results obtained for the previous thermal analysis study performed 

with a maximum dehydration temperature of 130°C (section 6.3.1.2).   

Thermal analysis up to 110°C 

Figure 6-16 displays the TG results obtained as a function of time for 20 consecutive 

dehydration/hydration cycles performed up to 110°C, and figure 6-17 displays the associated DSC 

results as a function of temperature (figure 6-17a) and time (figure 6-17b). 

As seen on the TG results (figure 6-16), a decrease of the overall reactive sample mass is 

observed over consecutive cycles from 36.0 ± 0.2 % (1
st
 hydration), correponding to 4 water 

molecules, to 6.2 ± 0.2 % (20
st
 hydration), corresponding to 0.7 water molecules. The remaining 

reactive part of the material after 20 cycles (6.2 ± 0.2 %) , is higher than the reactive part of 

material after the same number of cycles for a maximum temperature of 130°C (1.3 ± 0.2 % 

correponding to 0.1 water molecule). Additionally, the minimal sample mass after each 

dehydration decreases from 64.5 ± 0.2 %, correponding to the composition of MgCl2.2H2O to 

44.2% after 20 cycles. This latter value is close to those of the hydroxychloride material 
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Mg3Cl2(OH)4·2H2O (40.6%) and MgClOH (37.8%). These TG results imply that a decrease of the 

maximum dehydration temperature to 110°C does not prevent the degradation of the material, 

although it contributes to decrease the speed of the degradation process. 

      

Figure 6-16: In-situ TG results of 20 dehydration/hydration cycles on a powder sample of MgCl2·6H2O 

(PSD=100-200m) as a function of time ( Trange =40-110°C,  p(H2O) = 13 mbar, heating/cooling rates = 

0.5°C/min) 

    
Figure 6-17: In-situ DSC results a) as a function of temperature for 20 dehydration/hydration cycles and b) as 

a function of time for 20 consecutive dehydrations, of a powder sample of MgCl2·6H2O (PSD=100-200m, 

Trange =40-110°C, p(H2O) = 13 mbar, heating/cooling rates = 0.5°C/min) 

 

The DSC results in figure 6-17 show the same phase transitions (6 ↔ 4 and 4 ↔ 2) for the 

consecutive dehydration and hydration processes as observed during the thermal analysis 

performed at 130°C, showing a decrease of the heat flow after each cycle, for both phase 

transitions. However, figure 6-17a shows that the first dehydration step (6 → 4) and both hydration 

steps (2 → 4 and 4 → 6) proceed within the same temperature ranges as observed during the study 

performed at 130°C, while the second dehydration step (4 → 2) fully proceeds during the 

isothermal dehydration stage (figure 6-17 b) at the maximum temperature of 110°C. The reaction 

time of this second dehydration step is increased (3h), due to the reduction of the driving force 

caused by the decrease of the maximum dehydration temperature to 110°C.  
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Thermal analysis up to 90°C 

Figure 6-18 and figure 6-19 display respectively the (a) TG and (b) DSC results for the five 

dehydrations and hydrations of MgCl2·6H2O over the consecutive cycles performed under a 

maximum dehydration temperature of 90°C (p(H2O) of 13 mbar, heating/cooling rates of 

0.5°C/min). The measurements for each cycle were performed independently, which explains the 

reset to 100% of the sample mass (figure 6-18a) at the beginning of each cycle.  

    

 Figure 6-18: a) TG results and b) DSC results as a function of time for 5 consecutive dehydrations of a 

powder sample of MgCl2·6H2O (PSD=100-200m), (Trange =40-90°C, p(H2O) = 13 mbar, heating/cooling 

rates = 0.5°C/min) 

  

Figure 6-19: a) TG results and b) DSC results as a function of time for 5 consecutive hydrations of a powder 

sample of MgCl2·6H2O (PSD=100-200m), (Trange =40-90°C, p(H2O) = 13 mbar, heating/cooling rates = 

0.5°C/min). 

First, it should be mentioned that an additional mass loss on the TG results (figure 6-18a) 

and an additional endothermic peak at 34°C are observed, which is due to deliquescence of the 

material prior to dehydration. This deliquescence explains the large difference in sample mass 

variations on dehydration (figure 6-18a) and hydration (figure 6-19a) between the first and the 

consecutive cycles. To correct for the effect of deliquescence and the resetting of sample mass at 

the start of each cycle, the mass variations are recalculated using the sample mass of the powder 
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sample of MgCl2·6H2O found at the onset of the first dehydration (72.6°C), where the material is 

assumed to be in hexahydrate state. The results are displayed in figure 6-20.  

   

Figure 6-20: Sample mass variations and corresponding number of water molecules, recalculated according 

the initial sample mass of MgCl2·6H2O for 5 consecutive dehydrations and hydrations ( Trange =40-90°C, 

p(H2O) = 13 mbar, heating/cooling rates of 0.5°C/min) 

The TG-DSC results of the dehydration (figure 6-18) show a single step dehydration 

reaction over cycles in the temperature range of 71°C to 90°C ± 2°C. In this temperature range, the 

mass variations in figure 6-20 indicate a loss of around 2 ± 0.1 water molecules for the first 

dehydration and 1.6 ± 0.2 molecules for the consecutive dehydrations, which permits to attribute 

this reaction step to the phase transition 6 → 4 identified in the previous thermal analysis. 

Therefore, the reduction of the dehydration temperature of 110°C to 90°C changes the final 

dehydrated state from MgCl2·2H2O to MgCl2·4H2O. The reduced number of water molecules 

involved in the dehydrations 2 to 5 can mainly be attributed to the incomplete dehydration during 

the isothermal stage of 6h at 90°C (figure 6-18a).  

On hydration, the TG results in figure 6-19a show also a single step hydration reaction, 

with similar mass change as observed during dehydration (figure 6-20). These results permit to 

establish a reversible hydration process from 4 → 6 molecules of water in the material over cycles. 

The slight difference of sample mass lost and taken up between the dehydration and hydration (2-

3%) can be explained by an incomplete rehydration process due to the long time of reaction (figure 

6-19a). On the TG results, reaction times varying from 40h (1
st
 hydration) to 90h (5

th
 hydration) 

can be observed for the consecutive rehydration processes. For the hydrations, the DSC results 

(figure 6-19b) also show low power output over time, with a significant exothermic effect for the 

first 10h of rehydration. The slow reaction rates on dehydration and hydration and the low power 

output on hydration is not fully understood yet. 
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Enthalpy of reaction 

Figure 6-21 displays a comparison of the overall reaction enthalpy (figure 6-21a) and 

reaction enthalpy per water molecule (figure 6-21b) observed during the consecutive dehydrations 

of MgCl2·6H2O performed under different maximum dehydration temperatures 90, 110 and 130°C 

(p(H2O) is 13 mbar). The variations of the hydration enthalpy follow a similar trend compared to 

dehydration and are therefore not presented here. The overall reaction enthalpy values are 

determined by integration of the DSC peaks (section 2.3.2.1, in Chapter 2) and the enthalpy values 

per water molecule are calculated by taking the ratio between the overall reaction enthalpy and the 

number of water molecules obtained from the mass loss observed during each reaction. 

