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Composite materials based on aluminium fumarate (AF) and CaCl 2 have been developed for the storage of energy from renewable and waste sources. Composite Salt-Porous Matrix (CSPM) was synthesised by impregnating aluminium fumarate MOF host matrix with various relative CaCl 2 salt contents (25-60 wt.%). The resulting CSPMs were fully characterized by X-ray diffraction, N 2 and H 2 O sorption isotherms at -196 and 25 °C, respectively, scanning electron microscopy and thermal analysis. The high surface area of the AF matrix (959 m 2 g -1 ) drastically decreases upon the addition of salt, to about 50 m 2 g -1 . The heat storage performance of the composites was found to depend on the added amount of salt to the MOF matrix, with higher amounts of salt leading to better performance. The maximum water sorption capacity of 0.68 kgH O kg -1 , coupled with a high heat of water sorption (1840 kJ kg -1 ), makes these composites interesting when used at a rehydration level not exceeding CaCl 2 .4H 2 O to avoid any deliquescence and washing out of the salt. A kinetic study of the hydration demonstrated that salt deposition increases the water sorption rate in comparison with the host matrix. Moreover, the impact of salt deposition on the activation energy of dehydration of the host matrix was also determined by applying integral isoconversional methods.

Introduction

One of the key issues around climate change and its environmental and socio-economic impacts is the strong dependence of our society on fossil fuels (~80% of the primary energy sources in the world) [START_REF] Bellocchi | Electrification of transport and residential heating sectors in support of renewable penetration: scenarios for the Italian energy system[END_REF]. The transportation sector is the main consumer of primary energy (33%), followed by industry (31%) and residential (20%) uses [START_REF]Energy Balances of OECD Countries 2015[END_REF]. In the European Union, heating and cooling account for half of the total final energy demand [START_REF] Fleiter | Profile of heating and cooling demand in 2015[END_REF]. Generally, the recovery and storage of heat from waste sources (e.g. heat from engine exhaust gases, industrial waste heat,…) and the use of sustainable renewable energy would contribute to decrease dependency on fossil fuels and help lower the carbon footprint. However, the use of such energy sources for heating and cooling is very low, despite of their high potential in terms of energy storage. Renewable energies (wind, solar…) although clean, abundant and decentralised, require storage systems due to their intermittent character, often offering their highest potential during low demand periods [START_REF] Suberu | Energy storage systems for renewable energy power sector integration and mitigation of intermittency[END_REF]. Because thermal energy dominates the final energy use, thermal energy storage is an attractive technology in order to transfer surplus energy from waste heat and/or renewable energy sources and release it at times of high demand. It presents the advantage of a wide range of storage possibilities (sensible [START_REF] Fernandez | Selection of materials with potential in sensible thermal energy storage[END_REF], latent [START_REF] Zalba | Review on thermal energy storage with phase change: materials, heat transfer analysis and applications[END_REF], and thermochemical [START_REF] Tatsidjodoung | A review of potential materials for thermal energy storage in building applications[END_REF] heat storage) with storage periods ranging from minutes to months [START_REF] Scapino | Sorption heat storage for long-term low-temperature applications: a review on the advancements at material and prototype scale[END_REF].

Thermochemical heat storage (TCHS) systems are one of the most promising technology among the available heat storage mechanisms due to their ability to achieve a high storage density (even with low temperature variations) over long time periods [START_REF] Jong | Thermochemical heat storagesystem design issues[END_REF][START_REF] André | Screening of thermochemical systems based on solid-gas reversible reactions for high temperature solar thermal energy storage[END_REF][START_REF] Carrillo | Solar energy on demand: a review on high temperature thermochemical heat storage systems and materials[END_REF][START_REF] N'tsoukpoe | A reality check on long-term thermochemical heat storage for household applications[END_REF]. The basic configuration and operation of TCHS are well described in the literature [START_REF] Aydin | The latest advancements on thermochemical heat storage systems[END_REF][START_REF] Wu | A critical review of solid materials for low-temperature thermochemical storage of solar energy based on solid-vapour adsorption in view of space heating uses[END_REF][START_REF] Cot-Gores | Thermochemical energy storage and conversion: Astate-of-the-art review of the experimental research under practical conditions[END_REF]. Briefly, TCHS implies the use of physical or chemical bonds to store energy and operates via reversible sorption (e.g. solid/gas) reactions. TCHS systems mostly use a salt hydrate as thermal energy storage medium and water as reactive gas. During the charging process, heat (solar or low grade waste heat) is supplied to a TCHS material that decomposes into its two components, sorbent and sorptive, via an endothermic reaction. During the discharging process, the sorbent and sorptive react via an exothermic reaction that releases the stored heat [START_REF] Suberu | Energy storage systems for renewable energy power sector integration and mitigation of intermittency[END_REF][START_REF] Abedin | A critical review of thermochemical energy storage systems, The Open Renew[END_REF]. Salt hydrates are environmentally safe, have a low cost, and present high affinity for water providing a suitable heat storage capacity for TCHS applications. However, most of the salt melts congruently with the formation of less hydrated forms, leading to an irreversible process and a continuous decrease in storage efficiency [START_REF] Farid | A review on phase change energy storage: materials and applications[END_REF]. This phenomenon is also associated with agglomeration of the salt and washing out of active materials during TCHS use [START_REF] Carrillo | Solar energy on demand: a review on high temperature thermochemical heat storage systems and materials[END_REF][START_REF] Donkers | Experimental studies for the cyclability of salt hydrates for thermochemical heat storage[END_REF].

To overcome this main issue, water stable microporous and mesoporous adsorbents such as silica, alumina, zeolite, expanded vermiculite, aerogel, silico-aluminophosphates have been widely studied as heat storage materials [START_REF] Tatsidjodoung | A review of potential materials for thermal energy storage in building applications[END_REF][START_REF] Jänchen | Studies of the water adsorption on zeolites and modified mesoporous materials for seasonal storage of solar heat[END_REF][START_REF] Jänchen | Calorimetric investigation on zeolites, AlPO4's and CaCl 2 impregnated attapulgite for thermochemical storage of heat[END_REF][START_REF] Feng | Key technology and application analysis of zeolite adsorption for energy storage and heat-mass transfer process: A review[END_REF]. The hydrophilic character, high affinity for water vapor, and large water sorption capacity at low relative humidity make silica gels promising candidates [START_REF] Tahat | Heat-pump/energy-store using silica gel and water as a working pair[END_REF][START_REF] Ng | Nanoporous materials with enhanced hydrophilicity and high water sorption capacity[END_REF]. Microporous zeolites 3A, 4A, faujasites X and Y and alkali/alkaline earth metal modified zeolites have all been reported to be promising materials due to high water capacities at low relative pressure (0.05 -0.3) and a high thermal stability. Jänchen et al. [START_REF] Jänchen | Studies of the water adsorption on zeolites and modified mesoporous materials for seasonal storage of solar heat[END_REF] reported sorption capacities of 0.24 kgH O kg -1 and 0.19 kgH O kg -1 for Li-X and Na-X, respectively, while zeolite 4A showed a water sorption capacity of 0.22 kgH O kg -1 [START_REF] Gorbach | Measurement and modelling of water vapor adsorption on zeolite 4A-equilibria and kinetics[END_REF]. Furthermore, the water sorption and heat storage capacities of different classes of materials such as aluminophosphates (AlPOs) and silicoaluminophosphates (SAPOs) have also been investigated [START_REF] Jänchen | Calorimetric investigation on zeolites, AlPO4's and CaCl 2 impregnated attapulgite for thermochemical storage of heat[END_REF][START_REF] Kakiuchi | Water vapor adsorbent FAM-Z02 and its applicability to adsorption heat pump[END_REF]. The good thermal stability over successive hydration/dehydration cycles of these materials represents the main advantage for their use as component in thermochemical heat storage systems [START_REF] Basina | Hierarchical AlPO4-5 and SAPO-5 microporous molecular sieves with mesoporous connectivity for water sorption applications[END_REF]. However, porous adsorbents have relatively low water sorption capacities compared to hygroscopic salts, and poor energy storage properties [START_REF] Courbon | Further improvement of the synthesis of silica gel and CaCl 2 composites: enhancement of energy storage density and stability over cycles for solar heat storage coupled with space heating applications[END_REF][START_REF] Chan | Performance predictions for a new zeolite 13X/CaCl 2 composite adsorbent for adsorption cooling systems[END_REF][START_REF] Hongois | Development and characterisation of a new MgSO 4 -zeolite composite for long-term thermal energy storage[END_REF][START_REF] Ristić | Sorption composite materials for solar thermal energy s torage[END_REF].

