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General Introduction

Energy is of the utmost importance to the advancement of society. For thousands of years,
humans have progressed beyond the simple conversion of energy from food to several different
forms that are used in daily activities. However, they all fall back to the same principle that is
one of sustainability. Energy originates from different sources with the most common being
fossil fuels. In 2019, the word energy consumption is about 13.9 billion TOE (Ton Oil
Equivalent) and over 84.3 % of this consumption was supplied by fossil fuels (Oil, Natural gas
and Coal), nuclear (4.3 %) and renewable energies (11.4 %) [1]. Even though fossil fuels are
still the main resources for the world energy supply, they are non-renewable and so the question
is when they will be exhausted. Shafiee and Topal [2] calculated the proven reserves of fossil
fuels (proven reserves available with current technologies and price) and reported that coal will
be the only fossil fuel remaining after 2042 and will be available up to 2112. Being aware of
the urgency of transition towards renewable energy sources, multiple international policies have
been designed by the United Nations in 2015: Sustainable Development Goal 7 (Affordable
and Clean Energy), Goal 13 (Climate Action) [3] and Paris Climate Agreement signed by 196
countries aiming to reduce CO» emissions by half by 2030. According to IAE [4] (International
Energy Agency), the amount of renewable energies generated in 2019 was 11.4 % (1600 million
TOE) compared to 9 % a decade ago which demonstrate the efforts in saving the planet suffered
from the increase of global energy consumption and the fossil fuels use. One of the major
constraints on renewable energy development is the intermittency and the availability of these
resources, especially for producing heat. The amount of renewable heat supplied by geothermal
and solar heater (IAE data) is about 70 million TOE and the low-grade waste heat recovered

are very underexploited regarding the huge available resources.

Several main uses of solar energy are in domains of transportation, electronic devices, but the
most well-known are the building applications. Cabeza et al. [5] stated that buildings are a
substantial source of CO> emissions and make up more than one-third of the world's total final
energy consumption. The production of hot water, space heating and cooling are now projected
to count for around half of the energy used in buildings worldwide. These end-uses have a
significant potential to lower energy consumption, increase energy security, and lower CO»
emissions because they are heavily dependent on fossil fuels. Space and water heating, and
cooling demand are rising quickly in countries with very carbon-intensive power grids. By
2050, CO; emissions might be reduced by using building heating and cooling systems with low
or no carbon footprints and great energy efficiency. In Europe, residential buildings account for

75 % of the total building heritage and 38 % of them were built before 1970 [6]. Despite the
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widespread adoption of energy-saving measures, only 12 % of the EU residential built stock
has been renovated to fulfill climate change objectives. Therefore, sustainable buildings can be
obtained by shifting away from fossil fuels dependence and going toward renewable energy
sources, such as solar energy. The most serious problem of solar energy is the intermittency of
the effective solar gain. Solar power can only operate throughout the day, and no electricity or
heat is produced after nightfall, which creates a huge gap between supply and demand [7]
(Figure 1). In 2019, the residential sector accounted for around 36 % (170 TWh) of total energy
consumption in France, second highest share in the country [8,9]. Among the various residential
usages, space heating and domestic hot water (DHW) accounted for 40 % in total of those 170
TWh consumed. Tonellato [10] reviewed that the residential sector in the EU is the largest
energy consumer with the most part used for space heating and DHW. In Canada, these two
usages accounted for over 80 % [11,12]. This data can confirm that this sector has a significant
impact in reducing our dependence from fossil fuels. A larger integration of renewable energy,
particularly solar thermal energy, is required.
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Figure 1. Average solar irradiation during the day per m? (horizontal panel) [13].

During on-sun hours, the best-performed concentrated solar cell is reported to have an
efficiency up to 38.9 % [14]. Thermal energy storage (TES) systems are then critical and
complementary solutions to mitigate climate changes effectively and to enhance global energy
performance. TES technologies allow to the excess thermal energy to be stored and used hours
(short-term) or months later (seasonal). These technologies can be divided into three separate
categories: sensible heat storage (SHS), latent heat storage (LHS) and thermochemical heat
storage (TCHS) [15].
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Sensible Heat Storage system (SHS)

The most prevalent kind of thermal energy storage is SHS, which employs solid or liquid
materials such as rock, sand, water, and oil (Figure 2). SHS is the process of storing energy by
increasing the temperature of a medium possessing a high heat capacity, such as water or rock
[16,17]. The heat is then extracted from the storage whenever it is required, such as for space
heating or DHW. A sensible heat storage medium, despite its various variations, always
presents the following components: an insulated container, heat storage material, and a device
for supplying and releasing heat [18]. The fundamental equation for calculating the amount of

heat stored in SHS is as follows:

Qs = mC,AT Equation 1
where Qs is the amount of sensible heat stored (J), m is the mass of the storage medium (kg),
Cp is the specific heat capacity (J/kg.K) and AT is the difference between the storage medium’s

input and output temperatures.

Solid Storage

: Brick, sand, aluminum, steel, iron,
Materials

magnetite, concrete, rock pebbles, etc.

Sensible heat
storage materials

Liquid
Storage
Materials

Therminol, engine oil, calorie HT43,
molten salts, etc.

Figure 2. Classification of SHS materials [19].

Solid sensible storage materials can offer higher storage capacity than liquid storage materials
since they can sustain higher temperature change. Shah wrote in the “Thermal Energy” book
[20] that a general guideline for space heating applications is to use up to 500 kg of solid
material per m? of collector surface and that a solid-bed storage may resist greater temperatures
of up to 1000 °C. Compared to solid, liquid sensible storage materials have a restricted
temperature range because of their boiling point. The temperature at which the heat needs to be
stored has an impact on the type of liquid selected as a storage medium. Water is the most
frequently employed storage medium below 100 °C due to its high specific heat. For higher
temperature applications (> 100 °C), oils such as therminol or engine oil can be adapted.
Unfortunately, at high temperatures, oils are vulnerable to cracking, polymerization, and the
generation of volatile chemicals [21]. The thermal capabilities of several types of storage media

are listed in Table 1.




General Introduction

Table 1. Thermal capacities of sensible storage materials.

Material Temperature Density (kg/m?) Specific thermal Reference
range (°C) capacity (kJ/kg.K)

Brick <1000 1400-1900 0.84 [22]
Wood <380 700 2.39 [23]
Glass <450 2710 0.84 [24]
Sand <500 1555 0.80 [25]
Massive Soapstone | < 1000 2980 0.98 [26]
Concrete <1000 2000 0.88 [27]
Thermal oil <400 850-900 1.60-2.10
Water 0-100 1000 4.18 [28]
Engine oil <160 885 1.88
Molten salts 150-550 1800 1.56 [29,30]

Latent Heat Storage system (LHS)

Latent heat storage systems (LHS) aim to use the stored heat by changing the physical state of
a substance from one state to another via melting or vaporization (solid to liquid or liquid to
gas and vice versa) in a desired operating temperature range. The temperature variation is
minimal and it is one of the benefits of LHS [31]. This is why LHS is also called “isothermal
process” (for pure compound). The heat recovery and release take part when a storage material
goes through a phase change. The heat associated with the melting of a solid material or of a
frozen liquid is known as latent heat of fusion. The heat associated with the vaporization of a
liquid or the condensation of a vapor is known as latent heat of vaporization [32]. The

fundamental equation for calculating the amount of heat stored in LHS is as follows:

Q,=mL Equation 2
where Q is the amount of latent heat stored (J), m is the mass of the storage medium (kg) and

L is the latent heat associated with the transition (J/kg).

There are three forms of LHS: solid-solid, solid-liquid, and liquid-vapor phase transition. Most
LHS research focuses on solid-liquid phase change in order to avoid the problems connected to
the volume variation of the gas-liquid phase change process [33]. The solid-liquid phase change

materials (PCMs) are classified as organic, inorganic and eutectic materials (Figure 3).
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Figure 3. Classification of the solid-liquid PCMs [34].

The organic PCMs offer the benefits of easy implementation in the process, good molding,
relative low price, little corrosion, and no supercooling phenomena or phase separation. On the
other hand, they present some disadvantages as a low thermal conductivity (TC), a rapid volume
change, and a low melting point that make them difficult to be applied in high temperature
systems [35]. The inorganic PCMs include molten salts, metals and alloys that are mainly used
in medium and high temperature applications. Pure molten salts have a low TC and produce
leaks in the installations due to corrosion. On the other hand, metal and alloy have a high TC,
high latent heat value per volume, but they are also corrosive [36,37]. Eutectic PCMs are
mixtures of two or three inorganic salts. They are mostly utilized in the field of solar thermal
applications at medium/high temperatures because of their high density and stability [38].

Figure 4 shows the performance of different types of PCMs based on their temperatures range.

[
Salts and their

500 Fame Y eutectic mixtures [

Gas hydrdtes .~/ -Sugar- ',
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( Salt-water \, \mixtures
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300

0
100 0 100 200

Temperature (°C)

Figure 4. Classes of PCMs based on their melting temperatures range and enthalpy [39].
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Thermochemical heat storage system

Thermochemical heat storage (TCHS) is based on reversible exo-/endo-thermic reactions. The
systems offer a much higher storage density than the SHS and LHS systems. Consequently, a
much smaller volume of the installation. Moreover, once charged, TCHS present a theoretical
very low heat loss during the storage time. Further details on TCHS are described in chapter I

of this thesis.
The objective of the thesis

The main objective of this work concerns the research and the study of potential materials for
long-term heat storage applications. A variety of material composites were synthesized and
studied. The thesis focuses on evaluating and improving the performance of the selected
materials for thermochemical heat storage by water adsorption. In order to attain this objective,

our research direction has gone through these following steps:

» Selection of porous adsorbents as hosts for hygroscopic salts (MgSO4, MgCl»)

» Synthesis of novel composite storage material (salt impregnation into porous hosts)

» Analysis and study of the influence of the porous adsorbents on the heat storage
performance

» Evaluation of the energy density storage and sorption capacity of different materials

» Evaluation of kinetic adsorption and the stability of the material upon cycling

» Study of the influence of coupling different salt hydrates on the hydration capacity

and kinetics of the composites

This thesis is composed of the results presented in peer reviewed papers published or submitted

and divided into several sections (described below):

Chapter I presents a bibliographic study and a state-of-the-art relating to thermochemical
heat storage. It consists of a published book chapter focused on the material storage properties
and technological solutions. The bibliography is completed by a section focused on the use of
two highly potential hydrate salts for long-term heat storage material application (MgSO4 and
MgCl), deposited alone or coupled on different supports. Recent research and findings on
composites made by impregnating one or the two salts onto a porous matrix host have also been

discussed.

Chapter II presents the methods and experimental techniques which were used during this

work.
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The preparation of the 5 different series of composites is reported. They are synthesized by
depositing MgSO4 onto various porous supports (beads activated carbon, hydroxyapatite, two

types of granular activated carbon and a biochar corncob).

Chapter III presents a series of MgSOs/carbon-based composites prepared on a
microporous supports constituted of beads of activated carbon with a high specific surface area.
3 composites with different salt content were prepared and here described. Energy storage

density and adsorption kinetic rates were then evaluated.

Chapter IV describes the heat storage behavior of composites prepared on a mesoporous
inorganic support: hydroxyapatite. This work takes origin from a collaboration with the

University of Milano (hydroxyapatite synthesis).

Chapter V presents the results of composites of MgSOs deposited on a second

micro/mesoporous, a commercial granular activated carbon.

Chapter VI is dedicated to the study of composites prepared on a biomass derived carbon
material: a biochar obtained by pyrolysis of corncobs. This biochar presents the usual micro
and ultramicroporosity of this family of carbon materials. In addition, it presents also a macro-
porous structure according to the analysis of the Hg intrusion porosimetry. This material was
chosen for such characteristic, allowing the deposition of higher amount of the salt in the
macrostructure. The influence of the presence of macropores on the hydration kinetics and heat
storage capacity is here reported. Moreover, the sustainable origin of the support helps to further

decrease the carbon footprint of the overall storage system.

Chapter VII presents a solution to avoid mass transfer limitations due to the difficult
diffusion of water molecules towards the MgSO4 layer. The solution to add a second hydrate

salt as MgCl; is here investigated.

And finally, a general conclusion presents the essential results of this thesis research. The
perspectives, which need to be considered in order to design an efficient and durable heat

storage system, are here analyzed.
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Résumé

La chaleur sensible, la chaleur latente et la chaleur thermochimique sont les trois types
d’¢énergies utilisées dans les systemes de stockage de la chaleur. Les systémes basés sur le
stockage thermochimique de la chaleur sont les plus attractifs en termes de densité énergétique
et donc d’un volume de stockage limité. Le principe du stockage thermochimique se base sur
un procédé réversible constitué d’une réaction endothermique (charge), dans laquelle les
réactifs stockant la chaleur sous forme de potentiel chimique sont séparés et une réaction
exothermique (décharge), durant laquelle la chaleur est libérée grace a la recombinaison des
réactifs. Ce premier chapitre présentera une étude bibliographique et un état de 1’art du stockage
de la chaleur thermochimique. Il se constitue d’une part d’un chapitre de livre publié qui se
concentre sur les systemes de réaction solide-gaz comme les systemes basés sur la formation
d’hydroxydes, les systemes a sorption utilisant I’ammoniac ou I’eau. D’autre part, 1’étude est
complétée par une partie consacrée a l'utilisation de deux sels hydratés a haut potentiel pour
une application de stockage de chaleur a long terme (MgSO4 et MgCly), déposés seuls ou
couplés sur des différents supports. Des recherches et des résultats récents sur des composites
fabriqués par imprégnation d’un ou des deux sels sur un hote a structure poreuse ont également

été discutés.
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1. Introduction

Over the past few decades, we have faced an uncontrolled increase in energy
consumption worldwide. The world population has reached 7.8 billion people
and will continue to grow with an estimation of over 9 billion by 2050 [1],
which makes providing energy for the long-term needs of future generations a
colossal problem of the 21st century. Fig. 8.1 shows the world energy sources
used in 2019 (data collected from Ref. [2]). Primary fossil energy sources
(petroleum, coal, and natural gas) represent 84% of global energy consump-
tion. This acceleration of fossil fuel utilization has led to a serious and negative
impact on the environment (global warming and pollution), and consequently
on human health. Acceptance of the Paris Agreement imposes on each
signatory to take action to reduce greenhouse gas emissions and to enhance the
use of renewable energy [3]. Renewable energies can be produced from
biomass, wind, water, earth (geothermic), and sun. Among others, solar
irradiation appears to be the most adapted thermal energy source, due to its
vast availability and relatively easy collection. However, in many places in the
world, due to the intermittent and location-dependent nature of the sun, an
important mismatch between supply and demand of energy affects imple-
mented solar technologies in both the short and long term. As a consequence,
integrating an adequate thermal energy storage system (TESS) could be the
promising solution to tackle this seasonal energy difference [4—7]. A TESS
works as a collector and storage of excess solar energy during the hours of
sunshine. The stored energy can then be released for use when needed (for
heating buildings as an example). Sensible heat storage (SHS), latent heat
storage (LHS), and thermochemical heat storage (TCHS) are three types of

Recent Advances in Renewable Energy Technologies. https://doi.org/10.1016/B978-0-323-91093-4.00008-1
Copyright © 2021 Elsevier Inc. All rights reserved. 281
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FIGURE 8.1 Illustration of world energy supply sources in 2019.

TESS that have been investigated and widely discussed in the literature up to
now [7—12]. The SHS system stores energy by exchanging the temperature
within the storage medium. A variation of 50°C can generate an energy storage
density (ESD) of 200 MJ/m> [13]. The advantages of this system are its
simplicity and low-price implementation since the maturity of this technology
1s already at the industrial scale. Major drawbacks of SHS systems are the low
energy density, large volume of installation, and heat perditions (which lead to
a significant and relatively fast loss of the stored energy) [14]. LHS systems
operate in a small temperature range and the storage materials are phase
change materials (PCMs). These systems present a higher energy density than
SHS with an ESD up to 500 MJ/m? [13]. Nevertheless, PCMs suffer from low
thermal stability, which leads to uncertain behavior in the long term [14].
TCHS systems are based on reversible exo-/endothermic reactions. The
thermal energy is stored as chemical potential by separating the reactants
through endothermic reaction (charging process). Reversely, the discharge
process happens during exothermic reaction when the reactants are put in
contact (Fig. 8.2). The TCHS system offers a much higher storage density than
the other two systems, resulting in a smaller volume of storage material.
Another clear advantage of this system is the very low heat loss during the
time when the charged material is kept isolated from the environment. Similar
to the other technologies, TCHS systems also present some limitations such as
installation complexity and heat and mass transfer limitations due to the low
thermal conductivity (TC) of the storage materials [4,15,16]. Recent research
has focused on solving these drawbacks and extending the application panel to
the industrial scale. On this point, Farulla et al. [10] discussed the recent
advancements in power-to-heat technologies, and Liu et al. [12] reviewed the
potential of storage materials for electricity production in concentrated solar
power (CSP) plants using a high-temperature storage material system. The
storage capacity of the TCHS system depends on the involved reversible
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FIGURE 8.2 Principal steps in a thermochemical heat storage cycle: charging, storing, and
discharging. From A.H. Abedin, M.A. Rosen, Closed and open thermochemical energy storage:
energy- and exergy-based comparisons, Energy 41 (2012) 83—92. https://doi.org/10.1016/j.energy.
2011.06.034.

reaction: a high reaction enthalpy corresponds to a high heat storage capacity.
Thermochemical materials (TCMs) are also selected by their intrinsic prop-
erties and by matching the process conditions [4,7]:

- High reaction enthalpy and high ESD under operating working conditions;

- Appropriate TC to increase mass and heat transfer;

- Completely reversible reaction and no secondary reactions;

- Low cost and abundancy;

- Nontoxic and noncorrosive materials; and

- Regeneration temperature compatible with the specific application (for
example, a charging temperature below 150°C for applications in the
building sector and up to 1000°C for applications in electricity production
in power plants).

Based on the foregoing selection criteria, potential TCMs, such as metal
hydride [17—22], redox system [23—27], and methane reforming [28—30],
have caught the attention of various research groups. Among them, most
studies favor the development and application of hydroxide-based materials
and sorption material systems because of their properties, as listed earlier.
André et al. [31] pointed out that the Ca(OH),/CaO couple shows great
potential as a storage system due to the high enthalpy of reaction, low cost, and
easy implementation in industrial applications. Among the others, Kyaw et al.
[32] studied the CaO/CO, working pair at high temperature to store thermal
energy. Frazzica and Freni [33] concluded in their study that employing
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ammonia as a working fluid can exploit lower evaporator temperatures, even if
the performance is still limited. Donkers et al. [34] reported that salt hydrates
are very promising storage materials for domestic seasonal heat storage, but
not realistic for a large-scale implementation.

Due to the extent of the heat storage domain, in this review only the latest
research (since 2018) is focused on: hydroxide for CSP technologies and
sorption materials for residential space heating applications, focusing on three
main fluids (CO,, NH3, and H,O). Challenges and future perspectives in the
research of new materials will also be given.

2. Solid—gas TCHS reaction systems

TCHS reactions are categorized into solid—gas reactions, liquid—gas
reactions, and gas—gas reactions [8,35,36]. This review is mainly focused on
solid—gas reactions: hydroxide-based systems (Ca(OH),/CaO or Mg(OH),/
MgO) and sorption systems with different working fluids (NH;3, CO,, H;0).
Their storage properties will also be discussed in this section.

2.1 Hydroxide-based reactions

Reversible hydration/dehydration reactions of metal oxides (Eq. 8.1, where M
represents the metal) have been of key interest in recent years. Original articles
can be traced back to the 1980s [35,37]. Ca(OH),/Ca0O and Mg(OH),/MgO are
the most studied hydroxides and considered potential candidates for thermal
energy storage systems at medium and high temperatures (up to about 500°C).
Their potential is also due to their abundance, their high ESD (up to 800 kJ/
Kgcomposite), and their high reaction enthalpy (AH = 104 kJ/ moly o for

Ca(OH), and AH = 81 kJ/ molH20 for Mg(OH),, respectively) [38].
MO, + HaOyy) <M(OH), + AH (8.1)

2.1.1 Ca(OH)y/CaO systems

The dehydration reaction of Ca(OH), occurs between 400 and 508°C, so the
Ca(OH),/CaO system can be used for high-temperature thermal energy stor-
age. Samms and Evans [39] and Schmidt et al. [40] concluded that the optimal
operating conditions of the system (Fig. 8.3) corresponded to a temperature of
510°C and a water vapor pressure of 1 bar. This system has attracted enormous
attention especially in CSP [41]. In this study, Takham and Tippayawong
developed a small TCHS unit using charged Ca(OH), powder as a reactant and
analyzed the hydration behavior of the material. The hydration rate was high;
a rapid increase in temperature was observed. Energy efficiency was relatively
high, in the 60%—83% range. The agglomeration of the powder after
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FIGURE 8.3 Equilibrium line for the Ca(OH),/CaO reaction system. From M. Schmidt, C.
Szczukowski, C. Rofkopf, M. Linder, A. Worner, Experimental results of a 10-kW high temperature
thermochemical storage reactor based on calcium hydroxide, Appl. Therm. Eng. 62 (2) (2014)
553—559. https://doi.org/10.1016/j.applthermaleng.2013.09.020.

hydration was also observed, causing mass transfer issues due to the
nonuniform diffusion of water in the bed. At 510°C and 1 bar, another TCHS
setup was built by Dai et al. [42] to monitor the thermal cycling stability of the
system. Their results suggested that there was no decrease in performance of
the material after 20 cycles, but technical problems, because of powder
agglomeration and the poor TC, had yet to be overcome. Yan et al. [43]
investigated the influence of the dehydration temperature on the performance
of the Ca(OH),/CaO system. They verified that by choosing a higher
dehydration temperature and a thinner sample layer, the overall kinetics, as
well as the energy efficiency, could be improved. Xia et al. [44] ameliorated
the mass transfer through the CaO bed by integrating a fractal porous medium.
Effective gas diffusion coefficients of 0.228 and 0.188 cm?/s were respectively
measured for CaO and Ca(OH),. For comparison, these values are higher than
that of oxygen diffusion in air at 25°C (0.176 cm?/s).

Recently, Xia et al. [25] presented a novel composite made from CaO,
sodium carboxymethyl cellulose, and vermiculite to overcome the problems
related to pure CaO powders (mass transfer issues and low TC). The composite
was structurally stable during several cycles of dehydration/hydration and a
significant improvement of the heat storage rate was observed when compared
to the natural product. In 2020, another group in Japan, Funayama et al. [45],
developed a new composite material prepared by depositing Ca(OH), on a
Si—SiC ceramic honeycomb support with the aim of enhancing the heat
transfer through the reaction bed. A heat output rate of 1.6 kW/L-bed was
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recorded, being two times higher than that of the pure Ca(OH), pellet bed. It
should be noted that the Si—SiC ceramic honeycomb is an inert support and
that no side products were formed during the cycling experiment.

Huang et al. [46] investigated the dehydration of hexagonal boron nitride
(HBN)-doped Ca(OH),. The composites were better performing than the pure
calcium hydroxide. First, the dehydration rate of the 15%wt HBN-doped
composite was much higher than that of the pure Ca(OH), (Fig. 8.4A).
Fig. 8.4B illustrates the enhancement of TC (improvement of 13.2% at 17°C
and nearly of 23% at 300°C) of the material after being doped with different
contents of HBN. The same research group [47] synthesized a spindle-shaped
Ca(OH); nanomaterial and evaluated its performance. The study proved that
the spindle-shaped material increased the specific surface area of the storage
bed, resulting in a better heat storage capacity (up to 1300 kJ/kgcomposite). The
newly synthesized material also provided a faster reaction kinetic and higher
cycling stability than the “normal-shaped” commercial calcium hydroxide.
This indicated that morphology of the material selected could play a crucial
role in the development of TCHS.

2.1.2 Mg(OH),/MgO systems

Even though presenting a lower ESD than the Ca(OH),/Ca0O systems, the
Mg(OH),/MgO systems are still largely studied. Piperopoulos et al. and Yan
et al. [48,49] synthesized magnesium hydroxide in the presence of a cationic
surfactant, cetyl trimethyl ammonium bromide (CTAB), to diminish the ma-
terial’s natural tendency to aggregate. At specific operating conditions (150°C
for 6 h at pH 11) and at the identified optimal concentration of 2 mM of
CTAB, the resulting Mg(OH), particles aggregated less easily. The composite
exhibited a better volumetric heat capacity, almost double that of the material
without CTAB and presented very good stability after 13 cycles of dehydra-
tion/hydration.
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FIGURE 8.4 Ca(OH), conversion (dehydration) (A) and thermal conductivity (B) as a function
of hexagonal boron nitride (HBN) content. From C. Huang, M. Xu, X. Huai, Experimental
investigation on thermodynamic and kinetic of calcium hydroxide dehydration with hexagonal
boron nitride doping for thermochemical energy storage, Chem. Eng. Sci. 206 (2019) 518—526.
https://doi.org/10.1016/j.ces.2019.06.002.
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FIGURE 8.5 [Illustration of the irradiation of the electron beam on a MgO pellet (A) and pore
volume evolution before and after beam irradiation (B). From Y. Kim, N. Kim, T.S. Kim, G.J. Park,
Y. Kwon, H.K. Yu, Mg(OH)2 nano-sheet decorated MgO micro-beams by electron beam irradiation
for thermochemical heat storage, Ceram. Int. 45 (2019) 18908—18913. https://doi.org/10.1016/].
ceramint.2019.06.126.

Kim et al. [50] irradiated MgO pellets with an electron beam (Fig. 8.5A)
and used the obtained microbeamed MgO in the Mg(OH),/MgO TCHS
working pair. Electron beam irradiation seems to have an impact on the spe-
cific surface area, which doubled after treatment (Fig. 8.5B). The Mg(OH),
flakes synthesized from these microbeamed MgO dehydrated much faster than
the common MgO-based materials.

2.1.3 Application

Both Ca(OH),/CaO and Mg(OH),/MgO systems operate at high temperature
(up to 500°C), so they are applied at large scale, in particular in CSP. In a
recent review, Prasad et al. [8] reported on the inertia of MgO toward
hydration in a highly superheated steam. For this reason, the Mg(OH),/MgO
system is considered less attractive than Ca(OH),/CaO. Laboratory- and pilot-
scale systems have been tested to explore their potential in electricity pro-
duction. Angerer et al. [51] researched the design of an MW-scale Ca(OH),/
CaO TCHS reactor, including a bubbling fluidized bed. A reactor volume of
100 m* was estimated to be capable of generating 15 MW of heat power. In
2016, Schmidt et al. [52] mixed the reaction material with nano-additives to
facilitate fluidization and to ameliorate the low TC of Ca(OH),. The final
material was then used in an innovative moving-bed reactor (Fig. 8.6). Ugo
et al. [53] modeled and simulated a TCHS system integrated in a CSP plant
using Ca(OH), coupled to a Rankine power cycle. The integration of the
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FIGURE 8.6 Moving-bed reactor used in pilot plant using Ca(OH),/CaO modified with nano-
additives. From M. Schmidt, M. Gollsch, F. Giger, M. Grun, M. Linder, Development of a mov-
ing bed pilot plant for thermochemical energy storage with CaO/Ca(OH)2, AIP Conf. Proc. 2016
1734. https://doi.org/10.1063/1.4949139.

TCHS system could increase the overall efficiency of the CSP plant of more
than 10%. Moreover, an efficiency slightly higher than 30% could be stably
maintained over 1 year by using the turbine integration concept.

2.2 Sorption systems

2.2.1 Ammonia sorption/desorption

Metal halide ammines have been reported to have exceptionally good cycling
stability and high ESD [54], thus they are viable material options for TCHS
applications. Eq. (8.2) represents the reversible sorption reaction of metal
halide salts (MX) with ammonia gas as a working fluid. The reaction is
endothermic, so heat needs to be supplied to separate ammonia and the halide
salt. The ammonia gas can then be condensed as a liquid in a storage tank. As a
result, this system works mainly as a heat storage system, but can also indi-
rectly store ammonia.

MX(S) —I—xNH3(g) o MX-xNH; + AH (8.2)

Recently, Berdiyeva et al. [55] analyzed spatiotemporal development of
SrCl,-8NH3 powder within a reactor using in situ neutron imaging. This
method allows them “to study simultaneously NHj3 spatial distribution and the
structural changes.” They stated that the stainless-steel honeycomb used to
embed the powder did not ameliorate the heat transfer during the desorption
process as expected. A volume expansion of 10% was also observed during
NH3 absorption. The study provided crucial information for improving the
safety and efficiency of TCHS reactors.
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FIGURE 8.7 Evolution of energy storage density with the charging temperatures of pure salt
MnCl, and composite MnCl,/NH;. From T. Yan, R.Z. Wang, T.X. Li, Experimental investigation on

thermochemical heat storage using manganese chloride/ammonia. Energy 143 (2018) 562—574.
https://doi.org/10.1016/j.energy.2017.11.030.

Intensive experimental research was conducted by Yan et al. [56], at lab-
oratory scale, to study the MnCl,/NH3 storage system. With the presence of
expanded graphite (EG), the heat and mass transfer properties of the composite
material were significantly enhanced with an energy efficiency of 48%.
Fig. 8.7 shows a surprisingly high ESD of 1391 kJ/kgcomposite» T€corded at a
very low charging temperature of 150—180°C. This temperature range is
compatible with solar collectors in summer and for industrial applications for
reducing waste heat in factories.

More recently, instead of working on a single salt/ammonia composite, Yan
et al. [54] decided to develop a composite containing a mixture of salts. MnCl,
and SrCl, were used for the reversible sorption reaction with ammonia. The
double salts/ammonia composite material generated 45% more of ESD (2 MJ/
Kgcomposite) than the single salt/ammonia composite (Fig. 8.8). The latest
research article [57] from the same authors refers to another double salts/
ammonia composite. This time, they investigated an NiCl,—SrCl,/NHj storage
system. They obtained a significant heat efficiency of 0.978 with a relatively
high ESD of 2.1 MJ/Kkgcomposite-

2.2.2 CO; sorption/desorption

In the 1970s Baker [58] suggested an energy storage system based on the
reversible carbonation/decomposition reaction (Eq. 8.3). One of the most
common and studied systems is the CaCO3/CaO couple integrated in CSP
technologies, and also called the “calcium looping (CalL) process.” In this
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FIGURE 8.8 Evolution of energy storage density with the charging temperature of a pure salt
MnCl, and MnCl,—SrCIl,/NH; composite. From T. Yan, Z.H. Kuai, S.F. Wu, Experimental inves-
tigation on a MnCI2-SrCI2/NH3 thermochemical resorption heat storage system, Renew. Energy
147 (2020) 874—883. https://doi.org/10.1016/j.renene.2019.09.033.

system, CO, and CaO are stored separately and the stored energy is released
when needed by combining the two products following the exothermic reac-
tion reported in Eq. (8.3). The CaL process presents advantages in terms of low
cost, availability of the used products, and zero risk toward the environment
because of the use of natural compounds (CaO and CO,) [59].

MO, + COy) < MCO; + AH (8.3)

The CaCO3/CaO system works at a very high temperature, at least 700°C.
Addition of doping agent has been investigated to decrease the working
temperature. This enlarges the working temperature domain, and avoids
certain drawbacks, such as the sintering of CaO, that slow down the reaction
kinetics. To avoid sintering, the carbonation of CaCOj3 needs to be carried out
at temperatures below 925°C. Khosa and Zhao [60] analyzed the heat storage/
release performance of the system before and after doping with SiO,. After
being doped, the decarbonation temperature was reduced to 800°C and the
reaction rate improved thanks to the easier diffusion of CO, in the smaller CaO
particles. The addition of SiO, helped improve the cyclic stability of the
CaCOs3 by 13%.

As an alternative to calcined limestone (natural CaO), Li et al. [61] used
CaO pellets under high pressure carbonation (up to 13 bar). When the pressure
of the carbonation reaction is increased to 5 bar (Fig. 8.9), the heat storage
density is reported to increase up to 1400 kJ/kgcomposite after 10 cycles, and
increasing the pressure over 5 bar does not seem to increase the energy stored.
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FIGURE 8.9 Effect of carbonation pressure on heat storage density of CaO pellets at 800°C.
From B. Li, Y. Li, H. Sun, Y. Wang, Z. Wang, Thermochemical heat storage performance of CaO
pellets fabricated by extrusion-spheronization under harsh calcination conditions, Energy Fuels 34
(5) (2020) 6462—6473. https://doi.org/10.1021/acs.energyfuels.0c00644.

The addition of biomass (5%wt bagasse or 5%wt pine) in the CaO pellets was
also investigated with the aim of inhibiting the decrease in heat storage ca-
pacity after multiple cycling.

In a more recent article about Cal. system materials, Teng et al. [62]
succeed in enhancing the solar absorptance of CaCOs in the conventional
CaL—CSP system. They applied particle doping and ion doping by using
Mn—Fe (MnFe,O4) oxide composite. At a molar ratio of 100:6:12
(Ca:Mn:Fe), the solar absorptance of CaCOs increased significantly from 11%
to 90%. The energy efficiency was also found to be stable at 93% (1438 kJ/
Kgcomposite) OVer 60 cycles, compared to 20% for the commercial CaCOs.

A similar energy storage system to CaCO3/CaO is SrCO3/SrO. This system
operates at extremely high temperature, up to 1200°C at atmospheric pressure.
The same sintering problem detected for CaO was also observed for SrO. So,
to overcome this issue, Bagherisereshki et al. [63] used a polymorphic spacer
to produce sintering-resistant sorbents. CaSO,4 and Sr3(PQOy), are two potential
sintering inhibitors and were added to the parent material to maintain the
particle size when reaching high temperatures (Fig. 8.10). Compared to
calcium sulfate (only 350 KJ/Kgcomposite after 10 cycles), strontium phosphate
appears to be more promising since it seemed to maintain a higher energy
density (500 kJ/kgcomposite) after 10 cycles. The addition of 25%wt of
Sr3(PO4), seems to be the best compromise to obtain the highest performance.

Gigantino et al. [64] investigated another aspect of the system. They
wanted to maintain (or even improve) the cycling stability by mixing strontium
acetate hemihydrate and porous MgO to the SrO-based materials. They
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FIGURE 8.10 Illustration of the effect of the polymorphic spacer added to precarbonated SrO.
From E. Bagherisereshki, J. Tran, F. Lei, N. AuYeung, Investigation into SrO/SrCO3 for high
temperature thermochemical energy storage, Sol. Energy 160 (2018) 85—93. https://doi.org/10.
1016/j.s0lener.2017.11.073.

concluded that the composite containing 40%wt of SrO maintained the same
carbonation—decomposition performance during 100 consecutive cycles with
an ESD of 810 kJ/kgcomposite- A year later, Ammendola et al. [65] studied
another oxide as an additive for the SrCO3/SrO system. Investigations of
different Al,O3/SrO composite compositions were carried out to understand
the effect on sintering limitation and energy storage capacity. The optimum
content of the aluminum oxide to achieve the best compromise between the
lowering of sintering and the maintaining of a high heat storage performance
was identified to be around 34%wt. A higher content will not increase the
reactivity, but only reduce the overall energy density due to the lack of
the reactive phase SrO. On the other hand, a lower amount would not avoid the
sintering and agglomeration of the SrO particles.

2.2.3 H,0 sorption/desorption

Wu et al. [9] presented different properties of a number of selected working
fluids (H,O, NH3, CO,, C;Hs0H, CH3OH, etc.) especially concerning the
safety issues. Methanol, ethanol, and ammonia are flammable in air. Ammonia
vapors can be extremely toxic if inhaled or if contacted with eyes and skin.
Carbon dioxide (higher than 10% concentration in air) presents long-term
toxicity, which is harmful to the cardiovascular system. Water is the best
candidate because of its high accessibility and nontoxicity to humans and the
environment. Consequently, water is the most adapted and investigated
working fluid for TCHS. Freed water does not need to be stored, which
reduces the complexity of the system, thus reducing the cost of the overall
ESD. Reversible hydration/dehydration (Eq. 8.4) reaction systems with
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various sorbents (especially hydrate salts and composites) are the subject of
numerous research works.