     

Figure 6-21: Evolution of a) the overall reaction enthalpy and b) enthalpy per water molecule for the 

consecutive dehydration/hydration cycles of powder samples of MgCl2·6H2O (PSD=100-200m) - (three 

maximum dehydration temperature 90, 110 and 130°C,  p(H2O) =13 mbar heating/cooling rates = 0.5°C/min) 

For the measurements performed with the maximum temperatures of 110 and 130°C, the 

overall dehydration enthalpy (figure 6-21a) of the first dehydration of MgCl2·6H2O, shows values 

in the order of the enthalpy values found in literature for the dehydration of MgCl2·6H2O into 

MgCl2·2H2O (251 kJ/mol) [59]. However, for the measurements performed with a maximum 

dehydration temperature of 90°C, the overall reaction enthalpy of the first dehydration is in the 

same order of the literature enthalpy value found for a dehydration of MgCl2·6H2O into 

MgCl2·4H2O (116 kJ/mol). These values correspond to the difference in mass change, found 

between the measurements for 90°C and 110°C. The decrease of the overall dehydration enthalpy 

over cycles up to 110°C, follows the same trend as the measurements performed up to 130°C. This 

indicates a similar degradation of the material over dehydration/hydration cycles. However, a 

stable overall reaction enthalpy is found for the five cycles performed up to 90°C, indicating that 

the material does not undergo the decomposition when the material is only dehydrated until the 4-

hydrated state. It can therefore be assumed that the hydrolysis of the material starts when 

MgCl2·2H2O is formed. The variation of the dehydration enthalpy per H2O molecule (figure 6-

21b) shows again an over-estimated value for the first dehydration during the cycling measurement 
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up to 110°C and 130°C. This is probably caused by different thermodynamical properties of the 

material during this first reaction, due to additional energetic contributions required for the 

breaking of the initial structure. For the measurement performed up to 90°C, this difference is not 

observed. However, an overestimation of the number of water molecules should be considered for 

this measurement due to an initial overhydrated state of the material, as observed in TG-DSC 

results (figure 6-18). This effect could also explain the small water content (1.6± 0.2 molecules) 

calculated in figure 6-20 for the consecutive dehydrations.  

The decreasing trend of the dehydration enthalpy per H2O molecule over cycles from 58 to 

37 ± 1 kJ/mol, as observed for the cycling measurements performed up to 110 and 130°C, indicates 

a modification of the material composition over cycles. For the five cycles performed up to 90°C, 

the dehydration enthalpy per H2O molecule maintains a constant value at 58 ± 1 kJ/mol, and this is 

characteristic of the reaction enthalpy per H2O molecule found in literature [59] for the dehydration 

of MgCl2·6H2O into MgCl2·4H2O. This indicates that no compositional changes occur in the 

material during the first five dehydration/hydration cycles, when the maximum dehydration 

temperature is set to 90°C. However, a thermal analysis measurement over 20 cycles is required to 

compare the enthalpy of reaction on the longer term, similar to the measurements for 110 and 

130°C.  

Reaction rates 

Figure 6-22 presents a comparison of the maximum reaction rates of the phase transitions 

of the dehydrations and hydrations of MgCl2·6H2O (6 ↔ 4 and/or 4 ↔ 2) for the three different 

maximum dehydration temperatures 90, 110 and 130°C.  

    

Figure 6-22: Evolution of the maximum reaction rates of a) the first phase transition (6 ↔4) and b) second 

phase transition (4 ↔2) for the consecutive dehydration/hydration cycles of MgCl2·6H2O for different 

maximum dehydration temperature conditions (90, 110 and 130°C, performed under a p(H2O) of 13 mbar). 

Figure 6-22a and figure 6-22b display the reaction rates of the phase transitions observed 

for the consecutive dehydration and hydration cycles. On dehydration (figure 6-22a), an overall 
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increase of the reaction rates (figure 6-22) is observed over cycles for the two phase transitions 6 

↔ 4 and 4 ↔ 2 for the cycles up to 110 and 130°C. However, for the cycles up to 90°C, the rate of 

the phase transition 6 ↔ 4 is roughly constant. Additionally, the rate decreases with a decrease of 

the maximum dehydration temperature, for each cycle studied. This reduction is particularly large 

for the phase transition 4 → 2 when the maximum dehydration temperature is reduced from 130 to 

110°C.  

On hydration (figure 6-22b), for the cycles up to 110°C and 130°C, similar reaction rates are 

found for each cycle, with a general increase of the reaction rates over cycles. For the cycling up to 

90°C, constant and lower rate values are found for the first 5 cycles. The difference in rate behavior 

between the three different cycling measurements can be explained by a different evolution of the 

properties of the material over cycles. First, the difference in rate behavior between the cycles up to 

110 and 130°C results from different experimental circumstances for the phase transition 4 → 2 on 

dehydration. For the cycling up to130°C, this reaction proceeds under dynamic conditions, while for 

the cycling up to 110°C, it proceeds under isothermal conditions at 110°C for 1-3h (figure 6-17b). A 

lower driving force to the reaction therefore occurs for the dehydration at 110°C, leading to a 

significantly slower reaction rate for the formation of the 2-hydrated phase (figure 6-22a). 

Additionally, the increasing difference between the reaction rates of the phase transition 6 → 4 seen 

over cycles in figure 6-22a, between the dehydration at 130°C and at 110°C can be explained as an 

effect of the hydrolysis process. The hydrolysis starts once the material is dehydrated below 

MgCl2·2H2O (as shown before in figure 6-1). It is assumed that the hydrolysis process, progressing 

slowly over cycles, leads to additional compaction and therefore additional pore opening. Since the 

hydrolysis process for dehydration at 130°C is faster than for 110°C, as can be seen from the 

difference between the curves for 130°C and 110°C in figure 6.21, this additional pore opening by 

hydrolysis may explain the observed relative increase in the dehydration rate for 130°C.  

For the cycling up to 90°C, the constant rate values over cycles for both dehydration (figure 

6-22a) and hydration (figure 6-22b) result from the fact that degradation doesn’t occur since only 

the phase transition 6 ↔ 4 occurs. Although an opening of the structure can be expected by 

expansion and contraction of the material lattice over cycles, the constancy of the reaction rate 

indicates that the reaction is mainly limited by the intrinsic conversion of the material.  

 

6.4.2 Influence of the p(H2O) conditions 

The influence of the p(H2O) conditions is investigated for the first dehydration of MgCl2·6H2O. 

Three p(H2O) conditions are used (1.2, 8 and 13 mbar) during the measurements (for temperature 

range 40-150°C, heating rates 0.2, 0.5 and 1°C/min). Figure 6-23 displays the TG and DSC results 

obtained for the dehydration measurements performed for a heating rate of 0.5°C/min. The other 

measurements are not displayed here as the material shows similar behaviors, with only a slight 
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shift of the onset temperature to lower temperature for a heating rate of 0.2°C/min and higher 

temperature for a heating rate of 1°C/min.  

  

Figure 6-23: a) TG and b) DSC results of the first dehydration of a MgCl2·6H2O powder sample (100-200 m) 

for different p(H2O) conditions (T range =40-150°C, heating rate  0.5°C/min) 

The TG results (figure 6-23a) and the DSC results (figure 6-23b) show that a decrease of 

the p(H2O) to 8 and 1.2 mbar shifts the phase transitions 6 → 4 and 4 → 2 to lower temperatures. 