Aiming to overcome the issues of both classes of materials for TCHS applications, composite materials have been developed comprising hygroscopic salt hydrate inside a porous adsorbent solid as host matrix (CSPM, Composite Salt-Porous Matrix) [START_REF] Levitskij | Chemical Heat Accumulators": a new approach to accumulating low potential heat[END_REF][START_REF] Yu | A family of new working materials for solid sorption air conditioning systems[END_REF][START_REF] Jabbari-Hichri | Enhancing the heat storage density of silicaalumina by addition of hygroscopic salts (CaCl 2 , Ba(OH) 2 , and LiNO 3 )[END_REF][START_REF] Yu | Nanocomposite sorbents for multiple applications[END_REF]. Such composites take advantage of a combination of different water sorption mechanisms: heterogeneous adsorption on the host matrix surface, chemical reaction between salt and water to form hydrates, and liquid absorption by salt aqueous solution inside the pores [START_REF] Yu | A family of new working materials for solid sorption air conditioning systems[END_REF]. Hence, the addition of salt hydrates to a porous matrix increases both the quantity of sorbed water and the heat storage capacity of the CSPM material.

Typical hygroscopic salt hydrates that can be incorporated into the porous host matrix include LiCl, SrBr 2 , MgSO 4 , MgCl 2 and CaCl 2 [START_REF] Scapino | Sorption heat storage for long-term low-temperature applications: a review on the advancements at material and prototype scale[END_REF]. CaCl 2 is able to absorb water molecules at room temperature, to release water when heated providing high energy storage performances [START_REF] Jabbari-Hichri | Enhancing the heat storage density of silicaalumina by addition of hygroscopic salts (CaCl 2 , Ba(OH) 2 , and LiNO 3 )[END_REF][START_REF] Yu | Nanocomposite sorbents for multiple applications[END_REF][START_REF] N'tsoukpoe | A review on the use of calcium chloride in applied thermal engineering[END_REF]. Composite materials containing calcium chloride exhibit the highest storage capacities [START_REF] Lin | Applications of low-temperature thermochemical energy storage systems for salt hydrates based on material classification: A review[END_REF] and seem to be the most promising candidates among the different salt hydrates used for thermal storage applications [START_REF] Jabbari-Hichri | CaCl 2 -containing composites as thermochemical heat storage materials[END_REF][START_REF] Xie | Fabrication and characterization of CaCl 2 •6H 2 O composite phase change material in the presence of CsxWO 3 nanoparticles[END_REF]. In particular, several composite materials containing CaCl 2 .6H 2 O salt have been investigated in heat storage applications. Jabbari-Hichri et al. [START_REF] Jabbari-Hichri | CaCl 2 -containing composites as thermochemical heat storage materials[END_REF] reported that silica gel impregnated by 13.8 wt.% of CaCl 2 has a dehydration enthalpy and a water sorption capacity of 746 kJ kg -1 and 0.27 kgH O kg -1 , respectively. Also, 14.0 wt.% CaCl 2 impregnated mesoporous alumina composite has shown a dehydration enthalpy of 576 kJ kg -1 and a water sorption capacity of 0.17 kgH O kg -1 . Ristic et al. [START_REF] Ristić | New two-component water sorbent CaCl 2 -FeKIL 2 for solar thermal energy storage[END_REF] demonstrated that the impregnation of mesoporous iron silicate (FeKIL2) with CaCl 2 triples the water sorption capacity of the support at high relative water vapour pressure.

Recently, Metal-Organic Frameworks (MOFs), a new type of porous materials, have gained much attention [START_REF] Furukawa | The chemistry and applications of metal-organic frameworks[END_REF][START_REF] Dhakshinamoorthy | Engineering UiO-66 metal organic framework for heterogeneous catalysis[END_REF]. These materials are crystalline inorganic-organic hybrid materials, composed of inorganic metal ions or metal clusters linked by organic ligands through coordinate bonds [START_REF] Ma | Enantioselective catalysis with homochiral metal-organic frameworks[END_REF]. MOFs have been successfully employed in applications such as catalysis [START_REF] Zhang | Blocking bimolecular activation pathways leads to different regioselectivity in metal-organic framework catalysis[END_REF], gas storage [START_REF] Farha | De novo synthesis of a metal-organic framework material featuring ultrahigh surface area and gas storage capacities[END_REF][START_REF] Gutov | Water-stable zirconium-based metal-organic framework material with high-surface area and gas-storage capacities[END_REF] and drug delivery [START_REF] Wang | A multifunctional metal-organic framework based tumor targeting drug delivery system for cancer therapy[END_REF] thanks to their high surface area [START_REF] Farha | Metal-organic framework materials with ultrahigh surface areas: is the sky the limit?[END_REF], low density, milder synthesis conditions and tunable properties [START_REF] Li | Topological analysis of metal-organic frameworks with polytopic linkers and/or multiple building units and the minimal transitivity principle[END_REF][START_REF] Cohen | Postsynthetic methods for the functionalization of metal-organic frameworks[END_REF][START_REF] Deria | Beyond postsynthesis modification: evolution of metal-organic frameworks via building block replacement[END_REF]. These specific properties can make MOFs promising host porous materials for water and heat storage because they can surpass classical porous matrices like zeolites and silica gels in water sorption capacity. A metal-organic framework was firstly proposed as a solid adsorbent in heat transformation cycles for refrigeration, heat pumping, and heat storage by Henninger et al. [START_REF] Henninger | MOFs as adsorbents for low temperature heating and cooling applications[END_REF] in 2009. Since then, a series of MILs (Materials from Institut Lavoisier) have been investigated for water sorption applications [START_REF] Permyakova | Design of salt-metal organic framework composites for seasonal heat storage applications[END_REF][START_REF] Shi | Water sorption properties of functionalized MIL-101(Cr)-X (X=-NH 2 , -SO 3 H, H, -CH 3 , -F) based composites as thermochemical heat storage materials[END_REF][START_REF] Tannert | Robust synthesis routes and porosity of the Albased metal-organic frameworks Al-fumarate, CAU-10-H and MIL-160[END_REF]. Kaskel and coworkers [START_REF] Küsgens | Characterization of metal-organic frameworks by water adsorption[END_REF] reported that mesoporous MIL-100 (Fe) and MIL-101 have a water sorption capacity of 0.65 and 1.02 kgH O kg -1 , respectively. Permyakova et al. [START_REF] Permyakova | Design of salt-metal organic framework composites for seasonal heat storage applications[END_REF] studied the water sorption and heat storage capacities of CaCl 2 impregnated MIL and UIO (Material form University of Oslo) composites. They reported that the increase of salt content in MOFs significantly enhances the water adsorption and the energy storage capacities. Shi et al. [START_REF] Shi | Water sorption properties of functionalized MIL-101(Cr)-X (X=-NH 2 , -SO 3 H, H, -CH 3 , -F) based composites as thermochemical heat storage materials[END_REF] determined that hydrophilic MOF based composite (MIL-101(Cr)-SO 3 H/CaCl 2 ) has higher water sorption capacity (0.6 kgH O kg -1 ) and a higher heat storage capacity (1274 kJ kg -1 ) compared to pure host matrix MIL-101(Cr)-SO 3 H (0.43 kgH O kg -1 and 694 kJ kg -1 ). Among various MOFs used in thermochemical heat storage, aluminium fumarate has gained attention due to its high hydrophilicity, excellent multicycle stability, the lack of harmful components (heavy metal or critical organic compounds) and environmentally friendly synthesis route [START_REF] Tannert | Robust synthesis routes and porosity of the Albased metal-organic frameworks Al-fumarate, CAU-10-H and MIL-160[END_REF]. The possibility of a large scale production due to an easy and reproductible synthesis process also offers an important advantage [START_REF] Gaab | The progression of Al-based metal-organic frameworks-from academic research to industrial production applications[END_REF]. The structure is made of infinite Al-OH-Al chains connected by fumarate linker. Aluminium fumarate 3D structure consists of [Al(OH)(O 2 C-CH=CH-CO 2 )] with rhombohedral channels [START_REF] Alvarez | The structure of the aluminum fumarate metal-organic framework A520[END_REF]. Also, the microporous structure of aluminium fumarate facilitates continuous pore filling with water while avoiding irreversible capillary condensation [START_REF] Teo | Experimental study of isotherms and kinetics for adsorption of water on aluminium fumarate[END_REF][START_REF] Tan | In situ synthesis and performance of aluminum fumarate metal-organic framework monolithic adsorbent for water adsorption[END_REF][START_REF] Elsayed | Aluminium fumarate and CPO-27(Ni) MOFs: characterization and thermodynamic analysis for adsorption heat pump applications[END_REF].