MX - nHZO(S) + mHQO(g) > MX- (m + H)HQO + AH (8.4)

Padamurthy et al. [66] explored the characteristics of sodium thiosulfate
pentahydrate (Na;S,03-5H,0) for TCHS. The temperature to reach total
dehydration is around 130°C, which is appropriate for solar collector appli-
cations. In a single cycle test, the hydration process was performed at 30°C for
2 h to attain complete dehydration, and the corresponding reaction enthalpy
was 1012 J/gmaterial, corresponding to an ESD of 1.81 GJ/m>. Erlund and
Zevenhoven [67] evaluated the thermal behavior of an inorganic carbonate.
They set up a lab-scale reactor design using MgCOs/silica gel (SG) as reactive
material and matrices support, respectively. At 50%wt salt content, the
hydration enthalpy was 410 J/gcomposite- A slight decrease in storage capacity
was observed by increasing the MgCOs3 content to 10%. This behavior can be
explained by mass transfer limitations.

Another inorganic carbonate salt hydrate that has received a lot of attention
in recent years is potassium carbonate. Detailed research was performed by
Gaeini et al. [68] on K;CO;3 in terms of cyclability, kinetics, and energy
density. It is reported that the kinetics increases cycle after cycle because of
the expansion of the material upon hydration. The authors also measured the
ESD presenting a value of 0.75 GJ/m>. Shkatulov et al. [69] also investigated
K,COj3 but mixed with expanded vermiculite. In this study, compact K,CO3
was used instead of granular material; the kinetics seemed ameliorated (about
2—>5 times better). A composite containing 69%wt of K,CO3 can release up to
0.9 GJ/m® energy, 20% higher than for pure K,COsz [68]. Moreover, the
conversion was surprisingly stabilized at least for 47 cycles.

Due to the high ESD of 1440 kJ/kgcomposie and the low charging
temperature (~100°C) [70,71], LiOH-H;O is one of the most promising
thermochemical materials for storage applications. Different LiOH-based
composites were prepared and analyzed (Table 8.1). Kubota et al. [70]
improved the hydration kinetics of LiOH by over five times by depositing
LiOH (10%wt) on mesoporous carbon (MPC). Li et al. [72] modified LiOH
with Ni-carbon nanotubes (Ni-CNT) and found improvements in the released
energy and the TC. These two parameters could also be enhanced when LiOH
was modified with graphene oxide [71] or multiwalled CNT [73]. EG was also
used as a matrix support by Li et al. [74] to improve the heat and mass transfer
of LiOH-H,0. Even if the heat storage capacity was 22% lower than that of
the pure LiOH-H,0 salt, the composite containing EG presented a TC 6.5
times higher than the pure salt and an improved cycling stability. Another
LiOH-based composite was synthesized and analyzed by Li et al. [75] using
13X zeolite as a hygroscopic support with an ESD 35% higher than that of the
pure hydrate salt.
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TABLE 8.1 Comparison of different LiOH-based composites with pure
LiOH.

ESD Thermal conductivity
Composite LN et (W/mK) References
LiOH 1440 [70,71]
LiOH 4000 3.78 [72]
(14%)/Ni-CNT
LiOH/graphite oxide 1980 1.8 [71]
LIOH/MWCNT 1804 1.75 [73]
LIOH/EG (8%) 1120 6.52 [74]
LiIOH/13X 1949 [75]

CNT, Carbon nanotube; EG, expanded graphite; ESD, energy storage density; MWCNT, multiwalled
carbon nanotube.

Besides LiOH.H;O and carbonate salts, hygroscopic chloride salts are also
investigated as potential candidates for TCHS. CaCl, is one of the chosen
materials due to its properties. CaCl, is cheap, easily available [76], and
presents a high water absorption capacity of 0.9 g/g (at 25 °C and 1 atm) [77].
For these reasons, CaCl, is one of the most used and studied hydrate salts in
industry and the building sector. Shi et al. [78] tried to employ metal—organic
frameworks based on MIL-101(Cr) as porous matrices supports and they did
not measure any significant loss in the heat storage capacity during 17
consecutive cycles (1274 kJ/kgcomposite for MIL-101(Cr)—SO3H/CaCl,).

Different SG-based composite materials were also synthesized for long-
term heat storage potential. Pierre D’ans et al. [79] encapsulated 43%wt
CaCl, in mesoporous SG and measured TC in the 0.129—0.155 W/mK range.
Skrylnyk et al. [80] evaluated the storage capacity of the same composite and
reported an ESD up to 145 kWh/m? in a laboratory-scale prototype reactor
(Fig. 8.11).

Gaeini et al. [81] investigated three distinct porous supports: expanded
natural graphite (ENG), vermiculite, and ethyl cellulose (used for microen-
capsulation). They were used as matrices for CaCly-based composite mate-
rials. Fig. 8.12 shows the results reported on the ESDs of these composite
materials. Overhydration was observed in samples containing vermiculite and
graphite, leading to agglomeration. Consequently, the storage performances
are low compared to those of the pure CaCl,. A second deposition was effected
on the impregnated composites to verify a possible improvement in the heat
storage capacity. As expected, the twice impregnated samples revealed higher
performances: 1.5 GJ/m® compared to 0.6 GJ/m’ in the case of graphite and
1.2 GJ/m’ compared to 0.5 GJ/m® in the case of vermiculite. To avoid
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FIGURE 8.11 Laboratory-scale prototype reactor used for cycling test of CaCl,/SG. From O.
Skrylnyk, E. Courbon, N. Heymans, M. Frere, J. Bougard, G. Descy, Performance characterization
of salt-in-silica composite materials for seasonal energy storage design, J. Energy Storage 19
(2018) 320—336. https://doi.org/10.1016/j.est.2018.08.015.
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FIGURE 8.12 Energy storage density of CaCl,-based composite materials on different supports,
where P is the pure CaCl,, G1, G2, V1, V2 are respectively the graphite and vermiculite-modified
samples, and E the encapsulated sample. Data collected from M. Gaeini, A.L. Rouws, J.W.O.
Salari, HA. Zondag, C.C.M. Rindt, Characterization of microencapsulated and impregnated
porous host materials based on calcium chloride for thermochemical energy storage, Appl. Energy
212 (2018) 1165—1177. https://doi.org/10.1016/j.apenergy.2017.12.131.
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aggregation, CaCl, was encapsulated with ethyl cellulose. This sample showed
good cycling stability, but unfortunately a lower ESD (0.4 GJ/m>). This poor
ESD of the CaCly/vermiculite/composite was also confirmed by Nejhad and
Aydin [82] and Yilmaz et al. [83].

Hygroscopic chlorides are claimed to coagulate even at low relative
humidity (RH) during the discharge phase [84—86]. Efforts have been made on
CaCl; modified by graphite or vermiculite to overcome the problem, but the
expectations were too high. Mehrabadi and Farid [87] tried to use expanded
clay and pumice as host matrices for SrCl,.6H,O for low-grade thermal energy
storage applications. Despite having low dehydration temperature (<150°C)
and a high theoretical ESD (2.4 GJ/m?), the synthesized composite materials
presented a dramatically low ESD of 26.3 MJ/m> (pumice-SrCl, with 14%wt)
and 100 MJ/m’ (expanded clay-SrCl, with 40%wt). Besides the low composite
salt content, salt leaching and agglomeration were found to be the main causes
of the low power generation. Until 2017, the composite with the highest salt
content reported in the literature was 70%wt of CaCl, deposited on activated
carbons (ACs) [88]. Unfortunately, its thermal storage performance was not
investigated. Later, Kallenberger et al. [89] successfully synthesized alginate-
based matrix composites allowing the macroscopic structuring of the com-
posite as beads. The shaping had the advantage of decreasing the pressure loss
in packed beds. Table 8.2 shows the results, from calorimetric investigation, of
the hydration carried out at 30°C on different composite materials with 86%wt
salt content. High volumetric storage densities up to 1.5 GJ/m’ (CaCl,
composite sample) combined with relatively high water uptake were reported,
proving the potentials of these composite materials for heat storage
applications.

TABLE 8.2 Thermal storage performance (storage density and water up-
take) of different alginate-based composite materials at different relative
humidities.

Relative humidity at Storage density Water uptake
Composite 30°C (%) (G)/m?) (g/g)
MgSO4/ 84 1.32 0.65
alginate
MgCl,/ 30 1.27 0.93
alginate

20 0.59 0.38
CaCly/ 30 1.50 0.88
alginate

20 1.10 0.64
SrCly/ 60 1.05 0.55

alginate
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In their studies, Posern and Osburg [90] concluded that crystalline salts or
salt pellets of SrCl, (at 30°C and 60%RH) and MgSO,4 (at 30°C and 84%RH)
generated similar amounts of heat of sorption, 2.04 and 1.70 kJ/gmaterials
respectively. Additionally, an evaluation of the temperature increase (for
experiments carried out in the same conditions) was also done on composites
made of SrCl; (35 and 49%wt) and AC. The results revealed that the hydration
kinetics was improved thanks to the good dispersion of the salt in the porous
support AC. Consequently, temperature increase was higher in the composite
than in the pure salt. Instead of working with pure SrCl, or MgSQy, Li et al.
[13] decided to mix them in different proportions varying from 10% to 50%wt
of MgSO,. Hydration experiments were carried out at 30°C and 55%RH
(value lower than the deliquescence relative humidity [DRH] of the highest
hydrates from of each of the two salts) [90,91]. The composite containing 20%
wt of MgSO, showed impressive ESD (595 kWh/m?) and a better dehydration
(at 150°C) than both pure salts (Fig. 8.13). A higher cycling stability was also
observed for this composite that, after 20 cycles, still presented a high heat
storage capacity (equal to the 75% of the value measured for the first cycle).

Hydroscopic sulfate salts are thermally stable and have a relatively high
DRH. So, MgSO4 was recently investigated as a high potential material for
TCHS [92,93]. The heptahydrated salt presents a very high theoretical ESD
(2.8 GJ/m?), but this value could not be achieved due to only partial revers-
ibility of the hydration reaction [94,95]. To solve this issue, the integration of
host materials in the composite formulation seems to be a promising solution.
MgSO,4 was among the most investigated salts of the last decade. More
recently, it was impregnated on zeolite 13X by Hongois et al. [96]. The
beneficial effect of the presence of zeolite was proved. After hydration and
dehydration at 150°C, the 15%wt MgSQu/zeolite 13X composite could still
store 80% of the original energy density (for experiments carried out on 10 mg
of sample). When increasing the quantity of storage material (200 g) the heat
storage density strongly decreased and represented only 45% of the original
value after three cycles. Wang et al. [97] prepared a 15%wt MgSO4/zeolite
13X composite material by impregnation. At 80%RH and 25°C, hydration was
not homogeneous, as observed by X-ray diffraction. Different hydrate forms
were detected, but the MgSQO4-7H,0, the highest hydrated phase, was not
detected, even at such a high RH. However, the composite showed a relatively
good hydration energy of 632 J/gcomposite- The deposition of MgSOy4 onto the
zeolite 13X enhanced the stability to hydration/dehydration cycling. The
presence of MgSQO4 seemed to protect the material surface from the air
pollutant effect and to enhanced the long term material stability [98].

Another porous structure material was proposed by Brancato et al. [99],
who made use of silicone foams. According to the authors, two water vapor-
permeable silicones were chosen: poly(methylhydrosiloxane) and a silanol
terminated polydimethylsiloxane to form a polymeric foam porous matrix. The
composites containing MgSO, were observed by scanning electron



FIGURE 8.13 Comparison of the storage performance of the 20%wt MgSO, composite and two pure salts. Adapted from W. Li, M. Zeng, Q. Wang, Development
and performance investigation of MgSO4/SrCI2 composite salt hydrate for mid-low temperature thermochemical heat storage, Sol. Energy Mater. Sol. Cell. 210
(2020) 110509. https://doi.org/10.1016/j.s0lmat.2020.110509.
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microscope. The salt was well dispersed into the porous structure. It is worth
noting that the optimal salt content that the polymeric foam can host was
around 60%wt of MgSQOy4. A year later, Calabrese et al. [100] performed
mechanical tests on this novel material. Due to the hydrophobic nature of the
silicone materials, only 87% of the salt was left after 50 hydration cycles. In
early 2020, Piperopoulos et al. [101] performed experiments to evaluate the
morphology and dehydration/hydration cycling process of the same compos-
ite. With the composite containing the optimum salt content (60%wt of
MgSOy), they found an ESD of 821 J/gcomposite (after a charging step, dehy-
dration, performed by heating up the sample from 30 to 180°C at 5°C/min). No
degradation of the silicone matrices was observed upon cycling, which sug-
gests an improvement in terms of material durability. AC is another common
TCHS porous support that shows some advantages when compared to zeolites.
One of the reasons is the very high specific surface area of AC, which can offer
a better water vapor sorption rate. Akcaoglu et al. [102] prepared pellets of
MgSO,4 and AC. Expanded natural graphite was also added to enhance the TC.
The MgSO4/ENG + AC (1:1) composite was hydrated at 20°C for 1 week and
the hydration heat released was equal to 1395 J/gcomposite- The presence of
ENG improved the heat transfer of the composite by 86%. Recently, another
sulfate hydrate salt, ZnSQy, received increased attention from researchers. In
Ref. [103], Rehman et al. compared the hydration behavior at 100°C of three
hydrated sulfate salts: MgSQOy4, FeSO4, and ZnSOy4. They found that zinc
sulfate is an interesting material for heating in buildings because it exhibits a
relatively high ESD (1.26 GJ/m3) when compared to MgSOy4 (0.52 GJ/m3) and
FeSO4 (0.84 GJ/m>). In Ref. [104], the authors highlighted the effect of RH on
the water sorption ability. At 75%RH, the value of water sorption was 0.148 g/
g for ZnSOy4-7H,0, but at 85%RH, this value decreased to 0.114 g/g after 10 h
of hydration and eventually decreased to 0.001 g/g. The observed phenomena
were related to the deliquescence of ZnSQOy4-7H,0 when RH exceeded 75%.

A screening method was applied by Richter et al. [105] to 308 different
inorganic salts to find the most suitable candidate for industrial waste heat
recycling (150—300°C) applications. It was concluded that SrBr, was the most
promising material with some remarkable properties, as follows: harmless to
humans, no decomposition up to 300°C, reversible hydration/dehydration re-
action, and stability for at least 10 charging/discharging cycles. Furthermore,
with a theoretical ESD of 628 kWh/m® [106] and a low dehydration temper-
ature (100°C is sufficient to lose five water molecules going from hexahy-
drated to monohydrated), SrBr, is also considered a good candidate for
applications in heating buildings. One of the main drawbacks of SrBr;-6H,O
is corrosion of the materials constituting the reactor. Pierre D’ans et al. [107]
studied the corrosion rate caused by SrBr,-6H,O in low carbon steel and
copper at 80°C at different RH values (35% and 24%). In this condition, a
severe corrosion of over 1 mm/year (estimated) was observed. This behavior
was explained by the presence of SrCOs, identified as a coproduct of the
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TABLE 8.3 Performance of SrBr, after being incorporated into inert
matrices.

Composite ESD Other properties References
63% SrBry/MIL-101(Cr) 233 kWh/m’ at Water sorption [109]

30°C capacity 0.4 g/g
SrBr,/40%-ENG 500 kJ/ - Cp increased from [110]

kgcomposite 0.6to 1.3 kJ/kg K

(Teharge = 80°C) - TC increased five

600 kJ/ times from 0.5 to

e 2.5 W/mK

(Teharge = 150°C)
SrBry/20%- 550 kJ/ Hydration rate [111]
ENG 4+ 0.5%wt NHj et increased three times at
polyelectrolyte 23°C, 50%RH

ENG, Expanded natural graphite; RH, relative humidity; TC, thermal conductivity.

reaction bringing the formation of HBr, which is extremely corrosive.
A similar study was carried out with SrBr,-6H,0 by Fernandez et al. [108],
but this time the experiments were performed under vacuum at a pressure of
123 mbar and a temperature of 78°C. Corrosion was largely suppressed, and
the carbon steel material showed a corrosion rate of only 0.038 mm/year.
However, the materials presenting the higher resistance to corrosion were
identified to be aluminum and stainless steel, with a corrosion rate of only
0.002 mm/year. Other solutions were also suggested to inhibit the corrosion
problem, such as incorporating the salt in an inert matrix in contact with a
metallic surface (Table 8.3).

3. Conclusion and perspectives

Promising sorption materials for thermochemical heat storage need to have
certain properties, such as: environmental nontoxicity, relative cheapness,
appropriate affinity between sorbents and sorbates, and high heat storage
density. Sorption materials can be adapted to a wide temperature range for
targeted applications, in particular for low-temperature building heating.
Various drawbacks are currently stopping the implementation of these mate-
rials in commercial systems, and intensive research has been carried out to
understand the mechanisms involved and find solutions. For example, in the
high-temperature range, SiO, was added to CaO to reduce the sintering
temperature and thus increase its durability, while white CaCO3 was “blacked”
to be able to absorb more efficiently the solar irradiance. Other candidates,
such as metal halide amines, suffer from low heat transfer capacity, but by
coupling them with graphite-based materials, the final composites could reach
high ESD (such as, for example, MnCl,/NH3 with about 1400 J/gcomposite)-
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Among others, salt hydrates and water are considered the most suitable
couple for TCHS, especially for residential building heating applications, in
relation to their high ESD. Additionally, water does not need to be stored, thus
reducing the complexity of the system. Unfortunately, salt hydrate systems
also present numerous drawbacks, including (1) deliquescence of the salts
above a certain humidity (DRH), eventually leaking into the surrounding
materials, and/or agglomeration during recrystallization, and (2) low TC and
porosity, connected to poor heat transfer and low mass transfer respectively,
and affecting the overall kinetics. The integration of salts into a porous matrix
seems to be the most efficient way to answer these issues. Low cost and high
water absorption capacity are the two main reasons why CaCl, is widely
studied alone or in the presence of various types of host materials. SG,
vermiculite, and graphite are employed as supports, but their corresponding
composites did not improve their performance, and, in certain cases, even
reduced the heat capacity. Embedding CaCl, in ethyl cellulose significantly
reduced agglomeration and improved cycling stability, but a too low heat
capacity was reported. Having the highest theoretical ESD and high DRH,
MgSQO, appears to be the most adapted salt for heat storage systems. Zeolites
are the most widely studied support, often coupled to MgSO4 to produce
composites. A composite containing 15%wt of MgSO, deposited on zeolite
13X could release over 630 J/gcomposite With good cyclability. ENG was
recently investigated to enhance the poor TC of salt hydrates; this parameter
needs to be optimized for the implementation of storage systems.

To ensure future research in the building sector, the following points need
be considered:

e Search for new composites to improve the heat storage capacity of the
system,;

e Ameliorate the heat and mass transfer of hydrated salt composites (which
are the most promising candidates);

e Perform more consistent durability and cyclability tests;

e At the pilot scale, take into consideration the type of reactor material since
corrosion in the presence of salt (hydrates) can impact the lifetime of the
installation. Moreover, perform experiments for adapted upscaling simu-
lation as disproportional results when increasing sample mass can falsify
the final project.

e Lastly, take into consideration the material cost, energy price, and instal-
lation energy efficiency to facilitate the implementation of the technology
at the industrial level.

Acronyms

AC activated carbon
CaL calcium looping
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CNT carbon nanotube

CSP concentrated solar power
CTAB cetyl trimethyl ammonium bromide
DRH deliquescence relative humidity
EG expanded graphite

ENG expanded natural graphite

ESD energy storage density

HBN hexagonal boron nitride

LHS Ilatent heat storage

MPC mesoporous carbon

PCM phase change material

RH relative humidity

SG silica gel

SHS sensible heat storage

TC thermal conductivity

TCHS thermochemical heat storage
TCM thermochemical material
TESS thermal energy storage system
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The State-of-the-Art of thermochemical heat storage

State of the art on MgSOas-, - MgCl2- mono and binary systems.

As discussed in the book chapter, incorporating salt particles into porous host materials to produce
composites would help in improving the storage capacity potential of these salts. MgSO4 and MgCl.
are two salt candidates with high potential for long-term heat storage. The following section is a mini-
review regarding the performance of the composites synthesized from those two salts.

MgSOas-based composites

Zeolite is the most common as well as the most investigated host porous material for impregnation
of hygroscopic salts. Xu et al. [1] conducted a comprehensive investigation of 13X-MgSO4 composite
after that zeolite 13X was chosen as the best porous matrix compared to zeolite 3A and 4A. At 25 °C
and 85 % RH, the composite containing 20 % MgSOa4 performed best, with a saturation adsorption
amount of 0.26 g/g. This represents an enhancement of 40 % compared with pure zeolite 13X in the
same conditions. The air temperature lift and the hydration rate were further investigated in a macro-
scale reactor and both displayed an improvement by increasing the air flow rate or the inlet air RH.
An energy efficiency of 81.34 % was recorded at 25 °C, 65 % RH, and a flow rate of 0.3 m¥nh,
indicating that the tested composite has a potential as a thermochemical storage material. Zeolite
13X was also employed by Rehman et al. [2] to prepare two composites (13X-MgSO4) with 5 and 10
wt% salt content. The salt deposited on the zeolite (composites) absorbed 5.1 and 6 molecules of
water, respectively. Additionally, the energy stored (dehydration heat) at 150 °C and ambient pressure
by the synthesized composite with 10 % of MgSO. (1985 J/g) was improved by around 10 %
compared with the pure MgSOs hydrate (1817 J/g). The cyclability of the composite was also
increased. The rehydration heat of MgSOs decreased of 58 % after 100 cycles compared with the first
cycle, while the heat released (at 25 °C and 75 % RH) by the 10 % of MgSO4 composite, after 100
cycles (1397 J/g), still corresponded to 87 % of the heat released during the first cycle (1603 J/g),
which increases the lifetime of the material. Xu et al. [3] added a third component into the parent
13X/MgSO4 composite: expanded natural graphite treated with sulfuric acid (ENG-TSA). This
component acts as a packing material, in the purpose of filling the voids among the host matrix pellets,
thus increasing the thermal conductivity. ENG-TSA was previously reported to improve the heat and

mass transfer of the salt hydrates, but it did not influence the water uptake of the material [4-6].

Miao et al. [7] prepared several high MgSO4 content composites containing 50 to 80 % expanded
graphite (EG). The optimal salt content of the composite at 25 °C and 85 % RH was 60 wt% MgSOsa,

with saturation adsorption achieved after approximately 8 hours of hydration time. Moreover, thanks
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to the use of EG, the thermal conductivity was greatly enhanced by over 80 %. For instance, the
thermal conductivity of the composite with 60 wt% MgSO4 was measured to be 0.73 W/mK.

Recently, a novel composite made from MgSO4 and diatomite was synthesized and characterized by
Zhang et al. [8]. They prepared two tablet-formed composites by impregnating 30 and 60 wt% of
MgSOs into diatomite. At 25 °C and 85 % RH, the composite with 60 % of MgSO4 showed an energy
storage density of 773 J/g and an adsorption capacity of 0.37 g/g. Although improvement in terms of
heat released was not observed, the mass transfer was greatly enhanced, as the composite supported
more charge/discharge cycles than the pure MgSO4. Tabard et al. [9] manufactured a 3-scale porosity
host material with pore diameters spread from 200 nm to 200 pm with the aim of maximizing the
amount of salt that can be deposited. The composites were then obtained by impregnating different
ratios of MgSQa (Figure 5). An energy density 420 kwWh.m™ high was recorded and represents the
highest performance of these composites, with a remarkable stability over time proven after 10 cycles

of charge/discharge.

Figure 5. a) Zirconia ceramic matrix after manufacturing and b) Homogenous infiltration of salt

inside the porosity of the zirconia structure [9].

Zambotti et al. [10] for the first time used a polymer-derived SiOC ceramic aerogel as a porous host
for the deposition of MgSOs as a long-term thermal storage material. With a tunable pore volume that
can constitute up to 80 % of the material. MgSOs was successfully infiltrated by vacuum
impregnation. 60 wt% is the maximum content of salt that can be confined into the porous network
of this newly employed host matrix. The composites were characterized by a good cyclability and a
fast hydration rates (less than 50 min). Another novel porous matrix that was introduced by
Kallenberger et al. [11] is an alginate-based material that permits to obtain macroscopically structured
composites (beads), assuring a low pressure loss in packed bed reactors. At 30 °C and 84 % RH, the
composite embedded with MgSOs delivered a heat of hydration just over 1000 J/g with an adsorption

46



The State-of-the-Art of thermochemical heat storage

capacity of 0.65 g/g. The authors also claimed that the synthesis approach is scalable and inexpensive.
Moreover, the material is nontoxic, which makes it simple to adapt the synthesis to the commercial
scale.

MgCl2-based composites

Zeolite is also a promising porous support candidate for the confinement of hygroscopic chloride
salts. Taking into account the hydrophilicity of zeolite 13X and the highly hygroscopic character of
salt hydrates (i.e., chloride with DRH of 33 % RH at 30 °C [12]), Xu et al. [13] proposed a multi-step
sorption process that included the physisorption of water on the zeolite 13X, the chemisorption onto

the hygroscopic salts, and the salt dissolution followed by deliquescence (Figure 6).

‘.."Chemlsorpuon.ﬁ ) .“Dellquescence ..‘ Dissolution '6. Y
Physisortion q 2 == % » » k 0o Absorption
b .‘ Crystalline
Wate e (rvmll Cryrld solutio /\\’wrﬁ‘ jmtd
inside micro-channels hydrate at S-Linter l;\h ot ?altuh; ed salt solution
Micro-pores Macro-pores L-G in(crfacc SN
Sorotion nrocess(Thermal eneroy discharoe ©
.$. % Sorption process(Thermal energy discharge) l’.. e
1%80 ¢ ATy
(3 L0
o9 ey

: Desorption process(Thermal energy charge) \_
Anhydrous salt Dilute salt
solution
Chemical

Q% desorption @ _ Efflorescence Crysldlll/dllon
Physical desorptlon‘ ‘ e ‘. ﬁ: ‘ r————

94 o 0\
“'Decomposxuon% ' w
p‘b - .' .\, Crystallin
rystallization 4~ \ hydrate < m o
rates

Anhydrous salt Water adsorbed Crystalline at S-L interface Sy

inside micro-channels hydrate Desorption at i salt solution
LG ir lrf ce ST

Figure 6. Working principle of multi-form thermochemical energy storage based on multi-step

sorption/desorption processes [13].

The composites were prepared by ion-exchange procedure followed by impregnation of MgCl, (up
to 25 wt%). The water vapor adsorption isotherm of the composite with the highest salt loading
suggested that the solution leakage occurs when the relative humidity exceeds 65 % and that the
sorption capacity can reach 0.8 g/g at 85 % RH. According to the authors, avoiding solution leaking
at a RH higher than 65 % is possible, if the content of MgCl. in the composite does not exceed 13
wit%. By controlling the operating conditions, the salt content, and the hydration time, it is possible
to achieve an adsorption capacity at 0.55 g/g at a high RH of 80 % with the composite with the highest
salt content (25 wt%). The dehydration heat of the composite was reported to be around 1368 J/g with

a good stability over 20 cycles.

Zhou and Zhang [14] prepared MgCl.-based composites with graphene oxide aerogel (GOA) by

hydrothermal and freeze-drying methods. GOA has an outstanding feature in the dehydration
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behavior which has not been found in any other porous matrices. The charging temperature moves to
a lower temperature gradually with the decrease of MgCl, content, thus providing a new method to
manipulate the dehydration process. GOA is able to confine a very high amount of MgCl2-6H20 (up
to 90 wt%) thus producing composites with a high energy density (up to about 1600 J/g). As a result,
these composites are expected to play an important role in low-medium temperature heat storage
applications. Three years later, Zhou and Zhang reached another milestone by improving the salt
content in the composite, this time up to 97 %, by playing on the reduction degree of the GOA [15].
The reduction of the graphene oxide is referred to the reduction of the O-rich groups such as hydroxyl,
carboxyl or ether. Thus, it is possible to insert more or less salt particles depending on the presence
of the listed o-containing groups that act on the distance between the carbon planes. The highest
reported water uptake at 25 °C and 95 % RH is 1.16 g/g, with an energy density of more than 2.2
kJ/g. The heat storage capacity of the composite sorbent after 5 dehydration-hydration cycles
remained above 95 % of the original, which reinforces the viability of the material for long-term heat

storage.

Jiand et al. [16] measured the thermal conductivities of MgCl. hydrates and found that they range
from 0.15 to 0.96 W/mK at temperatures ranging from 15 to 70 °C, while MgSO4 hydrates range
from 0.29 to 0.68 W/mK at temperatures ranging from 20 to 45 °C. To improve the thermal properties
of the hydrate salt, the authors confined MgCl> particles inside ENG. With salt loadings of 70-80
wt%; the thermal conductivities of the composites were measured and improved in the 0.97-2.92
W/mK (at 20 °C) range.

Binary systems including at least MgCl2 or MgSOa.

Recent challenges revealed that the use of mono-salt hydrate materials brings to some major
limitations, such as limitation on the water sorption and a low hydration heat. These drawbacks can

be by-passed by adding a second inorganic salt hydrate to form binary composites.

In 2019, Rehman et al. [17] prepared a novel composite material containing two inorganic salt
hydrates: 90 % MgSO4 and 10 % ZnSOs, labelled MZx. The composite presented a lower dehydration
temperature (120 °C) and a capacity of storing thermal energy (1422 J/g) much higher than its pure
constituents. Under constant temperature, the water uptake capacity of the composite improved by
increasing the humidity (below 80 % RH). On the other hand, at constant RH of 75 %, the hydration
rate was significantly increased by increasing the discharge temperature up to 45 °C (Figure 7). A
similar method was approached by Khan et al. [18] that prepared another binary system called ZM2
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composed of 80 % ZnSO4 and 20 % MgCl,. This composite was also reported to have a high heat
storage capacity of over 1400 J/g at a low charging temperature.
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Figure 7. Variation of adsorbed mass with time under different operating conditions [17].

Zhang et al. [19] mixed a “strong” hygroscopic salt like CaCl, with a “medium” one like MgSQOa4
prior to the insertion into zeolite 13X (“strong” and “medium” were used in the to describe the easy
deliquescence of the hydrated salt). The best ratio for preparing the binary salt was found to be 60 %
CaClz and 40 % MgSOg; this composite was characterized by an enhanced hydration heat, more than
double than that of samples containing only MgSO4 or only CaClz. The authors performed a deep
investigation to determine the optimal working conditions and the optimal configuration when using
zeolite 13X as support. The results showed that the presence of 10 wt% of zeolite 13X and a salt ratio
of 60 % CaCl2 and 40 % MgSOs is the best configuration for synthesizing the composites The sorption
behavior of this optimized material (10 % 13X: 36 % MgSOa: 54 % CaCl,) was studied and an
outstanding adsorption capacity of 0.45 g/g was recorded. The heat storage capacity was 1414 J/g,
accompanied by a remarkable stability during 20 cycles.
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Figure 8. The preparation process of the binary hydrated salt composite zeolite [20].
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Later, Ji et al. [20] mixed two chloride hygroscopic salts, CaClz, and MgCl> right before impregnating
them on a dry porous zeolite 13X (Figure 8). Even though the authors experienced a better
performance when depositing more salt, they reported that for salt concentration above 15 wt%, the
zeolite particles began to break. When the mass ratio of MgCl; to CaCl; was 1:1.5, the synthesized
composite presented a storage density of 719 J/g. To further improve the heat and mass transfer,
especially for the study of the composite in a reactor, the authors placed the hydrated salt zeolite
mixture in an Al cube mesh (5 cm edge) (Figure 9) and the storage density recorded was improved
to 918 J/g.

Total
7.8 kg

Cube mesh packed net with hydrated salt zeolite particles

Figure 9. Representation of the Al cube mesh of 5 cm edge [20].

Ousaleh et al. [22] employed a mass ratio of MgSO4 to MgCl2 of 1:1 in their research, but the host
matriX, instead of 85 wt%, represented only 20 wt% of the composite; 80 wt% being the salt mixture.
The porous material used was a synthesized graphene sheets (Gr). It was stated that the incorporation
of hydrated mixed salt into graphene sheets was successful. Even though the storage density is slightly
lower than in the case when there was no porous support (Figure 10), the energy maintained after the
cyclability test was impressively improved. Indeed, the Gr-MgSC composite presented great stability
over 60 cycles of charging/discharging with nearly 91 % of the 1% cyclic energy still available (968.3
J/g compared to 1065.9 J/g) compared to only 38.6 % in absence of graphene sheets (553.1 J/g
compared to 1433.1 J/g).
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Conclusion

As evidenced, MgSO4 and MgCl; are undeniably two promising salts for heat storage applications.
Thus, these two salts have been chosen for further investigation in this thesis. MgSOs, a hygroscopic
salt with a strong potential because of its high theoretical energy density, will be the main hydrate
salt considered during all the research work. MgCl., a highly hygroscopic salt, will be used as a
secondary salt to be added to MgSO4 to form binary-salt composites that will be discussed in chapter

VI of the thesis manuscript.
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Chapter I

Methods, experimental techniques
and materials



Résumé

Pendant ces travaux de these, des matériaux composites ont été synthétisés par la méthode
d’imprégnation par voie humide pour assurer I’homogénéité de la distribution du sel au sein de
la matrice poreuse. Aprés un séchage a 150 °C, les composites finaux ont été caractérisés par
différentes méthodes physico-chimiques afin de connaitre leur composition élémentaire, le type
de phases présentes, leur surface spécifique ainsi que la distribution de taille des pores. Ces
analyses couplées aux mesures de sorption de la vapeur d’eau nous ont permis d’évaluer le
potentiel de ces matériaux pour des applications de stockage de la chaleur et de comprendre les
phénomeénes d’adsorption associés. Ce chapitre décrit brievement le principe de toutes les
méthodes utilisées pour la caractérisation de ces matériaux composites. Egalement, a la fin de
ce chapitre est présentée une liste de tous les matériaux (supports et composites synthétisés) qui

ont été étudiés au cours de ce travail de thése.
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1. Methods and experimental techniques

This thesis work consists mainly of synthesizing new composites salt-in-matrix and studying
the performance of these materials in terms of water uptake capacity and energy heat released
upon the hydration. Consequently, following the selection process of salt hydrates and porous
host support, optimizing the protocol of synthesis is a crucial step. As-synthesized composites
are then characterized by various techniques to grasp an understanding of underlying structures,
surface chemistry and different physicochemical properties. A list of composite materials

during this thesis work is presented at the end of this chapter.
1.1. Protocol of synthesis

Wet Impregnation (WI) is the most widely-used method to incorporate salt hydrates particles
within the porous structure of the chosen support; it has been then selected as the impregnation
method. Firstly, a suitable amount of salt hydrates is totally dissolved in deionized water. The
porous support (sieved) is then gently added to the saline solution with continuous agitation.
After a certain time, long enough to impregnate the salt homogeneously inside the structure,
the mixture is then oven-dried at up to 150 °C under atmospheric pressure with the aim of
slowly vaporizing the excess water. The final dry-composites are then obtained and the material
properties were investigated using characterization techniques. Detailed information about
impregnation and drying time are to be found in following chapters.

1.2. Characterization techniques

A variety of experimental techniques was used during these three years of thesis to characterize
different composites. The porous structures, the surface properties as well as the compositions
of the composites were investigated. N2 and CO2 adsorption isotherms are useful to characterize
the pore distribution and to measure the porous surface of the studied materials. Scanning
electron microscopy (SEM) coupling with EDX (a local elementary analysis of any element)
permit to obtain information on the morphology of the samples. Other techniques as the X-ray
diffraction (XRD) gives useful information for identifying the crystallographic phases. X-ray
fluorescence (XRF) provides the atomic composition of the samples. X-ray photoelectron
spectroscopy (XPS) gives the distribution of the atoms on the surface and the type of the
chemical bounds, as well as information of the redox state of the atoms. These above-mentioned
techniques are briefly described in the following paragraphs within the characteristics of the

devices and the measurement conditions.
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X-ray diffraction (XRD) is a non-destructive technique used to determine the crystallographic
structure of the materials. XRD works by irradiating the material with a monochromatic beam
X-rays. As a result of this interaction, X-rays are scattered through the atoms located at different
crystallographic planes and are re-emitted elastically producing an X-ray spectrum. The
phenomenon of diffraction is then produced by the constructive interference between the
different rays emitted. The interference is constructive when the Bragg’s law conditions are met
(Figure 11):

nil = Zdhkl' sin @ Equation 3
where n is an integer, A is the wavelength of in the incident X-ray beam, dp; is the distance

between two crystallographic planes and 0 is the incident angle of the X-ray beam.
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Figure 11. Geometrical condition for diffraction from lattice planes [1].