This is intrinsic to the thermodynamical properties of the material under different p(H2O) and does 

not influence the effective mass loss (table 6-2) and intrinsic reaction enthalpy (figure 6-24) 

occurring during the process. The decrease of the p(H2O) also induces the presence of an additional 

phase transition, when the 2-hydrate of MgCl2 is formed. The additional phase transition induces a 

mass loss of 11.7 ± 4% of the initial mass of the material, corresponding to 1.3 ± 0.1 molecules of 

water (table 6-2). The overall enthalpy of reaction associated to this mass loss (figure 6-24a), 

obtained by DSC peak integration, is found to be 84 ± 3 kJ/mol for both p(H2O) conditions studied 

. This value is slightly higher than the reference enthalpy value found in literature [59] for the 

phase transition 2 →1. However, the enthalpy per water molecule (figure 6-24b) is in the order of 

the literature data [59] for the phase transition 2 → 1. The loss of more than one water molecule is 

ascribed to the beginning of either the last step of dehydration in the material (1 → 0) or the 

decomposition of the material (1 → MgClOH). 

Table 6-2: Mass loss in percentage of the initial mass of MgCl2·6H2O and corresponding number of H2O 

molecules, during the phase transitions of the first dehydration at several p(H2O) conditions (T range = 40-

150°C, heating rate = 0.5°C/min) 

p(H2O) 6  2 2  x 

in mbar % sample mass loss “H2O molecules” % sample mass loss “H2O molecules” 

1.2 36.1 4.1 11.3 1.3 

8 35.7 4.0 12.1 1.4 

13 36.3 4.1 2.5 0.3 
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Figure 6-24: a) Overall reaction enthalpy and b) reaction enthalpy per water molecule for the first 

dehydration of MgCl2·6H2O for different p(H2O) conditions (T range = 40-150°C, heating rate of 0.5°C/min) 

With the results obtained for the different p(H2O) conditions (1.2, 8 and 13 mbar) and 

different heating rates (0.2, 0.5 and 1°C/min), the intrinsic thermodynamical properties of the 

material for each phase transition of the first dehydration of MgCl2·6H2O can be estimated by the 

Van’t Hoff plot method (section 2.3.2.2 in Chapter 2). Figure 6-25 displays the reciprocal of the 

isothermal onset temperature of the three phase transitions (6 → 4, 4 → 2 and 2 → x) for the 

different p(H2O) conditions investigated. Experimental enthalpy and entropy of reaction, 

extrapolated from the Van’t Hoff plot, are presented in table 6-3 and compared with reference data 

for the phase transitions 6 → 4, 4 → 2 and 2 → 1 found in literature [59]. 

 
Figure 6-25: Van't Hoff plot of the first dehydration of a powder sample of MgCl2·6H2O (PSD=100-200m)  
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Table 6-3: Comparison of the experimental enthalpy and entropy of reaction with the reference data in 

literature [59], for the three phase transitions in the first dehydration of MgCl2·6H2O in the temperature range 

of 40-150°C  

Experimental data (Van’t Hoff extrapolation) Theoretical data[59] 

phase transition  rH
0 (kJ/mol) rS

0 (J.mol-1.K-1) phase transition  rH
0 (kJ/mol) rS

0 (J.mol-1.K-1) 

6 → 4 132 ± 3 311 ± 5 6 → 4 116 276 

4 → 2 132 ± 3 277 ± 5 4 → 2 136 294 

2 → x 85 ± 3 163 ± 5 2 → 1 71 146 

   2 → MgClOH  146 280 
 

For the first dehydration step (6 → 4), an overestimated value of the reaction enthalpy is 

found compared to the reference data, which can be explained by additional energetic contributions 

from the breaking of the initial material structure. For the second dehydration step (4 → 2), similar 

values are found for the enthalpy of reaction in the experimental and the reference data, which 

implies that during this second dehydration step no additional energetic contribution occurs. For 

the last phase transition (2 → x), an overestimated value of the enthalpy of reaction is also found 

compared to the reference data for the phase transition 2 → 1, and underestimated compared to the 

reference data for the phase transition 2 → MgClOH. Competitive processes of dehydration and 

hydrolysis take place simultaneously inside the material during this phase transition (2→ x). This 

may explain also the larger mass loss observed during the dehydration process for this phase 

transition (table 6-2). The reduction in the p(H2O) was expected to increase the driving force for 

dehydration and thereby to reduce the relative magnitude of the competitive hydrolysis process. 

However, these measurements show that the reduction of the p(H2O) does not prevent the material 

degradation.  
 

6.5 Conclusions 

Thermal and structural characterization studies are performed for MgCl2·6H2O over 

consecutive dehydration and hydration processes under in-situ SSHS conditions (Trange = 10-150°C, 

p(H2O) = 13 mbar). They have led to a better understanding of the material properties and the 

experimental conditions promoting material stability by reducing deliquescence at low temperature 

and decomposition over storage cycles at high temperature.  

 The deliquescence at low temperature results from a combined effect of the intrinsic 

thermodynamical properties of the material and the operating system conditions selected. The 

proposed solution to avoid deliquescence is a stringent control of the temperature and p(H2O) 

conditions. Deliquescence on dehydration and hydration can be avoided when the temperature is 

maintained above the dissolution point of the material. For the water vapor pressure of 13 mbar 

inside a SSHS system, the present study indicates that the material should be maintained above 

30°C during hydration to remain in a solid state. To prevent the deliquescence during the heat 
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storage period (summer to winter), a substantial reduction of p(H2O) in the system (“dry” storage)  

is required to maintain the material stability over cycles. 

 The decomposition of MgCl2·6H2O occurs when the 2-hydrate state of the material is 

formed. Hydrolysis in the material leads to the formation of HCl vapors and non-reactive 

Mg3Cl2(OH)4·2H2O, which reduces the storage capacity of the material during the fifth cycle by 

half and complete degrades the material after 23 cycles. The combined presence of Mg
2+

 and Cl
-
 

ions in the material seems to promote the hydrolysis in the material. Similar to solution 

conditions, the acidic properties of the hexa-aqua-magnesium Mg(H2O)6
2+

 ions in the crystal 

structure of the material seem to favor in presence of water vapor the formation of H3O
+
, 

which combined with the chloride ions Cl
-
, induces the formation of HCl vapors. By evacuation 

of the HCl vapors in an open-sorption system, the hydrolysis of the material is promoted. The 

variation of the experimental conditions of temperature and p(H2O) performed in this study, 

demonstrate that the decomposition of the material is not observed, when MgCl2·6H2O is only 

dehydrated between the 6-hydrate and 4-hydrate phases. This indicates that for the lower 

hydrated phases (2-hydrate, 1-hydrate), for which the equilibrium depends strongly on the 

HCl pressure, the hydrolysis becomes critical due to the low p(HCl) conditions. When 

MgCl2·6H2O is only dehydrated between the 6-hydrate and 4-hydrate phases, the hydrolysis of 

the material is inhibited. However, this method to stabilize the material properties will reduce its 

energy storage density by half, reducing the potential of this material for the end-goal application. 

Although the present study contributed understanding of hydrolysis in MgCl2·6H2O, further 

investigation by thermal analysis and structural characterization (neutron diffraction, synchrotron) 

is required to determine the stability or metastability of the crystalline phase Mg3Cl2(OH)4·2H2O, 

found after the cycling process, and to understand further the structural reorganization of the 

material lattice structure during the process of degradation.  