The present paper deals with a first attempt to use aluminium fumarate as a host matrix for calcium chloride, for thermochemical heat storage system applications. The impact of salt deposition on the structural and morphological properties and the hydrophilicity/hydrophobicity balance are investigated. The water and heat storage performances of the materials have been analysed using thermogravimetry (TG) coupled with differential scanning calorimetry (DSC) during two successive hydration/dehydration cycles. Furthermore, kinetic models have been applied to the experimental hydration and dehydration in order to get a better understanding of the impact of salt loading on sorption and desorption behaviours. O) used in this study were purchased from Alfa Aesar. Aluminium fumarate (AF) was prepared according to the procedure already reported by El-Sayed et al. [START_REF] Tan | In situ synthesis and performance of aluminum fumarate metal-organic framework monolithic adsorbent for water adsorption[END_REF] and Teo et al. [START_REF] Alvarez | The structure of the aluminum fumarate metal-organic framework A520[END_REF]. 0.36 g of AlCl 3 .6H 2 O and 0.33 g of fumaric acid were dissolved in DMF (5 mL) before the mixture was heated in an autoclave at 150 °C for 15 h. The product was then separated by centrifugation, washed three times in ethanol, dried overnight at 80 °C and heated at 200 °C for 2 h.

Experimental Section

The incorporation of CaCl 2 into the prepared AF matrix was performed by successive impregnations. In detail, 0.25, 0.50, and 1.5 mL of 1 M CaCl 2 .2H 2 O solution in ethanol were added (in 0.25 mL steps) at room temperature to 0.1 g aluminium fumarate powder. Evaporation of ethanol was carried out between each step. Then, the CaCl 2 -loaded AF composites were dried at 100 °C overnight. The loaded masses of CaCl 2 into AF, as determined by chemical analysis, were 25, 37 and 58 wt.%. Hereafter, the three synthesized composites are named as AF-Ca 1 , AF-Ca 2 and AF-Ca 3 for 25, 37 and 58 wt.% CaCl 2 content, respectively. To remove CaCl 2 from the AF, the composite was placed in water under stirring at room temperature, filtered from the solution and dried.

Material characterisation

The textural properties were determined from nitrogen adsorption/desorption isotherms obtained at -196 °C using a BelsorpMini (Bel Instruments, Japan) apparatus. Prior to experiments, the solids (about 0.08 g) were outgassed at 150 °C for 4 h in secondary vacuum. The specific surface areas (S BET ) were derived from the BET (Brunauer -Emmett -Teller) standard equation, using a method adapted for microporous compound (norm iso 9277). Total pore volume was estimated by converting the adsorption amount of liquid nitrogen into volume at a relative pressure of 0.98. The mesoporous volume was calculated from the adsorption branch of the isotherms using the Barrett-Joyner-Halenda (BJH) method between P/P 0 = 0.42 and 0.96.

In order to further characterize textural and sorption properties of the studied TCHS materials, water vapor sorption isotherms were measured using a Micromeritics 3 Flex apparatus. Between 0.110 and 0.150 g of solid, previously outgassed at 150 °C for 3 h, were used. For obtaining the isotherms, the samples were kept at a constant temperature of 25 °C with a relative humidity ranging from 0 to 98 %. The quantity of water uptake is expressed in kg of water vapor per kg of sample as a function of P/P 0 at 25 °C.

Powder X-ray diffraction (XRD) patterns were collected at room temperature, under air, using a PANalytical Xpert Pro diffractometer (The Netherlands, CuKα radiation at 1.54 Å). Diffractograms were collected at 2θ between 5 and 45° with steps of 0.016°. Phase identification was performed using the Basolite A520 TM (commercial aluminum-fumarate MOF from BASF SE) diffraction pattern taken in the Cambridge university CSD database (identifier: DOYBEA). CaCl 2 .2H 2 O and CaCl 2 .4H 2 O patterns came from the HighScore data base (respectively JCPDS: 01-070-0385 and 01-072-1015).

Chemical analyses of calcium were performed using inductively coupled plasma optical emission spectroscopy (ICP-OES) with an ACTIVA spectrometer from Horiba JOBIN YVON. In order to dissolve them completely, the samples were treated with a mixture of inorganic acids (H 2 SO 4 and HNO 3 ) at 300 °C. The expected errors on the ICP-OES device are estimated at ± 2 %. In order to evaluate the analysis reproducibility, the Ca content was determined twice for each composite, at different times, on the same sample batch. The found error is of ± 2.4 %.

The morphology of the solids was studied by scanning electron microscopy (SEM) on a Zeiss Merlin Compact microscope (Centre Technologique des Microstructures de l'Université de Lyon) operating at 2 kV and equipped with an energy-dispersive X-ray (EDX) spectrometer. EDX analyses were performed on about 10 different areas.

Measurements of heat and water storage properties

The water sorption and heat storage/release capacities of the materials were measured using a thermogravimetric analyser (TG) coupled to a differential scanning calorimeter (DSC) (Setaram SENSYS EVO TG-DSC) and a humidity generator (Setaram WETSYS). The thermogravimetric investigations (with a measuring range of ± 200 mg and a resolution of 0.02 µg) made it possible to determine the mass evolution versus time and temperature and the quantity of sorbed/desorbed water. The sorption equilibrium was considered to be achieved when a weight change of less than 0.5 % was measured over two consecutive 10 min intervals. In addition to the water uptake measurements using TG, the amount of heat stored/released during the sorption processes was simultaneously determined from DSC (heat flow) curves. Since the aim was to test the composites under conditions as close as possible to those used in open heat storage systems, the experiments were carried out at atmospheric pressure under dry/humid air flow (air 5.0, purity 99.999 %, H 2 O < 5 ppm). The humidity ratio was measured with a precision of ± 0.3 % RH. The air gas flow rate in all measurements was set to 20 mL min -1 , bath and gas temperature in the humidity generator were set to 40 °C, the humidity ratio was 30% RH (corresponding to 0.96 kPa pure water vapour pressure at 25 °C), and around 8 mg of sample was used to carry out the dehydration/hydration experiments. The procedure used to evaluate the storage properties consisted of the following steps: (1) The fresh solid, placed in an open quartz cell, was dehydrated under dry air flow at 150 °C for 3 h (the temperature ramping from 25 to 150 °C being performed with 2 °C min -1 ), in order to ensure that the different materials were in the same initial state at the beginning of the study.

(2) After cooling to room temperature under the same gas atmosphere, the first hydration cycle was performed at 25 °C by switching from dry to humid air flow which was maintained for 16 h, in order to hydrate the materials under conditions similar to those in applications. (3) After 16 h, the gas flow was switched back from humid to dry air, still at 25 °C, and the first two steps repeated for the next dehydration/hydration cycle. The second hydration step was used to study the water uptake kinetics. The samples were used in the powder form with particles size fraction of 0.1-0.5 µm. Since the sample weight affects the water loading rate during rehydration (preliminary investigations, not shown), the same amount of samples has been used in order to compare the kinetics of different materials. Fitted curves and kinetic parameters were determined using the BoxLucas1 model in Origin. Studied materials fitted curves contained 10000 points in order to determine as precisely as possible the kinetic parameter. The study here focused on the relative comparison of the composites synthesized with regard to salt loading.