In this work, the X-ray powder diffraction was used for phase identification. The samples were
prior finely ground and homogenized. The diffractogram of the analyzed sample was obtained
by varying the incident angle and measuring the intensity of the characteristic beam. The XRD
analyses were obtained on a diffractometer PANalytical MPD X'Pert Pro, equipped with a
Pixcel real-time multiple strip detector, operating with an angular aperture of 3.347° 26 in 3°—
80° 26 range, and using CuKa radiation with 0.15418 nm wavelength. Diffractograms were

recorded at 22 °C with a step size of 0.013° 26 and a scan time of 220 s per step.

X-ray fluorescence (XRF) is a non-destructive technique used to determine the elemental
composition of the materials. Similar to XRD, XRF also works by irradiating a sample with
high-energy X-rays beam. When an atom is excited, one of the electron is dislocated and

became an unstable quantum state. To stabilize the atom, one electron from a higher energy
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orbital drops to fill the vacancy. As a result, a fluorescent X-ray is emitted with an energy equals
to the difference in energy between two quantum states of the electron. This energy is measured
and is unique to the specific atom in question. Each atom has a unique set of characteristic

fluorescent X-ray which allow one to quantify the composition of the atom (Figure 12).
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Figure 12. The mechanism of X-ray fluorescence [2].

In this thesis, XRF analyses were performed on a spectrometer PANalytical Zetium. Previous
to analysis, for hydroxyapatite 0.2 g of the sample was formed in a pellet and for carbonated
materials 0.1 g of the sample was mixed with 0.2 g of boric acid (HzBOs3) as binding agent

before being formed in pellets.

Scanning Electron Microscopy (SEM) is an imagery method that uses an electron beam to
image samples with a resolution at the nanometer scale. The surface of the samples is
bombarded with an electron beam emitted from a filament. As a result of the interaction
between electrons and the surface sample, different types of signal are generated: backscattered
electrons (BSE), secondary electrons (SE) and characteristic X-rays. BSE are high-energy
electrons that reflected from the sample by elastic scattering. They emerge from the “bulk” of
the sample (a few microns deep) and they provide information about the chemical composition.
SE are electrons come from within a few nanometers of the sample surface and possess lower
energy compared to BSE. Thus, SE provide a topographical contrast and therefore to observe
the morphology of the sample. These two types of signal allow one to obtain the SEM images.

Characteristic X-rays are emitted when the electron beam removes an electron from the inner
orbital of the sample. Then, an electron from a higher energy orbital fills the vacancy and release

energy. This energy can be measured by Energy-Dispersive X-ray (EDX) spectroscopy which
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can be used coupled to SEM. This measurement allows to identify the different elements and
map their distribution (Figure 13).
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Figure 13. Schematic of the principle of SEM equipped with EDX [3].

All the high-resolution micrographics of different materials studied in this thesis work were
acquired by a SEM from JEOL, JSM-7900F model. The semi-quantitative chemical analysis

and atomic composition mapping of the sample was performed by means of EDX.

N2 or CO2z adsorption/desorption isotherm is a method which allows to determine the specific
surface area as well as to probe the porosity of solid materials. The principle of the method is
based on the physical adsorption of the gas molecules (N2 or CO2) on the surface of the material
to constitute a monolayer. This method consists of plotting adsorption/desorption isotherms of
the material by calculating the volume of the adsorbed gas in function of the gas relative

pressure (p/p°) with p the equilibrium pressure and p° the saturated vapor pressure.

In order to study the porous structure of different materials, N2 adsorption/desorption isotherms

of support and composites were obtained at —196 °C. CO> adsorption/desorption isotherms
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were obtained at 0 °C. The experiments were performed in a ASAP 2420 device from
Micrometrics (Micromeritics, Norcross, GA, USA). The samples were previously degassed at
150 °C for 12 h and then, again at 150 °C for 2 h directly in the cell on the analysis
emplacement. The specific surface area was then calculated applying the Brunauer, Emmett
and Teller (BET) equation (Sget) in different p/p° range, depending on the characteristic of the
material: microporous or mesoporous. The mesoporous volumes (Vm), external surface (ext)
and microporous surface (Sm) were determined by applying the t-plot method (thickness range:
0.35-0.50). Finally, the pore size distribution (PSD) (from the N2 adsorption isotherms) was
determined using Barrett, Joyner and Halenda (BJH) method applied on the desorption branch
of the isotherms or Density Functional Theory (DFT) method.

Mercury Intrusion Porosimetry is based on the penetration principle of a non-wetting and
non-reactive liquid into a porous material. Liquid mercury is ideal since it does not
spontaneously penetrate the pores by capillarity, thus it is necessary to apply pressure. The
mechanism of intrusion is described by Equation 4 with d the pore diameter in which liquid
mercury intruded, y the surface tension of mercury, 6 the contact angle and P the applied
pressure. Liquid mercury therefore penetrates under a pressure that is inversely proportional to
the pore diameter. In this thesis, this characterization was performed by FiL.ab on the biochar

support and its synthesized composites.

d = “*VTfO“’ Equation 4

Thermal conductivity is one important parameter that needs to be considered for the
performance of the storage process. Hot Disk TPS 500 Analyzer allows to determine the
thermal conductivity of the sample. It is constituted of a plane Kapton sensor (Figure 14)
sandwiched between two samples halves. The measurement starts when a constant electric
power is sent through the conducting Ni-spiral, increasing the sensor temperature. The heat
generated dissipates into the sample on both sides of the sensor, at a rate depending on the
intrinsic material properties [4]. By recording the sensor temperature versus time response AT(t)
= f(t), the thermal conductivity (A) and heat capacity (pCp) of the material can be evaluated.

Thus, the thermal diffusivity (o)) can be calculated with Equation 5.
a=-2 Equation 5

The experiments were conducted at 20 °C for 160 s at a heating power of 100 mW. Each

measurement was repeated at least 5 times.
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Figure 14. Kapton sensor with a double spiral conducting.

To understand the behavior and the performance of different storage materials during the
reversible reactions, thermogravimetry coupled to differential scanning calorimetry (TG-DSC)
was used to determine the water sorption capacity as well as the heat released. These two

properties are used to evaluate different salt hydrates, pure supports and also their composites.
1.3. Temperature and Humidity profiles

To be able to run experiments of water sorption heat storage (open system), the TG-DSC was
coupled to a Wetsys — humidity generator (Figure 15) through a heated transfer line, in order
to send into the calorimeter a gas flow with fixed relative humidity. The DSC allows to measure
the heat stored (charged) or released (discharged) during the sorption process, while the TG
(equipped with a microbalance) is used to evaluate the water uptake/loss of the samples. The
temperature and humidity profiles could be programmed and optimized (Figure 16) in order to

assure the completion of the dehydration process as well as the hydration process.

First, the samples were gradually dehydrated from 30 °C to 150 °C (5 °C/min) with a dried-air
flow rate at 30 mL/min followed by an isotherm at 150 °C for at least 3 hours. Once the sample
was cooled down to 30 °C and the DSC baseline was stable, the relative humidity was increased
to 60 % (or a vapor pressure of 2.55 kPa) and the hydration process programmed during 8 hours
for a completed reaction. The dehydration-hydration was repeated at least three times for each
sample. These conditions were selected to replicate a real-life residential application: 150 °C is
the temperature that can be reached using a flat-plate solar heat collectors and 30 °C is close to

the indoor air temperature during the discharging phase.

62



A

TG-DSC

Thermaltransferiine

Figure 15. TG-DSC apparatus with a microbalance connected to a humidity generator

(Wetsys) through a thermal transfer line (Setaram).
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Figure 16. Example of a dehydration/hydration cycle with temperature and humidity.

2. List of materials

Here below is the Table 2 that list the materials used and synthesized during this work thesis.
Different types of porous host supports were employed to study the performance of different
composites at various compositions. The host varies from mineral to carbon-based materials,
with/or without a specific shaping (powder, granular, bead-formed). The main salt hydrates
used was MgS04.7H20 and a mixture constituted of MgSOs4 and MgCl,. Details on its
properties are presented in Chapter VII. The composites are named as x-MgSOa/support with

X- the actual mass content in the dried-composites.
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Table 2. List of synthesized and studied materials during this work thesis.

) Porous host o
Composite Salt hydrates Chapter/Publication
support

1.0-MgSO./BAC

Beads activated Chapter I11/Publication 1
5.2-MgS0O4/BAC MgSO4.7H20 ]
carbon (BAC) (Under reviewed)
7.6-MgSO4/BAC
5-MgSO4/HAP Hydroxyapatite Chapter IV/Publication 2
MgS04.7H20 )
20-MgSO4/HAP (HAP) (Published)

5-MgSO4/AC

10-MgSO4/AC Activated carbon

20-MgSO4/AC L27W from Norit  MgSQO4.7H.0
30-MgSO4/AC NV

40-MgSO4/AC

Chapter V/Publication 3
(Published)

5MgCC

10MgCC Corncob biochar Chapter VI
MgS04.7H20 o )

15MgCC (CC) (article in preparation)

20MgCC

PC_20MgSOs4

PC_40MgSO4

PC_60MgSO4 Porous carbon MgSO4.7H20  Chapter VII/Publication 4
PC_20binary (PC) MgCl..6H20 (submitted)
PC_40binary

PC_60binary
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Chapter I

Thermochemical sorption heat storage: Investigate the heat
released from activated carbon beads used as porous host matrix
for MgSO:s salt.

Journal of Energy Storage 59, 106452 (2023)



Résumé

Des billes de carbone active derivées de résidus pétroliers ont été choisies comme support
pour préparer une premiere série de composites. Ces billes présentent une surface spécifique
élevée, un faible colt et une non-toxicité. Trois composites avec des teneurs en sel MgSQOs de
1, 52, et 7,6 % ont été préparés. Aucune phase secondaire n’a été détectée par DRX.
L’analyse des isothermes adsorption d’azote a montré que les billes de carbone activé sont des
matériaux microporeux avec une surface spécifique trés élevée (de 1’ordre de 1300 m?/g). La
distribution de tailles des pores se situe principalement entre 1 et 2 nm. Afin d’analyser plus
finement la microporosité de ces échantillons, des analyses d’adsorption de CO2 (0 °C) ont
également été effectuées. Elles ont permis de détecter la présence d’ultra-micropores de tailles
comprises entre 0,6 et 0,85 nm. Une taille de pores si petite peut empécher les molécules de
sel de rentrer dans la matrice pendant I’imprégnation. Le sel a ainsi tendance a rester sur la
surface du support et bloquer 1’acceés des pores, ce qui affecte, pendant I'utilisation du
matériau de stockage, le transfert de masse (migration des molécules d’eau pendant la phase
d’hydratation). La cartographique EDX montre la dispersion homogéne de MgSO4 sur la
surface du support, mais aucune information ne peut étre déduite sur la présence de sel a
I’intérieur des micropores. Les résultats de sorption d’eau montrent un bon niveau hydratation
(0,37 geau/gmat) accompagné par des chaleurs d’hydratation de 920 J/g de composite, pour le
matériau contenant 7,6 % en masse de sel. La stabilité suivant des cycles successifs

d’hydratation/déshydratation a ét¢ démontrée pour 10 cycles.
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ARTICLE INFO ABSTRACT

Keywords:

Thermochemical heat storage
Magnesium sulfate

Bead activated carbon

Water sorption

Adsorption kinetics

For sustainable and cost-effective thermal management and energy storage, sorption-base thermal storage has
received a lot of attention. However, the low sorption capacity of sorbents has long been a barrier to high energy-
density sorption-based thermal storage. We present a new promising composite with high heat release and
sorption capacity. The use of MgSO4/bead activated carbon composites in thermochemical sorption heat storage
has been investigated. Because of the highly developed microporosity and high apparent specific surface area of
about 1300 m?/g, bead activated carbon (BAC) is a potential candidate as support for salt/support composites for
thermochemical heat storage. Also, the thermal conductivity of BAC has been measured and found to be 0.14 W/
mK, which is higher than that of other materials like zeolites or alumina. This high thermal conductivity can
influence the water sorption equilibrium, controlling the temperature of the solid, avoiding hot-spots, and thus
preventing desorption during the hydration step. In stationary conditions (RH = 60 %, gas flow = 30 mL/min),
the water sorption capacity of BAC was 0.138 g/g. This value was 2.32 times higher when the salt was dispersed
into the BAC matrix, for the composite 7.6-MgSO4/BAC. A water adsorption capacity, higher than the theoretical
value, was observed and attributed to the condensation of water molecules within the porous structure, resulting
in a high thermal energy density. The 7.6-MgSO4/BAC composite achieved the highest heat of hydration of 920
J/g. The 10 hydration/dehydration cycles performed (dehydration at 150 °C and hydration at 30 °C with a RH of
60 %) confirmed the composite's excellent stability. This research provides a promising low-carbon pathway for
the efficient capture, storage, and utilization of thermal energy.

1. Introduction

Energy supply, as an important global concern, is raising more
awareness than ever, especially with the exponential expansion of the
population. Fossil fuels have provided nearly 80 % of global energy since
the mid-twentieth century [1], and the reserves are being exploited
indiscriminately [2]. Transitioning to solar energy systems as an alter-
native source of energy is advocated as a way to reduce greenhouse gas
emissions from fossil fuel consumption [3,4].

A large contribution of solar energy can be harvested and used in the
built environment, as this sector is responsible for over one third of the
world's energy consumption [5,6]. This natural source of energy, how-
ever, is weather dependent; energy is delivered during the day and none
is produced during the night. Thermal energy storage (TES) is an
advanced technology and an effective solution to resolve the mismatch

between supply and demand, as well as long-term solar energy use
[7-9]. Latent heat storage, sensible heat storage, and thermochemical
heat storage (TCHS) are three types of systems using TES technologies.
While sensible heat storage is widely commercially known and latent
heat storage is extensively studied [10,11], there has been less attention
on TCHS, which is becoming a focal point in the domain due to its higher
energy storage density and theoretically no heat loss over time [12-14].
The principle is based on the reversible sorption reaction, where the heat
is stored during desorption (charge) and then released when needed
during adsorption (discharge). To turn the system into a practical resi-
dential application (space heating and sanitary hot water), the TCHS
material needs to be chosen with care. Certain properties, such as high
energy density, low charging temperature, good mass and heat transfer
[15,16], improved thermal conductivity [17] are used as criteria for
choosing salt hydrates as the potential candidate [18-20]. Heat storage
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density is a crucial property of a storage material. There are two major
formulations for this quantity in the literature, which relate to the
amount of heat that can be stored in a unit of mass (gravimetric storage
density, GSD) or a unit of volume (volumetric storage density, VSD).
Both storage densities are critical for salt hydrate applications in
buildings. VSD is the most important since it determines the volume of
the final storage unit. Typical VSD values for bulk salt hydrates are 1-3
GJ/m®, allowing for long-term domestic heat storage of several cubic
meters of salt for a typical European home [21]. The couple MgSO4-H20
is gaining popularity due to its high theoretical energy density (2.8 GJ/
m?) and high deliquescence relative humidity (DRH) of 90 % [22,23].
Though the performance did not meet expectations due to the kinetic
hindrance and the formation of aggregates.

The Boreskov Institute of Catalysis in Russia came up with the idea of
putting salt in a porous matrix (CSPM) to avoid or mitigate these
problems [24]. In recent years, a lot of “salt in porous matrix” composite
sorbents have been found by putting hygroscopic salts into zeolite, silica
gel, hydrogels, MOFs, etc. [25-32]. A research team [30] embedded
strontium bromide in a mesoporous MIL-101(Cr) Metal-Organic
Framework, and a heat storage density of 233 kW h/m® was achieved by
employing water vapor at a partial pressure as low as 1.25 kPa. This is
due in part to the high salt content (63 wt%), but also to unexpected
changes in the SrBry water sorption isotherms once encapsulated.
Shkatulov and colleagues [31] present the domestic thermal energy
storage core-shell composites “salt in hollow SiO, spheres with meso-
pores” (salt = LiCL.H20, CaClp.6H20, SrBry.6H20). The salt hydrates
were enclosed in hollow SiO5 (HS) capsules with a submicrometer size.
The composites demonstrated a state-of-the-art energy storage density
of up to 0.86 GJ/m®> for the bed of storage material and a high-
temperature increasing of 32-47 °C. This system showed a high en-
ergy storage capacity and stability to hydration/dehydration cycling,
and the mechanical integrity of the capsules was preserved for at least
50 cycles for LiCI@HS. A novel MgSO4.7H,0-filled silicone composite
foam was examined [32]. The dehydration process of the composite
foamed material was investigated in particular with variable filler
quantity (40-70 wt% salt content). The thermogravimetric measure-
ment of all salt-silicone foams revealed satisfactory dehydration capa-
bilities, demonstrating that the silicone matrix does not decrease water
vapor diffusion. Mechanical characterization using a static compression
test revealed that the silicone cellular structure was stable even under
high deformations. However, with higher compression cycles, a signif-
icant loss of salt was observed. A decrease of up to 13 % was reported
after 50 cycles. Different kinds of zeolites were utilized by Hongois et al.
[9] and Whiting et al. [13] for the wet impregnation of MgSO4 salt into
mineral supports. Similar to this, Posern et al. [33] impregnated a
combination of MgSO,4 and MgCl, using attapulgite powders as matrix.
In their study of CaCl, using three different matrices—silica gel,
alumina, and bentonite—Jabbari-Hichri et al. [34] found that the silica
gel-impregnated composite performed the best in terms of heat stored
and released and water sorption capacity. A prototype was used by Xu
et al. [8] to study the hydration behavior of MgSO4 on zeolites for open
sorption heat storage. The results demonstrated that zeolite-MgSO4
composites were hydrated easier than pure zeolites, with zeolite 13X-
MgSO,4 demonstrating the greatest performance. Up to five discharges
were performed without observing any performance decrease, indi-
cating that the material's cyclability may be considered adequate as a
first approximation. Wang et al. [35] impregnated 15 wt%. MgSO4 onto
a zeolite 13X and the heat released reached 632 J/gcomposite after hy-
dration at 25 °C using 80 % RH. As a result, it is possible to conclude
that, in general, composites outperform pure salts in terms of thermo-
physical and kinetic properties, allowing for improved thermochem-
ical heat storage system performance [36]. However, the rigid structures
of the examined matrices may suffer from long-term stability concerns
because of the stress caused by salt solution expansion during the hy-
dration phase. By confining calcium chloride (CaCly) within a graphene
aerogel (GA) matrix (CaClo@GA), Yan et al. [25] developed a high-
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performance graphene aerogel (GA)-based composite sorbent for sorp-
tion thermal batteries. The CaCl,@GA composite sorbents possessed a
high salt loading (96 wt%), rapid water uptake (2.89 g/g), good thermal
stability, and quick sorption kinetics due to the 3D network porous
structure and high porosity of the GA matrix. The researchers also
showed a lab-scale CaClo@GA-based sorption thermal battery (STB)
with a record energy density of 1580 Wh/kg and a power density of 815
W/kg for efficient thermal energy recovery and storage. Another inter-
esting choice of porous support is activated carbon (AC). The AC is cheap
and simple to produce from waste biomass, making it a more attractive
option than MOFs and similar materials. AC is hydrophilic depending on
the starting material and pyrolysis conditions, and it is also very porous
and thermally stable. Since the AC's internal surface may be altered in a
variety of ways, chemical modifications are also a realistic possibility.
The good thermal conductivity and the extremely high specific surface
will facilitate the water vapor sorption rate and offer a higher heat
storage capacity. For this reason and for practical application, the beads
of activated carbon (BAC) have been selected as a new porous support
for the impregnation of MgSOy in this paper. Our main objective is to
gain insight on the impact of MgSO,4 salt on the hydration behaviors
when confined inside the beads activated carbon pores.

2. Materials and methods
2.1. Preparation of composites MgSO4/BAC

Composite materials made of MgSO4 and BAC (99.8 %, Kureha
Corp.) (average particle radius of BAC is R, = 0.35 mm) of different
compositions were prepared using the wet impregnation method. Prior
to impregnation, 3 g of BAC were dried in the oven at 150 °C to vaporize
any traces of water residue. Then, 10 mL of an aqueous solution of
MgS04.7H50 (99.9 %, Sigma-Aldrich) at 3 different concentrations were
added to the BAC. The solid-liquid mixture was mixed for 24 h so that
the salt could be slowly deposited inside the BAC structure before being
filtered through the Biichner funnel. The impregnated materials were
finally oven-dried at 150 °C for 12 h. Fig. 1 summarizes schematically
the preparation. Accordingly, three composites were prepared and then
labelled as x-MgS0O4/BAC (1st column in Table 1) where x is the content
of MgSO4 in the composites, determined by X-ray Fluorescence.

2.2. Physicochemical characterizations methods

X-Ray Diffraction (XRD) analyses were performed on the powder of
the samples (beads were ground into fine particles) on a diffractometer,
PANalytical MPD X'Pert Pro, equipped with a Pixcel real-time multiple
strip detector, operating with an angular aperture of 3.347° 20 in the 3°
to 80° 20 range, and using CuKa radiation with a 0.15418 nm wave-
length. Diffractograms were taken at 22 °C with a step size of 0.013° and
a scan time of 220 s per step.

A wavelength dispersion X-Ray Fluorescence (WDXRF) spectrometer
(from PANalytical, Zetium) was used to perform the XRF measurements
on pellets made of 0.1 g of the sample and 0.2 g of binder boric acid
(H3BO3).

High-resolution micrographics were acquired by a Scanning Electron
Microscope (SEM) from JEOL, JSM-7900F model. The semi-quantitative
chemical analysis and atomic composition mapping of the sample were
performed by means of Energy Dispersive X-ray (EDX).

N, adsorption/desorption isotherms of support and composites at
—196 °C were acquired in a ASAP 2420 device from Micrometrics. The
samples were previously degassed at 150 °C for 12 h and then, again at
150 °C for 2 h directly on the analysis port before analysis. The apparent
specific surface area was calculated by applying the Brunauer, Emmett,
and Teller (BET) equation (Sggr). The microporous volumes (Vy,) and
surfaces (Sp,) were determined by applying Dubinin-Astakhov's model.
In this model, the exponent N was checked to be very close to 2. The
external surface (Sex) was considered the non-microporous surface,
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Fig. 1. Preparation of composite materials MgSO4/BAC.

Table 1

Physicochemical characteristics of BAC support and MgSO4/BAC composites obtained from Ny (—196 °C) adsorption isotherm data.

Sample MgSO, content (Wt%) Sper (m2.g™1)° S (m2.g™HP° Sexe (m2.g™ )" Vp (em?.g )¢ Vi (em®.g~1)? Vineso (em®.g )"
BAC - 1295 1096 199 0.55 0.43 0.11
1.0-MgSO4/BAC 1.0 1293 1099 194 0.55 0.43 0.11
5.2-MgS04/BAC 5.2 1210 1036 174 0.52 0.41 0.10
7.6-MgS04/BAC 7.6 1123 991 132 0.48 0.39 0.08

2 Calculated using the BET equation in the range 0.01-0.1 p/p° (cross-sectional area of 0.162 nm?).

b Determined using the Dubinin-Astakhov equation in the range 10~*-0.01 p/p°.

¢ Determined from the amount of N, adsorbed at p/p° = 0.99.

which was calculated by the t-plot method. The mesoporous volume
(Vmeso) compare the total pore volume Vp with the Vm. Finally, the pore
size distribution (PSD) was determined using Density Functional Theory
(DFT) calculations. The best-fitting and most logical model for the DFT
calculation was a geometry of slits and a carbon surface. CO, adsorp-
tion/desorption isotherms at 0 °C were also performed with the same
equipment to observe more efficiently the ultra-microporosity, which
was not accessible to the Ny molecules. The slit geometry and the CO»-
DFT model were also applied to this last experiment.

The thermal conductivity of the support (BAC) was measured at
room temperature and humidity (equilibrium) by using two different
methods (hot wire and hot disk) for comparison. Moreover, from ex-
periments performed with the hot disk, the thermal effusivity was esti-
mated, and consequently, the specific heat was calculated. In
conclusion, the thermal properties of the support were obtained (water
balance with ambiance at room temperature).

For these two transient methods, the following devices and condi-
tions were used:

- Hot wire; the apparatus is a TLS-100 (Thermtest Inc., Fredericton,
NB, Canada), with a 100 mm long probe. The diameter of the tested
sample is >50 mm, and its depth is 120 mm, in agreement with the
manufacturer's recommendations. The probe heats the sample at
constant power (0.1 W) and records its temperature (AT < 2 °C). The
apparent thermal conductivity is calculated assuming one-
dimensional heat transfer in an infinite solid.

- Hot Disk; a thermal constant analyzer (Hot Disk AB, Gothenburg,
Sweden) with a “Kapton 8563 F1” sensor (disk radius: a = 9.868 mm)

was used. It provides an estimation of the thermal effusivity (E =

(v GCp i)% ,JK! m~257%%) and the thermal conductivity. From these
two results, it calculates the specific heat (p Cp, in J m~3 K1) and the

thermal diffusivity (@ = -~ m? s’l). The sample is in a cubic box

G’
(thickness: 60 mm, side length: 70 mm). The probe is horizontally
placed in the middle of the bed and heats the material at constant
power Py (W) and records its temperature increase AT for a few

minutes.

Because of the small temperature difference (2 °C) and the short
duration of the experiments, the hydric equilibrium is assumed in both
cases.

For the composites, the amount of prepared material was insufficient
to perform hot disk and hot wire experiments. We agree that the mea-
surement of specific heat capacity can be carried out by DSC, but the
estimation of Cp as a function of water content is very difficult as
detailed, in our study described in Ref. [37]. Moreover, the estimation of
Cp (only Cp) was not very interesting for this study, where we focus on
an open system where the heat is transferred by air that acts as the
vector. Indeed, the A and p Cp are interesting thermal properties for a
THS application.

2.3. Hydration experiments

The heat released and water adsorption quantities (measured by the
microbalance) of the BAC and its composites were measured using a
Sensys TG-DSC (thermogravimetry coupled to differential scanning
calorimetry) device and a Wetsys flow humidity generator, both from
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Setaram. The samples (10 mg) were dehydrated at 150 °C before hy-
dration by increasing the temperature from 30 to 150 °C at 5 °C/min
under a flow of dry air (30 mL/min), followed by a 3-hour isotherm at
150 °C for complete dehydration. The relative humidity (RH) was
increased to 60 % (a pressure of 2.55 kPa) once the temperature was
reduced to 30 °C and the DSC signal had attained a stable baseline. These
conditions were selected to be as close to a real-life residential appli-
cation as possible: 150 °C is the working temperature that can be
reached using a flat-plate solar heat collectors [38,39] and 30 °C is close
to the indoor air temperature during the discharging phase [40]. To
completely rehydrate the material, the hydration procedure was set for
8 h; total rehydration was attained when the DSC signal returned to the
baseline. The samples' hydration heat (J/gsample) was deduced from the
surface's integration beneath the DSC signal during hydration. To
accurately calculate the hydration heat, the hydration step was initiated
only after stabilization of the DSC and TGA signals. Blank experiments in
the same condition of analysis were performed with empty crucibles.
Then, the heat flow signal of the blank experiment was subtracted from
that of the experiment in the presence of the sample. The hydration heat
(J/gsample) Was finally obtained by integrating the surface of the ob-
tained heat flow curve after the blank subtraction (please see Fig. 1S,
Supplementary information). The Sensys Evo equipment was calibrated
in the factory (Setaram) by the “Joule effect method” and the corre-
sponding calibration curve was supplied with the sensor. These condi-
tions are quite similar to those that would be found in a building: 150 °C
is a temperature that may be easily obtained with flat-plate solar heat
collectors [38,39], while 30 °C is close to the temperature of the inside
air during the discharging phase [40].

3. Results and discussion
3.1. Thermal and structural properties of the composite materials

The apparent thermal conductivity of the porous support at room
temperature (hydric and thermal balance) was measured by using a hot
wire probe. At 20 °C the apparent thermal conductivity is A = 0.14
Wm~! K~! with a maximal relative error of 3.4 % (8 tests).

The thermal conductivity and the heat capacity were also investi-
gated by using a hot disk apparatus. A previous study [41] showed that
measurements of heat capacity, thermal diffusivity, and thermal con-
ductivity were not satisfactory. Indeed, this technique actually
measured the thermal effusivity of the material. The thermal effusivity is
E = 316 JK ! m~2 s7%° with a maximal relative error inferior to 10 %
(12 experiments). Starting from these previous results (E and 1), the heat
capacity can be calculated (p C, =2 =0.71 MJm~3 K1) and assuming
an apparent density (600 kgm ™3, manufacturer data), the specific heat
capacity is Cp = 1190 Jkg LKL

The addition of hydrated salt should improve the thermal properties
of the material since the thermal conductivity and specific heat capacity
of hepta-hydrated salt are 0.45 Wm™! K~! and 1600 Jkg™! K1,
respectively.

The thermal properties of these composite materials are better than
those of classical adsorptive materials. For example, the thermophysical
properties of dry zeolite 13X at 25 °C (widely used for thermochemical
heat storage applications) are 0.075 Wm ™' K~! and 900 Jkg ™! K™! for
thermal conductivity and specific heat capacity, respectively.

Table 1 summarizes the chemical composition acquired using the
WDXRF method as well as the textural characteristics (Spgt, Sext, Sms Vps
Vm, and Vpeso). Different concentrations of MgS04.7H20 solution
resulted in varying amounts of MgSO4 anhydrous deposited in the BAC
structure. As the MgSO4 loading increases, the Sggr and V), values of the
BAC and related composites show a slight decrease. The size of some
pore entrances can be hindered by the presence of MgSO4 particles after
impregnation, resulting in the pore being inaccessible to Ny molecules.
This explains why the apparent Sgpr of the BAC (1295 m2.g™!) was
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reduced by 13.6 % when 7.6 % of MgSO4 was added. In addition, as
compared to pure BAC, the Vj, of the composite 7.6-MgSO4/BAC (0.48
em®.g™1) was decreased just by 12.7 %. MgSO4 deposition, on the other
hand, has no effect on the form of the supports' Ny-adsorption isotherms
(Fig. 2a).

BAC supports and prepared composites display type Ib isotherms
(Fig. 2a) according to Rouquerol et al. [42]. A vertical adsorption line at
very low relative pressure (0.01 p/p°) is followed by a convex curve and
a plateau toward p/p° = 1. Microporous (pore size < 2 nm) materials are
indicated by high adsorption at very low p/p°. The micropores are
narrower when the line is sharper. The PSD of the composites and pure
BAC shown in Fig. 2b has been obtained by applying the DFT method
with the NLDFT model.

All the samples, including the BAC and the composites, show the
same distribution of pores (only the V,, decreases), with three peaks
located at 0.8, 1.2, and 1.7 nm. This distribution validates that the BAC
and its composites are highly microporous materials. This was also
demonstrated by the microporous surface (Sy,) ratio, which accounts for
approximately 85 % of the apparent Sggr after impregnation. With the
maintenance of the PSD of the composites, the pore sizes are clearly not
affected. Thus, the decrease of V), is due to the fact that certain pores
were completely blocked by aggregates of salt particles.

To fully understand the microporous structure, CO, adsorption at
0 °C was performed on all samples (Fig. 2¢) to investigate the ultra-
micropores (<1 nm).

Fig. 2d shows the PSD of these samples using the CO,-DFT calcula-
tions, with two main peaks located at 0.58 nm and 0.84 nm. With the
presence of the MgSO,4 particles, the specific surface as well as the
porous volume of the impregnated samples decreased slightly compared
to the BAC (see Table 2). Furthermore, the PSD CO, adsorption is the
same for all samples (Fig. 2d), which led to the conclusion that there is
no influence on the pore sizes. As the porous volume decreases slightly,
certain pores are also completely blocked by the salt aggregates, which
reduces the dispersion of the salt as well as the MgSO,4/H0 interaction
surfaces. As a result, the overall performance of these materials can be
significantly impacted in terms of the thermal energy released.

To further investigate the surface structure and the morphology, a
series of characterizations (SEM, EDX, and XRD) were conducted on the
three composites and on the commercial BAC.

SEM and EDX mapping of pure BAC supports and BAC-based com-
posites were used to gain information about the morphology and ho-
mogeneity of MgSO4 deposition on the surface (Fig. 3). In all samples, a
smooth surface with a high carbon content is seen. These composites had
a homogeneous surface with no macro MgSO4 crystallites. The EDX
mapping study also verifies the uniformity of MgSO4 deposition on all
composites. This finding is corroborated by XRD diffractograms, which
show that no peak corresponding to moderately large MgSO4 crystallites
was identified in any of the BAC-based composites.

The XRD patterns of pristine BAC and related composites (Fig. 4)
presented two broad diffraction peaks at 24° and 43°, corresponding to
two planes (002) and (100), which are reflections of the graphitic plane
and the disordered graphitic plane, respectively [43,44]. There were no
reflections detected associated with MgSO4 in the BAC-MgSOy4 series of
composites. This is an indication of the presence of an amorphous phase
of partially hydrated MgSO4 [22,39] formed during the deposition step
or to the presence of very small salt crystallites with dimensions below
the XRD spectrometer detection level. This latter result leads to the
absence of well-defined peaks related to MgSO4 on the XRD patterns.

3.2. TG-DSC analysis for hydration behaviors

A TG-DSC device was used to measure the hydration heat released
and water sorption capacities of the BAC support and its composites
under controlled temperature and pressure. The heat produced upon
hydration (Fig. 5a) and the water adsorption capacity (designated as
“we” in Eq. (1)) (Fig. 5b) were calculated from the variation of the heat
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Fig. 2. (a) N; adsorption-desorption isotherms, (b) PSD (N3) of BAC and its composites with MgSO,, (c) CO, adsorption isotherms, (d) PSD (CO,) of BAC and its

composites with MgSOy4.

Table 2
Physicochemical characteristics of BAC support and MgSO4/BAC composites
obtained from CO- (0 °C) adsorption isotherm data.

Sample MgSO, content (Wt%) Sger (m2g™1)? Vp (em®g~ "
BAC - 653 0.14
1.0-MgSO,4/BAC 1.0 646 0.14
5.2-MgS04/BAC 5.2 619 0.14
7.6-MgS0,4/BAC 7.6 562 0.13

@ Calculated using the BET equation in the range 0.009-0.03 p/p° (cross-
sectional area of 0.170 nm?).
b Determined from the amount of CO, adsorbed at p/p° = 0.03.

flow and the mass of the sample as a function of time. Heat production
and water uptake increased as salt concentration increased in three
manufactured composites. Indeed, when more salt was deposited on the
porous structure, the contact surface between salt particles and water
vapor expanded greatly. Therefore, more exothermic reactions took
place, leading to a more larger thermal energy density.

y, = Mo =M o)

mq

where we is the water adsorption capacity (gr20/gsample OF /g in short),
my, (g) and mq (g) correspond respectively to the final mass of the hy-
drated sample and the dehydrated sample. However, these values

doubled their respective calculated ones, which are shown in Table 3.

The calculated values are made from the contributions of the MgSO4
salt and the porous BAC support based on their respective contents in the
composites. Although the BAC support (BAC/H20 interaction) contrib-
uted a certain amount to the overall heat storage density, it did not have
a significant impact.

The contribution from the exothermic reaction MgSO4/H30 is the
most important since it is the main energy source of the system. There
was another source of thermal energy, which comes from the conden-
sation of water molecules on another layer of water molecules (first
layer in contact with MgSO4 particles) or from the formation of a satu-
rated solution of MgSO4 resulting from overhydration [45].