The hydrolysis of MgCl2·6H2O is a critical aspect that cannot be solved without 

compromising the potential for SSHS. However, MgCl2·6H2O shows significantly faster reaction 

rates and higher hydration power output than sulfate materials, over consecutive dehydration and 

hydration cycles. This better thermal performance can be related to more favorable lattice structure 

reorganization (H-bonds, small lattice compaction) during the reversible hydration/dehydration 

process, which facilitates fast reaction kinetics and may promote fast water vapor transport inside 

the material. Chloride materials with topotactic structure without Mg
2+

 can therefore be more 

suitable candidates for SSHS application. Finally, the similarity in breakdown of the material 

structure and the significant loss of mechanical strength over cycles, between this material and the 

sulfate hydrates previously studied in Chapters 3 to 5, indicates that these process characteristics 

are common to every salt hydrate material, and will be a limiting factor for long term performance 

in packed bed configurations.  
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Appendix 6: XRD analysis of the initial phase of the two 

commercial samples of MgCl2·6H2O  

 
In this study, two types of commercial MgCl2·6H2O were used: MgCl2·6H2O powder by 

Merck and MgCl2·6H2O pellets by Nedmag. Since these samples differ in sample design, purity 

and particle size, a comparison of their initial composition and structure is carried out by XRD 

analysis. Since these measurements require powder samples, the nedMag C pellets were grinded 

and sieved to the PSD of 100-200mm prior to the experiment, similar to the powder sample from 

Merck. Figure 6-16 displays the XRD patterns and the corresponding lattice parameters 

(determined by profile fitting of these XRD patterns for both samples). The two materials show the 

characteristic pattern and parameters found in literature for the natural mineral of Bischofite 

(MgCl2.6H2O) [60]. However, the powder sample displays a preferential crystal orientation, 

highlighted by either intensity loss or gain along specific lattice planes, compared to the pellet 

sample and the literature data. The preferential orientation is not found for the grinded sample of 

the pellet, since the grinding process removes all the preferential orientation of the material 

structure, which may have originated from the method of preparation of the material. 

 

Figure 6-16: a) XRD diffractogram and b) lattice parameters of the commercial powder sample (Merck) and 

grinded pellets (nedMag C), both sieved at a PSD of 100-200 m, obtained by XRD measurement at room 

temperature and dry atmosphere (p(H2O)= 1.2 mbar) 

Sample 
Merck 

powder  

Grinded 

nedMag C 

pellets 

Phase MgCl2·6H2O MgCl2·6H2O 

system monoclinic monoclinic 

S.G. C2/m C2/m 

Z 2 2 

a (Å) 9.9(1) 9.9(5) 

b (Å) 7.1(2) 7.1(4) 

c (Å) 6.1(0) 6.1(4) 

 (°) 93.(5) 93.(8) 

 

111 
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7.1 Conclusions 

The present research was undertaken in the scope of developing materials for a system 

concept of seasonal solar heat storage (SSHS) that can be implemented at the level of a single 

house. An open sorption concept, based on the thermochemical process occurring in crystalline salt 

hydrates, is currently the most promising concept for this application (high energy density, low 

heat losses over a storage period, low cost and low/no toxicity). However, several material and 

process issues were identified for salt hydrates under the specific system SSHS conditions, which 

reduced the efficiency over storage cycles: low power upon heat loading and unloading, low 

temperature level on heat discharge and/or mechanical and chemical instability. The work 

performed in this thesis aims at getting a better understanding of the intrinsic material properties 

influencing the thermal performance and the material and/or process issues of salt hydrates over 

storage cycles. Based on the outcome of the thermal and structural material characterization 

conducted in this research, several overall conclusions can be formulated. 

7.1.1 General process characteristics 

For the investigated salt materials, the literature results about the effect of cycling [34]-[41] 

can be extended from the outcome found in this thesis: 

 The first dehydration induces a breaking of the initial grain structure of the salt, due to 

compaction of the crystal lattice when crystalline water molecules are removed on the molecular 

level. The break-down of the grain structure results in smaller crystallites (chapter 4) and the 

formation of internal porosity. Upon consecutive cycles, the present study confirms the assumption 

made by Simakova et al. [34] that the broken structure formed after the first dehydration remains 

stable. The crystallite size of the materials is shown to stay constant in the consecutive cycles with 

no further formation of internal pores, and the initial bulk structure of the material is never regained 

(chapter 4). The energy required for the breaking of the initial structure explains the deviation of 

the intrinsic thermodynamical properties, found for the first dehydration of the materials (Van’t 

Hoff plots). In addition, the materials commonly release the mechanical stress of the initial grain 

structure resulting from the preparation method (e.g. recrystallization). The stable state of the lattice 

structure and crystallite size over the remaining cycles (chapter 4) is consistent with the stability of 

the effective reaction enthalpy over cycles (chapter 3), if no additional structural phenomena (e.g. 

amorphization, hydrolysis) modify the thermochemical process in the crystalline salt hydrates, as 

seen in the case of MgSO4·7H2O and MgCl2·6H2O (chapter 5 and chapter 6).  

 The structural changes on the molecular level (crystal structure, symmetry, density) of 

the salt hydrates were also shown in this study to induce gradual structural and mechanical 

changes in the grains over storage cycles (chapters 4, 5 and 6). First, the pores formed during the 

first dehydration open gradually over cycles, resulting in the increase of the initial grain volume. 

These structural changes tend to increase the reactive surface area of the material and the water 

vapor transport inside the grain, until a stable state is reached after a certain amount of cycles. The 
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general rate increase and stabilization observed upon several dehydration and hydration cycles, for 

the salts investigated here and in literature [37]-[41], can be directly related to the pore opening. 

However, the pore opening over cycles is also shown to strongly reduce the mechanical strength of 

the materials, which will be critical for the permeability of an up-scaled packed bed reactor. 

 A hysteresis of reaction between the dehydration and hydration around the equilibrium 

conditions of a salt material is also shown as a common feature of the salts investigated, and is in 

agreement with previous studies conducted in the literature [6]. The hysteresis of reaction is shown 

to be constant over cycles (apart for the first dehydration) and independent of the equilibrium 

conditions of temperature and p(H2O) applied during the reaction (Van’t Hoff plots). These 

observations tend to confirm the assumption made in literature [1][9], that the reaction hysteresis 

depends on kinetic effects related to the intrinsic material properties (activation energy) and/or self-

cooling/heating effects. Further investigation is required to validate these assumptions. In the scope 

of the SSHS application, the reaction hysteresis, inducing a modification of the effective T-p(H2O) 

equilibrium of a material, can hinder in some cases the occurrence of phase transitions 

(MgSO4·7H2O in chapter 5) and reduce the effective energy density of the initial salt. Additionally, 

the hysteresis of reaction is shown to have a significant impact on the effective driving force 

applied during the thermochemical reactions of the material. Particularly for the rehydration 

process of the salts, the hysteresis can significantly affect the effective reaction rate, by shifting the 

effective onset temperature of phase transitions in the case of the sulfates, relative to the operational 

temperatures of hydration set by the SSHS application (10-50°C).   

 Although some common features can be described for every salt hydrate, each material 

has a unique crystal structure that significantly affects its intrinsic thermal performance (reaction 

enthalpy, reaction rates and power output). Reaction kinetics, crucial for fast (de)hydration rates 

and sufficiently high temperature output, are shown in this study to be strongly dependent on the 

combined effect of the intrinsic crystal structure and operating conditions applied during the 

reactions. Faster reaction kinetics were commonly observed for MgCl2·6H2O (chapter 6) 

compared to the sulfates (chapter 3 and chapter 5). This seems to result from the fact that sulfate 

ions (SO4
2-
) are larger molecular entities than simple Cl

-
 ions and therefore require more energetic 

contributions (activation energy) to be reorganized during the thermochemical process. A 

difference in reaction kinetics is also observed between the sulfates investigated. If a substantial 

structural reorganization of the material (bonding type, crystal symmetry, density) is required to 

form lower or higher hydrated structure, as seen for MgSO4·7H2O (chapter 5), very slow reaction 

kinetics occur. If the reaction kinetics are too slow under the fixed p(H2O) conditions used, in 

combination with a relatively fast dynamic heating, as seen in the case of dehydration of 

MgSO4·7H2O (chapter 5), the structural reorganization results in an amorphization of the material. 