The dehydration temperature of 150 °C was selected in order to match the main sources of waste heat in industry, such as exhaust gases, steam condensate, cooling water, and drying, baking or curing ovens [START_REF] Ilona | Amber Waste heat recovery: technology and opportunities in U.S. industry[END_REF]. It also matches the functioning temperature of the solarthermal tube collectors used to warm up the air necessary to dry up the storage material in a real system [START_REF] Hongois | Development and characterisation of a new MgSO 4 -zeolite composite for long-term thermal energy storage[END_REF][START_REF] Jabbari-Hichri | CaCl 2 -containing composites as thermochemical heat storage materials[END_REF]. The hydration step using the aluminium fumarate-based composites resulted in a flat DSC peak, and the signal did not return to the initial base line even after 16 h. Due to the difficulties in accurately integrating such a signal, the enthalpy values obtained from dehydration cycles were used instead to determine the heat stored in the composites. The measured heat flow was corrected by subtracting the heat flow signal of a blank test (performed under the same conditions with empty crucibles prior to the measurements). The linear integration of the resulting heat flow signal was used to determine the heat in kJ kg -1 . The estimated error on the dehydration heat values was around ± 20 kJ kg -1 . The second dehydration step was also performed at different heating rates (2, 4, 6 and 8 °C min -1 ) in order to determine the apparent dehydration activation energy by using Kissinger and Ozawa methods [START_REF] Kissinger | Variation of peak temperature with heating rate in differential thermal analysis[END_REF][START_REF] Ozawa | Kinetic analysis of derivative curves in thermal analysis[END_REF]. The evolution of the weight of the material during the second dehydration cycle was obtained by the Eq. ( 1). The amount of water sorbed at a given time by the dry composites was obtained with Eq. ( 2) while the water sorption capacity (SC) was determined with Eq. ( 3):

W = ( ) (1) Y = ( ( ) ) (2) 
SC = ( ) (3) 
where W (t) represents the weight of the material measured at time t, W hyd is the weight of the wet adsorbent as measured after the first hydration step, and W dehyd is adsorbent weight after the second dehydration step (dry state). The employed procedure allows to compare samples with the high salt amounts.

Results and discussion

Structural and textural properties

The physico-chemical characteristics of all materials were determined by surface area and pore volume measurements, chemical analyses, X-ray diffraction (XRD) and scanning electron microscopy (SEM). The CaCl 2 contents, specific surface areas (S BET ), mesoporous (V meso ) and total pore (V porous ) volumes are summarized in Table 1. Fig. 1 presents the N 2 adsorption/desorption isotherms of all the solids. Pure aluminium fumarate (AF) possesses a high specific surface area (959 m 2 g -1 ), which is consistent with data already published [START_REF] Tan | In situ synthesis and performance of aluminum fumarate metal-organic framework monolithic adsorbent for water adsorption[END_REF][START_REF] Karmakar | Aluminium fumarate metal-organic framework: A super adsorbent for fluoride from water[END_REF]. It shows a type I isotherm that is characteristic of microporous materials according to the I.U.P.A.C. classification [START_REF] Lowell | Powder surface area and porosity[END_REF]. Indeed, the adsorption isotherm is characterized by a rapid increase of the amount of gas adsorbed at low equilibrium pressures (P/P 0 = 0.02) which indicates the existence of a large number of micropores with a diameter lower than 2 nm. The following slow and continuous increase of the amount of N 2 adsorbed and the light hysteresis loop observed at P/P 0 > 0.5 disclose the emergence of a small number of narrow mesopores. The condensation of N 2 into the pores takes place at P/P 0 > 0.9. From Table 1, the AF sample presents high percentage (~87%) of microporous volume with respect to the total porous volume. It can be noticed that introducing CaCl 2 to AF MOF induced a drastic decrease of the specific surface area and pore volume for all composites, as illustrated in Table 1. The significant reduction in the available pore volume could be caused by the salt accommodation inside the pores of the host material. Considering the pore volume of the matrix, the salt content in the composite (as determined by chemical analysis) and assuming that the salt occupies the difference of pore volume between the matrix and composite, the composite pore volume can be extracted from the Eq. ( 4) [START_REF] Courbon | A new strontium bromide MOF composite with improved performance for solar energy storage production[END_REF]:

CaCl (CA) =  (4)
where V p is the pore volume and ρ salt the density of anhydrous CaCl 2 (2.15 g cm -3 [START_REF] Courbon | Further improvement of the synthesis of silica gel and CaCl 2 composites: enhancement of energy storage density and stability over cycles for solar heat storage coupled with space heating applications[END_REF]).

According to this equation, empty pore volumes should be 0.29 and 0.17 cm 3 g -1 for the AF-Ca 1 and AF-Ca 2 composites, respectively and should correspond to a water sorption capacity of 0.29 kgH O kg -1 and 0.17 kgH O kg -1 , respectively. The measured empty pore volumes (0.07 and 0.08 cm 3 g -1 for the AF-Ca 1 and AF-Ca 2 , respectively, Table 1) in the composites are not consistent with the theoretical values. It is likely that part of the host material pores is occupied by the introduced salt and thus, the salt is blocking the access and dramatically decreasing the N 2 adsorption capacity (Fig. 1). This indicates that the deposited salt in AF-Ca 1 and AF-Ca 2 is not located only inside the AF porosity but also in the inter-particle space of AF particles. Surprisingly, higher specific surface area and pore volume were found for AF-Ca 3 in comparison with those of the two other CSPMs, in spite of the highest salt loading. This can be explained by the bad dispersion of CaCl 2 , located on the outer surface of the matrix instead to be located in the AF porosity leaving some host material pores access free. Besides, in Fig. 1 the tailing of hysteresis loop in the N 2 adsorption/desorption curves of this composite may arise from the formation of porous plugs in the pores of AF caused by impregnated salts. Fig. 2 shows the diffractograms of all synthesized solids along with the commercial Basolite A520 TM (the aluminium fumarate marketed by BASF SE) as reference. The X-ray diffraction pattern of pure aluminium fumarate (AF) displays an intense peak at 2θ = 10.3° and four well-resolved ones at 14.7°, 20.8°, 31.5° and 42.5°, which correspond to the intensity of Al ions in the aluminium fumarate structure. This result, in good agreement with the XRD pattern of Basolite A520 TM and consistent with the diffraction patterns reported in the literature for aluminium fumarate MOF [START_REF] Tannert | Robust synthesis routes and porosity of the Albased metal-organic frameworks Al-fumarate, CAU-10-H and MIL-160[END_REF][START_REF] Alvarez | The structure of the aluminum fumarate metal-organic framework A520[END_REF][START_REF] Karmakar | Aluminium fumarate metal-organic framework: A super adsorbent for fluoride from water[END_REF], shows that the AF matrix was properly synthesized with a stable structure. Impregnating the AF matrix with CaCl 2 salt induced a small shift of the diffraction Bragg peaks of the host material to higher angles and the intensity of these peaks was decreased with increasing the CaCl 2 loading content. For the composite with the highest CaCl 2 content (58 wt.% in AF-Ca 3 ), the XRD characteristic peaks of the aluminium fumarate almost vanished. This could be explained by (i) an electronic density modification, (ii) a partial destruction of the AF structure or (iii) simply by an excess of salt [START_REF] Permyakova | Design of salt-metal organic framework composites for seasonal heat storage applications[END_REF]. Retention of the aluminium fumarate MOF porous structure after introducing CaCl 2 was evidenced by XRD patterns obtained after dissolving and removing calcium chloride (see for example AF-Ca 3 washed in Fig. 2). X-ray diffraction pattern was completely restored as the initial AF matrix. The guest salt located inside the host material porosity may also induce changes in the AF lattice parameters and a shift of the reflexion peaks towards higher 2θ (the rapid water sorption during the acquisition which induces a modification of the sample's thickness could also contribute to the observed shift). No diffraction peaks corresponding to CaCl 2 were observed in the XRD patterns of AF-Ca 1 and AF-Ca 2 composites containing 25 and 37 wt.% of salt, respectively. This could be explained by (i) the presence of highly dispersed CaCl 2 with nanosized dimensions that are not detectable by XRD technique and are located on the surface and within the matrix porosity or (ii) the formation, due to the high environmental relative humidity, of an amorphous salt phase as reported by Shi et al. [START_REF] Shi | Water sorption properties of functionalized MIL-101(Cr)-X (X=-NH 2 , -SO 3 H, H, -CH 3 , -F) based composites as thermochemical heat storage materials[END_REF] and Courbon et al. [START_REF] Courbon | Further improvement of the synthesis of silica gel and CaCl 2 composites: enhancement of energy storage density and stability over cycles for solar heat storage coupled with space heating applications[END_REF]. The presence of CaCl 2 .2H 2 O and CaCl 2 .4H 2 O diffraction peaks in AF-Ca 3 (58 wt.% CaCl 2 ) suggests that a portion of salt particles is located at the outer surface of the aluminium fumarate (Fig. 2b).