In general, overhydration takes place whenever the RH during the
adsorption is greater than the DRH of the salt. In this paper, the oper-
ating conditions are 30 °C and 60 % RH, while the DRH of MgSOy; is
about 90 %. However, the deliquescence RH of salts confined in porous
matrix can be usually dramatically reduced [46]. It is the case for the
samples presented in Fig. 5, for which the water uptake exceeds 7 mol of
H0 per mol of MgSOj, confirming the formation of a saturated solution
in the pores. As stated in the review by Gordeeva and Aristov [46], the
salt is the principal component responsible for the sorption process in a
composite, but the contribution of the host matrix is still quite impor-
tant. To begin with, the matrix is the component that prevents the salt
particles from agglomerating. The matrix facilitates the diffusion of
water molecules to the salt particles and the transmission of the heat that
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Fig. 3. SEM images of BAC original and its composites with MgSO,.
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Fig. 4. XRD patterns of BAC and its composites.

is either produced or consumed during the reaction. Both mechanisms
contribute to increase the rate of sorption and desorption [47-50]. In
addition, the matrix plays a significant role in the sorption equilibrium
between the salt and the sorbates: the equilibrium is significantly shifted
toward adsorption due to the confinement of the salt inside the matrix
pores [51].

To support this interpretation, Ponomarenko et al. [52] observed a

dramatic change in the salt sorption properties in CaCly/SBA-15 com-
posites. The dispersed salt forms a dihydrate CaCl,-2H,0 at a relative
pressure of water vapor 2.5-4 times lower than in the case of bulk salt. It
was shown that the water sorption equilibrium of CaCly confined into
the pores of a meso-structured silicate, SBA-15, with a variable pore size
appeared to depend on the SBA pore diameter (8.1 and 11.8 nm) [52].
The sorption isotherms presented two segments with a steep increase
during water uptake, corresponding to the formation of CaCl,-2H,0 and
the transformation of this hydrate to an aqueous solution of CaCl,.
Interestingly, the pressure at which CaCl,-2H20 hydration occurs is
lower in smaller pores, namely 1.0-1.1 and 1.2-1.3 kPa at 50 °C. The
decrease in the hydration pressure is caused by the fact that particles of
the confined salt are smaller in narrow pores and, hence, sorb water
easier due to the improved water molecule transfer.

Accordingly, the energies obtained experimentally for the studied
composites are higher than those calculated, probably due to the
condensation of water molecules in the pore structure of BAC and the
improved mass transfer. Table 4 compares the performance of the 7.6-
MgS04/BAC composite to other composite storage materials reported in
the literature, which show a better performance of this composite over
certain reported materials.

BAC alone, the measurements of heat released and water adsorption
show that the heat released per gram of water is close to the latent heat
of water (Lv ~ 2300 J/water)-

The theoretical heat released by impregnated materials is estimated
by adding the heat of salt hydration (from 1 to 6 water molecules), i.e.
AHexp = 3200 J/gwater and latent heat of water according to the equation
below:

18 18
= S%*(6—1)*———*AH Lv¥ | W.. —S%*(6—1)*——
Q= SHH6 = 1) 04 e Ly ( p ~SE(6 1) 120.4)
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Fig. 5. (a) Hydration behavior of MgSO4 and BAC composites at 30 °C and 60 % RH (b) Water adsorption curves of BAC support and composites (Tgischarge = 30 °C;
RH = 60 %; 8 h of hydration).

Table 3
Experimental results and calculated values of MgSO,4, BAC and its composites.
Sample Heat released Qexp (J/ Heat released calculated Q (J/ VSDy“ (GJ/ VSDgd (GJ/ Water adsorption Wey, Water adsorption calculated
Gsample) Gsample)” m?) m?) (g/8) (g/g)°
MgSO," 2588 - 2.41 6.88 0.809 -
BAC 263 - 0.16 0.34 0.138 -
1.0-MgSO4/ 445 540 0.27 0.58 0.232 0.151
BAC
5.2-MgS04/ 642 688 0.40 0.88 0.284 0.179
BAC
7.6-MgSO4/ 920 902 0.58 1.29 0.370 0.194
BAC

@ Determined experimentally by TG-DSC/Wetsys.

b Calculated by addition of the heat contribution of MgSO, salt and BAC support in each sample.
¢ Volumetric Storage Density calculated by using density of composite bed (b).

4 Volumetric Storage Density calculated by using density of composite grain (g).

Table 4 . Lo .
Comparison of 7.6-MgSO4/BAC with other sulfate-based composited in the 3.3. Hydration kinetic modeling
literature.
According to Fig. 5b, BAC supports and composites adsorb water at
Composite materials Operating Energy storage Reference  Year . . . . -
conditions density (J/g) different rates. Visually, water sorption occurs quickly at the beginning
- for all samples, then becomes sluggish over the hydration time. It is
7-6-MgS04/BAC ;‘I‘;d - 6?)0W G 920 This work 2022 observed that after the first hour, the BAC adsorption capacity is already
= ()
20-MgSO./HAP Thya = 30 °C; 464 [53] 2022 at two-thirds of the equilibrium level, while the impregnated composites
RH = 60 % adsorb around half of the maximum capacity. After that, the kinetics of
30-MgSO,/Diatomite  Thya = 25 °C; 460 [54] 2021 all samples decreased substantially. While the kinetic curve of the BAC
(D30) RH =80 % 773 support reached equilibrium after 6 h of hydration, the prepared com-
60-MgSO4/Diatomite . . . e1alis
(D60) posites approached their respective equilibrium states at the 7th hour of
50-MgSO,/Expanded  Thyq = 25 °C; 496.4 [55] 2021 hydration. The amount of salt deposited appears to have the most impact
graphite (EG50) RH = 85 % on hydration behavior. As salt concentration increases, water vapor
MgS04/13x with % Thya = 25 °C; 510-575 [35] 2019 diffusion becomes less favorable, and more time is required for the hy-

MgSO4 up to 20 % RH = 60 %
MgS04/zeolite Thya = 25 °G; 401 [8] 2018
(laboratory pilot) RH =85 %

dration reaction to take place.
In order to investigate the kinetics of water adsorption onto BAC

MgSO0,/zeolite Thyd = 22 °C; 507 [39] 2013 composites more deeply, different kinetic models: pseudo first order,

Modernite RH = 50 % intraparticular diffusion, diffusion into homogeneous material (Crank's

MgSOy/zeolites H-Y  Thyq = 20 °C; 867 [56] 2013 diffusion model), diffusion through a surrounding salt layer, and Elovich

MgSOq/zeolites Na-¥  RH = 55 % 1090 have been applied (Table 5). The fitting results are then reported in
Fig. 6.

The PFO model is often used in the literature for studying the
adsorption kinetics of water in heat storage materials. This model used
for the liquid phase assumes a sorption kinetic proportional to the dif-
ference in concentration at the surface. The limiting step of this model is
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Table 5
Non-linear kinetic adsorption models.

Journal of Energy Storage 59 (2023) 106452

Kinetic model Equation

Description of parameters Ref.

Pseudo First Order
(PFO)

We = W[l — exp (—Kit)]

Intraparticle we = kVt+ C
diffusion (IPD)
Crank's diffusion 6 n?z%Dt
_ T R2

W =W, (1 - Zml@e R )

Layer diffusion wy =
(2k + 1)*2%Dt
w, (1 - L[ e?
¢ =02k +1)%22

Elovich wy=Ey+ E; In ()

w, is the water uptake at time t (§water/8composite), We: the water uptake at equilibrium (gwater/
Zcomposite); t is the hydration time (h), K is the rate constant of the PFO model (s7Y) and kyq is
the rate constant of the IPD model (8composite/ gwater.s’o‘s)

[57-61]

D, is the apparent diffusion coefficient (m?/s), R the particle radius

e is the layer thickness (m) calculated according to salt mass balance

Eo, E; are Elovich equation parameters
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Fig. 6. (a) Application of intraparticle diffusion model on the adsorption kinetics of BAC and composites at different salt contents. (b) The rate constant of the IPD

model versus salt content.

physisorption. The intraparticle diffusion model assumes that diffusion
is the rate-limiting step in the particle's water sorption. The Crank's
model assumes that the water diffuses as homogeneous, porous, spher-
ical particles. The fourth assumes that the impregnated salt forms a layer
around the BAC. The thickness of this layer is calculated respecting salt
mass balance, and the mass transfer in this layer is assumed to be
diffusive. The last one (Elovich model) is a logarithmic rate law for
describing chemisorption in porous solids. It does not consider mecha-
nisms that are limited by gaseous diffusion, such as Knudsen diffusion.

The first observation is that the PFO and the Elovich models don't
accurately describe the experimental kinetics, especially at the begin-
ning of hydration. The form of these two equations doesn't allow them to
properly fit the experimental data. In the same way, the two diffusive
models (crank and salt layer) are not a good numerical approximation of
the experimental results. First, the model coming from the differential
equation of diffusive mass transfer doesn't describe diffusive mecha-
nisms in a microporous material. For the diffusive model through a salt
layer, the uncertainty of the layer thickness estimation (calculated by
respecting salt mass balance) is the major issue for obtaining a good
numerical approximation.

Unlike the other models, the intraparticle model proposed by Weber
and Morris allows good fitting of the experimental data, as shown in
Fig. 6a. It has been widely applied for the study of adsorption kinetics in
different porous materials (micro, meso, and macro). When the rate
kinetic constant is divided by the water uptake at equilibrium (Fig. 6b),
it becomes quasi-independent of the salt concentration and increases

with the amount of impregnated salt. This means that the adsorption
mechanisms are the same and have the same strengths (Fig. 6b), no
matter how much salt is used.

3.4. Cyclability and stability of composite 7.6-MgSO4/BAC

The 7.6-MgS04/BAC composite was subjected to five consecutive
cycles of hydrating and dehydrating at temperatures of 150 °C (dehy-
dration) and 30 °C (hydration) at a relative humidity of 60 % as part of
the stability study. The heat released after each cycle was obtained and
compared to the previous ones in order to check if the material was still
stable. Fig. 8 shows that just a minor fluctuation (about 10 %) in thermal
energy density was found between each cycle, confirming the compos-
ite's good stability. Fig. 9 shows the EDX images after 1 cycle and after
10 cycles of 7.6-MgSO4/BAC. No aggregates of salt particles were
observed in any images, confirming the cyclability of the prepared
composite (7.6-MgSO4/BAC).

4. Conclusions

In this work, we investigate the composite of MgSO4 salt impreg-
nated inside beads of activated carbon. It was shown that the composites
can be easily prepared by impregnating the salt solutions in the beads
with activated carbon. The composites were investigated by a series of
physico-chemical methods (XRD, apparent Sggr, and SEM). With an
energy storage density of 920 J/g (Tadsorption = 30 °C, Tdesorption =
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Fig. 8. Evaluation of 7.6-MgSO4/BAC composite stability for 10 cycles.

Fig. 9. SEM and EDX images of 7.6-MgSO4/BAC after 1 cycle and after 10 cycles.

150 °C, and RH = 60 %), the 7.6-MgSO4/BAC composite outperforms
the other prepared composites. The salt's high dispersion improves
composite materials' storage capacity. When choosing a storage material
for thermochemical heat storage systems, high heat and water storage
capacities aren't the only considerations. The system's utility also ne-
cessitates fast water sorption kinetics. The good fitting of the kinetic
experimental data with the IPD model equation has been successfully
performed, allowing us to determine the kinetic rate of water diffusion
in BAC particles. The repeated stability of MgSO4-BAC is evaluated,
revealing that 7.6-MgSO4/BAC composite performance is relatively
constant after 10 cycles.

Further study can be focused on the energy storage density
improvement, cyclic adsorption and desorption performances, and the
corresponding kinetic models of the prepared composites. Also, it is a
good idea to look into how the composites behave thermochemically in
an experiment-sized reactor.

The BAC composites are very promising heat storage materials, also
considering the shape of the final materials that can facilitate the filling
of the reactor and improve the fluid-dynamics of the system. The
transfer of the water molecules presents in the carrier gas (humid air)
onto the overall material is then homogeneous. Hotspots can also be
avoided by using BAC due to its relatively high thermal conductivity

(when compared to other mineral supports such as zeolites, alumina,
MOFs, silica gels, the aluminophosphate AIPO and SAPO). On the one
hand, by avoiding the local enhancement of the temperature, the ma-
terial is preserved by thermal degradation in the long term. On the other
hand, by keeping the local temperature constant, the hydration process
is performed under controlled conditions, and the local water adsorption
equilibrium is optimized by avoiding desorption phenomena during the
hydration step due to the eventual temperature increase.

Nomenclature

TES thermal energy storage

TCHS thermochemical heat storage
BAC bead activated carbon

DRH deliquescence relative humidity;

XRD X-Ray Diffraction
WDXRF wavelength-dispersive X-Ray Fluorescence

SEM Scanning Electron Microscope
EDX Energy Dispersive X-ray

BET Brunauer, Emmett and Teller
PSD pore size distribution

DFT Density Functional Theory
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TG thermogravimetry
DSC Differential Scanning Calorimetry
RH relative humidity

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.est.2022.106452.
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Figure 1S. DSC spectra of hydration for all samples (after subtraction of the blank analysis

performed in the same conditions).
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Toward new low-temperature thermochemical heat storage
materials: Investigation of hydration/dehydration behaviors of
MgSO4/Hydroxyapatite composite
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Résumé

Dans le cadre d’une collaboration avec I'université de Milan, nous avons testé, pour la
premiere fois, de I’hydroxyapatite comme support pour la conception d’un matériau de
stockage de la chaleur. Deux composites a base de MgSOa ont été préparés par imprégnation
par voie humide avec 5 % et 20 % en masse de sel. L’analyse des isothermes d’adsorption
d’azote montre que les composites préparés avec I’hydroxyapatite sont des matériaux
mésoporeux avec des surfaces spécifiques de I’ordre de 100 m?/g. La distribution de taille des
pores se situe principalement dans le domaine mésoporeux (entre 2 et 50 nm) et a cela, de
petits macropores (50 — 100 nm) ce qui pourrait faciliter I’inclusion du sel dans la porosité du
support. Les cartographies EDX obtenues pour les échantillons juste préparés et aprés 20
cycles d’hydratation/déshydratation montrent que le sel est et reste bien dispersé dans la
matrice. Les résultats de sorption d’eau montrent un meilleur transfert pour les composites
comparé au sel hydraté seul et au support (hydroxyapatite non imprégnée). Cette propriété est
directement liée a la puissance qui peut étre obtenue dans un systéme de stockage employant
ces composites. Une bonne stabilité du composite contenant 20 % en masse de sel a été
prouvée en effectuant 20 cycles de sorption: la capacité de stockage et la capacité
d’adsorption d’eau se sont montrées stables. La densité d’énergie moyenne du composite a été

mesurée a 472 J/g de composite.
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A new two-component (composite) water sorbent MgSO,4/Hydroxyapatite has been developed for sorption-based
solar heat storage. The matrix of the composite is a hydroxyapatite (HAP) material with ordered structure, high
surface area of 111.3 mz/g and mesopore dimensions centered at 45 nm. The composites, prepared by wet-
impregnation of HAP with MgSO4, have lower specific surface area and similar mesopore dimensions as the
matrix. The maximum water sorption capacity of HAP is 0.039 g/g, while the composite (20-MgSO4/HAP)

possesses 3.7 times higher maximum water sorption capacity due to the presence of the salt in the matrix. The
HAP composite containing 20% MgSO4 achieved the highest heat of hydration 464 J/g. A long-term cycling
(dehydration at 150 and hydration at 30 °C at a relative humidity of 60%) confirms a comparatively good

stability of the composite.

1. Introduction

Solar energy is considered a viable alternative to conventional en-
ergy sources, and its potential applications in residential and industrial
surroundings have been extensively studied [1,2]. Though, the imbal-
ance between energy supply and demand makes it difficult to put into
practice. Thermal energy storage (TES) is an evolving technology and an
effective way to achieve long-term solar energy use [3,4]. Latent heat
storage, sensible heat storage, and thermochemical heat storage (TCHS)
are three types of system using TES technologies. While latent and
sensible heat storage have been extensively studied in recent decades [5,
6], there have been few studies on TCHS, which is highly competitive
and have been attracting growing interests due to higher energy storage
density and negligible heat loss over long storage periods [7,8]. Based on
the reversible sorption reaction, heat is stored following the endo-
thermic reaction (charging) and this energy can be retrieved later on
from the exothermic reaction (discharging) for many practical applica-
tions in particular in the building sector. In these application the most
common configuration is based on the sorption phenomena of a sorbate

(often water) on a sorbent (generally a solid material).

The solid thermochemical storage material has to be chosen carefully
to ensure a good working system. Basically, it must possess certain
properties such as high energy density, high affinity for the sorbate
(water in most cases), a high mass and heat transfer with a charging
temperature as low as possible to fit in residential applications [9,10]. In
addition, the material needs to be eco-friendly, non-toxic and inexpen-
sive. With these criteria, salt hydrates appear to be a promising storage
materials [11]. SrBry, MgCl,, and MgSO4 hydrates are among the best
potential salt hydrates, with MgSO4 hydrate having the highest theo-
retical heat storage density of 2.8 GJ/m® and a low charging tempera-
ture (<150 °C), which is suitable for building applications with solar
collectors, being the most cost-effective [12,13], and, most importantly,
having a dehydration temperature that matches well with the thermal
solar collectors. Furthermore, to broaden the applications panel, the
salt’s relative humidity of deliquescence (RHD) is a crucial metric to
consider. The RHD is the relative humidity limit at which the salt will
dissolve in the adsorbed water in proportion to temperature, resulting in
absorption into the material. Excessive water absorption permits more
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water to be absorbed, increasing the amount of heat generated by the
process. The production of saline solution, on the other hand, might
produce corrosion issues [14]. The deliquescence process of MgSOy,
nH>0, for example, will not occur below 80% relative humidity (RH) at
temperatures ranging from 10 to 80 °C since it is thermodynamically
stable at this temperature and humidity range [15,16]. The major
drawbacks of this system are the overhydration, the formation of ag-
gregates occurring during rehydration, the kinetic hindrance limiting
the mass and heat transfer, and the poor cyclability [15]. Consequently,
the system’s full potential could not be reached and, as a result of these
constraints, the energy storage capacity was low. One way to take
advantage of the MgSO4’s great potential is to make composites by
dispersing the salt in a porous matrix to avoid swelling and aggregates
formation, which represent one of the main materials’ drawbacks. To
overcome these issues, efforts have been focused on the development of
high-performance composite materials using porous matrix and salt
hydrates [11,17].

The composite sorbents are also known as “composite salt in porous
matrix” (CSPM), a term used by Yuri Aristov et al. [18]. However, if
composite sorbents are subjected to a wet environment for an extended
period of time and the collected water is insufficient to be held inside the
pores, they are at risk of solution leakage. As a result, developing a
porous matrix with an ultrahigh pore volume to load a high content of
salts and store a big amount of collected water is extremely important in
order to avoid the risk of liquid leakage.

For that reason, several sorbent materials as a matrix for hydrated
salts, such as silica gel [19,20], activated alumina [21], zeolite [22,23],
MOFs [24], vermiculite [25], and expanded graphite [26,27], has
received considerable attention. However, in order to be an appropriate
material for TES applications, the matrix must fulfill a number of
criteria, including cheap cost, a low regeneration temperature, a high
storage density, and good mass and heat transfers that enable long-term
storage with high efficiency and an easier recovery of the heat by
different means (air vector, solid/liquid, solid/air heat exchangers).

Despite the fact that a variety of innovative composite sorbents for
heat storage have been developed [24,28-32], there is still a significant
gap between the materials and their practical applications. As support-
ing matrices, for example, different zeolites, which are aluminosilicate
minerals having microporous structures for moisture adsorption, are
commonly used. Wang et al. [22] performed the solution impregnation
approach to create the MgSO4@zeolite-13x composite thermochemical
sorbent. They indicated that the sorbent contained 8% by weight MgSO4
performed better at a high RH of 80%, with no salt crystals visible on the
surface. However, the low ESD of about 600 J/g and cyclability need to
be further improved. MgSO4@zeolite has been proven to be financially
viable for home interseasonal energy storage, however it may not
entirely fulfill a household’s heating requirement [30]. The adsorption
capacity of MgSO4@zeolite sorbent, on the other hand, would consid-
erably decrease if the hydration temperature is above 50 °C [4],
implying that the maximum discharge temperature in the application
would not exceed 50 °C. Zhang et al. [33] produced a range of
form-stable cylindrical structures using zeolite-13X as a matrix. The
sample with the optimal mass ratio (zeolite-13X: CaCly: MgSO4 = 10: 54:
36) exhibited a gravimetric-ESD of 1410 J/g at a dehydration temper-
ature of 250 °C, and the value reduced by 20% after 20
dehydration-hydration cycles. Although zeolites are common and
inexpensive matrices, inherent defects such as a high charging temper-
ature (>200 °C) and a low thermal conductivity.

Aristov et al. [18] studied different composites by embedding hy-
groscopic salts (e.g., CaCly and LiBr) in mesoporous and microporous
silica gels. The salts were distributed rather than bulk, which helps to
reduce swelling and agglomeration and to speed up mass and heat
transmission. The pore structure and chemical content of the host matrix
materials have a significant impact on the heat storage capacity of
salt/porous matrix composites [34], therefore choosing the right host
porous material is crucial. By impregnating CaCly into SBA-15 pores,
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Ponomarenko et al. [35] produced a composite material that could
adsorb 0.47 g/g. Courbon et al. [36] presented an improved synthesis
process for silica gel and CaCl, composites. The energy storage density
was 300 Wh/kg, and the cycle loading uptake was 0.4 g/g. Whiting et al.
[37] investigated the use of zeolite as a porous matrix to increase MgSO4
heat storage. When impregnated with MgSOa4, the zeolite Na-Y with the
largest surface area (780 ng'l) and total pore volume (0.32 crn3g'1)
produced the highest heat of hydration (1090 J/g). The water sorption
process on expanded vermiculite/CaCl, composites was researched by
Aristov and coworkers [38], who claimed that impregnation of CaCl,
into expanded vermiculite can increase the water sorption capacity even
at low water vapor pressure. However, expanded vermiculite’s surface
area is low (9 m?g’!), making it unsuitable for salt loading and mass
transfer. Although these porous materials can increase the heat storage
capacity of organic salts, they have low pore size and it is hard to
modulate their structures and properties.

Shi et al. [24] made-up CaCly-based metal-organic frameworks
(MOFs) composites with a high storage energy of 1274 J/g with mod-
erate stability via 17 continuous adsorption/desorption cycles. Palomba
and coworkers encapsulate LiCl into silica gel to improve the dynamic
behavior of a long-term adsorption heat storage with a maximum useful
heat of 450 J/g [39]. Calabrese [40] designed a silicone foam/MgSO4
composite and shown that this material improved mechanical stability
and cycle performance considerably.

It is obvious from the above literature study that there are still im-
provements to be made in TES materials for heat storage. Certainly, the
studies on composites appear to be too diverse. However, various flaws,
such as vermiculite’s low heat conductivity, zeolite’s high desorption
temperature, and MOFs’ poorer thermo-mechanical characteristics,
must be addressed.

The type of porosity (micro/meso) is a significant element in com-
posite design, according to these studies. The salt may plug the pores if
they are too tiny, preventing water molecules from diffusing and
lowering energy storage capacity. Other materials, such as mesoporous
activated carbon or silica-gels, have also been shown to be excellent
supports. Salt may be incorporated through their large pores, increasing
their energy storage capacity while preventing pore obstruction [41,42].
Aside from the high surface area and the existence of mesoporosity,
strong thermal conductivity is a significant consideration in selecting the
best support. This parameter is critical for the heat transport phenomena
to be optimized.

A porous host matrix with a large pore size structure (mesoporous) is
needed to improve the composite material’s water uptake. In this study,
in addition to the commonly used porous materials (zeolites, silica gel,
and so on), a new host matrix is used: hydroxyapatite (HAP), a calcium
phosphate apatite with a developed mesoporous structure [43].

HAP - Ca19(PO4)6(OH)5, is a well-known biomaterial of the calcium
phosphate family with high biocompatibility. Recently, Hu et al. [44]
discovered that a HAP nanowire membrane could be used as a separator,
especially for high-temperature Li-ion battery applications. Because of
its low cost, superior compatibility with surrounding materials, and
higher adsorption ability, nanoscale HAP is regarded as one of the most
significant biomaterial adsorbents. HAP can be used also as an adsorbent
to absorb heavy metal ions like Pb?", Cu?*, and Cd?*, which are
attributed to the ion Ca®" in solution through metal cations [45]. HAP is
also regarded as one of the most promising adsorption materials for
absorbing different organic and inorganic pollutants [46]. Amedlous
et al. [47] have been used natural mesoporous hydroxyapatite as sup-
port for copper loading as eco-friendly Fenton-like catalyst to effectively
remove organic dyes. Furthermore, Wang et al. [48] determined that
HAP has a thermal conductivity of 0.15-0.20 W/m K, indicating that it
has a high heat transfer capacity. As a consequence, employing HAP as a
porous matrix for hygroscopic salts is valuable, as it will allow to better
understand water sorption and heat transport in composite materials.

For all the above-mentioned reasons and to the best of our knowl-
edge, this is the first work which reports the use of HAP as adsorbent in
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Table 1
Physicochemical characteristics of HAP support and MgSO4/HAP composites.
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Sample MgSO, content (Wt%) Sper (m2.g~1)? Sexe (m2.g™ )" S (m2.g™H° Vp (em®.g 1) Vineso (cm®.g™1)"
HAP - 111.3 11.7 0.664 0.659
5-MgS0O4/HAP 4.11 93.9 10.6 0.499 0.494
20-MgSO,4/HAP 17.27 63.1 0 0.358 0.358

# Calculated using the BET equation at p/p° between 0.01 and 0.40.
b Determined using the t-plot method with thickness range 3.5-5 A.
¢ Determined from the amount of N, adsorbed at p/p°® = 0.99.

TCHS application. Incorporation of MgSO4 in HAP matrix may increase
the total charge storage capacity and potentially overcome its limita-
tions. In addition, the HAP shows a low density and mesoporous struc-
ture, which is very conducive to its application in TCHS system [49]. The
OH- group in HAP can form hydrogen bonds with water which inhibits
the leakage of the salt [48]. In this study, composites designed by
impregnation of MgSO4 on a HAP support were prepared, characterized,
and their performance assessed. In addition to the heat of hydration
released, the experimental kinetic data were examined. The goal was to
produce composite materials with high energy density storage with a
fast reaction kinetics.

2. Materials and methods
2.1. Composite materials preparation

2.1.1. Hydroxyapatite (HAP) preparation

Hydroxyapatite synthesis was carried by using pure reagent-grade
salt precursors, namely, calcium nitrate tetra hydrate, Ca(NO3)2-4H20
(>99.0% from Merck ACS); and ammonium dihydrogen phosphate,
(NH4)H2PO4 (>98.0% from Sigma-Aldrich).

Stoichiometric hydroxyapatite was synthesized by the conventional
co-precipitation method by fixing the Ca/P molar ratio of the reagents in
solution at 1.67, operating by the procedure reported in Campisi work
[50]. For the preparation of ca. 4 g of stoichiometric hydroxyapatite,
250 mL of an aqueous solution containing 0.167 mol of Ca(NOg3)2-4H20
was added to 250 mL of a 0.1 mol of (NH4)H2PO4 solution placed in a
4-neck round flask and maintained under stirring at 80 °C. During the
synthesis, the pH value was maintained at value of 10 by an appropriate
addition of a 28-30% NH4OH solution (from Sigma-Aldrich). The
formed precipitate was slowly filtered, washed with hot water, and dried
first at 50 °C under vacuum and then at 120 °C for 8 h. The grain size of
HAP obtained is in the range of 0.5-1 mm with a density of 3.16 g/cm®.

2.1.2. Composite materials (MgSO4/HAP) preparation

Incipient Wetness Impregnation (IWI) method [51] was used for
embedding MgSO4 (MgSO4. 7H20 99.9% from Sigma-Aldrich) inside
HAP adsorbent. This traditional method consists of only filling the pores
of the HAP with an aqueous solution of MgSO4. To do this, the HAP
upport was firstly oven-dried at 150 °C to remove any trace of water
from the pores. An aqueous solution of MgSO4 was then applied on the
dried support (room temperature and pressure) until it starts to get wet.
The impregnated materials were then dried at 150 °C for 12 h.
Accordingly, two composites were prepared by IWI and then labelled as
x-MgSO4/HAP (1st column in Table 1) with x is the theoretical content
of MgS0O4 in the composites. The first composite contains 5 wt% of
MgSO4 and the second one contain 20 wt% of MgSO4 which is the
maximum amount that can be integrated inside HAP. The experimental
salt content was determined by means of X-Ray Fluorescence. The
density of HAP is 3.16 g/cm® and the density of anhydrous MgSOy4 is
2.66 g/cm>. With the law of mixture, the density of the composites
would be 3.07 g/cm? for the 20-MgS0O4/HAP and 3.14 g/cm?® for the
5-MgSO,/HAP.

Humidity regulaty

4

= A Forneay

TG-DSC

Thermaltransferiine

Fig. 1. A Sensys TG-DSC apparatus equipped with a microbalance and con-
nected to a humidity regulator Wetsys by a thermal transfer line
(from Setaram).

2.2. Physicochemical characterizations methods

X-Ray Diffraction (XRD) analyses were performed on the compacted
powder of the samples on a diffractometer PANalytical MPD X’Pert Pro,
equipped with a Pixcel real-time multiple strip detector, operating with
an angular aperture of 3.347° 20 in 3°-80° 26 range, and using CuKa
radiation with 0.15418 nm wavelength. Diffractograms were recorded
at 22 °C with a step size of 0.013° 20 and a scan time of 220 s per step.

A wavelength dispersion X-Ray Fluorescence (WDXRF) spectrometer
(from PANalytical, Zetium) was used to perform the XRF measurements
on pellets made of 0.2 g of the sample.

High-resolution micrographics were acquired by a Scanning Electron
Microscope (SEM) from JEOL, JSM-7900F model. The semi-quantitative
chemical analysis and atomic composition mapping of the sample was
performed by means of Energy Dispersive X-ray (EDX).

N, adsorption/desorption isotherms of support and composites at
—196 °C were acquired in a ASAP 2420 device from Micrometrics
(Micromeritics, Norcross, GA, USA). The samples were previously
degassed at 150 °C for 12 h and then, again at 150 °C for 2 h directly in
the calorimetric cell before analysis. The specific surface area was
calculated applying the Brunauer, Emmett and Teller (BET) equation
(Sge) (0.01 < p/p°<0.40). The mesoporous volumes (Vp,), external
surface (ext) and microporous surface (Sy,) were determined by applying
the t-plot method (thickness range: 0.35-0.50). Finally, the pore size
distribution (PSD) was determined using Barrett, Joyner and Halenda
(BJH) method applied on the desorption branch of the isotherms.

2.3. Hydration/dehydration experiments

A Sensys TG-DSC (Thermogravimetry coupled to differential scan-
ning calorimetry) apparatus, equipped with a Wetsys flow humidity
generator both from Setaram (Fig. 1) were used to measure the heat
released and the water adsorption amounts (measured by the micro-
balance) of the HAP and its composites. Prior to the hydration process,
the samples (~10 mg) were dehydrated at 150 °C by increasing the
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150 °C-3 h

30 °C Hydration (RH=60%) for : 8 h

30 °¢C
5 min

Fig. 2a. Thermal cycle used for the TG-DSC/WETSYS analyses.

temperature from 30 to 150 °C at 5 °C/min under a flow of dry air (30
mL/min) with a subsequent isotherm of 3 h at 150 °C to ensure a
complete dehydration. Then, each sample was cooled down to 30 °C
and, once having attained a stable thermal (DSC signal) baseline, the
relative humidity (RH) of the air flow was increased to 60% (equivalent
to a water vapor partial pressure of 2.55 kPa). The hydration process was
set for 8 h in order to completely rehydrate the material - the complete
rehydration was reached when the DSC signal returned to the baseline.
Fig. 2a depicts the temperature profile used for all the calorimetric ex-
periments. These conditions were selected to be as close to a real-life
residential application as possible: 150 °C is the average working tem-
perature that can be reached using a flat-plate solar heat collectors [37,
52] and 30 °C is close to the indoor air temperature during the dis-
charging phase [53]. To accurately calculate the dehydration/hydration
heat, the dehydration/hydration process for each sample was performed
after stabilizing the DSC and TGA signals. Blank experiments with empty
crucibles in the same conditions were also performed. The signals (DSC

Heat Flow (mW)
!

0 2 4 6
Hydration time (h)
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and TGA) of the blank experiment were then subtracted from the sample
experiment. The dehydration/hydration heat (J/gsample) were finally
obtained by integrating the surface of the subtracted curves (see Fig. 2b
as an example).

3. Results and discussion
3.1. Structural properties of the composite materials

Table 1 summarizes the chemical composition obtained using the
WDXRF method as well as the textural parameters (Sggr, Sext> Sm, Vp, and
Vieso, Where Sey is the external surface and Vs, is the mesoporous
volume). With increasing MgSO4 loading, the Sper and V,, (total pore
volume) values of the HAP and related composites show a significant
decrease. This might be explained by the pore blocking by MgSO4 and
then a decrease in the pore accessibility by the N3 molecules. Actually,
the initial Vp (0.664 cm3/g) diminished by 25% (0.499 cm3/g) after the
impregnation of 4.11% MgSO4, and it shrank to only 0.358 cm®/g after
HAP was incorporated by 17.27% MgSO4. HAP s and prepared com-
posites display type IV isotherm according to Ref. [54]. We can observe
that the deposition of MgSO4 do not impact the isotherm shape even if
by increasing the quantity of impregnated salt, the adsorbed volumes
decrease. (Fig. 3a). The adsorption curves appear slightly convex at a
very low p/p° (insert in Fig. 3a), representing a minor part of micro-
porosity in the different materials (Type I isotherm). A type IV isotherm
is particularly identified by capillary condensation/evaporation at high
relative pressures (from 0.8-1.0 p/p°) interpreted by a hysteresis loop.
In the present cases, the adsorption and desorption branches appear

Heat Flow (mW)

-10 T
0 1 2

Dehydration time (h)

Fig. 2b. Example of DSC peaks for hydration and dehydration (after subtraction of the blanck analysis performed in the same conditions) for the 20-MgSO4/HAP
sample. The (yellow area) represents the heat. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
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Fig. 4. a) XRD patterns of HAP and its composites, b) Identification of MgSO4-6H,0 formation after 30 h at ambient air exposition, ¢) In-situ XRD patterns of

MgSO4-7H,0 during its dehydration from 25 to 150 °C.

relatively parallel, and the phenomena seems to finish at about p/p° =
0.8. This behavior is relatively typical of type H1 hysteresis [55]. The
type IV isotherm with a type H1 hysteresis and the p/p° range of the
hysteresis highlight the presence of mesopores (eventually macropores)
with a large distribution in the porous structure of the composite. The
pore size distribution (PSD) of the composites and pure HAP shown in
Fig. 3b has been obtained by applying the BJH method to the desorption
branches of Ny adsorption/desorption isotherms [56]. The composites
maintain the same unimodal, but large (between 10 and 200 nm), dis-
tribution as the HAP (only the pore volume is diminished) with peaks
centered at around 45 nm. This distribution confirms the predominance
of the large mesopores and macropores in the composites porous
structures. Since the PSD of the composites is maintained, the size of the
pore entrance is not affected. This result suggests the filling and com-
plete blocking of several pores by aggregates of salt particles; no nar-
rowing of the pores due to the deposition of salt can be deduced.