This can lead to incomplete reactions and the formation of metastable structures having an 

intermediate stoichiometry (case of MgSO4·7H2O), reducing the effective enthalpy of reaction of 

the material. Additionally, heat and water vapor transport may be further reduced in such 
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amorphous structures, resulting in slow reactions that reduce the temperature lift and power output 

on hydration [22],[10].  

 Conclusions regarding the physical stability of a salt hydrate in solid state can also be 

made from the results of the present study. The deliquescence of salt hydrate materials, as seen for 

chloride materials [12],[13], is an intrinsic thermodynamical property of each material, dependent 

on the operating conditions of temperature and p(H2O). To avoid deliquescence, stringent control 

of these operating parameters is required over the storage period (summer to winter) and the 

discharging phase of the heat. Incongruent melting is found during the dehydration of 

CuSO4·5H2O over consecutive cycles and has not been seen for other materials. Further 

investigation is required to understand the material properties promoting this melting in the case of 

this material. 

 The dissociation reaction of a salt hydrate, as seen in the case of MgCl2·6H2O (chapter 

6), depends on the intrinsic thermodynamical properties and experimental conditions (vapor 

pressure, temperature) applied during the measurements. In the case of the hydrolysis of 

MgCl2·6H2O (chapter 6) investigated in this study, the presence of water vapor and low HCl 

pressure (a consequence of the open sorption configuration) promote the dissociation of HCl from 

the dihydrated material. The rate of degradation can be reduced by modification of the reaction 

driving force (e.g. lower temperature for MgCl2·6H2O). However, if the thermodynamical 

conditions promote the reaction, the degradation of the material will always proceed.  

7.1.2 Limiting factors of the selected salts for SSHS 

In this thesis, the two salt hydrates, MgSO4·7H2O (chapter 5) and MgCl2·6H2O (chapter 6), 

assumed to have a large potential for domestic application of SSHS, were investigated to determine 

the aspects limiting their thermal performance over storage cycles.  

 For MgSO4·7H2O, the main factor limiting the thermal performance under SSHS 

conditions is the slow reaction rate of the material under the specific operating conditions (p(H2O) 

= 13 mbar). Compared to other salts, the more substantial rearrangement of the molecular structure 

(crystal symmetry change, intermediate of reaction) and lattice volume compaction/expansion on 

dehydration and hydration of MgSO4·7H2O, explains the slow reaction kinetics of this material 

during dehydration and hydration. Under the dynamic conditions of the SSHS application, these 

structural changes induce a collapse of the material molecular structure, resulting in an amorphous 

material. The incomplete dehydration of this material (non-stoichiometry) results from this 

structural amorphization, reducing its effective energy density for SSHS. Additionally, the 

amorphous structure, known to induce slow heat and water vapor transport on the molecular level 

of the material, may further reduce the slow heat discharge and low temperature levels on 

hydration [10],[11]. Furthermore, a reduction of the reactive material is found for MgSO4·7H2O 

over storage cycles, reducing its heat storage capacity. This reduction is largely due to incomplete 

hydration due to slow water uptake. However a partial deactivation of the material grain structure 
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over thermal cycles due to the amorphization of the material may also be considered. Further 

investigation is required to conclude on this hypothesis. In this study, a p(H2O) increase up to 

50 mbar is shown to improve the reaction rates of the material although the amorphous structure is 

still observed under those experimental conditions. The application of such experimental 

conditions is not possible in a practical SSHS application. Due to the slow kinetics, the present 

investigation shows strong disadvantages for using MgSO4·7H2O as a thermochemical 

material for seasonal heat storage in the residential sector. 

 In this study, two processes are identified to limit the thermal performance of 

MgCl2·6H2O over cycles under SSHS conditions (Trange = 10-150°C, p(H2O) = 13 mbar). First, the 

material deliquescence at low temperature is a critical factor for maintaining the grains and packed 

bed structure to be suitable for good SSHS performance. To avoid this material deliquescence, a 

stringent control of the temperature and p(H2O) conditions is required. A substantial reduction of 

p(H2O) in the system (“dry” storage) can prevent the deliquescence during the heat storage period 

(summer to winter). Additionally, deliquescence on heat discharge can be avoided when the 

temperature is maintained above the dissolution point of the material. At the ambient partial 

pressure of 13 mbar inside a SSHS system on heat discharge, the present study indicates that the 

material should be maintained above 30°C to remain in a solid state (chapter 6). The second critical 

process for MgCl2·6H2O, is the decomposition of the lower hydrate by a hydrolysis process, 

forming HCl vapor and non-reactive MgClOH. The presence of Mg-ions in the material favors 

the formation of HCl vapors, due to the acidic properties of the hexa-aqua-magnesium ions 

forming the basic complex ions [Mg(H2O)5(OH
-
)]

+
 in presence of water vapor. Due to 

evacuation of the HCl vapor in an open-sorption system, the hydrolysis of the material is 

promoted. The hydrolysis occurs particularly for the lower hydrated phases (2-hydrate, 1-

hydrate), for which the equilibrium depends strongly on the HCl pressure. When MgCl2·6H2O 

is only dehydrated between the 6-hydrate and 4-hydrate phases, the contribution of the HCl 

pressure is reduced in the desorption process compared to the water vapor pressure, and the 

hydrolysis of the material is therefore inhibited. However, this method to stabilize the material 

properties would reduce its energy storage density by half, reducing the interest for this material for 

the end-use application. 

7.2 Recommendations for future work 

Some general recommendations can be formulated for future research on material selection 

and system development for domestic application of seasonal solar heat storage.  

7.2.1 Remaining research questions 

The general process characteristics for (de)hydration of the examined salt hydrates are 

established in this thesis, but some remaining research questions are left regarding detailed 

processes occurring in the materials. The temperature hysteresis between the dehydration and 
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hydration is assumed in the present research and in other literature studies to result from intrinsic 

kinetic properties (activation energy) and self-heating/cooling effects. However, the influence of 

these two factors still needs further investigation to understand the fundamental process.  

Additionally, the intrinsic kinetic properties of a material can be a limiting factor for the 

material recrystallization during the process (e.g. amorphization), for the heat loading and 

unloading rate in the material, and for the effective temperature lift that can be reached on 

hydration of a salt. Regarding these aspects, a preliminary kinetic study was undertaken on 

Li2SO4·H2O, based on experimental data, with the aim to get a better understanding of the intrinsic 

kinetic properties. Calculations of the activation energy for three consecutive dehydrations were 

performed (figure 7-1), based on several classic kinetic approaches that neglect pressure effects 

(ASTM E698 [14], Kissinger [15], KAS [15],[16], FOW [17]-[19] and differential model fitting 

[20]). For every kinetic method tested, the range of activation energies found for Li2SO4·H2O is in 

the order of the reference values found in the literature [1]. However, results obtained with 

variable activation energy as a function of the conversion fraction  of material (figure 7-1b), 

show a significant increase of the activation energy values at the beginning of the dehydrations. In 

addition, this effect is also shown to change over cycles. The higher activation energy in the 

beginning of the reaction seems logical as the material needs higher activation energy to start the 

process (nucleation). However, the variations over cycles currently cannot be explained. In order 

to get a better understanding of this effect, a numerical modelling approach of the process on the 

molecular and grain levels, including also the pressure effects, can be valuable for further 

understanding of the intrinsic reaction kinetics and the temperature hysteresis. 