The samples morphology was studied by SEM imaging (Fig. 3). Examples of EDX analyses for the synthesized AF-Ca x composites are given in Fig. S1 together with the Ca/Al ratios. Aluminium fumarate shows agglomerated flattened spherical shape particles of 100-500 nm (Fig. 3a). The AF-Ca powders show different morphologies with the increase of the salt content. The AF-Ca 1 (Fig. 3b) presents similar morphology to that of AF and a homogeneous distribution of salt among the host matrix particles as determined by EDX analysis (Fig. S1a) giving a Ca/Al ratio (0.30 -0.40 range) almost similar for all scanned areas of the composite. With increasing CaCl 2 loading, such as AF-Ca 2 , a slightly more heterogeneous Ca/Al ratio (0.46 -1.08 range) is determined which together with the formation of small agglomerates (Fig. 3c) accounts for a partial location of the salt particles within the interparticle pores of the host matrix. It is important to note that both AF-Ca 1 and AF-Ca 2 possess inter-cluster pores that can facilitate the diffusion of water vapor through the composite (Figs. 3b andc). The high amount of CaCl 2 deposited on AF in AF-Ca 3 led to the formation of large salt aggregates on the MOF surface (Fig. 3d) and its heterogeneous distribution among the host material particles (Ca/Al ratio between 1.18 and 3.90, as shown by EDX analyses (Fig. S1c). It is likely that the diffusion and location of the salt are affected and the host matrix pore volume is not completely accessible to the salt. It is noteworthy that the SEM micrograph of AF-Ca 3 after washing with water shows that the morphology of MOF crystallites is not altered by the salt loading (58 wt.%, Figs. 3a ande) thus confirming that the host material structure does not undergo major changes which is consistent with the XRD results. 

Water vapor isotherms

The water sorption isotherms obtained for AF and the corresponding AF-Ca x composites are shown in Fig. 4. The AF isotherms exhibit three stages of adsorption/desorption that are characteristic of an "S"-shaped isotherm. At P/P 0 < 0.2, AF showed extremely low adsorption capacity; at P/P 0 between 0.2 to 0.3 an inflection point in the water uptake can be observed followed by a gentle rise between P/P 0 = 0.3 to 0.9. The desorption isotherm has almost the same trend as the adsorption behaviour with a narrow hysteresis being observed at low pressures. Some residual water seems to be trapped in the AF porosity. The good reversibility of the desorption phenomenon may arise from the relatively rigid structure of AF MOF due to the fumarate conjugated system [START_REF] Alvarez | The structure of the aluminum fumarate metal-organic framework A520[END_REF][START_REF] Alkorta | A computational approach to intermolecular proton transfer in the solid state: assistance by proton acceptor molecules[END_REF] and its predominant microporous character with pore diameters below 2 nm [START_REF] Elsayed | Aluminium fumarate and CPO-27(Ni) MOFs: characterization and thermodynamic analysis for adsorption heat pump applications[END_REF]. For thermochemical heat storage systems, the performance for water vapor adsorption at low RH is an important factor [START_REF] Luo | Investigation on water vapor adsorption performance of LiCl@MIL-100(Fe) composite adsorbent for adsorption heat pumps[END_REF]. AF has short hydrophobic length (0  P/P 0  0.2), in agreement with previous reports [START_REF] Alvarez | The structure of the aluminum fumarate metal-organic framework A520[END_REF], and can be employed in thermochemical heat storage systems working at RH values starting from 30%.

Water sorption isotherms of bulk CaCl 2 display two step-like increases at P/P 0 of 0.11 and at P/P 0 of 0.2 indicating the formation of calcium chloride hydrates, which is consistent with calcium chloride hydration/dehydration isotherms already reported in the literature [START_REF] Courbon | Further improvement of the synthesis of silica gel and CaCl 2 composites: enhancement of energy storage density and stability over cycles for solar heat storage coupled with space heating applications[END_REF][START_REF] Ponomarenko | Synthesis and water sorption properties of a new composite "CaCl 2 confined into SBA-15 pores[END_REF]. Courbon et al. [START_REF] Courbon | Further improvement of the synthesis of silica gel and CaCl 2 composites: enhancement of energy storage density and stability over cycles for solar heat storage coupled with space heating applications[END_REF] ascribed the first uptake step to the formation of CaCl 2 .2H 2 O (R1) while the formation of calcium chloride tetrahydrate (R2) takes place in a second step. The third uptake step at P/P 0 > 0.32 is due to the formation of calcium chloride hexahydrate (R3) followed by progressive salt deliquescence and water absorption by the concentrated salt solution [START_REF] Pátek | Solid-liquid equilibrium in the system of CaCl 2 -H 2 O with special regard to the transition points[END_REF] [START_REF] Yu | Nanocomposite sorbents for multiple applications[END_REF][START_REF] Pátek | Solid-liquid equilibrium in the system of CaCl 2 -H 2 O with special regard to the transition points[END_REF] was not observed in our experimental conditions (Fig. S2). It can be explained by a too high-pressure first dose of water vapor at low relative pressure which leads directly in the formation of the dihydrated calcium chloride.

The three CSPMs exhibit an increased water uptake compared to AF which is beneficial for future TCHS applications. Indeed, besides an increase at low relative pressure, hygroscopic salt deposition on aluminium fumarate also enhances exponentially the water sorption capacity at high relative pressure. Generally, the isotherm curves of CSPMs exhibit a combination of the sorption features of both host matrix and deposited salt. The AF-Ca 1 isotherm curve displays a slight increase in the water uptake at P/P 0 = 0.15 associated to the water sorption on surface hydrophilic sites related to the presence of CaCl 2 . The following gradual increase can be attributed to both AF pores filling and the formation of salt hydrates. By combining such hygroscopic salt and AF as host matrix, a water uptake of 1.18 kgH O kg -1 is attained at high relative pressure (P/P 0 = 0.9) in AF-Ca 1 , whereas AF has a water uptake of 0.43 kgH O kg -1 at the same pressure. This significant improvement in water uptake capacity at high relative pressure is a characteristic of CSPMs [START_REF] Nonnen | A thermochemical long-term heat storage system based on a salt/zeolite composite[END_REF] and can take place without significant salt deposition on the external surface of the matrix [START_REF] Tan | Composite salt in MIL-101(Cr) with high water uptake and fast adsorption kinetics for adsorption heat pumps[END_REF]. The water sorption isotherm of AF-Ca 2 shows a similar behaviour to AF-Ca 1 at low relative pressures (P/P 0 < 0.5). However, at higher relative pressures (P/P 0 > 0.5) the sorbed water uptake capacity is higher for AF-Ca 2 and increases exponentially to reach 1.97 kgH O kg -1 at P/P 0 = 0.9.

Both composites present a minor irreversibility (i.e. the sorption and desorption branches do not match perfectly) which may arise from the weak flexibility of the AF framework. AF-Ca 3 with maximum salt loading displayed the highest water uptake capacity compared to the other composites in the whole range of relative pressure. The large water uptake of composites obtained at P/P 0 = 0.9 may corresponds to the water sorbed by the salt located outside composites pores. However, at low relative pressures up to of 0.32 (the thermochemical properties are studied here at 30 % RH), this composite match or surpass CaCl 2 in water uptake. Contrary to its counterparts with lower amount of salt, AF-Ca 3 presents a significant hysteresis loop caused by the strong affinity of calcium chloride for water and the recrystallization steps. These results demonstrate that the salt content in the composites and the location of the salt have significant influence on the water sorption behaviour and performance. The hydrophilicity/hydrophobicity balance of microporous solids (e.g. MOFs exhibiting different pore size, topology and surface functions) can be determined, as reported by Canivet et al. [START_REF] Canivet | Structure-property relationships of water adsorption in metal-organic frameworks[END_REF], by taking into account three quantitative indicators. Firstly, the Henry constant (K H ) represents the affinity of water towards the solid surfaces and is determined by linear regression of the sorption isotherms at low relative pressure (P/P 0 < 0.1, using at least 3 data points, Figs S3-S5). The second indicator is the relative pressure α = P/P 0 at which half of the total water uptake capacity is attained. This indicator is inversely proportional to the material hydrophilicity and is rather linked to the pore size distribution. Finally, the third indicator is the water uptake capacity (kgH O kg -1 ) at P/P 0 = 0.9. Taking into account the combination of both physical and chemical sorption of water in the composites, only the former (K H ) and the last indicators (water uptake capacity at P/P 0 = 0.9) are given in Table 2. Furthermore, for relevant results, only the composite materials with a similar morphology to AF (i.e., AF-Ca 1 and AF-Ca 2 ) are compared. A too high water uptake by CaCl 2 , at low relative pressures, in AF-Ca 3 does not allow the determination of Henry constant and thus a direct comparison with the other solids. The determined Henry constant of AF is of the same 0 0.5 order as Al-MIL-53 (1.17 x 10 -6 mol g -1 Pa -1 [START_REF] Canivet | Structure-property relationships of water adsorption in metal-organic frameworks[END_REF]]) presenting similar crystal structure with octahedral AlO 4 (OH) 2 units connected through 1,4-benzenedicarboxylate ligands. Besides, the value of the alpha indicator of AF (α = 0.26) also corresponds to those previously reported for other MOF hydrophilic materials (e.g. α = 0.25 for Ti-MIL-125) [START_REF] Canivet | Structure-property relationships of water adsorption in metal-organic frameworks[END_REF]. After salt impregnation, the composites are characterized by an enhanced surface affinity for water, as indicated by the evolution of the Henry constants (K H = 2.0 x 10 -6 mol g -1 Pa -1 for AF vs K H = 1.0 x 10 -5 and 2.0 x 10 -4 mol g -1 Pa -1 for respectively AF-Ca 1 and AF-Ca 2 ) and the water uptake capacity at P/P 0 = 0.9 (Table 2). a 5% experimental error. b Water uptake at P/P 0 = 0.9.