The crystallinity and phase identification of the prepared samples
were determined using XRD. The XRD patterns of all samples (Fig. 4a)
revealed a pure HAP phase (Cajo(PO4)s(OH)2), with all reflections
identical to the reference database (ICDD 00-064-0738). Nonetheless, an
unidentified peak at around 20° 26 was observed on the XRD pattern of
20-MgS04/HAP (Fig. 4a). To verify the source of such peak, the sample
was exposed to ambient air for 30 h. Further hydration occurred, and
then the intensity of this peak increased alongside the appearance of
additional peaks between 17 and 20° 20 (Fig. 4b). These peaks have
been identified using database of X’Pert HighScore Plus software and
they were assigned to MgSO4-6H20 (ICDD 00-024-0719) (Fig. 4b). On
the other hand, no additional MgSO, reflections were observed in the
XRD patterns, suggesting that an amorphous MgS04.yH20 phase (y < 6)
could be present in the sample [57]. In fact, the amorphicity of the
MgS04.yH20 phase was confirmed after analyzing the diffractograms of
MgSO4 during the dehydration process up to 150 °C (Fig. 4c). At first, at
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under dried air.

25 °C the sample showed high crystallinity. Then the degree of crys-
tallinity gradually decreased increasing the temperature at 44 °C and
55 °C. Finally, the diffractogram shows no crystallinity between 80 and
150 °C. Furthermore, the dehydration was incomplete at this point,
leading to the fact that there are amorphous hydrated phases present.
This could be related to the blocking of the pores which hinders the
initial dehydration (after impregnation) of the hydrated salt confined in
the porous structure [37]. Another suggestion is that the MgSO4 crys-
tallites could be smaller than the detection limit of the XRD spectrometer
and so, no well-defined peaks are observed on the XRD patterns.

In order to investigate the morphology and the salt deposition ho-
mogeneity, SEM analyses were performed. Based on Fig. 5 (a and b),

different particle sizes with different morphologies have been observed
for the both HAP composites. For more insight, the EDX mapping (Fig. 6)
have been performed in order to have an idea about the possible dis-
tribution of the salt on the HAP surface. As seen in Fig. 6, the elements
Mg and S were homogeneously distributed on the surface of the 5-
MgSO4/HAP. However, for the 20-MgSO4/HAP sample (Fig. 7), if the
distribution of Mg and S elements on the surface was still homogenous
on most of the HAP grains, some particles (highlighted by yellow dotted
circles) presented a higher concentration of Mg and S, which relates to
higher loading of MgSO, indicating the formation of salt aggregates on
the surface of HAP. The presence of aggregates could potentially block
the pore network, thus reducing the reaction surface between water
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Experimental results and calculated values of MgSO,4, HAP and its composites.
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Sample Heat released (J/gsample) Heat released calculated (J/gsmple)“ Water adsorption (g/g) Water adsorption calculated (g/g)h
MgSO04" 2588 - 0.809 -

HAP 114 - 0.039 -

5-MgSO4/HAP 166 216 0.049 0.071

20-MgSO4/HAP 464 541 0.155 0.172

# Determined experimentally by TG-DSC/Wetsys.

b Calculated by addition of the heat contribution of MgSO4 salt and HAP support in each sample.

Table 3
Performance comparison of 20-MgSO4/HAP and other sulfate-supported
composites.

Material components Operating Energy storage Reference Year
conditions density (J/g)
20-MgSO4/HAP Thya = 30 °C; 464 This
RH = 60% paper
30-MgS0O,/Diatomite Thya = 25 °C; 460 [60] 2021
(D30) RH = 80% 773
60-MgSO,/Diatomite
(D60)
50-MgS0,/Expanded Thya = 25 °C; 496.4 [61] 2021
graphite (EG50) RH = 85%
MgS04/13x with % Thya = 25 °G; 510-575 [22] 2019
MgSO,4 up to 20% RH = 60%
MgS0,/zeolite Thya = 25 °G; 401 [4] 2018
(laboratory pilot) RH = 85%
MgS0,/zeolite Thya = 22 °C; 507 [62] 2013
Modernite RH = 50%
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3.2. TG-DSC analysis for hydration behaviors

The hydration heat released and water sorption capacities of the HAP
support and its composites were measured respectively by TG-DSC
under controlled RH, regulated by a Wetsys apparatus. From the vari-
ation of the heat flow and the mass of the sample as a function of time,
the heat released upon hydration (Fig. 8a) and the water adsorption
capacity (defined as “w,” in Equation (1)) (Fig. 8b) were deduced. The
amount of heat produced and water uptake in both prepared composites
increased as the salt concentration in the composites increased. This is
probably due to the fact that, the more salt was dispersed onto the
porous structure, the more active sites were generated for the
exothermic reaction between salt particles and water vapor. The hy-
dration behavior of MgSO4 was also experimented with the same tem-
perature profile.
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Fig. 9. Adsorption kinetics fitting results of MgSO,4, HAP support and two composites with 5% and 20% salt content. (Hydration temperature: 30 °C; RH: 60%;
sample mass: ~10 mg; MgSO,4 density: 2.66 g/cm® HAP density: 3.16 g/cm®; 20-MgSO4/HAP density: 3.07 g/cm®; 5-MgSO,/HAP density: 3.14 g/cm®).



M.H. Nguyen et al.

Solar Energy Materials and Solar Cells 240 (2022) 111696

Table 5
The kinetic parameters obtained by different adsorption kinetic models.

Table 4
Non-linear kinetic adsorption models.
Kinetic Equation Description of Ref.
model parameters
Pseudo First we = W[l — exp(— Kit)] w, is the water uptake at ~ [63-65]
Order time t (g/g), we: the
(PFO) water uptake at
Pseudo B Wngf equilibrium (g/g), t is
Second W= T weKat the hydration time (h),
Order K; and K, are
(PSO) respectively the rate
constant of the PFO and
PSO models (s ).
Elovich 1 1 ais the initial adsorption [65,66]
=-1 =In(t ?
we p n(ap) + p n(t) rate (mg/g min), and p is
the extent of the surface
coverage and activation
energy of the process
Vermeulen Dv is the diffusion [67,68]
wy = coefficient; dp is the
particle radius
2
We, |1— exp( _4 ?"t>
4,
2
D,
K, = 4’;5 y
Unipore De is the diffusion [69]

coefficient

where we is the water adsorption capacity (gn20/gsample O /g in short),
my, (g) and mq (g) correspond respectively to the final mass of the hy-
drated sample and the dehydrated sample. For MgSOy4, the water uptake
is expressed as gu»o/g of dehydrated salt and for the composite is
expressed as gp20/g of dehydrated composite.

However, these values are lower than their respective calculated
ones which are shown in Table 2. The calculated values are performed
by simple addition of the contribution of the MgSO4 salt and of the HAP
support based on their respective content in the composites. This can be
explained with the presence of the partially amorphous hydrated phases
of MgS04.yH20 (absence of crystalline phase in the XRD patterns) [57,
58]. The storage density of these partially hydrated are lower compared
to the anhydrous MgSOu4, therefore the heat released of the composite is
less significant. Moreover, the bare HAP presents a very low hydration
heat that did not contribute greatly to the enhancement of heat storage
density. Besides that, because of the pore blocking, there could be a
certain amount of salt that cannot be reached by the water vapor
(Fig. 8c). Thus, the hydration energy released as well as the water uptake
did not meet expectations. The performance of 20-MgSO4/HAP was also
compared with other sulfate-support composites previously reported in
literatures. Table 3 shows that the 20-MgSO4/HAP has good energy
storage density and has a potential to be a candidate for medium and low
temperature applications.

Fig. 8d shows the dehydration behavior of MgSO4 and HAP com-
posites. The MgS04-7H20 decomposed at around 61 °C and produced an
unstable phase that eventually decomposed to form MgS0O4-H,0 with a
mass loss of 46% and a dehydration enthalpy of 2.75 kJ/8dried salit- The
difference in the behavior of the composites can be explained by the
good dispersion of the salt into the HAP pore structure. The decrease in
dehydration temperature can also be due to the change in their crys-
tallinity after impregnation into the HAP su [59]. This result confirmed
that the use of HAP can be beneficial for certain applications.

3.3. Hydration kinetic modeling

Fig. 9 shows the water uptake curves for the HAP support and two
prepared composites. Similarly, they all display an initial short and fast
water sorption rate during the first 30 min of hydration. However, after
the initial fast adsorption, the kinetic curve of the 5-MgSO4/HAP com-
posite is similar to the curve of the support HAP which quickly reached

MgSO,4 HAP 5-MgSO4/HAP 20-MgSO,/HAP
Pseudo-First-Order (PFO)
We (g/g) 0.815 0.038 0.048 0.146
Ki (107*s71) 1.133 10.24 8.347 2.069
R? 0.996 0.988 0.993 0.997
Pseudo-Second-Order (PSO)
We (g/8) 0.909 0.040 0.051 0.176
Ko (107*s71) 1.794 462.5 288.1 13.16
R? 0.957 0.953 0.962 0.977
12
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Fig. 10. Influence of the salt content on the kinetic rate constants.

the water sorption equilibrium only after 2 h of hydration. While for the
20-MgS04/HAP composite, after the initial fast adsorption, the kinetic
curve slowed down significantly and then barely reached the equilib-
rium after over 7 h of hydration. This behavior is shown to be strongly
impacted by the amount of salt deposited. When more salt was depos-
ited, water vapor diffusion could become problematic as it takes more
time for water vapor to reach entirely salt particles.

To investigate the kinetics of water uptake, several kinetic models
were tested (Table 4). Among all of these kinetic equation models, six
kinetic models showed a poor fiting based on the correlation coefficient
R% Elovich model (0.70-0.94), Vermeulen model (0.95-0.97) and
Unipore model (0.17-0.78). With the exception of the pseudo-first order
(PFO) and pseudo-second order (PSO), which are two well-known ki-
netic models [63-65]. The fitting results are reported in Fig. 9 and the
obtained kinetic parameters are listed in Table 5.

It can be seen from Fig. 9 that the PFO model described better the
adsorption processes of all samples than the PSO model (with R? co-
efficients of around 0.99). From the kinetic rate constant K; obtained
from the PFO model, the hydration kinetics can be classified as following
order (from fastest to slowest): HAP > 5-MgSO4/HAP >20-MgSO4/HAP
> MgSO4. The MgSO4 presents a slow kinetic compared to others ma-
terials (Fig. 9). The salt required 15 h to attain a stable hydration state,
which is twice the rate of the 20-MgSO4/HAP composite. This well-
known slow hydration kinetic of the MgSO4 was already investigated.
According to Linnow et al. [15], when exposed to humid air, a thin layer
of hydrated salt forms quickly on the support surface, restricting water
vapor diffusion and thereby slowing the reaction rate. The HAP rt pre-
sents a fastest kinetic which is probably due to the fast physical
adsorption process during hydration. The impregnation of MgSO4 has
then a significant impact on this speed. In the case of the 5-MgSO4/HAP
composite, the kinetic was slightly impacted when the salt was inte-
grated in the HAP porous structure. However, when the surface coverage
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of the salt was extended, as in the case of the 20-MgSO4/HAP composite,
the hydration kinetic significantly slows down (rate constant K; 4 times
lower) (Fig. 10). As aforementioned, these behaviors are related to the
difficulty of water vapor to diffuse inside the material pore network, in
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particular composites with higher salt content. Another result is that the
slow kinetic of MgSO4 was greatly improved as it was dispersed in the
porous matrix HAP (the kinetic rate constant of the composites are
higher than MgSO,). This latter could have a remarkable value in resi-
dential applications, because it will reduce considerably the hydration
time and thus improve the operating flexibility of the overall storage
system.

3.4. Cyclability and stability

To evaluate the cyclability and stability of the 20-MgSO4/HAP
composite, the sample has been exposed to a short-cycle hydration/
dehydration treatment consisting of 20 cycles between temperatures of
150 °C (Dehydration) and 30 °C (Hydration, at a relative humidity of
60%). In the following step, the heat released for each cycle has been
determined as a first benchmark. As it can be seen in Fig. 11, there is
only a small fluctuations of heat released between each cycle, which
confirms the good stability with an average ESD of 472 J/g.

Fig. 12 shows the TGA signals during hydration and dehydration of 5
different cycles in the cyclability test (1st, 5th, 10th, 17th, 20th). During
the hydration reactions, a degradation in water uptake during the first
10 cycles is noted, from 0.188 g/g in the first hydration but down to
0.157 g/g after the 10th hydration. From this point onwards, the water
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= ]st cycle T 130
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X 10th cycle + 100 —
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Fig. 12. TGA curves of 5 different cycles during the cyclability experiment (1st, 5th, 10th, 17th, 20th).
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Fig. 13. EDX mapping for 20-MgSO,4/HAP after 20 cycles.
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adsorption capacity is stabilized at 0.157 g/g (83.5% compared to 0.188
g/g) until the 20th hydration. The hydration kinetic rate is also reported
to be stable at around 1.2.10~* s7! during the cycling experiment.

In terms of dehydration reactions, a loss of 13.26% in mass is
recorded in the first dehydration. Over cycling, the dehydration be-
comes less and less effective, but not significantly since during the last
dehydration, a loss of 11.55% (about 87.1% compared to 13.26%) in
mass is reported.

The SEM and EDX mapping (Fig. 13) of sample after 20 cycles have
been done to verify if there are any changes in term of salts distribution,
agglomeration and so on. The results showed that there is no signifi-
cance difference before and after cycling experiment, which confirm
also the morphological stability of the composites. Consequently, these
composites can be a base for the development of potential material for
TCHS application based on HAP. A research regarding the development
of new composites on other HAP types with the objective to enhance the
water uptake and increase the amount of deposited salt in order to
improve the thermal storage capacity is ongoing.

4. Conclusions

Wide pore hydroxyapatite composite materials impregnated with
different amounts of MgS0Oy, as prospective thermochemical seasonal
heat storage materials, have been studied using the TG-DSC apparatus.
Despite the fact that magnesium sulfate was unable to fully exploit its
sorption capacities, a composite containing 20% MgSO4 produced the
maximum heat (464 J/g) as compared to HAP impregnated with 5%
MgSO4 (166 J/g). The excellent dispersion of MgSO4 increases the
storing capability of composite materials. High heat and water storage
capabilities are not the only factors to consider when selecting a storage
material in thermochemical heat storage systems. A rapid water sorption
kinetics is also necessary for the system’s usability. Good fitting of the
kinetic experimental data with the model equation has been successfully
performed, allowing us to determine the rate controlling adsorption
mechanism, which is an important factor in thermochemical heat stor-
age system design. The repeated stability of MgSO4-HAP is evaluated,
revealing that this two-component sorbent is relatively well constant
after 20 dehydration/hydration cycles. In perspective, these promising
results open the way to the optimization of a new thermochemical heat
storage composite materials’ family based on HAP. New HAP compo-
sitions and morphology can be then studied in order to improve the salt
dispersion and the water mass transfer.
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Nomenclature

TES thermal energy system

TCHS thermochemical heat storage
HAP hydroxyapatite;

IWI Incipient Wetness Impregnation
XRD X-ray Diffraction

WDXRF wavelength-dispersive X-Ray Fluorescence
SEM Scanning Electron Microscope
EDX Energy Dispersive X-ray

BET Brunauer, Emmett and Teller
PSD pore size distribution

BJH Barrett, Joyner and Halenda

TG thermogravimetry

DSC Differential Scanning Calorimetry
RH relative humidity

PFO pseudo-first order

PSO pseudo-second order
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Résumé

Le but de ce chapitre est de préparer une série de composites en utilisant un support carboné
et mésoporeux : il s’agit d’un granulé de carbone activé commercial (L27W de Norit N.V,
Pays Bas). La série de composites a été préparée avec des teneurs en sel variant entre 5 et 50
% en masse. Les observations par microscopie MEB montrent que le sel est déposé de fagon
trés homogeéne sur la surface du carbone active, méme pour des teneurs en sel élevées (i.e.
jusqu’a 40 % en masse). A partir de 50 % en masse de sel déposé, la dispersion est moins
homogéne et la présence d’agrégats de sel a été mise en évidence. La surface spécifique
diminue progressivement en augmentant la quantité de sel déposée, mais la distribution
poreuse reste inchangée. Ce comportement suggére que le sel est rentré dans les pores en
diminuant 1’espace disponible a 1’adsorption des molécules d’azote. Le composite avec une
teneur en sel de 30 % en masse a donné les meilleurs résultats en termes de capacité de
stockage (1.3 kJ/g de composite, pour une capacité d’adsorption d’eau de plus de 50 % en
masse). Une bonne cyclabilitt a également été démontrée pendant 8 cycles de
sorption/désorption. Les propriétés améliorées des composites préparés a partir du carbone
activé commercial rendent possible une application pratique. Pour cela, des scénarios ont été
définis a partir de données expérimentales prometteuses, pour 1’utilisation de ce composite
dans des applications de chauffage domestique d’une habitation et de production d’eau

chaude sanitaire.
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The scarcity of durable and low-cost sorbent materials remains a significant technological barrier to long-term
heat storage. In the present work, composite materials based on activated carbon supports and magnesium
sulfate hydrates (labelled MgSO4/AC) were developed in order to increase the energy density and improve mass
and heat transport phenomena. The results of composite characterization revealed uniform dispersion of mag-
nesium sulfate in composites produced via incipient wetness impregnation. The hydration enthalpy increased as
the MgSO4 content on AC increased, reaching a plateau for MgSO4 content of more than 30%wt (30-MgSO4/AC
and 40-MgSO4/AC samples). The hydration experiment performed on the 30-MgSO4/AC sample at RH = 60%
verified the relation between the salt hydration level and the hydration enthalpy. Higher water partial pressure
enhanced water molecule transport and improved salt hydration. The hydration enthalpy of 30-MgSO4/AC
showed an increase from 859 J/gqy material at RH = 30% to 1324 J/g4y material at RH = 60%. After 8 cycles of
hydration/dehydration, the 30-MgSO4/AC sample was practically stable. Furthermore, the 30-MgSO4/AC)
composite was modeled in two distinct scenarios for house heating and sanitary hot water generation. Finally,
the experimentally obtained calorimetric data were used to implement a numerical model. Two different sce-
narios were considered, the first for heating a house and the second for producing hot sanitary water. Both
scenarios show the possibility of using the MgSO4/AC composite in a multifunction thermochemical heat storage
system.

contributors.
Global CO; emissions have been increasing on average in recent

1. Introduction

Fuel consumption will almost certainly double by 2050, owing to
continuous increases in global technology progress [1]. The average use
of energy, especially fossil fuels, has increased dramatically as countries
are becoming more industrialized and people’s standards of living have
increased [2,3]. While uncontrolled utilization depletes fossil fuel re-
serves, it also causes environmental issues such as pollution, greenhouse
gas emissions (mainly COy), and global warming. Kelvin et al. [4] re-
ported that the anthropogenic emission of COy has been the major
source of CO; emissions into the atmosphere, with fossil fuel combustion
engines (392 Mt) and coal-fired power plants (279 Mt) as the major

years, with COy emissions 1.9% higher in 2019 than in 2018 [4,5].
According to Janssens-Maenhout et al. [6], total global greenhouse gas
(GHG) emissions (excluding land-use change) increased by 2% in 2018,
equivalent to 51.8 Gt of CO5 with an annual growth rate of 1.3%. Global
greenhouse gas emissions in 2018 amounted to 55.6 Gt CO; including
those for land-use change. This increase occurred as global economic
growth in 2018 increased to an average annual rate of 3.5%, the highest
since 2012 [7].

Current emissions of greenhouse gases that exclude those from land-
use change today are approximately 57% higher than in 1990 and 43%

Abbreviations: TES, thermal energy system; AC, activated carbon; RH, relative humidity; IWI, Incipient Wetness Impregnation; XRD, X-ray Diffraction; XRF, X-Ray
Fluorescence; SEM, Scanning Electron Microscope; EDX, Energy Dispersive X-ray; TGA, Thermogravimetric Analyses; DSC, Differential Scanning Calorimetry; BET,
Brunauer, Emmett and Teller; DFT, Density Functional Theory; S.A., Surface Area; Vy,, pore volume; Vp;cro, micropore volume; AH, enthalpy; Cp, specific heat; o,

thermal diffusivity; A, thermal conductivity; p, mass volume.
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in 2000. CO; levels are now alarming and indicate the need to take
immediate action to prevent serious repercussions from climate change
[8]. While, during the Paris Climate Conference (COP21), 195 countries
decided to prevent a global temperature upsurge of less than 2 °C, it is
now fairly common knowledge that CO5 emissions are predicted to in-
crease by over 40% in 2040 compared with those of 2010, all due to the
increase in energy demand. Hence, finding a renewable and clean fuel
source is thus one of the most cost-effective options [2,9].

One of the Paris Agreement’s goals is to completely switch away
from fossil fuels and toward renewable energy sources. However, the
world’s renewable energy potential has yet to be completely realized;
only 23% of these energy sources have been used [10]. This opens up a
lot of opportunities for strengthening and innovating clean energy pol-
icies. According to the U.S. Energy Information Administration’s Annual
Energy Outlook (AEO) report, renewable energy sources such as solar,
wind, and geothermal will account for 20% of total energy generation by
the end of 2020. The main issue with solar and wind energy is their
intermittent nature and inability to provide electricity 24 h a day. As a
result, renewable energy storage technologies (REST) that enable a
stable energy supply chain are critical.

Thermal heat storage systems for residential applications are
currently the focus of much research in order to extend the use of
renewable energy resources [11-13]. They help in overcoming the
mismatch between the heat source’s availability (solar heat, waste heat)
and the building’s heat requirements [14-16]. The most promising
choice among thermal energy storage technologies is thermochemical
heat storage, which has the highest energy storage densities and hence
the best compactness of the storage system [17]. Due to a lack of
available space, this criterion is critical for a residential house [18-20].

The development of new materials and their subsequent application
depends on a fundamental understanding of their molecular structure,
relating the structure to material properties and performance [21-26].

One of the main challenges is to develop new thermochemical ma-
terials with high energy storage densities [27,28]. The material used for
storage is critical. To optimize its performance, its sorption character-
istics must precisely match the system’s cycle working conditions [29].
Many attempts are being made to produce novel energy storage mate-
rials with particular features such as high energy storage density, good
multi-cycle stability, non-toxicity, and cost-effectiveness [30,31].
Thermochemical heat storage uses a reversible sorption process. Hy-
groscopic inorganic salts, sorbents, or composite materials can all be
used as storage materials. Silica gels [32,33], (AIPOs and SAPOs) [34],
activated carbon [35], Metal Organic Frameworks (MOF) materials
[36-38], and zeolites [39-41] are the most often used sorbents. Com-
posite materials (hygroscopic salt integrated into the pores of a host
matrix) provide interesting characteristics for thermal energy storage
applications, with a behavior that falls between inorganic salts and
porous host materials. The best feature of these materials is that the
matrix reduces the issues associated with salts deliquescence, such as
agglomeration, free-flowing, and corrosion [42-44], which can occur
when employing pure salts. In composite materials, heat and mass
transfers are also improved [45].

A number of salt/matrix combinations have been investigated in the
literature. As porous host matrix, sorbents such as zeolites [40,41,46],
silica gels [47-49], activated carbons [50], MOF [36,51,52], carbon
nanotubes [53], or vermiculite [54] have been investigated. MgSO4 [41,
55], CaCly [56-58], LiBr [50,53,59], and LiCl [60,61] are the most
commonly examined inorganic salts.

For example, zeolites are porous materials with a high water affinity,
allowing water molecules to be adsorbed on their large internal and
external surfaces. Despite having a high energy storage capacity (for 13X
zeolite, equivalent to 131 kWh/m?> [62]), zeolites have a poor thermal
conductivity (for 13X zeolite: A = 0.15 W/(m K)) [63], which may be an
issue in some applications (i.e. closed systems requiring heat ex-
changers). As demonstrated by A. Frazzica [44], most zeolites have a
charging temperature (dehydration temperature) greater than 150 °C,
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which might limit their usage in the presence of low temperature heat
sources. However, some hygroscopic salts have greater nominal energy
storage capacity than zeolites (for example, SrCl,, 667 kWh/m3; CaCl,,
583 kWh/m> MgSO4, 583 kWh/m> MgCly, 555 kWh/m? and
Al»(S04)3, 444 kWh/m? [64]). Unfortunately, heat and mass transfer
issues are frequently observed in these materials. Their poor thermal
conductivity and the formation of crusts upon hydration often enable
the water molecules diffusion into the solid [65,66].

To fully use the great potential of salt hydrates, mass and heat
transfer must be enhanced. An option is then to prepare composite
materials, where the salt hydrates are deposited on a porous support. A
suitable thermochemical heat storage composite must be capable of
being cycled multiple times (many consecutive hydration/dehydration
cycles).

The possibility to maintain the heat storage density upon cycling is
linked to the possibility to completely rehydrate the salt. It must then be
well dispersed and anchored to the support, without the formation of
crusts and/or structural changes [67]. The deposition technique is
therefore critical to avoid salt aggregation and the obstruction of the
support’s pores [64]. In certain cases, the salts were deposited on zeo-
lites, which had previously been studied [68]. These investigations
revealed that the type of porosity (micro/meso) is an important
parameter in composite design. If the pores are too small, the salt might
block their entrance, preventing water molecules from diffusing and
limiting energy storage capacity. Other materials, such as mesoporous
activated carbon or silica-gels, have been demonstrated to be extremely
promising supports. The salt may be introduced into their wide pores,
enhancing their energy storage capacity and avoiding pore blockage
[45,69]. Besides the high surface area and the presence of mesoporosity,
another important criterion in the choice of the most suitable support is
good thermal conductivity. This parameter is crucial for the optimiza-
tion of the heat transport phenomena. The thermal conductivity of
various potential supports is depicted in Fig. 1 Fig. 1 depicts the thermal
conductivity of several potential supports [70,71]. The conductivity
measurements showed that activated carbon has a higher conductivity
than the other sorbents, reaching 0.75 W/(m+K). It is worth noticing that
the highest values reported in Fig. 1 represent the intrinsic thermal
conductivity of the various materials, and that the thermal conductivity
of shaped materials (pellets, spheres, etc.), generally used in real ap-
plications, is much lower due to the presence of air between the parti-
cles. In any case, selecting a material with a relatively high intrinsic
thermal conductivity will reasonably permit to improving that of the
final heat storage material once shaped.

Moreover, the use of activated carbon (AC) in a sorption heat storage
offers considerable potential in many respects. On the one hand, the
production of AC from fossil coal or biomass is potentially more cost-
effective than for the previously predominant material classes like sil-
ica gel and zeolite due to the simple production steps. Material costs are
significantly more relevant in seasonal heat storage applications than in
heat pump applications, especially with a limited number of loading and
unloading cycles throughout the system’s projected service life.
Furthermore, ACs have large porosities and internal surface areas, and
their hydrophilicity may be adjusted by the choice of starting material
and pyrolysis conditions. Furthermore, chemical modifications are
possible because of AC’s versatile internal surface.

To select the best salt for the TES system, the salt must be inexpen-
sive, safe for human health and the environment, thermally stable in the
temperature range where it will be used, and, of course, have a high heat
storage density (comparison in Table 1). To expand the applications
panel, the relative humidity of deliquescence (RHD) of the salt is an
important parameter to consider. The RHD is the humidity limit at
which the salt will dissolve in the adsorbed water in relation to tem-
perature, the phenomenon of absorption into the material then occur-
ring. Exceeding this limit allows more water to be absorbed and thus
increases the amount of heat provided by the reaction. However, the
formation of saline solution can cause corrosion problems and can
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Fig. 1. Intrinsic thermal conductivity of different materials [70-76].

Table 1
Heat storage density of different composites and salt hydrates at different operating conditions.
Matrixes Salts Salt (wt.%) Preparation method Experimental Conditions Storage density Ref.
Vermiculite CaCl, 24 Wet impregnation 25-150 °C 364.3J/g [77]
Vermiculite MgSO4 24 Wet impregnation 25-150 °C 406.5 J/g [771
Vermiculite Ca(NO3), 24 Wet impregnation 25-150 °C 215.6 J/g [771
Vermiculite Li(NO3), 24 Wet impregnation 25-150 °C 286.9 J/g [77]1
Vermiculite LiBr 24 Wet impregnation 25-150 °C 268.9 J/g [77]
Activated carbon CaCl, 24 Wet impregnation 25-150 °C 305.1J/g [771
Silica gel CaCl, 24 Wet impregnation 25-150 °C 123.3J/g [77]
Zeolite 13X CaCl, 24 Wet impregnation 25-150 °C 168.1 J/g [77]
Expanded clay or NZ pumice SrCly 30 Wet impregnation 128 °C, RH = 71% 2.4 GJ/m> [64]
- CaCl, - Wet impregnation 146 °C, RH = 30% 2.1 GJ/m°® [64]
- MgSO04 - Wet impregnation 150 °C, RH = 90% 2.1 GJ/m® [64]
- MgCl, - Wet impregnation 230 °C, RH = 33% 2.0 GJ/m® [64]
- Aly(SO4)3 - Wet impregnation 300 °C 1.6 GJ/m® [64]
- MgS04/ZnS04 : 9/1 - Wet impregnation 120 °C 1422 J/g [78]
Zeolite 13X MgSO4 15 Wet impregnation 150 °C 4 h + 300 °C 2 h, RH = 80% 632J/g [79]
- CrCly - - 68 °C, 20 mbar 2.11 GJ/m® [80]
- LiCl - - 72 °C, 20 mbar 2.08 GJ/m® [80]
- LiBr - - 110 °C, 20 mbar 2.01 GJ/m® [80]
- FeCl, - - 59 °C, 20 mbar 1.93 GJ/m® [80]
- CuCl, - - 59 °C, 20 mbar 1.74 GJ/m® [80]
- CaCl, - - 111 °C, 20 mbar 1.54 GJ/m® [80]
- Mg(NO3), - - 68 °C, 20 mbar 1.53 GJ/m* [80]
- LiNO, - - 102 °C, 20 mbar 1.51 GJ/m? [80]
- K»CO5 - - 65 °C, 20 mbar 1.3 GJ/m® [80]
- MgCly - - 104 °C, 20 mbar 1.93 GJ/m* [80]

degrade the porous matrix containing the salt [81]. As an example, for
temperatures between 10 and 80 °C, the deliquescence process of
MgS04, nH,0 will not occur below 80% relative humidity (RH) because
its thermodynamically stable at this range of temperature and humidity
[82,83]. A good affinity between the impregnated salt and the support is
needed to delay the melting and the formation of agglomerates. In
previous studies [64,77-80], salt hydrates were tested under different
conditions in order to obtain information on the dehydration tempera-
ture range, the optimal relative humidity value for hydration, and to
compare the heat storage density values. MgSO4 and CaCl; are the two
most investigated salts [79]. These two salts have been the subject of
considerable research [44,66,84-87]. These salts are highly relevant in
heat storage systems since they present the highest energy density (2.8
GJ/m® for MgSO4 and 2.1 GJ/m® for MgCl,) and a low charging tem-
perature (<150 °C), which is suitable for building applications with
solar collectors.

For all the above-mentioned reasons, novel composite materials
obtained by depositing MgSO4 on an AC support were developed,
thoroughly characterized, and tested in order to achieve materials with
good salt dispersion over the support surface. The goal was to produce
materials that were stable throughout the cycles (to maintain a good

energy storage capacity), and had a relatively higher thermal conduc-
tivity when compared to usual heat storage materials. Finally, the
experimental data obtained by performing hydration/dehydration cy-
cles and physico-chemical characterizations has been implemented in a
numerical model. Following that, several scenarios involving the usage
of such material in building applications were simulated.

2. Experimental
2.1. Material preparation

The carbon material chosen as support was an activated carbon (AC)
L27W from Norit N-V (Amersfoort, Netherlands), chemically activated
by phosphoric acid for enhancing the mesoporosity. First, the AC was
rinsed and filtrated several times on a Buchner funnel with abundant
water to eliminate the residual phosphoric acid, until the pH of the fil-
trated water was constant (pH = 5.8). Then, the powder was dried in a
stove at 100 °C for 12 h until complete dehydration. Successively,
MgS04-7H50, from Sigma-Aldrich was deposited at different loading
(from 5 to 50 wt% of MgSO4) on the AC support by Incipient Wetness
Impregnation (IWI). The obtained composites were dried during 12 h at
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100 °C and labelled as reported in Table 2.

2.2. Characterization of the samples

X-Ray Diffraction (XRD) analyses were performed on the compacted
powder of the samples on a diffractometer X’Celerator, equipped with a
real-time multiple strip detector. The XRD phenomenon is based on
constructive interference between monochromatic X-rays and crystal-
line samples. X-rays were generated by a cathode ray tube, filtered to get
monochromatic rays, assembled to concentrate and then directed to-
wards the sample [88-90]. operating with an angular aperture of 2.12
°20 in the 3° to 50 °26 range, and CuKa radiation with a wavelength of
0.15406 nm. Diffractograms were recorded at room temperature with a
step size of 0.017 °20 and a scan time of 4 s per step.

A wavelength dispersion X-Ray Fluorescence (XRF) spectrometer
(from PANalytical, Zetium) was used to perform the XRF measurements
on pellets made of 0.1 g of the sample and 0.2 g of binder (boric acid,
H3BO3) powder.

High-resolution micrographies were acquired by a Scanning Electron
Microscope (SEM) from Philips, XL30 model to observe the morphology
of AC [88] and composites and to determine the elemental analysis of
activated carbon and the distribution of deposited salt. Prior to analysis,
the samples were coated with carbon in order to create a thin conductive
layer to improve the quality of the images. The semi-quantitative
chemical analysis and atomic composition mapping of the sample
were performed by means of Energy Dispersive X-ray (EDX).

The thermal conductivity (. = 90 + 8 mWm 'K 1) and the heat
capacity (pCp = 307 + 26 kJ m~3 K1) of the samples were determined
starting from the values of thermal diffusivity (o« = 2.9 + 0.4 1077
m?s~1) and thermal effusivity (E =166 + 8 Wm 2K ! s%°) obtained bya
Hot Disk TPS 500 analyzer. The sample’ pellets were placed in a covered
sample holder where the Kapton sensor was horizontally placed between
two layers of the material. The experiments were conducted at 20 °C for
160 s at a heating power of 100 W. Each measurement was repeated at
least 5 times.

Nitrogen adsorption/desorption isotherms at —198 °C were acquired
in a ASAP 2420 device from Micrometrics. The samples were previously
degassed at room temperature overnight, and then at 120 °C for 12 h
before analysis [88]. The specific surface area was calculated by
applying the Brunauer, Emmett, and Teller (BET) equation, and the
porous volume was determined by Density Functional Theory (DFT)
calculations.

2.3. Hydration/dehydration cycling and heat storage density
determination

A Sensys Evo TG-DSC (Thermogravimetry coupled to differential
scanning calorimetry) apparatus, equipped with a Wetsys flow humidity
generator (from Setaram) was used to measure the heat and the water
adsorption/desorption capacities of the composites and verify the
cycling (see Fig. 2).

The procedure was divided into three steps (Fig. 3). First, the

Table 2
Samples composition, surface area and porosity.
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composite was totally dehydrated at 300 °C by raising the temperature
from 30 to 300 °C with a ramp of 10 °C/min under a flow of dry air (30
mL/min), followed by a 30-min isotherm at 300 °C. Then, the sample
was cooled down at 30 °C and, once the temperature stabilized at 30 °C,
the relative humidity of the air flow was increased to the desired value
(RH = 30 or 60%). The hydration step was prolonged for 20 h in order to
completely rehydrate the material. Finally, the sample was heated-up to
300 °C at 5 °C/min. After the 30-min of isothermal step, the sample was
cooled to 30 °C and cycled a certain number of times.

Fig. 3 schematically summarizes the dehydration/hydration/dehy-
dration cycle. For the composite containing 30 wt% of MgSOy, similar
experiments were carried out by performing several successive cycles
(with 7 h’ hydration steps) with a pre-treatment performed at 150 °C, in
order to study its stability over cycling.

2.4. Simulation of domestic application scenarios

The system operation was simulated using two scenarios, depending
on the implementation of the MgSO4/AC composites. The first con-
cerned using the system for winter heating, while the second concerned
producing residential hot water in the summer. For this purpose, the
simulations have been performed on the basis of a 100 m? passive house,
which requires an air exchange of 250 m3/h (double flow mechanical
ventilation system). The entire or a part of this flowrate (Qjyer) was used
in the model for heat generation. The indoor air was assumed to be at Ty
=20°C,RH=70% (i.e. Xy(z = 0) = Xo = 10.2 g/kgq o) in winter, and at
To =25°C, RH = 70% (i.e. Xy (z = 0) = Xo = 13.9 g/kgq.a) in summer.
To supply sufficient heat for winter heating, a cylindrical reactor (1 m in
length and 0.94 m in radius) containing 1000 kg of composite was
modeled. The cylindrical geometry of the reactor was chosen to simplify
the filling of the adsorbent material and maintain consistency with a real
application [91]. The fluid was assumed to be perfectly mixed at the
reactor’s inlet. The airflow was assumed to be laminar and
one-dimensional.