  

Figure 7-1: Activation energy Ea as function of the conversion fraction  for consecutive dehydrations of 

Li2SO4·H2O at 13 mbar in the temperature range of 25-150°C [21], calculated with a) methods assuming a 

constant Ea (ASTM E698 and Kissinger) and b) methods assuming a variable Ea (FOW, KAS and 

differential model fitting)  

The thermal analysis study on CuSO4·5H2O (chapter 3), also brought additional research 

questions that could not be answered from the results of the present investigation. Further 

investigation is needed into the material properties and/or operating conditions promoting the 
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incongruent melting of this material over consecutive cycles. Additionally, from a research point of 

view, a more detailed thermal and structural investigation of the metastable phase of 

CuSO4·2.5H2O, found on dehydrations over consecutive cycles, is of a great interest for the 

understanding of the process mechanism in sulfate salt hydrates. 

Although the present study contributed understanding of hydrolysis in MgCl2·6H2O, further 

investigation by thermal analysis and structural characterization (neutron diffraction, synchrotron) 

is required to determine the stability or metastability of the crystalline phase Mg3Cl2(OH)4·2H2O, 

found after the cycling process, and to understand further the structural reorganization of the 

material lattice structure during the process of degradation. 

7.2.2 Adaptation of the characterization procedure 

In the present research, limitations of the experimental setup often occur while 

characterizing the intrinsic thermodynamical and kinetic properties of the materials. Particularly for 

sulfate materials (chapter 3 and chapter 5), the long duration of the measurements reduces the 

measurement accuracy due to limitations in the stability of the thermal analysis equipment under 

moist conditions (signal variations) and limitations in the stability of the operating temperature and 

p(H2O) conditions. The slow reaction rates are mainly attributed to a small effective driving force, 

due to the reaction hysteresis, placing the effective temperature onset of the reactions in the vicinity 

of the lowest temperature set point of the measurements (Trange = 25-50°C). The results of the in-

situ thermal analyses performed in this study indicate the salt thermal performance under SSHS 

conditions, but thermal analysis equipment that would also allow for measurements at lower 

temperature (below 0°C), could provide a much larger and more consistent set of experimental data 

regarding the intrinsic kinetic properties of the materials.  

7.2.3 Alternative materials for SSHS 

Based on the outcome of the thermal and structural characterization of the four investigated 

salt hydrates in the present research, preliminary thermal analysis studies were conducted on two 

alternative chloride salts, CaCl2·2H2O and SrCl2·6H2O, under in-situ SSHS conditions 

(Trange = 25/50-150°C, p(H2O) = 13 mbar). The first results on these two materials, detailed in 

appendix 7-1, show a more stable performance over thermal cycles, without hydrolysis issues as 

seen for MgCl2·6H2O: 

 Under adapted in-situ SSHS conditions (Trange = 50-150°C, p(H2O) = 13 mbar), 

CaCl2·2H2O reacts with fast reaction rates and a constant energy density in the order of 1.25 GJ/m
3
 

over 20 cycles. However, a technical challenge exists in preventing the critical deliquescence of 

this material. At 13 mbar, a minimum operating system temperature of 45°C is required to avoid 

this phenomenon. Pre-heated air should be provided during the material hydration and a stringent 

control of the T-p(H2O) conditions is required on dehydration. Additionally, as previously 
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mentioned for MgCl2·6H2O, the storage period of the heat (summer to winter) requires a “dry 

storage”. However, system and material optimization with this material can lead to promising 

performance for SSHS.  

 Deliquescence on SrCl2·6H2O is not observed, which is a substantial advantage 

compared to the two other chloride salts. Stable energy density is also found for this material over 

storage cycles (figure 7-2), but varies strongly (0.4-1.75 GJ/m
3
) with the hydration temperature 

used in the system, due to the intrinsic thermodynamical properties of the material. Additionally, a 

slow conversion rate of the material is observed on hydration in the temperature range of 25-50°C, 

which may lead to small temperature lift. Investigation on SrCl2·6H2O in a larger scale reactor is 

recommended to investigate the potential of this material further.  

However, the present research shows that every salt based sorbent suffers from cracking 

and expansion over storage cycles. A technical challenge exists to develop a suitable concept for 

crystalline salt hydrates that can limit the powdering and loss of mechanical strength of the material 

over cycles. Impregnation of salt hydrates on stable matrix materials, as proposed in the literature 

[22], may improve the material stability over cycles, but the thermal mass of such composites is 

generally bigger and the heat effect lower. The use of covalently bonded materials with large 

internal porosity (e.g. zeolites, silica gel, MOF [23]), which do not involve change in crystal 

packing, seems to be a preferred route for stable performance of the sorbents over time.   
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Appendix 7: First material testing on other salt hydrates [21] 

As complementary investigation in this research, a preliminary study on two alternative salt 

hydrates, CaCl2·2H2O and SrCl2·6H2O, was conducted under in-situ SSHS conditions (Trange = 

25/50-150°C, p(H2O) = 13 mbar). As seen in figure 7-2, both materials present a high and stable 

energy density over storage cycles (1.25-1.75 GJ/m
3
) that is sufficient for domestic SSHS 

application. However, these two materials also show some performance limitations intrinsic to 

each material, related to the system operating conditions for temperature and p(H2O) used during 

the reversible process. 

 

Figure 7-2: Effective energy density over thermal cycles of SrCl2·6H2O and CaCl2·2H2O under 

p(H2O) =13 mbar (SSHS) for different hydration temperatures 

For CaCl2·2H2O, fast reaction rates and suitable reaction temperatures between 40-130°C 

are found during the reversible dehydration/ hydration process (figure 7-3a). However, a strong 

deliquescence effect exists for this material within the T-p(H2O) range used in an open sorption 

SSHS system. The equilibrium curves of the material in figure 7-3b show that at 13 mbar, the 

system temperature has to be set above 45°C to avoid deliquescence. On hydration, the air flow 

flushed into the packed bed should be pre-heated to prevent deliquescence. Additionally, during 

the storage period (summer to winter) when the storage material is cooled down to ambient (10-

20°C), a “dry storage” (p(H2O) < 3mbar) is required to avoid deliquescence of the material.. A 

technical challenge therefore exists to optimize the system/ material configuration to ensure the 

physical stability of CaCl2·2H2O over consecutive storage cycles. 
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Figure 7-3: a) DSC profile of consecutive dehydrations and hydrations of CaCl2·2H2O under13 mbar water 

vapour pressure, in the temperature range of 50 to 150°C with a heating and cooling rate of 0.5°C/min , b) 

equilibrium curves for the system CaCl2 – H2O [12] 

For SrCl2·6H2O, deliquescence is not observed, which is a substantial advantage compared 

to the two other chloride salts investigated (CaCl2·2H2O and MgCl2·6H2O). However, the effective 

energy density (0.4-1.75 GJ/m
3
) presented in figure 7-2, and power output presented in figure 7-4a, 

strongly vary with the hydration temperature used in the system. This result of the intrinsic 

thermodynamics of the phase transitions that occur during the process (figure 7-4b) and the effect 

of the driving force on the hydration reaction. The slow conversion rate of the material on 

hydration may lead to too small temperature lift for the SSHS application. Further investigation of 

SrCl2·6H2O in a larger scale reactor is needed to establish the potential of this material.  