TG-DSC results

Dehydration TG-DSC study

Changes in the mass of the solids during the dehydration/hydration cycles have been studied using thermogravimetric analysis. Fig. 5 shows the mass variations of the solids during the second dehydration. All materials exhibited weight loss during dehydration due to the removal of water sorbed during the first hydration cycle. The weight loss increased with increasing salt loading and followed the order: AF < AF-Ca 1 < AF-Ca 2 < AF-Ca 3 . This behaviour is explained by the high capacity of the hygroscopic salt to react with water [START_REF] N'tsoukpoe | A review on the use of calcium chloride in applied thermal engineering[END_REF].

The water sorption performance of CSPMs is thus directly related to the amount of hygroscopic salt in the composite.

With rehydration procedure used in this study, commercial CaCl 2 .2H 2 O allows to regain 2.7 water molecules, which is consistent with data already published and is justified by a partial rehydration to CaCl 2 .4H 2 O [39]. CaCl 2 .2.7H 2 O has a higher water sorption capacity than AF-Ca 1 (25 wt.% salt) but lower than AF-Ca 2 and AF-Ca 3 containing, respectively, 37 and 58 wt.% of CaCl 2 . All the solids exhibited complete weight loss within at most 20 min of dehydration at 150 °C, which is suitable for thermochemical heat storage applications [START_REF] Scapino | Sorption heat storage for long-term low-temperature applications: a review on the advancements at material and prototype scale[END_REF].

The dehydration reactions of aluminium fumarate and corresponding composite materials are complex processes, involving consecutive transformations between different phases of each hydrated material. The water mass loss of H 2 O was measured for each welldefined single dehydration step, leading to the determination of the overall amount of water sorbed by the material in experimental conditions (see Table 3, column 3). From DSC results, the dehydration process of CaCl 2 .2.7H 2 O exhibits a thin endothermic peak with shoulders between 42 and 53 °C (Fig. 6) that are possibly due to CaCl 2 .4H 2 O fusion [START_REF] Ushak | Characterization of calcium chloride tetrahydrate as a phase change material and thermodynamic analysis of the results[END_REF][START_REF] Meisingset | Thermodynamic properties and phase transitions of salt hydrates between 270 and 400 K IV. CaCI 2 .6H 2 O, CaCl 2 .4H 2 O, CaCl 2 .2H 2 O and FeCl 3[END_REF]. CaCl 2 .2.7H 2 O displays two large overlapping signals between 100 to 150 °C, which overall is accompanied by the loss of 16.8 mol kg -1 hyd (mol of water per kg of initial hydrated material). During the dehydration process of aluminium fumarate, only one large endothermic peak is observed from 25 to 100 °C with a maximum at 83 °C and a shoulder at about 40 °C, corresponding to the loss of 10.6 mol kg -1 hyd (from Fig. 5). Taking into account the TG-DSC data of parent aluminium fumarate and CaCl 2 .2.7H 2 O makes it possible to determine the dehydration process of the CSPMs. Namely, for all three CSPMs the dehydration process occurred in two steps, each accompanied by an endothermic DSC peak with or without shoulders. It can be assumed that the first endothermic peak corresponds roughly to dehydration of the support, followed by the second peak due to salt dehydration. Both AF-Ca 1 and AF-Ca 2 exhibited a large peak in the 25 -110 °C temperature range corresponding to the support dehydration, followed by a second peak in the 110 -150 °C temperature range attributed to the salt dehydration. For AF-Ca 1 , out of a total of 15.4 mol kg -1 hyd desorbed, 12.8 mol of water correspond more or less to dehydration of the support, with the remaining 2.6 mol being assigned to salt dehydration. The amount of mol of water desorbed during each of the two dehydration stages of AF-Ca 2 is increased in comparison to AF-Ca 1 : AF-Ca 2 exhibited an overall loss of 18.6 mol kg -1 hyd, of which support hydration amounted to 13.9 mol of water while the amount from salt hydration was around 4.7 (Fig. 5). The amounts of water desorbed by the support in these composites (12.8 and 13.9 mol kg -1 hyd for AF-Ca 1 and AF-Ca 2 respectively) are higher than that of pure AF (10.6 mol kg -1 hyd ). This gap can be attributed to water sorption at the host material -salt interface. Due to the presence of the salt layer on the AF surface in AF-Ca 3 composite, the amount of desorbed water related to the support dehydration is much lower than for the two other composites. The composite with the highest salt loading (AF-Ca 3 ) desorbed 21.7 mol of water per kg of hydrated sample. The attributed support dehydration and the salt dehydration peaks of AF-Ca 3 correspond to the loss of 9.9 and 11.8 mol kg -1 hyd , respectively. In summary, the TG-DSC results demonstrated the dual influence of both support and salt during dehydration of CSPMs, especially at the interface. 