A set of equations composed of 5 partial differential equations (eqs
(1)-(5), detailed in section 3.4) and 3 algebraic equations (air density,
air density derivative, and reaction heat) were used to model the system.
The differential equations have been spatially discretized by using the
finite difference method in order to get an algebraic system of 8 equa-
tions, which were solved for each time interval (explicit Euler method).
Thus, the system was directly solved. The program was written in
Fortran-90.

3. Results and discussion

3.1. Composition, thermal conductivity, structure, and morphology of the
composites

Six composites with a MgSO4 content in the 4-43 wt% interval were
prepared by incipient wetness impregnation. The elemental composition
was determined by XRF in order to verify if the magnesium sulfate
content corresponded to the theoretical. Moreover, the phosphor residue

Composition (wt.%) S.A. (m%/g) Vp (em®/g) Viniero (cm®/g)
Theoretical Measured by XRF
Sample C MgSO4 P C MgSO4 P
AC 100 0 0 98.92 0.16 0.92 1643 1.019 0.588
5-MgS0O4/AC 95 5 0 91.36 4.11 4.53 1411 0.805 0.511
10-MgS0O4/AC 90 10 0 84.31 10.91 4.78 1219 0.721 0.449
20-MgS0O4/AC 80 20 0 75.49 20.34 4.17 829 0.466 0.323
30-MgS04/AC 70 30 0 70.69 26.00 3.31 732 0.369 0.266
40-MgSO4/AC 60 40 0 61.52 35.36 3.12 562 0.254 0.205
50-MgS0O4/AC 50 50 0 54.27 43.09 2.64 342 0.208 0.162
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Fig. 3. Thermal cycle used for the TG-DSC-WETSYS analyses (Time not at scale).

of the parent AC was also measured (Table 2).

The experimental values are in agreement with the theoretical values
for composites with low MgSO4 content. Otherwise, when the theoret-
ical salt content value was higher, the measured MgSO4 concentration
value was lower than expected. These results might be related to matrix
inaccuracy in the XRF calibration curve. Indeed, the XRF calibration was
based on conventional carbon materials and might deviate in the case of
a high concentration of salt (starting from the sample containing 30 wt%
of MgSO4).

A second possible explanation is the presence of residues of phos-
phoric acid that have not been completely eliminated by the washing
prior to deposition. Indeed, XRF analysis carried out on the samples
shows P-contents of between 2.6 wt% and 4.8 wt%.

The thermal conductivity (A) was estimated starting from the mea-
sure of the thermal diffusivity determined by hot-disk (A = aep«Cp,
where « is the thermal diffusivity, p the bulk density, and C, the specific
heat, respectively). The measured thermal conductivity for bare active
carbon was 0.26 W/(m-K) (for a measured o = 2.20+1077 mz/s), 0.53
W/(m«K) for magnesium sulfate heptahydrate salt (for a measured a =
1.60.1077 m2/s), and to 0.43 W/(m-K) for 30-MgS0O,/AC composite (for
a measured o« = 2.21.107 m?/s). The Cp values considered in the
calculation of A were of 1300 J/(kg+K) for the AC [92] and 1556
J/(kgK) for the salt [93]. The bulk density (p) has been experimentally
determined by weighing a known volume of the materials; it was found
to be, respectively, equal to 895 kg/m® for the AC and 1878 kg/m® for
MgSO4-7H50. The results obtained for the salt are comparable to those
reported in the literature (and confirm the reliability of the used
methodology [94]. The composite presented a relatively high thermal
conductivity when compared to other composites reported in the liter-
ature (see Fig. 1). This value is particularly high because it is measured
on the shaped sample (cylindrical pellets), and represents the true value
of the heat storage materials that will be potentially charged in a real
storage system.

All composites and the bare support have been observed by SEM. The
homogeneity of the salt deposition was verified for the various com-
posites. The eventual presence of a crust of salt on the surface was also
investigated, as previously observed on composites prepared on
different porous supports [41].

Observing the micrographies reported in Fig. 4, no large crystallites
can be seen on the composite containing 30 wt% of magnesium sulfate
(Fig. 4b); no substantial differences can be observed when compared to
with the SEM micrographies of the parent activated carbon (Fig. 4a).
The salt deposition is uniform, and no macroscopic aggregates are
visible on the composite surface or in the macropores’ entrance.

A mapping of the elements present in the samples was performed by
EDX; the results for the samples containing 40 and 50 wt% of MgSO4 are
shown in Fig. 5. The uniformity of the impregnation of the salt on the
carbon support can be confirmed for the 40-MgSO4/AC composite
(Fig. 5a). In the four cartographies, each analyzed element (C, S, O, and
Mg) is dispersed in uniform layers. Otherwise, for 50-MgSO4/AC
(Fig. 5b), zones rich in Mg, S, and O (light colors) can be differentiated
from the carbon support (dark zones) due to the presence of crystallites
of MgSO4 segregated on the support. The presence of such aggregates
can cause different problems, for example, the blocking of the AC pores
and the formation of salt crusts. Therefore, both phenomena contribute
to the decrease of the mass transfer performance of the material (i.e.
water molecules diffusion during the hydration/dehydration process).

The SEM + EDX analyses were confirmed by the XRD analysis of the
samples (Fig. 6). The XRD pattern of AC showed an amorphous structure
with two broad peaks at 17° and 23°, which are characteristic of
amorphous carbon. No peaks related to crystallized magnesium sulfate
are visible on the samples containing up to 30 wt% of MgSO4. For the 40-
MgS04/AC sample, crystallization begins, and two small peaks assigned
to MgSOy4 can be observed at 21 and 29 °26. The salt present in the 50-
MgS04/AC sample is highly crystallized, as already observed by the
presence of aggregates visualized by SEM analysis. The pattern of the 50-
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Fig. 5. (a): SEM picture (left) of 40-MgSO4/AC composite and its EDX mapping pictures in right hand (C, S, O, and Mg content); (b): SEM picture (left) of 50-MgSO4/
AC composite and its EDX mapping pictures in right hand (C, S, O, and Mg content).

MgS04/AC sample mainly corresponds to that of MgSO4-2H50, reported
in Fig. 5 for comparison.

In order to investigate the impact of the salt deposition on the
porosity of the various composites, Ny-adsorption at —198 °C was per-
formed (Fig. 7).

Information on the microstructure of the samples can be deduced by
analyzing the shape of the curves and the hysteresis of the nitrogen
physisorption isotherms, by referring to the IUPAC classification [95].
For the low magnesium sulfate-containing samples, the hysteresis is
quite pronounced, but, even if less visible, its shape does not vary for all
the samples. The isotherm shape is of type I (Fig. 7), typical of micro-
porous samples (like activated carbons and molecular sieves) charac-
terized by a relatively small external surface, for which the limiting
nitrogen uptake is driven by the micropores’ accessibility. In addition,
isotherms presented an H4 type hysteresis loop.

Fig. 8 shows the pore distribution of the samples. All composites

maintain the distribution as the parent active carbon after the addition
of MgSO4.

The samples are mostly micro- and mesoporous (pore diameters of
<20 A and from 20 to 500 A, respectively. A smaller fraction of mac-
ropores (pore diameters >500 A) is also observed. The porous volume
decreases by increasing the quantity of salt deposited. Indeed, magne-
sium sulfate prevalently blocks access to micropores and mesopores. For
instance, bare activated carbon, for example had a microporous volume
0f 0.145 cm®/ (g-;\), while the 50-MgS0O,4/AC sample had a pore volume
of only 0.052 cm3/(g-}°\), which was 3 times lower (see Table 2). Mac-
ropores are definitely less affected by salt deposition.

Fig. 9 shows the inverse correlation between the pore volume and the
surface area as a function of the magnesium sulfate content. The two
curves follow almost the same decreasing trend; the lower surface area is
related to the blockage of the pores and to the impossibility of the ni-
trogen molecule to adsorb on the internal surface. The decrease in
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Fig. 6. XRD diffractogram of activated carbon, MgSO, salts, and all prepared composite samples dried at 150°C for 3 h.
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Fig. 7. N, adsorption-desorption isotherms of activated carbon and all pre-
pared composites.

surface area can also diminish the surface available for water adsorption
during the hydration/dehydration processes and diminish the heat
storage capacity of the material. A compromise between the amount of
salt deposited and the maintain of the specific surface area and porosity
is then crucial for the design of these composites. This point has been
then further investigated by measuring the water sorption and heat
storage capacities, as reported in the next section.

0.16
...
[ A ®
0.14 ./AAA“
012 | /ol
? st
010 | ¢ 4
%% k\"
008 | %%

dA/dW Pore volume (cm?/(g-A))

4 Pore width (A)

3.2. Heat and water sorption capacity

The heat and water sorption capacities of the various composites
were measured in the TG-DSC-Wetsys coupling described in Section 2.2.
The calorimetric hydration peaks (here reported as an example for the
30-MgS04/AC sample) obtained during water uptake under air flow
with a relative humidity (RH) of 30 and 60% are respectively reported in
Figs. 10 and 11. The integration of the surface of the peak represents the
heat released (in kJ/kg’ldry material), lately reported on the left Y-axes of
Fig. 12, for comparing all composites after hydration at 30% RH (and
60% RH for 30-MgSO4/AC only). The hydration heat values have an
uncertainty of approximately +15 k.]/kg*1dry material-

The integration of the sections of the calorimetric curve at different
times of adsorption permits the determination of the interaction energy
between the water molecules and the sorbent (i.e. the composite). These
values (expressed in kJ/molyso) are reported on the right Y-axes of
Figs. 10-12. The water molecules adsorbed on the composite surface
with decreasing energy with the progress of the sample hydration: the
related points present a decreasing behavior. The energy of water
molecule adsorption on the composites at different coverage extents
(corresponding to different time intervals), and represented by the
diamond-shaped symbols, varies from 65 (for the first fraction of water
molecules adsorbed) to 20 kJ/molyyo (for the water molecules just
physisorbed on the composite). These values are the average over the
intervals considered; the first water molecules react with the salt with a
high enthalpy of adsorption. For this reason, the total enthalpy of hy-
dration expressed in kJ/molyeo calculated over the entire hydration

—e— Activated Carbon
—A—5-MgS04/AC
—o6—10-MgS04/AC
—o—20-MgS04/AC
30-MgS04/AC
40-MgS04/AC
—+—50-MgS04/AC

40

Fig. 8. Pore volume distribution vs. pore width of activated carbon and all prepared composites.
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Fig. 10. Hydration enthalpy integration at regular times intervals for the 30-
MgSO4/AC sample (Dehydration at 300 °C at 5 °C/min; hydration at 30°C; RH
= 30%; time: 20 h.
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Fig. 11. Hydration enthalpy integration at regular times intervals for the 30-
MgS04/AC sample (Dehydration at 300 °C at 5 °C/min; hydration at 30°C; RH
= 60%; time: 20 h).

process is higher for the composites containing the smallest amount of
MgSO4 (Fig. 12). These composites (5-MgS0O4/AC and 10-MgS0O4/AC)
present on their surface thin layers of salt (as previously observed by
SEM and XRD analysis) that can be easily and completely be hydrated,
therefore exploiting the intrinsic heat storage capacity of the salt (high
hydration enthalpy).

Grevel et al. [83] measured and enlightened the existence of a linear
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Fig. 12. Hydration enthalpy (J/g) per gram of prepared composites and mole
of water adsorbed (kJ/moly»0) for a full hydration (RH = 30% and RH = 60%
for 30-MgS0O4/AC sample).

correlation between the number of water molecules adsorbed and the
enthalpy of formation of magnesium sulfate hydrates. Therefore, the
higher the degree of hydration of the salt, the greater the energy
released. Unfortunately, the impregnation of magnesium sulfate on the
AC decreases the pore volume and the surface of the composites, thus
decreasing the salt fraction involved in the hydration process (salt
trapped in the pores and inaccessible by water molecules, or salt forming
thick layers towards which the diffusion of water is restricted). A
compromise needs then to be found between the highest quantity of salt
that can be deposited on the AC support and the highest heat storage
density that can be obtained through the hydration process.

If the heat release during magnesium sulfate hydration is linearly
proportional to its hydration level, as claimed by Grevel et al. [83], it is
possible to estimate the necessary amount of magnesium sulfate to de-
posit in order to optimize the hydration level. Indeed, when the ratio
between the quantity of water sorbed per mass unit of composite
(Mp20/Mdry material) and the quantity of magnesium sulfate present on
the composite (MgSO4 quantity, wt.%) is below the dotted linear trend
curve represented in Fig. 13, the optimal quantity of salt to deposit is
overtaken. The experimental points in Fig. 13 have been obtained by
measuring, using thermogravimetric analysis, the mass difference be-
tween the dehydrated and the fully hydrated material. In order to take
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Fig. 13. Effect of MgSO,4 salt content on water sorption on the prepared
composites (Dehydration at 300 °C at 5 °C/min; hydration at 30°C; RH = 30%);
time: 20 h).
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into account the quantity of water adsorbed exclusively by MgSOy, the
measured values were corrected by subtracting the quantity of water
adsorbed by the AC support (0.097g120/8dry AC)-

The MgSO4 optimal quantity limit is then located between 26 and 35
wt% of magnesium sulfate. This result is confirmed by the heat storage
density (AHhydration) measured on the samples and reported in Fig. 12.
The hydration enthalpy increases with the quantity of MgSOj4 to reach a
plateau for a MgSO4 content above 30%wt (30-MgSO4/AC and 40-
MgSO4/AC samples). The 30-MgSO4/AC is also the sample presenting a
good salt dispersion with the highest MgSO4 content of the series of
composites, as previously shown by XRD and SEM + EDX analysis.

The correlation between the salt hydration level and the hydration
enthalpy is also confirmed by the hydration experiment performed on
the 30-MgSO4/AC sample at RH = 60%. At higher water partial pres-
sure, the water molecule diffusion is improved, and the salt hydration is
ameliorated, as previously observed for MgSO4/zeolite composites [79]
and potassium carbonate salt hydrate [96]. The water sorption increased
from 0.28 t0 0.52 g120/8dry material- The hydration enthalpy of 859 J/gary
material measured at RH = 30% increases to 1324 J/8dry material at RH =
60%. Such values are very promising when compared to those obtained
for well-performing storage materials reported in the literature [68,69,
79].

3.3. Hydration/dehydration cycles

In order to evaluate the stability of the composites after several hy-
dration/dehydration cycles, several consecutive experiments have been
performed on the 30-MgS04/AC sample, alternating dehydration steps
at 150 °C and short hydration steps of 4 h’ duration at RH = 30%. The
measures of hydration enthalpies are reported in Fig. 14. For the first 8
cycles, no decreasing trend was detected in the heat storage capacity of
the material.

Moreover, with the aim to verifying if any modification of the salt
deposit on the AC surface took place, SEM observations were performed
after cycling (Fig. 15).

The magnesium sulfate salt reorganizes on the AC surface during the
successive hydration/dehydration steps. The very well dispersed salt
film, present on the fresh composite (Fig. 4), forms, after 8 cycles, salt
filaments homogeneously dispersed on the surface (Fig. 15). Despite this
structural change, the hydration enthalpy remains unchanged. This
modification of the structure does not evidently affect the water diffu-
sion, and the salt hydration remains efficient. On the AC support, the
crystallization and the formation of a thick salt crust are absent or, in
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Fig. 14. Heat of hydration and mass changes to study stability over cycles for
30-MgS04/AC sample (Dehydration at 150 °C at 5 °C/min; hydration at 30°C;
RH = 30%; time: 20 h).
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any case, not pronounced enough to decrease the diffusion of water
molecules.

3.4. Operation scenarios of a thermochemical heat storage system for
domestic use

The aim of the following numerical study is to develop a numerical
tool able to simulate different operating scenarios. The heat storage and
release were simulated for ambient and domestic water heating in a
passive house. The 30-MgSO4/AC composite was the storage material
selected for simulating the system.

In order to provide a simple, flexible, and effective simulation tool,
the selected geometry for the storage reactor was cylindrical. An
asymmetric 1D unsteady model was then developed; it included mass,
momentum, and energy balances in the material and in the fluid (air). In
the model, the fluid (moist air from controlled ventilation) enters the
reactor, passes through the material, and transports the heat to the exit
of the reactor. The air acts, at the same time as a water and heat carrier.

The modelling program simulates the thermal behavior of a tubular
reactor operating under laminar flow. The fluid (moist air) is assumed to
be perfectly mixed at the reactor inlet. The flow field in the reactor is
described by the unsteady mass, energy, and water concentration bal-
ances [97]. The equations used in the model are presented as follows.

The continuity equation is:

ap,\ (9T, Jrd(pau)

oT,) \ ot dz
where p,, T, are respectively the air density and temperature, u the air
velocity in the reactor, t the time, and z the reactor axis coordinate.

The energy balance in the material is expressed by the following
equation:

-0 (€]

aT,, T, om,
Cpm—t — Am Sdz=A,H(m,
PuCPn3; o |54 () =5,

+hS(T, —Tn) (2)

where p,,, CPm, im, Tm are the density, the specific heat, the thermal
conductivity, and the temperature of the material, respectively. S is the
reactor section, m,, is the mass of water in the material, h is the heat
exchange coefficient between air and the material and A,H(m,,) is the
reaction heat.

A linear law was applied to take into account the kinetics of
adsorption in the material. The amount of adsorbed water during dt in
the volume Sdz is:

om, . my(co) —m(t,2)
o " m,, (o) Pa

uS 3

where X, is the water content in the material and m,(c0) the mass of
water adsorbed in the material at equilibrium.
The energy balance in air is expressed as:

a7, o7, d’T,
Cp. —Aa Sdz= —hS(T,— T, 4
{”“”(ar“‘az) dz2] ¢ ( ) %
where Cp, and 4, are the specific heat and the thermal conductivity of
air, respectively.

And the water mass balance in the air as:

oX, _ om,,
o o

P.Sdz (5)

The heat released from the storage material during hydration was
deduced from the experimental results obtained by differential scanning
calorimetry coupled to thermogravimetry (thermal flux and mass vs.
time). For this purpose, A4.H(m,,) was calculated by numerical integra-
tion for various amounts of adsorbed water. Fig. 16 shows the heat
released from the material during hydration with air at 30 °C (at 30%
RH), as a function of the mass fraction of water in the material.
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Fig. 15. Salt crystallization after the first cycle on 30-MgSO4/AC. (Dehydration at 300 °C at 5 °C/min; hydration at 30°C; RH = 30%; time: 20 h).

600

~ [ \A o
£ 400 MMW .....
g . . L) '~
) (4 (1
= iR
=2 E
£ 300 .
H
k-1
£
= 200
==
3
100
o
"
0 e kY
002 004 006 008 0.1 012 014 016 018

Xy (water/ Smateria))

Fig. 16. Heat release during water adsorption versus mass fraction of water
sorbed. Test performed at T = 30 °C and 30% RH.

Then, a linear approximation was performed to obtain:
p,:gvdz <0.14 A;H = f(m,,) = 510-850 ,a,,r:lswdz (kJ/kg of sorbed water).

0.14 < ;M < 0.165 A-H = f(m,) = 2640-16,000 ;™ (kJ/kg of

sorbed water).
The boundary conditions were: Ty(z = 0) = Tg, Ti(z, t = 0) = Ty, u(t,
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Fig. 17 is a schematic representation of the two studied scenarios.
The first scenario (Fig. 17a) is based on the use of the storage system for
heating the house (during winter for example). The second (Fig. 17b) is
oriented on the use of the storage system for supplying a complement of
energy for producing hot sanitary water. This scenario corresponds to
the periods in which the demand for central heating is absent or low. In
the first case, the storage unit is an additional system intended to pro-
vide energy for special situations (severe weather conditions). The sec-
ond is the use of the stored energy for heating domestic water during
short periods in which the solar irradiation is limited (mostly in
summer).

For the two simulations, the material is supposed to be firstly
completely dehydrated by the hot and dry air by means of solar heaters.

For the first scenario (heating), the reactor permits production of
361 kWh of thermal energy with an air temperature of 65.6 °C at the
reactor outlet. If the inlet air is maximized, the system can deliver a heat
power of about 3.6 kW for more than 4 days. This value is in agreement
with the required heat input for such type building (passive house, ~15
kWh/(m?eyear)) [98].

The heat demand management is linearly controlled by the fraction
of indoor air directly send into the reactor (0 < Qjplet < 250 m3/h, being
250 m3/h the maximum flow of the recirculating system).

In the second scenario, the heat storage system is used to supply a
complement of energy to warm-up the sanitary water, when the energy
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Fig. 17. Schemes of the two studied scenarios. House heating (a) and sanitary hot water production (b).
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given by the solar heater is not sufficient (i.g. cloudy days). For this
purpose, the entire flow of air entering/exiting from the reactor (Qjpjet =
250 m3/h) is sent to the “hot water” system (see Fig. 17 b). The heating
power is approximately 3.5 kW, which is sufficient to warm-up for 14
times 300 L of water from 15 to approximately 60 °C in less than 8 h
(assuming an effective efficiency of 60%), with no need to recharge the
system [99].

4. Conclusion

Heat storage by sorption has been investigated in this study by
several MgSO4/AC composites. The results of composite characteriza-
tion revealed a homogeneous dispersion of magnesium sulfate in com-
posites prepared by incipient wetness impregnation. The hydration
enthalpy showed an increase by increasing the MgSO4 content on AC to
reach a plateau for a MgSO4 content above 30%wt (30-MgSO4/AC and
40-MgS04/AC samples). The correlation between the salt hydration
level and the hydration enthalpy was also confirmed by the hydration
experiment performed on the 30-MgSO4/AC sample at RH = 60%. At
higher water partial pressure, the water molecule diffusion was
improved, and the salt hydration was ameliorated.

The hydration enthalpy of 30-MgSO4/AC at RH = 30% was increased
from 859 J/Zary material t0 1324 J/gdry material at RH = 60%. The stability
of 30-MgS0O4/AC sample was found to be nearly stable after 8 cycles of
hydration/dehydration. Moreover, two different scenarios for heating a
house and for the production of sanitary hot water were simulated for
the 30-MgS0O4/AC) composite. In addition to the need to test the stability
of the material under a higher number of hydration/dehydration cycles,
in both scenarios, the possibility to implement the synthesized material
in a domestic heat storage system was confirmed. New research is
ongoing related to the effect of binary salt impregnation and the effect of
different methods of composites preparation on heat storage
performance.
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Chapter VI

“Corn cobs” biochar as a macroporous host of salt hydrates for
heat storage applications
(submitted to Biochar)



Résumé

Une série de composites a base de sulfate de magnésium a été préparée par imprégnation sur
un biochar issu de la pyrolyse de rafles de mais. Quatre composites comportant différentes
teneurs en sel MgSOs (allant de 5 % a 20 % en masse) ont été prépares avec succes. Alors que
les analyses des isothermes d’adsorption de CO2 ont montré que le support est principalement
microporeux, 1’analyse de porosimétrie par intrusion de mercure montrent I’existence de la
macroporosité. En analysant les cartographies EDX — (microanalyse dispersive en énergie des
rayons X) des différents composites, on peut observer que pour les faibles teneurs, le sel est
bien dispersé sur la totalité de la surface, externe et macroporeuse. Quelle que soit la teneur en
sel, les observations (microscopie, quantité d’eau adsorbée et énergie stockée) montrent une
bonne dispersion du sel & la surface et dans les macropores du matériau. En termes de
performance, le composite contenant 20 % de MgSQO4 présente une capacité de stockage de

635 J/g et un niveau d’hydratation de 0,23 Qeau/Qmat.
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Abstract: Heat storage technologies are essential for increasing the use of solar energy in the household sector. Their development
can be achieved by designing new storage materials; one way is to impregnate a porous matrix with hygroscopic salts. In this
article, the possibility of using biochar-based composite sorbents to develop promising new heat storage materials for efficient
thermal storage is explored. Biochar-based composites with defined salt loadings (5, 10, 15, and 20%) were produced by
impregnating MgSOs into a biochar matrix derived from corn-cobs. The new materials demonstrated a high water sorption capacity
0f 0.24 g/g (20MgCC). After 6 successive charging-discharging cycles (dehydration/dehydration cycles), only a negligible variation
of the heat released and of the water uptake was measured, confirming the absence of deactivation of 20MgCC upon cycling. The
new 20MgCC composite showed an energy storage density of 635 J/g (Tads = 30 °C and RH = 60%), higher than that of the most
part of the other composites containing a similar amount of hydrate salt reported in the literature. The macroporous nature of this
biochar increases the available surface for salt deposition. During the hydration step, the water molecules effectively diffuse through
a homogeneous layer of salt, as described by the intra-particle model applied in this work. The new efficient biochar-based
composites open a low-carbon path for the production of sustainable thermal energy storage materials and applications.

Article Highlights:
e A new composites sorbents made of MgSQOa4and biochar were produced using the impregnation approach.
e  The highest energy storage density achieved is 635 J/g.
e  Hydration kinetics and water uptake of prepared sorbents were studied.
e  Biochar with 20 wt% of MgSQ4 has a good stability over 6 discharge/charge cycles.

Graphical abstract
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\ J

Keywords: Thermochemical energy storage; Solid/gas sorption; Biochar; Salt hydrate; Material characterization.
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1 Introduction

Thermochemical Heat storage (TCHS) systems that are very broad implanted in the areas of solar photo/thermal utilization,
building insulation, and industrial applications, are becoming increasingly important as a means to increase the energy efficiency
(Cabeza et al. 2021). TCHS systems have an important industrial application value to guarantee the adaptability and stability in
renewable energy implementation. TCHS systems increase the utilization efficiency as a result of their high heat storage capacity,
the possibility to achieve long-lasting energy storage period, and the negligible energy loss during storage (Carrillo et al. 2019).
Salt hydrate-based TCHS materials have emerged as the best candidate as storage material in a variety of TCHS systems, due to
the simple reaction involved (hydration), the non-toxicity, and then absence of side reactions (Lin et al. 2021; Liu et al. 2021). Most
part of TCHS operates on the principle of the reversible sorption reaction (generally water sorption), where heat is stored during
desorption (charge) and released during adsorption at a later time (discharge). To convert the system into a practical residential
application (space heating and domestic hot water generation), the TCHS material must be carefully selected. The selection criteria
for salt hydrates (N’Tsoukpoe et al. 2014; Xu et al. 2021; Zhao et al. 2022) include a high energy density, a low charging
temperature with a good mass and heat transfer (Zbair and Bennici 2021), and an improved thermal conductivity (Bennici et al.
2022). The working pair MgSO4-H20 has been getting a lot of attention (Zbair and Bennici 2021; Bennici et al. 2022) due to the
high theoretical energy density (2.8 GJ/m?) and the high deliquescence relative humidity (DRH) of 90 %. However, overhydration,
aggregate formation during rehydration, kinetic hindrance limiting mass and heat transfer, and poor cyclability (Linnow et al. 2014)
are the major drawbacks of salt hydrate-based TCHS. Consequently, the potential of the system has not yet been achieved and, due
to these constraints, the energy storage capacity is still too low. Attempting to make composites by dispersing the salt in a porous
matrix to prevent swelling and aggregation of the salt is one way to take advantage of MgSOu's great potential and overcome one
of the main materials' drawbacks: mass and heat transfer limitation. In order to achieve the goal of an efficient and low-temperature
thermochemical heat storage, it is necessary to design and synthesize novel TCHS composites that not only present excellent storage
capacity and hydration behavior, but that also assure a long hydration/dehydration cycle reliability. The goal can be reached by
finding suitable support for dispersing the salt hydrate in order to minimize the thickness of the salt deposit and consequently
improve the water molecule diffusion. A promising candidate is biochar.

In contrast to its widespread application in other domains such as conversion and storage of energy (Liu et al. 2019),
supercapacitors as well as batteries (Saning et al. 2019; Senthil and Lee 2021), to the best of our knowledge, there is no study
reporting on the application of biochar materials derived from biomass waste in the field of thermochemical heat storage by
sorption.

Biomass is predominantly composed of biopolymers such as cellulose, hemicellulose, and lignin (Tursi 2019), which serve as a
suitable carbon skeleton framework for the production of carbonaceous materials, as biochars. Bamboo bagasse (Gunasekaran et
al. 2018), cotton rose wood (Ma et al. 2020), pinewood (Jaswal et al. 2019), and so on are some example. A diverse spectrum of
biomass precursors rich in biomolecules such as carbohydrates and proteins contributes to significant scientific progress in the
development of functional biomass-based carbons (Hou et al. 2017). A particularly renewable and sustainable source of biochar is
woody biomass, such as agriculture’s waste (Giudicianni et al. 2013; Frikha et al. 2021).

Pyrolysis is a sustainable method of converting biomass into biochar and biofuels. It consists in the thermal conversion of
biomass in an oxygen-deficient atmosphere (Freddo et al. 2012; Bruckman et al. 2016). Due to its distinctive physicochemical
characteristics, the biochar has a wide range of potential uses in a variety of fields, including energy production, soil conditioning,
soil remediation, and catalysis (Ahmad et al. 2014; Nanda et al. 2016; Tan et al. 2017; El-Naggar et al. 2019; Zheng et al. 2023).
The pyrolysis temperature is the most important parameter in terms of the properties of the resulting biochar (Fang et al. 2015;
Suérez-Abelenda et al. 2017). Biochar produced at high pyrolysis temperatures (> 600 °C) has a high pH, a large surface area
(porosity), and a high aromaticity. Lower process temperatures, on the other hand, result in higher char yield and higher amount of
volatiles (that re-condense on the biochar surface) and oxygen-containing surface functions that provide higher electrical
conductivity and cation-exchange capacity (Kambo and Dutta 2015; Nanda et al. 2016; Ulusal et al. 2021).

Moreover, it should be mentioned that biomass is an entirely renewable energy source because the CO2 generated during its
combustion and utilization processes is not accounted as contribution to the atmospheric CO2 (thanks to the neutral carbon balance,
due to its biogenic origin). In other words, plants utilize CO2, which is released into the environment as a result of other plants'
decomposition processes, for growth and metabolic functions (Tkemaladze and Makhashvili 2016). Therefore, using biomass just
accelerates the release of CO:2 into the atmosphere, but do not affect the global carbon balance; once released, CO2 will be
metabolized by plants to create new biomass (Kaltschmitt 2013).

Biochar derived from biomass waste has already displayed excellency in energy storage and catalysis due to its valuable
advantages of low carbon footprint (Zhang et al. 2022), wide availability, and low cost (Deng et al. 2016; Chen et al. 2021).
Moreover, it has to be pointed out that the annual production of biomass is around 130 billion tons worldwide (Sheldon 2014); this
huge quantity assures the possibility to produce biochar in sufficient quantities for the eventual development of the TCHS sector.
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Converting the biomass waste into a support for producing TCHS materials is an interesting idea: such composites can store and
convert renewable energy through a sustainable technology, applying a sustainable material, and contributing to the sustainable
development (Ma et al. 2021).

In this study, MgSOa was incorporated into a porous biochar support derived from corncobs pyrolysis. The corresponding MgSO4
TCHS composites were synthesized, thoroughly characterized, and tested in order to achieve materials with good salt dispersion
over the support surface. Also, to gain a better understanding of the effect of MgSOa salt, studies of the hydration and energy
release behavior of the materials have been detailed.

2 Experimental
2.1 Composite materials preparation

The biochar was prepared in a pilot pyrolyzer at RAPSODEE-UMR CNRS 5302 laboratory, following the procedure detailed in
(Frikha et al. 2021). In the present case, the parent biomass was constituted of corncobs collected in the Alsace region (to answer
to circular economy issues) and dried at 105 °C for 24 h. They were then pyrolyzed at 550 °C under N2 flow of 100 mL/min. The
pyrolysis temperature was reached with a heating rate of 4 °C/min and maintained for 1.5 h. The biochar obtained after the pyrolysis
was sieved between 2.5-4 mm and labeled CC550. The obtained biochar was used as a porous support for MgSOa salt hydrate.

The impregnation method was used to deposit MgSOs (MgSOa. 7H20, 99.9 % from Sigma-Aldrich) onto the CC550 porous
support. The method consists of intimately mixing the porous support with an aqueous solution of MgSOa. Previous to
impregnation, the biochar was dried in an oven at 150 °C to remove any trace of water from the pores. The aqueous solution of
MgSO4 was then added over the dried support. The mixture was subjected to constant mixing for 4 h to homogenize the
impregnation. The obtained powders were then dried at 60 °C for 12 h and successively at 150 °C for 12 h more. 4 composites
were prepared and then labelled as xMgCC (Table 1), with x is the theoretical content of MgSO4 in the composites. The real salt
content was then verified by X-ray fluorescence.

2.2 Characterizations methods

X-Ray Diffraction (XRD) analyses were performed on the compacted powder of the samples on a diffractometer PANalytical
MPD X’Pert Pro, equipped with a Pixcel real-time multiple strip detector, operating with an angular aperture of 3.347° 20 in 3° to
80° 20 range, and using CuKa radiation with 0.15418 nm wavelength. Diffractograms were recorded at 22 °C with a step size of
0.013° 26 and a scan time of 220 s per step.

A wavelength dispersion X-Ray Fluorescence (WDXRF) spectrometer (from PANalytical, Zetium) was used to perform the
XRF measurements on pellets made of 0.1 g of the sample and 0.2 g of acid boric H3BOs.

High-resolution micrographics were acquired by a Scanning Electron Microscope (SEM) from JEOL, JSM-7900F model. The
semi-quantitative chemical analysis and atomic composition mapping of the sample was performed by means of Energy Dispersive
X-ray (EDX).

CO:2 adsorption isotherm of the biochar at 0 °C was acquired in an ASAP 2420 device from Micrometrics (Micromeritics,
Norcross, GA, USA). The sample was previously degassed at 150 °C for 12 h and then at 150 °C for 2 h directly in the measurement
cell before analysis. The specific surface area was calculated applying the Brunauer, Emmett and Teller (BET) equation (Seer).
Finally, the pore size distribution (PSD) was determined using the CO2-DFT model.

Mercury porosimetry analysis on the biochar was subcontracted to FiLAB provider that performed the analysis with a Autopore
1V device from Micrometrics. The sample was degassed at ambient temperature and at 50 pmHg pressure for 3 h. Mercury intrusion
was performed at 22 °C with a contact angle of 130 °C and a pressure range from 0.52 to 60000 psia (0.036 to 4137 bar), covering
a pore range from 350 um to 3 nm.

2.3 Hydration experiments

A Sensys TG-DSC instrument equipped with a Wetsys flow humidity generator, both from Setaram, were used to quantify the
heat delivered and the amount of water sorption of the corncob-derived biochar and the composites. The samples (15-25 mg) were
firstly dehydrated at 150 °C under a flow of dry air (30 mL/min) followed by 3 h at 150 °C isotherm to perform the dehydration.
The dehydration temperature was selected on the basis of the temperature that can be obtained in a real application by using a flat-
plate solar heat collectors (Whiting et al. 2013; Donkers et al. 2017). After the dehydration step, the sample was cooled down to 30
°C. The sample was kept at this temperature in dry air until the DSC signal attained a stable baseline. Then the relative humidity
(RH) of the air flow was increased to 60 % to begin the hydration phase. In order to reach a complete rehydration, the samples
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were hydrated during 8 hours and until the DSC signal returned to the baseline. The samples' hydration heat (J/gsampie) Was deduced
from the surface's integration beneath the DSC signal during hydration.