 

Figure 7-4: a) Heat flow (DSC) and phase transitions observed for SrCl2·6H2O at different conditions of 

hydration temperatures under13 mbar water vapour pressure with a cooling rate of 1°C/min, b) Equilibrium 

curves for SrCl2-H2O [24] 
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Summary 
 

Experimental study of salt hydrates for thermochemical seasonal heat storage  

Thermochemical heat storage enables loss-free storage of heat, with an energy storage 

density of 1GJ/m
3
 in packed bed, which is four times higher than the energy storage density of 

water for over a temperature range of 60°C. The largest potential for thermochemical heat storage 

is expected in seasonal storage of solar heat (SSHS) for domestic applications. For use in the built 

environment, water vapor sorption in salt hydrates is one of the most promising means. In summer, 

the salt hydrate is dehydrated using solar heat from solar evacuated tube collectors. In winter, the 

dehydrated salt can be rehydrated to release the stored solar energy and to provide temperatures 

that are sufficiently high for space heating and tap water heating. The hydration process during the 

winter takes place at low water vapor pressure p(H2O), provided by water evaporation from a 

borehole. 

In order to develop suitable sorption materials for this application, the effect of the intrinsic 

material properties of a salt hydrate and the operating system conditions (temperature, vapor 

pressure) on the effective thermal performance over cycles (energy density, loading and unloading 

rate of the material, thermal power) needs to be investigated. An experimental characterization of 

thermal performance and of structural properties on different scales of the material (crystal, grain 

and powdery samples) has been undertaken to this end. Four different salt hydrate materials were 

selected for this investigation, to identify the general characteristics and the limiting aspects of the 

thermochemical process in salt hydrates. Two model salts, Li2SO4·H2O and CuSO4·5H2O, were 

used to validate the general characteristics of the (de)sorption process of salt hydrates under 

operating conditions of seasonal heat storage. Additionally, two salt hydrate materials 

(MgSO4·7H2O, MgCl2·6H2O), selected for their promising performance as thermochemical 

materials for SSHS, were investigated to have a better insight in the parameters (system, material) 

controlling their effective performance and limiting their efficiency for long term storage. 

The present study demonstrates that a stable energy density over storage cycles is obtained 

when the thermodynamical properties of the material are constant on dehydration and hydration. 

Constant thermodynamical properties result from a complete reversibility of the crystal structure of 

the material over storage cycles under the temperature and p(H2O) conditions applied during the 

process. Fast loading and unloading rates of the material and suitable thermal powers are obtained 

when the rearrangement of the crystal structure of the material during the dehydration and 

hydration promotes fast reaction kinetics (activation energy, recrystallization rate), when the grain 

structure of the material favors suitable heat and water vapor transport and when a sufficient 

driving force is applied to the thermochemical reaction. However, effective chemical, structural 

and physical changes occurring over storage cycles also have a strong influence on the effective 

thermal properties of the material. Stable thermodynamical properties are only found after the first 

thermochemical reaction of the material. This first reaction requires an additional energetic 
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contribution due to mechanical effects during the break down of the initial material structure. 

Additionally, the present study demonstrates the presence of a temperature hysteresis for every salt 

hydrate material between the onset of isothermal dehydration and of isothermal hydration. This 

temperature hysteresis, caused by intrinsic material effects (activation energy, self heating/cooling 

effects), induces a modification of the effective thermodynamics, kinetics and driving force of the 

thermochemical reaction over cycles. Phase transitions may not occur, reducing the effective 

storage density of the materials (e.g. MgSO4·7H2O). Additionally, slow hydration rates and low 

thermal power occur when the driving force is limited under SSHS conditions. Finally, the 

unavoidable breaking of the material during the first reaction, results in the formation of a porous 

structure, which opens over cycles by the effect of contraction and expansion of the material lattice 

structure. The pore opening contributes to improve kinetics and transport phenomena, but 

significantly reduces the mechanical strength of the material, resulting in reduction of particle size. 

This latter effect decreases the permeability of a packed bed and consequently reduces the 

convective transport essential for the thermal performance of the SSHS concept.  

For MgSO4·7H2O and MgCl2·6H2O, selected for their promising performance as 

thermochemical materials for SSHS, an identification of the limiting aspects (system, material) on 

their thermal performance over storage cycles is established in this study. For MgSO4·7H2O, an 

important limitation is presented by too slow reaction rates and a too small driving force under 

SSHS conditions (13 mbar), resulting in low thermal power output on discharge. An increase of 

the water vapor pressure to 50 mbar increases the performance of the material significantly. 

However, this water vapor pressure is difficult to realize for the end-goal application of seasonal 

heat storage in the residential sector. For MgCl2·6H2O, two intrinsic processes limit the thermal 

performance of the material over SSHS cycles. First, an overhydration at low temperature 

(< 30°C), intrinsic to the thermodynamical properties of the material under SSHS conditions, is a 

critical aspect for a packed bed concept. Sufficiently high temperature on hydration (> 40°C) and 

“dry storage” of the salt can prevent the overhydration phenomenon. Additionally, a degradation of 

the material by hydrolysis (HCl formation) occurs at high temperature, due to the presence of water 

and the very low HCl vapor pressure in an open-sorption design. The hydrolysis occurs for the 

lower hydrated phases (2-hydrate, 1-hydrate), where the equilibrium depends strongly on the HCl 

pressure. When the material is only dehydrated between the 6-hydrate and 4-hydrate phases, 

hydrolysis does not occur and a stable performance is found over cycles. However, the effective 

energy density of the material is decreased by half, reducing the interest for this material for SSHS 

application. 

From this research project, it can be concluded that none of the materials investigated 

presents satisfactory properties for direct implementation in an open-sorption storage system under 

the normal operating conditions for domestic seasonal heat storage. However, this investigation 

also proposes alternative salt hydrate materials for SSHS application. SrCl2·6H2O and CaCl2·2H2O, 

preliminary studied at the end of this research, show promising performance regarding energy 

density and stability over time. A further optimization of these materials regarding either physical 

stabilization at low temperature (CaCl2·2H2O) or possible low temperature output (SrCl2·6H2O) is 

expected to deliver suitable materials for domestic application of SSHS. 
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Thermochemische warmteopslag maakt verliesvrije opslag van warmte mogelijk met een 

gestort bed energieopslagdichtheid van 1 GJ/m
3
, wat vier keer hoger is dan de 

energieopslagdichtheid van water over een temperatuurbereik van 60°C. Het grootste potentieel 

voor thermochemische warmteopslag wordt verwacht in seizoensopslag van zonnewarmte (SSHS) 

voor huishoudelijke toepassingen. Voor gebruik in de gebouwde omgeving is waterdampsorptie in 

zouthydraten één van de meest veelbelovende technieken. In de zomer wordt het zouthydraat 

gedehydrateerd met behulp van zonnewarmte uit vacuümcollectoren. In de winter kan het 

gedehydrateerde zout weer worden gehydrateerd om de opgeslagen zonne-energie vrij te laten op 

een temperatuurniveau dat voldoende hoog is voor ruimteverwarming en tapwaterverwarming. 