Heat storage performance and water sorption properties

The water sorption capacities of the studied materials and CaCl 2 .2.7H 2 O were determined for 16 h hydration at 25 °C under 30 % RH and are expressed in terms of kg of sorbed water per kg of dehydrated materials as determined by Eq. ( 3). The energy storage capacity is 
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determined by integrating linearly the heat flow signal, after subtracting the heat flow signal of a blank test (performed under the same conditions with empty crucibles). Fig. 7 presents the heat storage (in kJ kg -1 of dehydrated sample) and water sorption capacities (in kg of water kg -1 of dehydrated sample) as a function of the CaCl 2 wt.% content. The composites exhibited higher heat storage and water sorption capacities compared to that of AF, which sorbed 0.27 ± 0.02 kgH O kg -1 with an energy storage capacity of 638 ± 20 kJ kg -1 . The water sorption capacities of the AF-Ca x composites increased with CaCl 2 loading, and ranged from 0.37 ± 0.02 kgH O kg -1 (25 wt.% CaCl 2 ) to 0.68 0.02 kgH O kg -1 (58 wt.% CaCl 2 ). Energy storage capacity increased gradually from 998 ± 20 kJ kg -1 (AF-Ca 1 ) to 1840 ± 20 kJ kg -1 (AF-Ca 3 ). As expected, an increase in the amount of CaCl 2 in the composite enhanced the sorption capacity and consequently, the energy storage capacity in kJ kg -1 [START_REF] Jabbari-Hichri | CaCl 2 -containing composites as thermochemical heat storage materials[END_REF][START_REF] Ristić | New two-component water sorbent CaCl 2 -FeKIL 2 for solar thermal energy storage[END_REF][START_REF] Sun | Tunable LiCl@UiO-66 composites for water sorption-based heat transformation applications[END_REF]. Besides, the aluminium fumarate composites with higher amounts of salt (AF-Ca 2 and AF-Ca 3 ) show experimental dehydration heats higher than expected by simple addition of the two contributions of the salt and the support (as derived from the experiments performed on CaCl 2 .2H 2 O and AF separately, Table 3). This is probably caused by stabilization of the salt by the aluminium fumarate matrix, thus minimizing salt agglomeration and leaching and shows the synergetic effect of the deposition of a hygroscopic salt on aluminium fumarate matrix. In terms of heat released per mol of water, an increase is also obtained after aluminium fumarate impregnation. Salt deposition improves the surface affinity of the solids for water, resulting in a more energetic process and thus higher values of the total heat released [START_REF] Jabbari-Hichri | Effect of NaOH addition on the thermochemical heat storage capacity of nanoporous molecular sieves: Heats of water vapor adsorption on various nanoporous molecular sieves[END_REF]. Expressed in kg mol -1 H O, AF-Ca 2 shows the same heat storage capacity as AF-Ca 3 , although it contains a lower of CaCl 2 . The absence of a significant salt deposition on the external surface of aluminium fumarate matrix in AF-Ca 2 , allows a better diffusion of adsorbed water molecules into the bulk composite. However, attention must be paid with the very hygroscopic salts, such as CaCl 2 , that can be easily dissolved in water. Although, the heat of dissolution can increase the total heat value per mol of water, dissolution reduces the bed porosity of the material and thereby the vapor transportation through the bed, limiting the ability of the composite to rehydrate. The water sorption and heat storage performances of our studied materials and some of previously reported CaCl 2 -containing composites in the literature are summarized in Table 4. The energy storage performances of MOFs impregnated by 46 and 46.7 wt.% of calcium chloride did not exceed 1278 kJ kg -1 [START_REF] Permyakova | Design of salt-metal organic framework composites for seasonal heat storage applications[END_REF][START_REF] Shi | Water sorption properties of functionalized MIL-101(Cr)-X (X=-NH 2 , -SO 3 H, H, -CH 3 , -F) based composites as thermochemical heat storage materials[END_REF]. However, Permyakova et al. [START_REF] Permyakova | Design of salt-metal organic framework composites for seasonal heat storage applications[END_REF] reported an energy storage capacity of 1746 ± 180 kJ kg -1 for MIL-101(Cr) impregnated by 62 wt.% of CaCl 2 . AF-Ca 2 (37 wt.% of CaCl 2 ) and AF-Ca 3 (58 wt.% of 2 ) reported in this study display higher or at least similar energy storage performances compared to the CaCl 2 -MOF based composites described so far in the literature. Moreover, AF-Ca 2 and AF-Ca 3 possess lower sorption capacities than the previously reported materials, once again demonstrating the high efficiency aluminium fumarate-CaCl 2 composites for thermochemical heat storage. a According to chemical analysis (± 2%). b Water sorption capacity determined with Eq. (3) (± 0.02) c Heat storage determined with 2 nd dehydration heat flow integration (± 20 kJ kg -1 ).

Stability during five successive hydration/dehydration cycles was investigated under the same operating conditions employed in the above-mentioned two cycle experiments. Energy storage and water sorption capacities of the AF and AF-Ca 3 solids are shown in Figs 8a andb.

As the first dehydration corresponds to the pre-treatment, only the storage performances of cycles 2 to 5 are presented here. suggests that the aluminium fumarate matrix contributes to the development of efficient CSPMs for thermochemical heat storage systems. It must be pointed out that the incomplete hydration of the salt (hydration level not exceeding CaCl 2 .xH 2 O with x ≤ 4) after 960 min in our experiments plays a key role in the observed stability. Stabilization of storage capacities of MOF composite materials after several dehydration/hydration cycles has been previously observed by Permyakova et al. [START_REF] Permyakova | Design of salt-metal organic framework composites for seasonal heat storage applications[END_REF] for completely incorporated salt in the MOF matrix.

3.4 Kinetic study

Water adsorption kinetics of the host matrix and composite materials

Besides heat storage capacity and stability, water vapor sorption kinetics of CSPMs should be taken into consideration for elaborating and optimizing TCHS systems. Fig. 9 shows the water uptake as a function of time during the second hydration cycle of the studied materials obtained with Eq. ( 2). It is evident from the Fig. 9 that the saturation point of water uptake is not attained for all solids even after 16 h of hydration at 30 % relative humidity. Consequently, the maximum water uptake capacity and thus the energy storage capacity is not attained during hydration cycles with the experimental conditions employed. The water uptake over time of AF and corresponding composites were fitted well with a pseudo-first order model (Eq. ( 5), Fig. 9 and Table 5). Fitted curves and kinetic parameters were determined using the BoxLucas1 model in Origin.

W ( ) = W (1 -exp (-k𝑡)) (5) 
where W e represents the equilibrium water sorption quantity (kgH O kg -1 ), W (t) represents the weight measured at time t (kgH O kg -1 ), k stands for the rate coefficient (min -1 ) and t for the time elapsed (min).

The presence of highly hygroscopic CaCl 2 enhances the surface affinity and hydrophilicity of composites, leading to a faster sorption rate. With increasing salt content, sorption rate coefficient of composites decreases progressively, mainly due to an increasing of salt particle water diffusion resistance. Although the salt is partly located outside of matrix porosity, the sorption rate of AF-Ca 3 is higher than that of pure AF. From Eq. ( 5), the calculated saturation water sorption quantity W (e) (for an infinite time at 30 % of relative humidity) can also be determined. W (e) is 0.37 kgH O kg -1 for AF, and 0.40, 0.56 and 0.76 kgH O kg -1 for the three CSPMs respectively (Table 5). 1.76 x10 -3 (5 x 10 -7 ) 0.9915 a Obtained from fitting the gravimetric measurement (Eq. ( 2)) with Eq. ( 5) (cf: Fig. 9). b Standard deviations are given in parentheses.

Water desorption kinetic study

The expression representing the kinetic control equation of non-isothermal reaction is given by Eq. ( 6) as reported by Vyazovkin et al. [START_REF] Vyazovkin | ICTAC kinetics committee recommendations for performing kinetic computations on thermal analysis data[END_REF] from the concept of reaction order put forward by van't Hoff to various rate constant relations of Arrhenius.

= exp 𝑓(𝛼) (6) 
where α represents the conversion percentage of reactant to product (namely the molar fraction reacted, as given in Eq. ( 7)), T is the thermodynamic temperature, A is the preexponential factor, β is the heating rate, R is the molar gas constant, E is the apparent activation energy, 𝑓(α) is the mechanism function of reaction kinetics. In this equation, A, β, E and R are constants.

𝛼 = 1 - ( ) x (7) 
where W (t) represents the sample weight, W i is the initial weight of reactant, M h is the molecular weight of reactant (determined thanks to the dehydration equation) and MH O is the molecular weight of water. Two dehydration-hydration cycles have been performed using AF and AF-Ca 3 at different heating rates of 2, 4, 6 and 8 °C min -1 . Figs. 10a andb present the relation between dα/dt and exp (-1/T) thanks to the combination of Eq. ( 6) and Eq. ( 7) (kinetic control equation). Aluminium fumarate displayed a single dehydration peak characteristic of host matrix dehydration (Fig. 10a), consistent with the TG-DSC curves discussed earlier. In order to study the impact of host matrix impregnation on the dehydration kinetics, the AF-Ca 3 dehydration process was focused on the first peak attributed to support dehydration Fig. 10b. The temperature corresponding to the dehydration peak increases for both solids with an increase in the heating rate, which is in agreement with the previously reported dehydration kinetics of porous materials [START_REF] Jabbari-Hichri | CaCl 2 -containing composites as thermochemical heat storage materials[END_REF][START_REF] Gao | Study on MnCl 2 /CaCl 2 -NH 3 two-stage solid sorption freezing cycle for refrigerated trucks at low engine load in summer[END_REF].

The apparent activation energy of water desorption (E ) is then estimated using the methods described by Ozawa [START_REF] Ozawa | Kinetic analysis of derivative curves in thermal analysis[END_REF] (Eq. ( 8)) and Kissinger [START_REF] Kissinger | Variation of peak temperature with heating rate in differential thermal analysis[END_REF] (Eq. ( 9)), which are the most frequently used integral isoconversional methods for experiments performed in nonisothermal conditions, in which the temperature is increased with a constant rate. 

E = R ( / ) ( / ) (8) 
where β, R, T p are respectively the heat rate (K min -1 ), the perfect gas constant (J mol -1 K -1 ), and the maximum peak temperature (K). The apparent activation energy was calculated from the slope of the curves plotted as 𝑙𝑜𝑔(𝛽 ) = 𝑓 and 𝑙𝑛 = 𝑓

for the Ozawa and Kissinger methods, respectively. The obtained Ozawa and Kissinger curves are reported in Figs. 11a andb, and the activation energy values and the regression coefficients for the two methods are summarized in Table 6. The good linear fit for both materials and for both methods, and the good agreement between the activation energies calculated by the two methods, indicate the validity and the accuracy of the use of such kinetic methods. Taking into consideration the average of the two dehydration activation energies obtained by the Ozawa and Kissinger methods, the apparent dehydration activation energy of AF is estimated to be 50. 