3 Results and discussion

3.1 Textural and structural properties of the composite materials

Table 1 summarizes the chemical composition obtained by WDXRF (2™ column). The support was characterized by CO2
manometric adsorption and the isotherms were collected at 0 °C. Figure 1a and b respectively display the CO2 adsorption isotherm
and the pore size distribution (PSD) of the biochar. PSD was obtained by applying the CO2-DFT model. The PSD clearly showed
the microporous structure of the biochar and, in addition, the existence of ultramicroporosity (conventional for biomass-derived
carbon materials). Three populations of pore size were detected: the first centered at 0.56 nm with a sharp and clear peak, and two
others centered at 0.82 and 1.00 nm. The specific surface area Sger and the pore volume V;, were then determined, and the result
showed Sger = 175 m?/g and V = 0.06 cm?/g, due to the ultra-micro and microporosity.

Table 1 Amount of salt determined by XRF and hydration experiments results

MgSOj4 content Heat released Water adsorption (g/g)
Sample
(Wt%) (J/gsample)
CC550 0.0 183 0.07
5MgCC 4.42 360 0.13
10MgCC 9.10 426 0.16
15MgCC 12.60 574 0.21
20MgCC 19.51 635 0.24
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Fig. 1 (a) COz adsorption isotherm and (b) Pore size distribution of CC550.

The biochar support was also characterized by mercury intrusion porosimetry to probe also the macroporosity. The estimated
total pore area due to macrospores was 78.4 m%/g (this surface was estimated considering perfectly cylindrical pores). Figure 2a
shows the distribution of the macropores sizing from 300 pm to about 0.01 um; 3 main pore size ranges were identified. The first
was centered at 8 um (in the 20 to 3 pum range), the second at 0.37 um (characterized by a band in the 0.7 to 0.18 pm range) and
the third at 0.07, with a band between 0.18 and 0.01 um. The first two pore size populations, observed on the left side of Fig. 2a,
correspond to the inter-particle filling between the granules. This result shows that the biochar support possess a macroporosity
network in addition to micropores. This can provide an accessible surface for the salt that can be homogeneously dispersed into the
macropores. The possibility to charge into the support higher amount of salt allows to reach higher heat capacities. Moreover, if
the salt can be efficiently dispersed on a larger accessible surface, the mass transfer is potentially ameliorated due to the thin layer
of'salt deposited. As a result, hydration kinetics can be improved. The other four composites were also characterized by Hg intrusion
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and the results are shown in Fig. 2b. The pore size distribution of all 4 composites shows 2 main peaks located in the macropore
range: 3 pm and 40 nm. A significant decrease in the 3 pm peak can be observed as the salt content increases. The decrease in the
3 um peak also led to a reduction by 15 % in terms of total porosity (from 70 % to 55 %) and more than 50 % (from 1.89 to 0.81
cm?/g) in terms of pores’ volume.
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Fig. 2a Pore size distribution resulted from Hg porosimetry analysis of the biochar support.
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Fig. 2b Pore size distribution resulted from Hg porosimetry analysis of the 4 composites.

XRD is a powerful method to investigate the eventual presence of crystalline impurities on the biochar and to identify the salt
hydrate phases. The XRD patterns of all samples (Fig. 3) display an amorphous graphite peak at 23 °26. This peak is less visible
in the most charged sample (20MgCC). Three tiny sharp peaks can be identified at 28, 30 and 40 °20 in the XRD pattern of the
biochar support, which were assigned to Sylvite KCI. Prakongkep et al. (Prakongkep et al. 2015) investigated 14 biochars made
from agricultural wastes like corn cobs and found that K-minerals are contained in most of them, including Sylvite KCI. However,
those peaks were no anymore present in the XRD patterns of the composites. KC1 was probably removed or overlapped during the
MgSO4 impregnation procedure. According to the database of X'Pert HighScore Plus software, the XRD patterns of the 15MgCC
and 20MgCC samples showed sharp crystallinity diffraction peaks that were identified as MgSOa. 1.25H20 (Ref. Code: 00-028-
0631), indicating that the dehydration at 150 °C was partial, as expected (van Essen et al. 2009). The intensity of the diffraction
peaks indicates that more MgSOa. 1.25H20 crystallites were found in the 20MgCC sample. This can be explained by the fact that

117



more salt was deposited on the surface of the biochar, resulting in clusters or thicker layers of MgSOa salt that are more difficult to
dehydrate. It should be noted that, to our knowledge, no literature has illuminated the formation of MgSOa. 1.25H20 (Ref. Code:
00-028-0631) on supported MgSO4. The confinement of the salt into the porous structure of biochar might be the reason for the
stabilization of this phase.
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Fig. 3 XRD patterns of CC550 and its composites.

SEM analyses were performed to investigate the morphology and salt deposition homogeneity on the biochar surface. According
to Fig. 4, an irregular macropore network is observed, which confirms the results of Hg porosimetry. SEM analyses were also
performed for the synthesized composites, and for further information, EDX mapping was conducted to analyze the salt distribution
at the biochar surface. As shown in Fig. 5, for the SMgCC composite, the MgSOs salt was deposited both on the external surface
as well as inside the macropores. When the salt loading content started to increase, the macropore entrance became less and less
accessible, as it can be observed by the SEM picture in Fig. 5 for the different composites at increasing salt content. EDX mapping
showed in each case a homogeneous deposition of the salt on the external surface. Unfortunately, it is not possible to visualize the
salt inside the pores: due to the deepness the electron beams cannot probe the internal surface (see Fig. S1-S4 in Supplementary
Information file).
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Fig. 4 SEM images of CC550.
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Fig. 5 SEM images of the synthesized composites at different salt content.

3.2 TG-DSC analysis for hydration behaviors

The heat of hydration (Fig. 6a) and the water adsorption capacity (designated as “we” in Equation (1)) (Fig. 6b) were calculated
from the variation of the heat flow and the mass of the sample as a function of time.
= —”";n ;"d (1)

where we is the water adsorption capacity (gn20/gsample OF g/g in short), mn (g) and md (g) correspond respectively to the final
mass of the hydrated sample and the dehydrated sample.

We

The biochar support CC550 adsorbed 0.07 g of water per gram of dry composite with a corresponding heat release of 183 J/g.
The 5MgCC composite with 4.4 % MgSO4 released 360 J/g of energy (water adsorption 0.126 g/g). As the salt concentration
increased up to 19.5 % (20MgCC composite), the heat production and the water uptake of the composites continue to increase to
over 635 J/g and 0.235 g/g in water adsorption capacity for the 20MgCC composite. By the observation of the hydration curves, it
can be observed the hydration process is relatively fast and that the isotherms quickly reach a plateau respectively after 2 and 3
hours for the support and the 5SMgCC composite. Differently, the beginning of the hydration process presents a lower rate (lower
slope of the isotherm) for the other composites; even after 8 hours of hydration, the plateau (complete hydration) was not attained.
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Fig. 6 (a) Hydration behavior and (b) Water adsorption curves of biochar support and synthesized composites (Tdischarge = 30 °C;

RH = 60 %; 8 h of hydration)

Table 2 reports on the heat released by the biochar support and the four composites expressed as J/gcomp and J/gwater. The heat
released by the biochar is close to the water condensation heat (vapor — liquid) at 30 °C, which is about 2 400 J/gwater (Ayou et al.
2014). This means that the heat released by the biochar is related to the condensation of water vapor on the biochar surface. The
heat released (in J/gwater) by the biochar and related composites is plotted as a function of the salt content in Fig. 7a. The curve
shows an increasing trend which tends to reach a value between 2 900 and 3 200 J/gwater (Grevel et al. 2012) corresponding to the
hydration of the salt from monohydrate to hexahydrate and from monohydrate to heptahydrate, respectively. From this observation,
one can conclude that after the hydration process, the final hydration state is between 6 and 7 molecules of water. Similar to the
heat release behaviour, the water adsorption has also been plotted as a function of the salt content, showing a linear increasing trend
(Fig. 7b). These results prove that all the composites adsorb water vapor in a similar manner regardless the amount of salt deposited
on the biochar support (no apparent mass transfer limitation).

Table 2 Heat released during the hydration of the biochar and its composites

Sample Heat released (J/gcomp) Heat released (J/gn20)
CcC 183 2607

5MgCC 360 2854

10MgCC 426 2940

15MgCC 574 3031

20MgCC 635 3100
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Fig. 7b Water uptake of the materials as a function of the salt content

Table 3 compares the performance of the 20MgCC sample with other compositestorage materials (also impregnated with MgSO4)
reported in the literature. Supporting MgSOas on the corncob biochars seems to give origin to composites with a higher heat storage
capacity than other composites previously reported (even when containing higher quantities of salt).
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Table 3 Comparison of 20MgCC with other sulfate-based composited in the literatures.

Energy storage density

Composite materials Operating conditions ) /E) Reference Year
Thya =30 °C; .
20MgCC RH = 60 % 635 This work 2022
20-MgSO4/HAP Thya=30°C; RH=60% 464 (Nguyen et al. 2022) 2022
773
60-MgSOa4/Diatomite (D60) Thya =25 °C; RH=280 % (Zhang et al. 2021) 2021
fg'Gl\;[g)SO“/ Expanded  graphite - _55oc RH=85% 4964 (Miao et al. 2021) 2021
1 0,
g/([)g;OM 13x with %MgSO4 up 10 1. ' »5oc RH=60%  510-575 (Wang etal. 2019) 2019
0
MgSOas/zeolite Modernite Thya=22°C; RH=56% 507 (Whiting et al. 2013) 2013

3.3 Hydration kinetic modeling

Various kinetic models are available in the literature and have been applied for the study of the kinetics of
hydration of sorbernt materials (Wang and Guo 2020). Among the models, the intra-particle diffusion model
(Fig. 8a), described by the equation here below, achieves good numerical approximations when applied to the
hydration of biochar and related composites and better describes the physical phenomena involved during the
water uptake.

qr =k xt*5+C

with k; intra-particle diffusion rate constant (g.g"'.h-%)
t the hydration time (h)
C represents the material transfer resistance (g/g)

This model assumes the diffusion of water on composites with a homogeneous dispersion of the salt. As shown
in Fig. 8b, the amount of water adsorbed is a linear function of the square root of the hydration time for all the
materials. The intra-particle diffusion rate constant of each material was then deduced and showed a similar
outcome between 0.09 and 0.11, for all samples. These results validate the model assumptions and confirm that
the intra-particle model provides a good description of the hydration phenomena for this type of materials.

intra-particle diffusion

Fig. 8a Representation of the intra-particle diffusion model.
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Fig. 8b Water uptake as a function of the square root of the hydration time.

3.4 Cyclability and Stability

In order to test the cyclability of the best-performing composite, the 20MgCC sample was submitted to 6 consecutive cycles of
hydration (30 °C and an RH of 60%) and dehydration (150 °C). The heat released after each cycle was recorded and compared to
the previous ones in order to check if the hydration behaviour was the same. Figure 9 shows a negligible variation in the heat
released and water uptake, confirming the good cyclability of the composite. Figure 10 shows the EDX images after 6 cycles of
20MgCC. The salt remained still well dispersed on the support, confirming the stability of the synthesized 20MgCC composite.
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Fig. 9 Heat released of the composite 20MgCC for 6 successive cycles of dehydration/hydration.
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Fig. 10 SEM/EDX images of the composite 20MgCC after 6 cycles.

4 Conclusions

In this work, we synthesized a novel series of composites based on an agriculture waste (corncob) to be applied as long-term
heat storage material. The composites were synthesized by impregnating MgSOa4 onto the corncob biochar and then characterized
by a series of physico-chemical techniques (XRD, BET, SEM). The CO: sorption results show that the support has a small
microporous surface (175 m?/g), and that present an enhanced macroporous structure. This feature can potentially allow to
homogeneously deposit a larger quantity of salt. The 20MgCC composite with an energy storage density of 635 J/g (Tass = 30 °C
and RH = 60 %) was the best performant composite of the prepared series. The mechanism of the hydration of the synthesized
composites results well described by the intra-particle model, where the molecule of water diffuses through a homogeneous layer
of salt deposited on the surface and inside the larger pores. Moreover, the cyclability of the MgSQOua/biochar composites was
confirmed on the 20MgCC composite that resultant still stable after 6 hydration/dehydration cycles.

Finally, the good results obtained using biosourced materials (corn cob derived biochar) as a constituent of heat storage
composites demonstrate the possibility of pushing the green management of thermal energy even further. Given the impact of
material precursors on carbon footprint, the ability to apply circular economy practices to biomass supply, and overall system
sustainability, it becomes critical for the long-term development of the thermochemical heat storage sector. The large availability
of biomass types to produce biochars opens a new way in the research of more environmentally friendly heat storage materials.
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Figure S2. SEM images and EDX mappings of 10MgCC.
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Fast hydration kinetics and remarkable heat storage capacity of
new binary salt materials for heat storage applications.
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Résumé

Des granulés de carbone activé commercial F22W ont été choisis comme support en raison de
leur surface spécifique élevée, de leur plus grande conductivité thermique comparée a celle
d’autres matériaux adsorbants et, bien slr, pour leur faible colt. Deux séries de composites
ont été preparés : I’une contenant classiquement du MgSOs (20 %, 40 % et 60 % en masse) et
I’autre par imprégnation de deux sels hydrates (MgSO4 et MgCl2 en proportion 4 :1 et avec
les mémes concentrations totales en sels choisies pour la série contenant le MgSOa seul).
L’analyse des isothermes d’adsorption / désorption d’azote montre que tous ces composites
sont des matériaux microporeux. La surface spécifique du carbone activé F22W est de 962
m?/g et diminue a 405 m?/g pour le composite mono-sel contenant 60 % de MgSO4 et a 188
m?/g pour le composite bi-sels contenant 60 % du mélange (MgSO4 + MgCly). Les résultats
de sorption d’eau montrent que, pour une méme teneur en sel, la présence de MgCl, améliore
les performances du composite de 24 %. Pour des conditions de réhydratation expérimentales
de 30 °C et 60 % d’humidité relative, les molécules de MgCl» sont théoriqguement sous forme
hydratées (I’humidité relative de déliquescence a 30 °C est de 33 %) et pouvant
potentiellement former une solution saturée. Cette solution pourrait alors servir de chemin
préférentiel pour I’eau afin d’atteindre les couches inférieures de MgSOs (peu ou pas
atteignable dans le cas du sel pur). Cet ajout d’un second sel permet d’exploiter davantage la
capacité stockage du MgSOa et donc améliore notablement la performance des composites
étudiés.
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Abstract

Applying thermochemical heat storage (THS) systems is a strategy for solving the
temporal mismatch between the recovery and the supply of renewable thermal energy.
Salt hydrates are good candidates as storage materials, but they present a main
drawback: the maintaining of the storage heat capacity during successive cycles. New
composites with improved heat storage capacity were prepared by depositing inorganic
salt hydrates on a porous carbon (PC) support. A series of composites based on mono
salt (MgSO4) or binary salt (MgSO4-MgClz) on PC were studied by
thermogravimetric/differential scanning calorimetry (TG/DSC). The effect of the deposition
of a mono or binary salt is discussed in terms of structural and textural characteristics,
water sorption and heat release capacity. The hydration of the binary salt composites
revealed a faster hydration kinetic and water adsorption capacity than those of the mono
salt composites. Furthermore, in terms of water uptake, PC_60binary (0.75 g/g)
surpassed PC_60MgSO4 (0.48 g/g). The kinetic investigation revealed that the addition of
MgCl> improves the mass transfer. Besides, the evolutionary tendency of the heat
released follows the same trend as the water uptake. The heat released by PC_60MgSOa4
achieves 52 % (1356 J/g) of that obtained by pure MgSOa. However, by impregnating PC
with 60 % binary salts, the heat produced reached 70 % (1840 J/g) of the heat released
by the pure mixed salt, which is an interesting outcome. All of these findings suggest that
the newly developed binary salt composites present a remarkable chance to be used in
long-term heat storage applications.

Keywords: Thermochemical heat storage; Water sorption; Composite; MgSO4; MgCl»

Highlights
- A new composite heat storage material has been synthesized by wet impregnation
using porous carbon and two salts (MgSO4 and MgCly).
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- The physicochemical properties of prepared composite materials were studied.

- The hydration kinetics and water uptake of various samples were studied.

- The heat released that was achieved is equal to 1840 J/g.

- The binary salt impregnation on carbon enhances mass transfer, water uptake and
heat release significantly.

1. Introduction

Any country's socioeconomic development is inextricably tied to its per individual energy
consumption. A reasonable and prudent energy consumption is required at the present
and in the future. Energy demands are rising on a daily basis as a result of technological
advancements and population growth. Due to the scarcity of traditional energy supplies
as well as environmental degradation, attempts have been made to find clean, renewable
solutions to human energy demands and minimize carbon footprints. Scientists and
engineers are currently attempting to develop new energy technologies or upgrade
existing ones to make them more efficient.

Solar energy is abundant and widely used in many regions of the world, with significant
yearly growth rates [1]. This source of energy may be used for a variety of purposes,
including heating, fuel production, and direct power generation. Because of their easy
design and installation, solar thermal utilization systems are widely employed. Solar
energy's fluctuating and intermittent supply is a significant barrier to its widespread
adoption [2]. Thus, thermal energy storage (TES) is a concept that has gained a great
deal of attention, because of the importance of balancing heat supply and demand. In
general, there are three types of TES: sensible heat storage [3,4], latent heat storage (e.g.
phase change materials) [5-7], and thermochemical heat storage (THS) [8-10].
Presenting a very high heat storage density, THS is the most promising technique for low-
temperature applications. Furthermore, THS method stores heat nearly without loss,
which is advantageous for long-term heat storage [11]. THS is further categorized into two
types: thermochemical sorption heat storage and thermochemical reaction heat storage
[12]. The adsorbate uptake occurs on the adsorbent surface, which may be operated at a
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medium-low temperature [13]. The latter, on the other hand, necessitates a high-
temperature heat source (> 200 °C) to generate strong chemical bonding of reactants [14—
16]. As a result, thermochemical sorption heat storage is more in line with the goals of
industrial waste heat recovery and solar energy usage at medium-low temperatures.
Thermochemical sorption heat storage, being a form of THS, also has the benefit of a high
heat storage density. Thermochemical sorption can be used for long-term heat storage as
well as combined cold and heat storage. Consequently, thermochemical sorption heat
storage technology has gotten a lot of interest in the last few years.

Energy storage material development is critical to palliate the energy shortage situation,
lowering the use of non-renewable energy, and increasing the energy efficiency [17,18].
The field of energy materials known as TES materials is indeed very critical. During the
conversion and consumption of heat, there is frequently a constraint due to the fact that
the supply and the demand of energy do not match in time and space. The use of TES
material can successfully resolve the aforementioned issue. Inorganic salt hydrates got a
lot of interest because of their high heat storage density. The heat storage systems based
on pure inorganic salt hydrates, on the other hand, would face issues such as
overhydration, deliguescence, and formation of aggregates, resulting in limited heat
storage and poor cyclability [18]. Much research has shown that adding hydrated salt into
a porous matrix can improve the sorption rate. Furthermore, the porous host matrix has a
large pore capacity, allowing the deposition of a considerable quantity of salt, while
avoiding deliquescence [19,20]. The use of porous materials has been acclaimed for the
possibility to efficiently disperse the salt, to limit the deliquescence phenomena, and to
increase mass and heat transfers [21-23]. Aristov team [24] developed a class of novel
materials named "hygroscopic salt inside a porous matrix with open pores." The salts are
in a distributed state rather than a bulk state, which prevents swelling and agglomeration
and speeds up the mass and heat transfers. The pore structure and chemical composition
of the host matrix materials have considerably affect the heat storage efficiency of the
resulting salt/porous matrix composites [25], implying that the host porous material
selection is critical. As a result, sorbent materials such as silica gel [26], hydroxyapatite
[27], zeolite [28,29], activated alumina [30], vermiculite [31], MOFs [32], and expanded
graphite [33,34] have aroused a lot of interest as a matrix for hydrated salts. Despite the
development of a wide range of new composite sorbents for heat storage [16,35-38],
there is still a substantial gap between the materials’ design and their potential
implementation.

For instance, many studies have been conducted to investigate the hydration behavior of
MgSOas-zeolite composites for long-term heat storage [39,40]. It was discovered that the
guantity of water sorbed and the heat released during the hydration process are affected
by the humidity, the hydration temperature, and the charging temperature [39]. The
guantity of sorbed water and the hydration rate of the composites increase significantly as
the relative humidity (RH)increases. The hydration extent of MgSOas-zeolite composites
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decreases when the air temperature rises over 50 °C [40]. Most zeolites have a charging
temperature (dehydration temperature) higher than 200 °C and low thermal conductivity,
which may limit their use in the presence of low temperature heat sources [41]. Zhang and
coworkers [42], synthesized a composite based on mesoporous alumina and LiCl for TES
applications with a target charging temperature of 120 °C. The obtained data revealed
TES densities up to 1040 J/g. Despite this promising result, only around 15 % of the salt
could be loaded into the matrix; the low porosity, limited the possibility of further increasing
the TES density. Shi et al. [32] studied 17 continuous adsorption/desorption cycles
composites on CaCl>-based metal-organic frameworks (MOFs); they pointed out a high
heat storage (1274 J/g) accompanied to a reasonable stability. Nevertheless, the practical
application of MOFs is limited by their low hydrothermal stability [43]. Aristov team [44]
investigated the water sorption process on expanded vermiculite/CaCl, composites,
claiming that impregnation of CaCl> into expanded vermiculite may boost the water
sorption capacity even at low water vapor pressure. However, the surface area of
expanded vermiculite is limited (9 m2/g), making this support inappropriate for salt
deposition.

The review of the foregoing literature clearly shows that more advancements need to be
accomplished in heat storage materials’ development. However, numerous shortcomings
must be corrected, such as heat and mass transfer limitations and the materials’
hydration/dehydration cycling.

According to the literature, when designing composites, porosity, both micro and meso, is
an absolute requirement. If the pores are too small (ultra-micro- and micro-pores), the salt
may occlude them, which prevents water vapor diffusion and reduces the capacity of
storing heat. Alternative materials have been also considered, like mesoporous activated
carbon [23] and silica gels [45], that have shown to be effective supports. Aside from the
high surface area and well developed porosity, a good thermal conductivity is an important
factor to consider in the choice of the optimal support. This parameter is crucial for
optimizing the heat transfer. The thermal conductivity of activated carbon was found to be
significantly higher than that of the other sorbents (silica gels, zeolites, MOFs and so on),
reaching up to 0.75 W/(mK).

The idea of using activated carbon as a host matrix for heat storage is of a great interest.
The active carbons can be produced easily from waste biomass and is more cost effective
than MOFs, silica gel and zeolite. Active carbons are also highly porous with a high
thermal stability. Their hydrophilicity can be controlled by choosing the starting material
and the pyrolysis conditions. Chemical modification can be also made thanks to the active
carbons’ richly functionalized surface.

Each salt presents its own benefits and drawbacks. Two or three appropriate chemicals
may be combined to make a binary/ternary salt mixture with the aim to increase the
performance and the stability in heat storage applications. To achieve a good
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performance, a hydrothermal stable salt with a high DRH is combined with a little amount
of a highly deliqguescent salt. Sulfate and chloride are the most adapted choice for making
this combination. Chloride is hygroscopic and easy to overhydrate during the hydration
reaction, reducing the hydration reaction’s stability. Sulfate, on the other hand, present an
incomplete hydration reaction and a weak reaction kinetics due to poor water vapor
transfer. By combining these two kinds of salts, the dehydrated sulfate is partially
dissolved in the chloride hydrated salt solution, resulting in a greater hydration state. This
prevents the instability induced by excessive chloride hydration and enhances the kinetics
of the sulfate hydration reaction.

To choose the appropriate salt for heat storage systems, the costs, the potential risks for
human health or for the environment, the thermostability in the temperature range in which
it will be used, and the value of the heat storage density should be considered.

Magnesium sulfate (MgSO4) has been thoroughly studied and proved to be the most
adapted salt hydrate for heat storage system in terms of storage temperature, high heat
storage density, ease of use, cheap cost, and nontoxicity. However, due to slow reaction
kinetics, the theoretical hydration heat cannot be reached, and the hydration of bulk
MgSOs is generally incomplete [46]. Furthermore, Hongois et al. [47] found that at 55 °C,
MgS04.6H.0 undergoes a phase’s modification from crystal to amorphous; the water
vapor transport rate is then strongly slowed down. Van Essen et al. [48] demonstrated
how RH and temperature have a significant impact on the kinetics of the MgSO4-H>O
system, despite the fact that no specific kinetic model was evaluated using the acquired
experimental data. In the same direction, Linnow et al. [46] noted that the formation of a
layer of anhydrous MgSO4 may give rise to MgS0Oa4.H20 that is difficult to hydrate, thus
further decreasing the hydration kinetics. This layer prevents water molecules from
reaching the unreacted material, which slows down the reaction. During their investigation
of the water migration from MgSOs salt crystals, Donkers et al. [49] made the hypothesis
that during dehydration, the creation of fissures in the salt creates a pathway for water to
leave (dehydration of salt). However, the impacts on the reaction kinetics were not
specifically addressed.

As a result, binary salts have been recommended as a solution to this problem. Mixtures
of two or more inorganic salts present better kinetic properties than the single salts [50].
MgSO4—Na>S0O;4 [51], and MgSO4—SrCl, [52] are among the salt hydrates employed to
create salt mixtures (supported or not) to produce a new composite family based on
MgSO4. Rehman et al. compared pure MgSO4 and ZnSO4 to MZx composites (MgSOa:
90% and ZnS0O4: 10%) and found that the MZx composite exhibited 34% and 48% higher
hydration of the respective single salts [39].

Magnesium chloride (MgCl2) [18,29] is usually used as heat storage material and is a
strong hygroscopic salt, indicating easy deliquescence. The water sorption mechanism
includes hydration, deliquescence, and absorption; MgCl> can absorb more water than in
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the case of non-deliquescent salts, although the related composites are subjected to liquid
leakage. To address these disadvantages, several investigations have combined MgCl»
with other salts, such as CaCl>—MgCl: [11], MgCl>-KCI-NaCl [53] and MgCl2-6H20 with
NH4AI(SO4)2:12H20 or KAI(SO4)2:12H20 [54]. In order to increase salt cycle stability,
Rammelberg et al. [11] mixed various salt hydrates. The results showed that under certain
conditions, the cyclability, mass, and enthalpy balances of the produced salt combinations
improved notably for the CaCl, and MgCl, salt hydrate mixtures. Nonetheless, further
study should be conducted to find the optimal mixing ratio and better understand the
synergies.

Apart from employing pure salts, the most frequent way for improving heat and mass
transfer in heat storage materials is to impregnate the salts into a porous matrix. Only a
few number of studies deal with mixed salt integrated into a porous matrix. For this reason,
the present research is directed to the study of the physicochemical features and hydration
kinetics of various composites based on mono (MgSO4) and binary (MgSOs-MgCly)
prepared on a porous support. The porous matrix considered is a porous carbon. MgSO4
was selected for its high heat storage density; MgCl. to improve the mass transfer. The
goals of this paper are to create two series of composites (mono-salt and binary-salts) by
impregnating the carbon material with various amounts of MgSOa4 or MgSO4/MgClz. The
guantity of heat released was directly measured for two subsequent cycles of
hydration/dehydration. Furthermore, kinetic models were applied to the experimental
hydration data in order to better understand the relationship between the examined
composites' physicochemical features and the heat released performances.

2. Experimental

2.1. Preparation of composites

The carbon material selected as support is a porous carbon (PC) F22W. First, the PC was
washed and filtrated multiple times with abundant water on a Biichner funnel until reaching
a steady pH of 6.9 in the filtrate. The PC was then dried in an oven at 150 °C for 12 hours
to achieve total dehydration. Then, the composites were prepared by wet-impregnation of
a solution of the mono salt (MgSOs) or of the binary salt (MgSOs and MgCly).
MgSOas-7H20, from Sigma-Aldrich, was deposited at different loadings (from 20 to 60 wt%
of MgSOQOa4). Binary salt impregnation was done by setting the mass proportion of MgCl»
to 20 % in all preparations (80 %MgSO4 + 20 %MgCl> = 100 %) for a total amount of salt
respectively of 20, 40, and 60 wt% (see Table 1). Then, the obtained composites were
dried for 12 hours at 100 °C. Fig. 1 summarizes schematically visualize the preparation
steps.
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Table 1. Description of prepared composites.

Host support Salt hydrates Salt content (wt%) Labelled
20 PC_20MgSO,
MgS0O..7H.0 40 PC_40MgSO4
60 PC_60MgSO.
16 wt%MgSO4 + 4
Porous carbon (PC) MaSO. 7H.O and wt%MgCl» BC 20bi
gt (2 an 32 Wt%MgSOs + 8 —eLbinary
MgCl,.6H,0 %MaCl PC_40binary
(binary) WEONIgLT2 PC_60binary
48 wt%MgSO4 + 12
wt%MgCl;
@ wgc,
@ Mgso,
@ salts 'X’
@ Salts 'Y’
(/5 KO > Y0
\\ Impregnation ’\% y
— >

Fig. 1. Preparation of composite materials.

2.2. Physicochemical characterizations methods

X-ray Diffraction (XRD) investigations of the two series of composites' compacted powder
(mono and binary) were performed on a PANalytical MPD X'Pert Pro diffractometer
equipped with a Pixcel real-time multiple strip detector and operating with an angular
aperture of 3.347° 26 in the 3° to 80° 26 range, and using CuKa radiation with a 0.15418
nm wavelength. Diffractograms were taken at 22 °C with a step size of 0.013° 26 and a
scan period of 220 s per step.

Using a wavelength dispersion X-ray Fluorescence (WDXRF) spectrometer (from
PANalytical, Zetium), XRF experiments were carried out on pellets constituted of 0.1 g of
the sample and 0.2 g of binder (boric acid, H3BO3) material.
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A JEOL JSM-7900F Scanning Electron Microscope (SEM) was used to capture high-
resolution micrographics. Energy Dispersive X-ray (EDX) was used to map the
composite's atomic composition and distribution and perform a semi-quantitative chemical
analysis.

Using a Micrometrics ASAP 2420 equipment, nitrogen physisorption isotherms of porous
carbon and composite materials were measured at -196 °C (Micromeritics, Norcross, GA,
USA). Prior to analysis, the PC and composites were degassed at 150 °C for 12 hours
and then again for 2 hours in the measurement emplacement. The Brunauer, Emmett,
and Teller (BET) equation (Sget) (0.01< p/p°<0.40) was used to calculate the specific
surface area. Applying the t-plot approach, the microporous volumes (Vm) and
microporous surface (Sm) were calculated (thickness range: 0.35-0.50). Finally,
calculations based on density functional theory (DFT) were used to establish the pore size
distribution (PSD).

2.3. Water sorption and calorimetric experiments

The heat generated by the porous carbon and its composites (as assessed by differential
scanning calorimetry) and the quantities of water sorbed (as determined by the
microbalance) were measured with a Sensys TG-DSC instrument associated to a
Setaram humidity synthesizer (Wetsys). The samples (4 mg) were first dehydrated at 150
°C by gradually raising the temperature from 30 to 150 °C at 5 °C/min in a flow of dry air
(30 mL/min), and then the temperature was kept at 150 °C during 3 h to guarantee the
more extended dehydration at this temperature. After the dehydration step, the samples
were cooled down at 30 °C and let under dry air until reaching a stable thermal (DSC
signal) baseline. The air flow's RH was then raised to 60 % (2.55 kPa). The hydration
procedure was carried on during 8 hours to fully rehydrate the material; total rehydration
was achieved once the DSC signal reverted to the baseline. The hydration/dehydration
conditions were chosen to be closer to those of a real home application. Flat-plate solar
heat collector can provide temperature of 150 °C [55,56], while 30 °C [57] is the closest
temperature to the indoor air temperature during the discharging phase at which the
differential calorimeter can be stabilized. Blank experiments were carried-on in the same
conditions with empty crucibles and subtracted from the sample experiment. All
experiments were done in duplicate.

3. Results and discussion
3.1. Structural, textural properties of the composite materials

In order to verify the eventual crystallization of the salts deposited on the PC in the case
of mono-(MgSQOa4) and binary-salt (MgSO4 and MgCl,) composites, XRD analyses were
performed. In Fig. 2, the XRD pattern of PC showed two broad bands. The first, in the 18-
32 °20 range corresponds to the (002) plan of carbon, while the second, centered between
42 and 48 °20, can be assigned to the (100) plan, both characteristic of amorphous
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Intensity (a.u)

PC

carbon [58]. In addition, always in Fig. 2, several diffraction peaks related to the presence
of SiO> were detected at 26 = 20.80, 36.50, 49.45, and 59.68°. On all the composites
containing MgSQ4, the presence of crystallized MgSO4 at different hydration state was
found. For the sample containing 20 % of MgSOa, two different small peaks were visible
at 18°, 28°, and 35° and 20° assigned respectively to MgS04.1.25H,0 (Ref. code: 00-028-
0631) and MgSO4 .6H>0O (Ref. code: 00-001-0354) according to the database of X'Pert
HighScore Plus software (Fig. 2a). In the PC_40MgSOsand PC_60MgSO4samples peaks
attributed to three different hydration states of MgSOs (MgSOs .1.25H,0, MgSOg4
4H20, and MgSO4 .6H20) were present. In the case of binary-salt composites (Fig. 2b),
the patterns of MgS0O4.1.25H,0 and MgSO4.6H20 were detected. Only MgS0O4.4H>0O was
not found. No peaks related to crystallized magnesium chloride were visible on all binary
samples. This is probably due to the amorphous character of all or part of the MgCl>
deposited on PC.

e Quartz - Si0, (b) e Quartz - SiO,
° [ ]
+ MgS0,.1.25H,0 * MgS0,.1.25H,0
= MgSO,.4H,0 = 4 MgSO,.6H,0
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Fig. 2. a) XRD patterns of PC and its composites prepared by the impregnation of mono
salt MgSOs4, b) XRD patterns of PC and its composites prepared by the impregnation of
binary salt (MgSO4 and MgCly).

The exact salt content of the composites, as determined by XRF, is shown in Table 2.
The content of each salt in the binary salt composites is as follows: PC_20binary (15.8
wt%MgSO4 + 2.8 wt%MgCly), PC_40binary (32.5 wt%MgSO4 + 6.07 wt%MgCl2), and
PC_60binary (43.5 wt%MgSO4 + 15.1 wt%MgCly).

Fig. 3 (a) depicts the N2 physisorption isotherms of porous carbon (PC) and produced
composites. According to the IUPAC classification [59], all composites' sorption isotherms
are of type | (Fig. 3a and 3c), indicating the presence of a microporous network. The type
| isotherm is usually associated with microporous materials with a tiny exterior surface,
although some small mesopores can be found in the PC due to a little increase in N>
adsorption at high relative pressure after filling the micropores [60]. According to the
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isotherm plots of the mono-salt composites (Fig. 3a), the quantity of N> adsorbed reduces
when the amount of MgSOa increases from 20 to 60 %, suggesting the filling or obstruction
of pores by the salt. As a result, the surface specific area of PC_60MgSO. decreases from
962 m?/g, for the bare PC support, to 405 m?/g, for the composite. In the same way, the
microporous volume was reduced by 52 % (Table 2). According to the isotherm plots, also
for the binary-salt composites (Fig. 3c), increasing the quantity of binary salt (MgSOa4 +
MgClz) from 20 to 60 %, lowered the amount of N2 adsorbed, suggesting the filling or
obstruction of pores by the salt. As a result, the surface specific area dropped down by 80
%, from 962 m2/g (PC) to 188 m?/g (PC_60 binary). The impregnation of binary salt onto
PC resulted in a 76 % reduction in microporous volume (Table 2).
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Fig. 3. a) N2 physisorption of PC and its composites prepared by the impregnation of
mono salt MgSOyg; b) Pore size distribution of PC and its composites prepared by the
impregnation of mono salt MgSQa; c) N2 physisorption of PC and its composites
prepared by the impregnation of binary salt (MgSO4 and MgCl); d) Pore size distribution
of PC and its composites prepared by the impregnation of binary salt (MgSO4 and
MgCly).
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Table 2. Textural characteristics of PC and composites (mono- and binary-salts).