Het hydratatieproces tijdens de winter vindt plaats bij een lage waterdampdruk p(H2O), 

gegenereerd door verdamping van water met een bodemwarmtewisselaar. 

Om geschikte sorptiematerialen te ontwikkelen voor deze toepassing, dient het effect van 

de intrinsieke materiaaleigenschappen van een zouthydraat op de effectieve thermische prestaties 

over cycli (energiedichtheid, reactiesnelheid van het materiaal, thermisch vermogen) te worden 

onderzocht, onder normale bedrijfscondities (temperatuur, dampdruk). Een karakterisatie van 

thermische prestaties en structurele eigenschappen van het materiaal op verschillende 

schaalgroottes (kristal, korrel en poedervormige monsters) is hiertoe uitgevoerd. Vier verschillende 

zouthydraat materialen werden geselecteerd voor dit onderzoek, om algemene kenmerken en 

beperkingen te identificeren van het thermochemische proces in zouthydraten. Twee modelzouten, 

Li2SO4·H2O en CuSO4·5H2O, werden gebruikt om de algemene kenmerken van het 

(de)sorptieproces van zouthydraten te valideren onder de normale bedrijfsomstandigheden in een  

seizoenswarmteopslag. Bovendien zijn twee zouthydraten (MgSO4·7H2O, MgCl2·6H2O), 

geselecteerd op basis van hun veelbelovende prestaties als thermochemische materialen voor 

SSHS, onderzocht om een beter inzicht te krijgen in de parameters (systeem, materiaal) die de 

effectieve prestaties en efficiëntie van deze zouten voor lange termijn opslag bepalen. 

De onderhavige studie toont aan dat een stabiele energiedichtheid over opslagcycli wordt 

verkregen wanneer de thermodynamische eigenschappen van het materiaal constant zijn bij 

dehydratatie en hydratatie. Constante thermodynamische eigenschappen zijn het gevolg van een 

volledige reversibiliteit van de kristalstructuur van het materiaal over opslagcycli onder de 

temperatuur- en p(H2O) condities toegepast tijdens het proces. Snelle laad- en ontlaadsnelheden 

van het materiaal en geschikte thermische vermogens worden verkregen wanneer de verandering 

in de kristalstructuur van het materiaal tijdens de dehydratatie en hydratatie snelle reactiekinetiek 

(activeringsenergie kristallisatie snelheid) bevordert, bijvoorbeeld doordat de korrelstructuur van 

het materiaal warmte- en waterdamp transport bevordert en voldoende drijvende kracht aanwezig 
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is voor de thermochemische reactie. Echter, structurele veranderingen en materiaaleffecten die 

optreden tijdens opslag cycli hebben ook een sterke invloed op de effectieve thermische 

eigenschappen van het materiaal. Stabiele thermodynamische eigenschappen treden pas op na de 

eerste thermochemische reactie van het materiaal. Deze eerste reactie vereist extra energie voor het 

opbreken van de oorspronkelijke materiaalstructuur. Daarnaast toont de onderhavige studie de 

aanwezigheid aan van een temperatuur hysterese voor ieder zouthydraat tussen het begin van 

isotherme dehydratatie en hydratatie. Deze temperatuur hysterese, veroorzaakt door intrinsieke 

materiaaleigenschappen (activeringsenergie, zelfverwarming/koeling effecten), veroorzaakt een 

wijziging in de effectieve thermodynamica, kinetiek en drijvende kracht van de thermochemische 

reactie over cycli. Het kan zijn dat faseovergangen niet optreden, waardoor de effectieve 

opslagdichtheid van de materialen (bv MgSO4·7H2O) vermindert. Bovendien kunnen langzame 

hydratie en een laag thermisch vermogen optreden als de drijvende kracht beperkt is onder SSHS 

condities. Ten slotte resulteert het onvermijdelijke opbreken van het materiaal tijdens de eerste 

reactie, in de vorming van een poreuze structuur, waarvan de ontstane poriën zich in volgende 

cycli verder openen door samentrekking en uitzetting van de roosterstructuur. De porie opening 

draagt ertoe bij kinetiek en transportverschijnselen te verbeteren, maar vermindert de mechanische 

sterkte van het materiaal, wat resulteert in reductie van de deeltjesgrootte. Dit laatste effect 

vermindert de permeabiliteit van een gepakt bed en dus ook de convectieve transport 

verschijnselen die van essentieel belang zijn voor de thermische prestaties van het SSHS-concept. 

Voor MgSO4·7H2O en MgCl2·6H2O, geselecteerd vanwege hun veelbelovende prestaties 

als thermochemische materialen voor SSHS, is in deze studie een identificatie uitgevoerd van de 

beperkende factoren (systeem, materiaal) voor hun thermische prestaties over opslag cycli. 

Belangrijke beperkingen voor MgSO4·7H2O zijn de trage reactiesnelheid en een te kleine drijvende 

kracht onder SSHS omstandigheden (13 mbar), wat resulteert in een laag thermisch vermogen 

gedurende het ontladen. Een toename van de waterdampdruk tot 50 mbar verhoogt de prestatie van 

het materiaal aanzienlijk. Echter, deze waterdampdruk is moeilijk te realiseren voor de beoogde 

toepassing van seizoenswarmteopslag in de residentiële sector. Voor MgCl2·6H2O beperken twee 

intrinsieke processen de thermische prestaties van het materiaal over SSHS cycli. Ten eerste treedt 

overhydratatie op bij lage temperatuur (<30 ° C), wat inherent is aan de thermodynamische 

eigenschappen van het materiaal onder SSHS omstandigheden, Dit effect heeft een cruciale 

invloed op de permeabiliteit van een gepakt bed. Voldoende hoge temperatuur bij hydratatie (> 40 

°C) en een "droge opslag" van het zout kan overhydratie voorkomen. Daarnaast treedt een 

degradatie van het materiaal op door hydrolyse (HCl vorming) bij hoge temperatuur, vanwege de 

aanwezigheid van water en de zeer lage HCl dampdruk in een open sorptie ontwerp. De hydrolyse 

vindt plaats in de lagere gehydrateerde fasen (2-hydraat, 1-hydraat), waarvoor het evenwicht sterk 

afhankelijk is van de HCl druk. Wanneer het materiaal slechts gecycleerd word tussen de 6-hydraat 

en 4-hydraat fasen, treedt hydrolyse niet op en wordt een stabiele prestatie gevonden over cycli. 

Echter, de effectieve energiedichtheid van het materiaal vermindert met de helft, waardoor het 

potentieel van dit materiaal voor SSHS toepassing vermindert. 
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Uit dit onderzoek kan worden geconcludeerd dat geen van de onderzochte materialen 

voldoende goede eigenschappen heeft om direct te kunnen worden toegepast in een open-sorptie 

opslagsysteem voor seizoenswarmteopslag in woningen onder normale bedrijfsomstandigheden. 

Echter, dit onderzoek geeft ook alternatieve zouthydraten voor SSHS toepassing. Voorbereidende 

metingen aan SrCl2·6H2O en CaCl2·2H2O, uitgevoerd aan het einde van dit onderzoek, tonen 

veelbelovende prestaties met betrekking tot energie-dichtheid en stabiliteit over cycli. Een verdere 

optimalisatie van deze materialen met betrekking tot zowel fysieke stabilisatie op lage temperatuur 

(CaCl2·2H2O) als verbeteren van het lage thermische vermogen (SrCl2·6H2O), zou geschikte 

materialen kunnen opleveren voor toepassing in SSHS in de gebouwde omgeving. 
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