1 ). Thus, addition of CaCl 2 into the aluminium fumarate increased the energy required to dehydrate the host matrix in the composite that is in good agreement with the shift of the dehydration peak maxima to higher temperature (Table 6, Fig. 11). This can be explained by the presence of salt on the matrix surface that makes water release more difficult, due to a strong interaction between hygroscopic salt and water, resulting a higher apparent desorption activation energy.

Conclusion

The storage properties of CSPMs based on the impregnation of aluminium fumarate by CaCl 2 have been studied by performing hydration/dehydration cycles in a coupled TG-DSC apparatus. It has been shown that the CaCl 2 deposition enhanced the surface affinity for water. The CSPM materials present improved storage performance compared to the host matrix in terms of water sorption/desorption and heat storage/release capacities. Increasing the salt content gradually increases storage performance. Aluminium fumarate impregnated by 58 wt.% of salt (AF-Ca 3 ) present good performances if a limited hydration level is maintained (CaCl 2 .xH 2 O, x ≤ 4). Despite a decrease of about 5-6 % after 4 dehydration-hydration cycles, the storage performance of AF-Ca 3 remains overall stable. Favourable hydration/dehydration kinetics is also fundamental for the applicability of these systems. Water sorption rates of CSPMs are higher than that of pure aluminium fumarate matrix. Although the dehydration activation energy of the support is higher in CSPM materials than in the bare matrix without salt, CSPMs are completely dehydrated at 150 °C, which is suitable for the recovery of a wide range of energy sources [START_REF] Hongois | Development and characterisation of a new MgSO 4 -zeolite composite for long-term thermal energy storage[END_REF][START_REF] Ilona | Amber Waste heat recovery: technology and opportunities in U.S. industry[END_REF][START_REF] Gao | Study on MnCl 2 /CaCl 2 -NH 3 two-stage solid sorption freezing cycle for refrigerated trucks at low engine load in summer[END_REF]. Their high water and energy storage performances, low desorption temperature as well as good stability over dehydration and hydration cycles make aluminium fumarate-based composites very promising materials for TCHS systems.
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	2.1. Materials synthesis

Table 1 :

 1 Physico-chemical characteristics of host matrix and corresponding composites.

	Sample	CaCl 2 content	S BET	V porous	V meso
		(wt.%) a	(m 2 g -1 )	(cm 3 g -1 ) b	(cm 3 g -1 ) c
	AF	0	959	0.54	0.07
	AF-Ca 1	25	57	0.07	0.03
	AF-Ca 2	37	44	0.08	0.06
	AF-Ca 3	58	107	0.18	0.08

a Values determined using cation (wt.%) content determined by ICP-OES. b Determined from BET equation. c Determined from BJH method applied to the adsorption branch of the isotherm.

  .

	CaCl 2(s) + 2H 2 O (g)	CaCl 2 .2H 2 O (s)	(R1)
	CaCl 2 .2H 2 O (s) + 2H 2 O (g)	CaCl 2 .4H 2 O (s)	(R2)
	CaCl 2 .4H 2 O (s) + 2H 2 O (g)	CaCl 2 .6H 2 O (s)	(R3)
	The formation of CaCl 2 .1/3H	

2 O and CaCl 2 .H 2 O hydration states

Table 2 :

 2 Hydrophilicity/hydrophobicity indicators of AF, AF-Ca 1 and AF-Ca 2 .

	Material	K H	Log (K H )	Water uptake
		(mol g -1 Pa -1 ) a		(kgH O kg -1 ) b
	AF	2.0 x 10 -6	-5,7	0.43
	AF-Ca 1	1.0 x10 -5	-5,0	1.18
	AF-Ca 2	2.0 x10 -4	-3,7	1.97

Table 3 :

 3 Comparison of the storage performances of the solids. Water sorption capacity determined with Eq. (3) on dehydrated sample at 150 °C (± 0.02). c Dehydration heat determined by 2 nd dehydration heat flow integration (± 20 kJ kg -1 ). d Dehydration heat calculated by addition of the heat contributions (determined experimentally) of CaCl 2 ,2.7H 2 O and AF. e Dehydration heat expressed in kJ mol -1 H O (± 0.5 kJ mol -1 ).

	Solids	CaCl 2 (wt.%) a content	(kgH O kg -1 ) b Water sorption capacity	(experimental) c ΔH dehydration (kJ kg -1 )	(calculated) d ΔH dehydration (kJ kg -1 )	ΔH dehydration (kJ mol -1 H O) e
	CaCl 2 .2.7H 2 O	-	0.44	1540	-	63.4
	AF	0	0.27	638	-	48.7
	AF-Ca 1	25	0.37	998	1023	47.4
	AF-Ca 2	37	0.49	1425	1208	52.6
	AF-Ca 3	58	0.68	1840	1531	52.2

a Determined by chemical analysis (± 2%). b

Table 4 :

 4 Comparison of storage performances between the studied materials and other composites in the literature.

	Host matrix	CaCl 2	Hydration	RH during	Dehydration	Water	Heat	Ref.
		content	temperature	hydration	temperature	sorption	storage	
		(wt.%) a	(°C)	(%)	(°C)	capacity (kgH O kg -1 ) b	capacity (kJ kg -1 ) c	
	AF	0	25	30	150	0.27	638	This work
	AF-Ca 1	25	25	30	150	0.37	998	This work
	AF-Ca 2	37	25	30	150	0.49	1425	This work
	AF-Ca 3	58	25	30	150	0.68	1840	This work
	MIL-101(Cr)	46.7	30	32	120	0.47	1118	[54]
	MIL-101(Cr)-	43.1	30	32	120	0.60	1274	[54]
	SO 3 H							
	MIL-100(Fe)	46.0	30	30	80	0.57	1206 ± 72	[53]
	MIL-101(Cr)	62.0	30	30	80	0.75	1746 ± 180 [53]
	Silica gel	13.8	20	30	300	0.23	746 ± 15	[33]
	Alumina	14.4	20	30	300	0.17	576 ± 15	[33]
	Zeolite Ca-X	15.0	30	35	110	0.125	498 ± 20	[71]

Table 5 :

 5 Kinetic parameters form gravimetric water sorption over time.

	Sample	W e	a	k (min -1 )	R 2 b
		(kgH O kg -1 )		
	AF	0.37 (6 x 10 -4 )	1.06 x 10 -3 (2 x 10 -6 )	0.9982
	AF-Ca 1	0.40 (2 x 10 -4 )	2.83 x10 -3 (4 x 10 -6 )	0.9964
	AF-Ca 2	0.56 (1 x 10 -4 )	2.02 x10 -3 (9 x 10 -7 )	0.9998
	AF-Ca 3	0.76 (1 x 10 -3 )		

Table 6 :

 6 Dehydration kinetic data for AF and AF-Ca 3 solids.

	Samples	β	T p	Kissinger method		Ozawa method
		(°C min -1 )	(°C)	Correlation coefficient (R 2 )	E (kJ mol -1 )	Correlation coefficient (R 2 )	E (kJ mol -1 )
	AF	2	83			
		4	96			
				0.9967	48.8	0.9973	51.6
		6	105			
		8	112			
	AF-Ca 3	2	84			
		4	108			
				0.9908	64.6	0.9575	67.4
		6	113			
		8	120			

  2 kJ mol-1 , lower than the estimated activation energy corresponding to the support dehydration in AF-Ca 3 composite (66 kJ mol -

		-9.5	(a)				AF AF	
							AF a<x AF-Ca 3
							Linéaire (AF) Linear fitting
		-10					Linéaire (AF a<x)
	2 )							
	ln(β H /T p	-10.5						
		-11						
		-11.5						
		2.5	2.55	2.6	2.65	2.7	2.75	2.8	2.85
					10 3 /T p		
		1						
		0.8						
	log (β H )	0.4 0.6						
							AF AF	
							AF-Ca3 a<x AF-Ca 3	
		0.2					Linéaire (AF) Linear fitting	
		0						
		-2.85 -2.8 -2.75 -2.7 -2.65 -2.6 -2.55 -2.5
					-10 3 /T p			
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