Salt

Sample content SSETa Szm A \Q . V;“ A

(Wt9%) (m?g) (m?g) (cm/g) (cm®/g)

PC - 962 852 0.451 0.343
PC_20MgSO4 18.1 559 526 0.275 0.209
PC_40MgSO4 32.9 533 502 0.250 0.200
PC_60MgSO4 42.8 405 401 0.242 0.162
PC_20binary 18.6 600 543 0.303 0.217
PC_40binary 37.5 532 495 0.289 0.201
PC_60binary 58.6 188 188 0.131 0.082

@ Determined using the BET equation at p/p° between 0.01 and 0.40.
b Calculated using the t-plot method with thickness range 3.5-5 A.
¢ Calculated from the amount of N, adsorbed at p/p°=0.99.

Fig. 4 displays the correlation between the mono- or binary-salt content versus the pore
volume (Vi) and the specific surface area (Sger). The decreasing of the surface area is
due to pore obstruction that prevents the N2 molecule to adsorb on the interior surface;
the two curves have very similar decreasing trends. The lower Sger indicates the
decreasing of the surface area accessible to the water molecules during the hydration
process that impacts the heat storage capability. So, when preparing these composites,
there the need to find a balance between the quantity of salt to be deposited and the
maintaining of a relatively high surface area and porosity.
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Fig. 4. Effect of MgSO4 content (a) and MgSO4 and MgCl content (b) deposited into
porous carbon on total pore volume and specific surface area of each studied sample.

SEM and EDX mapping analyses were used to study the morphology and uniformity of
salt impregnation. To begin, EDX mapping of porous carbon indicated the presence of Si,
as determined by XRD analysis (Fig. 1S) (Supplementary Information file). Fig. 2S shows
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the EDX mapping images for samples containing 20, 40, and 60 %MgSOas. For the PC
40_MgSO4 composite, the homogeneity of the salt impregnation on the PC support can
be validated. Each examined element (C, S, O, or Mg) are homogeneously distributed as
shown in the cartographies (Fig. 2S). Nonetheless, the presence of MgSOa-rich zones on
the PC support in PC_60MgSO04 is identified (Fig. 2S). The presence of such clusters may
cause a variety of problems, including PC pore blockage and the formation of salt crusts.
As a result, the mass transfer performance of the material might suffer as a result of these
findings (i.e. slower water molecule diffusion during the hydration/dehydration process).
In the case of the binary salt composites, an improved dispersion was visible also for the
composites containing 60 wt% of salts.

3.2. Water sorption studies

The performance in heat storage systems is significantly influenced by the rate and
capacity of water sorption in the composites. It is important to emphasize that the amount
of water lost or gained during hydration, directly correlates to the variation in heat release
of the sample. The boundary requirement for a good THS material is a high water sorption
as a function of time and temperature. Investigating the water sorption of the material
versus the rehydration time is crucial for the discovery of heat storage materials capable
of providing high heat power. At a temperature of 30 °C and a RH of 60%, the hydration
curves (Fig. 5) were examined in order to assess the hydration behavior of the prepared
composites. The synthesized composites steadily adsorb the water vapor during the
hydration step until reaching a plateau. All curves exhibit a conventional rehydration
behavior, with the process's initial stages exhibiting the maximum water adsorption rate
(a high slope value). The rate then declines until the water vapor has saturated the
samples. Moreover, the salt addition shows a big impact on the global adsorption process
duration, in particular concerning the time necessary to reach the water sorption
equilibrium.

Fig. 5a shows that impregnating 60 % of MgSOa increases the water adsorption capacity
from 0.10 g/g by PC to 0.48 g/g. Surprisingly, increasing the quantity of impregnated salt
from 40 % (0.46 g/g) to 60 % (0.48 g/g) does not boost the water uptake for the mono-salt
composites. The reason of this trend might be related to the behavior of the salt during
hydration; MgSOs salt tends to agglomerate and can create a hard crust on the support
surface, preventing the further hydration of the underneath salt layers. In the same
conditions (results reported in Fig. 5c¢), the pure MgCl, salt showed a higher adsorption
capacity (2.65 g/g) than the pure MgSOas (0.81 g/g), as well as improved adsorption
kinetics. This does not necessarily imply that it is the best option for heat storage
applications due to eventual leakage problems of MgCl> when RH is higher than its DRH
(33 % at 30 °C for MgCl>); overhydration and deliquescence can occur if the RH during
adsorption is higher than the DRH of the salt. On the other hand, because the hydration
conditions used in the present study are 30 °C and 60 % RH, being the DRH of MgSQO4
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around 90 %, the possibility of deliquescence is negligible. For MgCl> the possibility of
generating a saturated solution is high, which leads to the formation of aggregates and
eventually the formation of salt crusts blocking the PC pores during the successive
hydration/dehydration steps and having a negative impact on the water mass transfer.
Moreover, it has been documented that at a RH higher than the DRH, MgCl> showed a
strong propensity to decompose under hydrothermal conditions forming strong acid, for
instance HCI, which can damage the equipment utilized and affect the salt hydrate's heat
storage capacity [61]. To solve these limitations, binary salt impregnation is performed by
limiting the quantity of MgCl: in all preparations by 20 % (80 %MgSOQO4 + 20 %MgCl> = 100
%); MgClz is just used as a “water pump” to facilitate the diffusion of the water molecules
and facilitate the hydration of MgSOs. According to Fig. 5c, the mass transfer and
adsorption capacity of MgSO4 salt hydrate are both fairly low. The MgCl; salt, on the other
hand, present an improved water adsorption behavior, allowing the hydration reaction
here to take over easily:

MgCl2 (6 - X)HZO(S) + XHZO(g) © MgCl26H20(s)

The absorbed water will inexorably interact with MgSOa. During hydration, the water vapor
captured by the composite would first interact with the salt particles' external surfaces
before migrating into underneath salt molecules. The hydration curves of the binary-salt
composites (Fig. 5b) demonstrated a faster hydration kinetic and water adsorption
capacity than for the mono-salt samples. In addition, PC_60binary (0.75 g/g)
outperformed PC_60MgSO4 (0.48 g/g) in terms of water uptake.
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Fig. 5. Water sorption kinetic at 30°C and 60 % RH. (a): Porous carbon and mono-salt
composites; (b): Binary-salt icomposites; (c): Pure and mixed salt.

The total (V) and microporous (Vm) volume values are reported in Table 2. The
relationship between the total pore volume and the water adsorption capacity as functions
of the salt content are depicted in Fig. 6. For the mono-salt composites (Fig. 6a), the Vi
dramatically decreases with the salt content, until reaching a plateau for the 40 % MgSO4
containing composite. The water uptake shows the opposite trend. In the case of binary-
salt composites (Fig. 6b), the water uptake continuously increases even at higher salt
loadings, due to the improvement of the mass transfer due to the presence of MgCl..
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Fig. 6. Effect of salt content on water sorbed and pore volume (a): Porous carbon and
mono-salt composites; (b): Binary-salt composites

3.2. Adsorption Kinetic investigation

Fig. 7 depicts the time evolution of the heat flow and the water adsorption. Since the
dehydration of MgS04.7H20 took place at 150 °C, the initial hydration state of the salt
previous to hydration corresponds to MgSO4.H20. It has also to be underlined that, at
room temperature, MgS0O4.7H20 loos very easily a molecule of H2O to transform into
MgS0a4.6H20. Then, it can be assumed that 1 molecule of MgSO4.H>,O can adsorb 5
molecules of H20, by the following reaction: MgSO4.H20 + 5H>.0 - MgS04.6H20.

To clarify, as an example, the PC-20MgSO4 composite contains 80 %PC and 20 %MgSOa,
so 1 g of PC-20MgS0O4 (0.8 g PC + 0.2 g MgS0O4) adsorbs maximum: 0.8*0.1 = 0.08 g
H.0O and 0.2 g MgS0O4 adsorbs maximum: 0.2*M(H20)*5/M(MgS0Q4), which equals 0.143
g. As a result, 1 g of PC-20MgS0O4 can absorb up to 0.08 + 0.143 = 0.223 g of H20,
corresponding to the orange point on the blue curve (Fig. 7). This point is placed at 1.54
h of hydration. However, the water uptake signal continues to rise, which is explained by
water condensation on the composite surface.
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Fig. 7: Curves of the time evolution of heat flux and water adsorption

Based on the above explanations, the kinetic data of all developed composites will be
studied in the 0 - 1.54 h range, then excluding the part related to condensation.

Two kinetic models based on different mass transfer assumptions were used to examine
the kinetics of the water sorbed onto the various composites. In both approaches, the
composite was assumed to be a spherical particle (R = 1.5 mm).

The first mass transfer model (M1) assumes that diffusion takes part in a homogeneous
and porous spherical particle. The salt is considered to be perfectly dispersed in the
particle porosity. Water's differential mass balance is described by the following equation:

oW 10 D oW ” Equation 1
- =——r -
ot r2or Yoor
with W= V\ygfﬁthe reduced moisture content, D the effective diffusion coefficient, t

the time and r the radius.
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*

This differential equation is solved with two boundary conditions ( % =0 and

r r=0

W*(r = R,t) = W;, ) and an initial conditions W* (t = 0)= W;=1
After separation of variables, the analytical solution of this problem is:

W _ 1 1nZR _%_ nmr
m=1- ) (D" e st (T) Equation 2

n=1

The average water content in the particle w(t) is:

. 6 _n?n?Dt
W(t) = We, + (Wo — Woo) Z o L Model M1

n=1

The second mass transfer model (M2) assumes that the salt is exclusively deposited on
the external surface, forming a homogeneous layer (of thickness equal to “e”) around the
particle. The mass transfer consists, in this case, in the water molecule diffusion towards
the salt layer. The differential equation corresponds to eq.1l, except for the boundary

conditions (r = R+e, W*(R+e,t) = W5 and r =R, aa—“:(r =R) =0)

Starting from these assumptions, the average water content in the salt layer is:

- 8 _(2k+1)?m?Dt
W) =Woo t Wo = Wer) ) gz e & Model M2

k=0

The thickness of the salt layer is directly calculated from the deposited mass of salt. The
diffusion coefficient is estimated by fitting the experimental water content with the
analytical equations.

a) Kinetic investigation of mono-salt composites

The results of the fitting (numerical approximation by minimizing a quadratic criterion) are
reported in Fig. 4S (Supplementary Information file) and the obtained diffusion coefficients
are reported in Table 3. In the first model, the diffusion coefficient represents an effective
mass transfer coefficient in the particle. If the mass transfer limitation would be only due
to the diffusion into the pores, then this coefficient should be independent of the amount
of salt, but in reality the diffusion coefficient varies with the increasing of the salt amount
and the model M1 assumptions do not agree with the result. The second model assumes
the transfer of water molecules through a homogeneous layer with a thickness
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proportional to the salt ratio. In this case, the estimated diffusion coefficient is very similar
for all composites, indicating that the model's assumptions (M2) and the experimental
tests are in good agreement.

Table 3: Estimated diffusion coefficient for the two models

Composite PC_20MgSOa4 PC_40MgSOa4 PC_60MgSOa4
%salt 18.1 % 32.9% 42.8 %
D (M1) (m?/s) 6.0 E-11 1.1E-11 5.7 E-12
D (M2) (m?/s) 24 E-14 2.1E-14 25E-14

b) Kinetic investigation of binary-salt composites

In the case of the binary-salt composites, neither of the two mass transfer models provides
a good fit for the kinetics of the water uptake process (Fig. 5S). This suggests that both
mass transfer models are simply inaccurate representations of the real physical
phenomena. The comparison of the experimental results with the modeling suggests that
the diffusion process is facilitated (higher diffusion coefficient) when the adsorption time
is longer; this behavior is due to the presence of magnesium chloride. The hydration of
the first layer of salt helps the water transfer to the under-layers. The properties of the salt
layer change with the degree of hydration.

3.2. Heat released investigation

The heat storage capacity of the developed composites was measured experimentally
using the coupled thermogravimetric and differential thermal analyzers. This instrument
allows to measure the released heat during the adsorption process. Due to their high water
sorption capacity, binary- salt composites release more heat than mono-salt composites.
Moreover, the evolution of the heat released shows the same trend than the water uptake.
The heat released values for the PC_20binary, PC_40binary, and PC_60binary are
respectively of 1156 J/g, 1684 J/g, and 1840 J/g. PC_20MgSQOa4, PC_40MgSOg4, and
PC_60MgSO4 have values of 740 J/g, 1354 J/g, and 1356 J/g, respectively (Fig. 9).
Compared to mono salt (MgSO4) impregnated on PC, the binary-salt composites show an
improvement in the heat released capacity. As a result, MgSO4 + MgCl> containing
composites possess higher hydration heats than MgSOs mono-salt composites. By
impregnating PC with 60 %MgSOa, the heat released by this composite achieves 52 %
(1356 J/g) of the heat released by the pure MgSO4 (Fig. 9). However, by impregnating PC
with 60 % of the MgSO4 + MgCl: salt mixture, the heat generated considerably increased
and was equal to 70 % (1840 J/g) of the heat liberated by pure mixed salt (MgSOa4+ MgCl>)
(2639 J/g) (Fig. 9), which is a very interesting result.
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Fig. 9: Heat released from hydrated PC, composites, and salts at 30°C and 60 % RH.

For comparison, the performance of the composites developed in this research
outperforms that of the majority of composites described in previously published papers
(see Table 4). For example, Posern and Kaps [61] employed attapulgite as matrix
material, preparing a binary salt composite, by mixing MgCl, with MgSOa, for heat storage
systems. They varied the mixing ratio and the adsorption/desorption temperature to
measure the sorption heat under various conditions. Composite sorbents with 32.8 wt%
salt content (80/20 wt% salt solutions of MgSO4 and MgCly, respectively) presented a heat
storage density of 1590 J/g at a hydration temperature of 30 °C and a water vapor
pressure of 36 mbar. They discovered that the higher the MgCl. content in the composite
sorbents, the greater the water absorption and the heat released. However, salt solution
leakage was an identified problem. Therefore, our work successfully addressed this
leakage problem and kept improving the heat released.

Table 4. Comparison of developed composites (this work) and other heat storage
composites (literature).
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Heat

Salt Adsorption | Desorption .
. storage Humidity
Matrix Salt content - temperature | temperature . o Ref.
(Wt%) capacity °C) °C) Relative (%)
(J/9)
- - 224 30 150 60
20 740 30 150 60
MgSOs4 40 1354 30 150 60
Porous carbon (PC) 60 1356 30 150 60 This
work
16:4 1156 30 150 60
MgS0O4:MgClz 32:8 1684 30 150 60
48:12 1840 30 150 60
Activated carbon MgSO4 30 1324 30 300 60 [23]
Diatomite MgSO4 60 773 25 120 85 [62]
Zeolite 13x MgSOs4 15 632 25 150 80 [28]
SBA-15 CaCl, 60 1711 25 150 30 [26]
MIL-101(Cr)-NH> CaCl, 45 1205 30 120 32
MIL-101(Cr)-SOszH CaCl, 43 1274 30 120 32 [32]
MIL-101(Cr) CaClz 47 1118 30 120 32
- MgS04:ZnS0O4 9:1 1422 45 120 75 [39]
- CaCl>:MgSO0s4 6:4 1886 40 300 65
13X-ZMS CaClx: MgSO4 | 10: 54: 36 1414 40 300 65 [63]
NaY-ZMS CaCly: MgSO4 | 20: 48: 32 1097 40 300 65

By plotting the heat released and the total volume versus the salt content (Fig. 6S), a
similar trend to that observed in terms of water uptake evolution (Fig. 6a and 6b) is shown
(Fig. 6S). This observation confirms that the heat released is directly related to the amount
of water sorbed. As shown in Fig. 6S-b, the heat released reaches a plateau starting from
40 % of MgSO4 deposited. The heat released increased by adding MgCl> due to the

improvement of the mass transfer.

4. Conclusion

This main objective of this study was to thoroughly evaluate the heat released and mass
transfer of various composites obtain by impregnating mono-salt (MgSQa) or binary-salts
(MgSO4+MgCl2) on porous carbon (PC) for THS applications. The research focused on
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the impacts of mono- and binary-salt impregnation on the structural-textural properties of
the resulting composites. Their water sorption and heat release behavior were also
investigated. In comparison to mono-salt composites, binary-salt composites showed a
faster hydration kinetics and an improved water adsorption capacity. Furthermore, in
terms of water uptake, PC_60binary (0.75 g/g) sample outperformed the PC_60MgSQO4
sample (0.48 g/g). The kinetic investigation showed that the mass transfer was improved
by adding MgCl>. Two models were applied to determine the diffusion coefficient in the
different composites. The model based on the existence of a layer of salt on the external
surface of the composite particle best fitted the experimental results for the composites
containing MgSOs only. When MgCl> was added, the water adsorption process was
modified and both the considered models did not provide a satisfactory numerical
approximation of the experimental results. The salt layer seems to evolve with the
adsorption extent, facilitating the water transfer when increasing the hydration of the salt
layers. A new model might be developed taking in consideration the physical evidences
and successive modifications of the layers.

Additionally, the heat released follows the same behavior as the water absorption.
PC_60MgSO4 produces 52 % (1356 J/g) of the heat provided by pure MgSO4. However,
it is important to note that when the PC is impregnated with 60 % binary salt
(PC_60binary), the heat generated is equivalent to 70 % of the heat released by the pure
mixed salt (2639 J/g). The large availability of types of carbon materials, the possibility to
tailor the amount of deposited salt, as well as the option to add a second salt to create a
binary-salt composites, can bring to new composites with morphologies and physical-
chemical properties adapted to THS applications. Composites with high heat storage
density and high heat power (improved hydration kinetics) can be then designed.
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Fig. 2S. SEM and EDX mapping of composites prepared by the impregnation of mono salt
MgSOa4
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General Conclusion

General conclusion

Reducing fossil fuel consumption and promoting sustainable use of renewable energy
sources are predominant in dealing with today’s energy crisis. Thermochemical heat storage is
a promising method that allows storing a large amount of energy in the form of chemical
potential. Theoretically, the energy stored in this form offers little or no heat loss over time,
which is very beneficial for long-term/seasonal storage applications. In this context, the
objectives of the research work were primarily to evaluate and to improve the performance of
the thermochemical heat storage materials with the operating conditions, as close as possible to

practical applications.

Thermochemical heat storage systems are based on storing thermal energy by making use of
reversible chemical reactions. With the advantages of zero-toxicity, low-cost and high energy
density storage, hygroscopic salts are considered the best candidates for the applications.
MgSO4-H20 pair has high theoretical energy density (2.8 GJ/m®) and high deliquescence
relative humidity (90 % at 30 °C), which is a potential working pair for the long-term storage
systems. However, this energy density was difficult to reach due to the kinetic hindrance
affecting the mass and heat transfer thus leading to poor cyclability. The synthesize of
salt/support composites by impregnating a hygroscopic salt into a porous matrix is a solution
to overcome the drawback of the slow hydration kinetic of MgSQO4. Consequently, MgSQas-
based materials have been discussed in this thesis and one of the first step was to choose an

adequate porous matrix.

Ultimately, five different porous adsorbents were chosen based on their specific surface area
and pore size to host MgSQ; at different compositions: beads activated carbon, hydroxyapatite
(HAP), two types of granular activated carbon, and a biochar derived from corncob. In order to
understand the influence of the physicochemical properties of the adsorbents after the
impregnation, characterization techniques were applied to all the materials (original support
and synthesized composites). The analytical techniques employed were N2, CO> physisorption
and Hg intrusion porosimetry for porous network investigation, phase analysis with X-ray
diffraction, morphological investigation and chemical composition mapping by SEM coupled
to EDX. Moreover, the hydration/dehydration process was carefully investigated by the study
of the kinetics of the hydration. The determination of the sorption capacity and the heat released
were performed; these are crucial properties to decide whether a storage material is adapted to

real applications.
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Activated carbon beads derived from petroleum residues were chosen as support for the first

series of composites because of their high specific surface area, low cost and non-toxicity. Three
composites with MgSOa4 contents of 1, 5.2, and 7.6 % were prepared. The support and the
synthesized composites are microporous materials with pore sizes ranging from 0.6 to 2.0 nm.
Such small pore size can prevent salt molecules from entering the pores during impregnation.
The salt tends to remain on the surface of the support and block the access of the pores which
affects, during the use of the storage material, the mass transfer. The water sorption results show
a good hydration level (0.33 Qwater/Omat) accompanied by heat of hydration of 838 J/g of
composite, for the material containing 7.6 % MgSOs. Stability to successive cycles of
hydration/dehydration has been demonstrated for 10 cycles.

Then for the first time, HAP was tested as a support for the design of a heat storage material.
Two composites containing 5 and 20 % MgSOs were prepared. The analysis of the N>
adsorption isotherms shows that the composites prepared with HAP are mesoporous materials
with specific surfaces of the order of 100 m?/g which can facilitate the inclusion of the salt in
the porosity of the matrix of the support. The storage capacity and the water adsorption capacity
of the composite containing 20 % MgSO. were shown to be stable after 20 sorption cycles. The

average energy density of the composite was measured: 472 J/g of composite.

The third series of composites was prepared using another mesoporous support: the commercial

granular activated carbon L27W. A series of composites were prepared with salt contents

varying between 5 and 50 % by mass. The specific surface gradually decreased by increasing
the amount of salt deposited, but the porous distribution remained unchanged. This behavior
suggests that the salt enters into the pores, thus decreasing the space available for the adsorption
of N2 molecules. The composite with a salt content of 30 % gave the best results in terms of
storage capacity (1.3 kJ/g of composite, for a water adsorption capacity of more than 50 % by
mass). Good cyclability has also been demonstrated for 8 cycles of adsorption/desorption.

The next series of composites based on MgSO4 were prepared on a biochar derived from the

pyrolysis of corncobs. Four composites with different MgSO4 contents (ranging from 5 % to

20 % by mass) were successfully prepared. While the analyzes of the CO2 adsorption isotherms
showed that the material is mainly microporous, the analysis of Hg intrusion test shows the
existence of a network of macropores. In terms of storage density, the composite containing 20

% MgSO4 has a storage capacity of 635 J/g and a hydration level of 0.235 gwater/Qmat.
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Finally, commercial granular activated carbon F22W was chosen as support for two series of

composites: the first conventionally containing MgSOa (20 %, 40 % and 60 % by mass) and the
other coupling two hydrated salts (MgSO4 and MgCl. in a 4:1 ratio and with the same total
concentrations of salts chosen for the series containing MgSQOs alone). The analysis of the N2
isotherms shows that all these composites are microporous materials. The specific surface area
of F22W activated carbon is 962 m?/g and decreases to 405 m?/g for the mono-salt composite
containing 60 % MgSO4 and to 188 m?/g for the bi-salt composite containing 60 % of the
mixture (MgSOs + MgCl.). The water sorption results show that, for the same salt content, the
presence of MgCl> improves the performance of the composite by 24 %. For experimental
conditions of 30°C and 60 % RH, MgCl> (HRD at 30°C is 33 %) is present in its complete
hydrated form and can potentially form a saturated solution. This solution could then serve as
a vector for the successive molecules of water adsorbing on the composite that can then reach
also the MgSOs (when initially not possible). This addition of a second salt makes possible to
further exploit the storage capacity of MgSO4 and therefore improves the performance of the

composites under study.

Figure 17 below summarizes the sorption performance of all the adsorbents and synthesized
composites at conditions of 30 °C and 60 % RH that were studied during this thesis work. Most
of the porous adsorbents and their synthesized composites showed an energy density in the
range of 200 to 1000 J/gcomposite. The binary composites exhibited a clear superiority over the
other synthesized materials with energy densities of the composites all exceeding 1100

J/gcomposite thanks to the addition of the second hygroscopic salt MgCl..
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Figure 17. An overview of the performance of all the studied materials.
Future perspectives

During this thesis work, the choice of porous adsorbents with different pore distribution (micro,
meso and macroporous) to be used as supports has been made. The aim was to use all the
available surface to homogeneously disperse and confine a hygroscopic salt, more precisely
MgSQs, in order to fully exploit its storage potential and to improve the performance of the
overall storage system. Although the current work has shown positive results of different
storage materials, several points still need to be addressed for the future development of such

thermal-storage technologies using hygroscopic salt-based materials.

MgSOs is a hygroscopic salt with a DRH of 90 % at 30 °C and during this thesis work, the
operating condition chosen was at 30 °C and a RH of 60 %. Hence, it would be significant to
carry out a specific study on the influence of the RH on the performance of the composite
materials. Increasing the relative humidity might increase the water adsorption capacity, thus
the storage density of the studied material. It would also increase the Kkinetic rate during the
hydration phase. More interestingly, it would be necessary to verify the behavior of the
impregnated MgSO4 at RH closest to the DRH of 90 %.
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The cyclability in terms of charging/discharging has not been investigated for the composites
mono/bi-salt and the corncob-based composites. Therefore, cyclability test experiments need to

be conducted to examine the viability of these composites in a real-life application.

One of the highlighted results in this thesis was the addition of MgCl, that ultimately improved
the energy density of the synthesized composites compared to the ones without the addition.
Nevertheless, it is crucial to understand the mechanism behind the interactions between MgSOs,
MgCl> and the water vapor. It would also be critical to synthesize other composites

impregnating the same mixture of salt studied in this thesis using other porous adsorbents.

The inspiring results are obtained in this thesis with a small amount of material which is far
away from a practical application. Therefore, experiments in a larger scale prototype need to be
performed in order to validate the use of the studied material for practical purposes. The
compactness of the fixed bed is essential and thus need to be studied carefully because it affects
directly the transfer of heat and mass during the hydration and dehydration process. In addition,
development of a numerical model validated by experimental results is recommended for

predicting the performance of the system at different conditions.
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RESUME

1) Introduction

L’utilisation des énergies fossiles provoque des nuisances environnementales graves. Le
réchauffement climatique suivi par 1’élévation du niveau de la mer, la perte de biodiversité et
la santé de millions de personnes dans le monde sont des conséquences serieuses de cette
surconsommation. En outre, les combustibles fossiles sont non renouvelables et les réserves
sont de plus en plus réduites. Face a la raréfaction des ressources et malgré les apparences, on
dispose de peu de temps pour trouver de nouvelles solutions et s'adapter a cette situation de

pénurie. La transition vers des sources d’énergie renouvelable est donc cruciale.

De plus, la croissance démographique rapide au cours des dernieres décennies a augmenté
considérablement la demande énergétique. Avec la problématique de 1’utilisation des énergies
fossiles, I’implémentation de systémes d’énergies renouvelables semble étre la solution
optimale pour résoudre le probléme du besoin énergétique des générations futures. Parmi les
différentes sources d’énergies renouvelables, 1’irradiation solaire est la source d’énergie
thermique la plus abondante et facile a collecter. En revanche, le caractére intermittent de cette
énergie, ainsi que le déphasage de la ressource par rapport aux périodes de demandes
énergétiques quotidiennes ou saisonnieres sont un inconvénient important. Parallélement, la
demande d’énergie varie considérablement selon les heures du jour ou les mois. La disparité
entre 1’offre d’énergie et la demande nécessite donc la présence d’un systéme de stockage de

I’énergie excédentaire qui permet de restituer cette énergie pour compenser la demande.

Par conséquent, I’intégration d’un systeme de stockage d’énergie thermique adéquat se révele
étre une solution prometteuse pour faire face a ce décalage temporel. La chaleur sensible, la
chaleur latente et la chaleur thermochimique sont les trois types d’énergies utilisées dans les
systémes de stockage de la chaleur et rapportées dans la littérature jusqu’a présent [1]. Les
systemes basés sur le stockage thermochimique de la chaleur sont les plus attractifs en termes
de densité énergétique et donc d’un volume de stockage limité. De plus, le stockage
thermochimique ne présente théoriqguement aucune perte de chaleur au cours du processus [2].
Le principe du stockage thermochimique se base sur un procédé réversible constitué¢ d’une
réaction endothermique (charge), dans laquelle les réactifs stockant la chaleur sous forme de
potentiel chimique sont séparés en utilisant la source de chaleur disponible et une réaction

exothermique (décharge), pendant laquelle la chaleur est libérée grace a la recombinaison des
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réactifs. La chaleur libérée est récupérée et utilisée (pour le chauffage des batiments, par

exemple).

La configuration la plus courante dans ce mode de stockage est basée sur les phénomeénes de
sorption d’un sorbat (I’eau notamment) sur un sorbant (un matériau solide). Le matériau solide
doit posséder certaines caractéristiques, notamment étre peu couteux, non toxique, avoir une
densité de stockage élevée, et posséder des bonnes propriétés liées aux transferts de masse et
de chaleur (conductivité thermique, porosité). Le stockage par sorption differe selon la nature
du couple sorbant/sorbat et du type de liaison résultant de leur association. Les hydrates salins
sont largement utiliseés dans les systemes de stockage par chimisorption, plus particuliérement
par réaction chimique d’hydratation/déshydratation. Entre autres, MgSOa4.7H20 est un sel
hydraté avec une densité de stockage théorique de 2.8 GJ/m?® et qui valide la majorité des critéres
listés [3]. D’ailleurs, la température de charge est relativement basse (150 °C) et donc adaptée
aux applications domestiques utilisant des capteurs solaires. L’autre avantage est son humidité
relative de déliquescence (HRD) d’environ 90 % a 30 °C [4] qui permet d’utiliser le matériau

dans une grande gamme d’applications.

L’inconvénient de ce systéme est la formation d’agrégats lors de la réhydratation (adsorption
de I’eau) et limitant les transferts de masse qui meénent a une baisse de performance et une
mauvaise cyclabilité [5]. Ainsi, la capacité de stockage n’atteint pas la valeur théorique. Pour
remédier a ce probléme, la solution proposée est de disperser le sel de fagon homogene dans un
matériau poreux présentant une bonne surface spécifique et porosité afin de produire un

composite sel/support.

Pendant ces travaux de thése, plusieurs matériaux poreux ont été testés pour déposer le sel
hydraté. Les matériaux étudiés sont : les hydroxyapatites, les carbones activeés et les biochars ;
matériaux qui présentent des distributions de taille de pores différentes (micro, méso et
macropores). Les composites ont été synthétisés par la méthode d’imprégnation par voie
humide pour assurer I’homogénéité de la distribution du sel au sein de la matrice poreuse. Apres
un sechage a 150 °C, les composites finaux ont été caractérisés par différentes methodes
physico-chimiques pour connaitre leur composition élémentaire, le type de phases présentes,
leur surface spécifique ainsi que la distribution de taille des pores. Ces analyses couplées aux
mesures de sorption de la vapeur d’eau nous ont permis d’évaluer le potentiel de ces matériaux
dans les applications de stockage de la chaleur et de comprendre les phénomenes d’adsorption

associés.
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2) Résultats et discussion

Dans le manuscrit de thése, un total de cing types de composites a base de MgSO4.7H20 déposé
sur différents supports (commerciaux ou préparés au laboratoire) ont été étudiés.

Chaque série de composites correspond a 1’un des cinq chapitres du manuscrit. Les cinq types
de matériaux apparaissent dans les chapitres en fonction de leur porosité (partant des matériaux

microporeux jusqu’aux matériaux macroporeux).

Tous les échantillons ont été caractérisés en utilisant les techniques suivantes :

e Fluorescence des rayons X : pour déterminer la composition chimique de 1’échantillon.

e Diffraction des rayons X : pour I’analyse des phases cristallines présentes et la détection
d’éventuelles impuretés.

e Microscopie électronique a balayage couplée a ’EDX : pour visualiser la morphologie
de I’échantillon et effectuer une cartographie de la composition €élémentaire
(distribution du sel hydraté) par spectroscopie de rayons X a dispersion d’énergie.

e Adsorption de N2 par manométrie (- 196 °C) : pour obtenir les isothermes de sorption
d’azote permettant de calculer la surface spécifique, la porosité et la distribution des
tailles des pores de 1’échantillon.

e Porosimétrie par intrusion de mercure : pour déterminer la distribution de tailles de
pores et du volume poreux total d’un matériau macroporeux.

e Expérimentations d’hydratation/déshydratation dans un setup de thermogravimétrie-
calorimetre a balayage couplée a un régulateur d’humidité : pour quantifier la quantité

d’eau adsorbée et évaluer la chaleur stockée pour chaque échantillon.

Des billes de carbone activé dérivées de résidus pétroliers ont été choisies comme support
pour préparer une premiere série de composites. Ces billes présentent une surface spécifique
élevée, un faible codt et une non-toxicité. Trois composites avec des teneurs en sel MgSOa4 de
1,5,2, et 7,6 % ont été préparés. Aucune phase secondaire n’a été détectée par DRX. L’analyse
des isothermes adsorption d’azote a montré que les billes de carbone activé sont des matériaux
microporeux avec une surface spécifique trés élevée (de I’ordre de 1300 m?/g). La distribution
de tailles des pores se situe principalement entre 1 et 2 nm. Afin d’analyser plus finement la
microporosité de ces échantillons, des analyses d’adsorption de CO2 (273 K) ont également été
effectuées. Elles ont permis de détecter la présence d’ultra-micropores de tailles comprises entre
0,6 et 0,85 nm. Une taille de pores si petite peut empécher les molécules de sel de rentrer dans

la matrice pendant ’imprégnation. Le sel a ainsi tendance a rester sur la surface du support et
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bloquer I’accés des pores, ce qui affecte, pendant 1’utilisation du matériau de stockage, le
transfert de masse (migration des molécules d’eau pendant la phase d’hydratation). La
cartographique EDX montre la dispersion homogeéne de MgSOs sur la surface du support, mais
aucune information ne peut étre déduite sur la présence de sel a I’intérieur des micropores. Les
résultats de sorption d’eau montrent un bon niveau hydratation (0,37 geau/gmat) aCCOMpagneé par
des chaleurs d’hydratation de 920 J/g de composite, pour le matériau contenant 7,6 % en masse
de sel. La stabilité suivant des cycles successifs d’hydratation/déshydratation a été démontrée

pour 10 cycles.

Ensuite, dans le cadre d’une collaboration avec I’université de Milan, nous avons testé, pour
la premiére fois, de I’hydroxyapatite comme support pour la conception d’un matériau de
stockage de la chaleur. Deux composites a base de MgSO4 ont été préparés par imprégnation
par voie humide avec 5 % et 20 % en masse de sel. L’analyse des isothermes d’adsorption
d’azote montre que les composites préparés avec 1’hydroxyapatite sont des matériaux
mésoporeux avec des surfaces spécifiques de 1’ordre de 100 m?/g. La distribution de taille des
pores se situe principalement dans le domaine mésoporeux (entre 2 et 50 nm) et a cela, de petits
macropores (50 — 100 nm) ce qui pourrait faciliter 1’inclusion du sel dans la porosité du support.
Les cartographies EDX obtenues pour les échantillons juste préparés et apres 20 cycles
d’hydratation/déshydratation montrent que le sel est et reste bien dispersé dans la matrice. Les
résultats de sorption d’eau montrent un meilleur transfert pour les composites comparé au sel
hydraté seul et au support (hydroxyapatite non imprégnée). Cette propriété est directement liée
a la puissance qui peut étre obtenue dans un systéme de stockage employant ces composites.
Une bonne stabilité du composite contenant 20 % en masse de sel a été prouvée en effectuant
20 cycles de sorption : la capacité de stockage et la capacité d’adsorption d’eau se sont montrées

stables. La densité d’énergie moyenne du composite a été mesurée a 472 J/g de composite.

La troisieme série de composites a été préparée en utilisant un autre support mésoporeux : il
s’agit d’un granulé de carbone activé commercial (L27W de Norit N.V, Pays Bas). La série
de composites a été préparée avec des teneurs en sel variant entre 5 et 50 % en masse. Les
observations par microscopie MEB montrent que le sel est déposé de facon tres homogéne sur
la surface du carbone activé, méme pour des teneurs en sel élevées (i.e. jusqu’a 40 % en masse).
A partir de 50 % en masse de sel déposé, la dispersion est moins homogene et la présence
d’agrégats de sel a ét€¢ mise en évidence. La surface spécifique diminue progressivement en
augmentant la quantité de sel déposée, mais la distribution poreuse reste inchangée. Ce
comportement suggere que le sel est rentré dans les pores en diminuant I’espace disponible a
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I’adsorption des molécules d’azote. Le composite avec une teneur en sel de 30 % en masse a
donné les meilleurs résultats en termes de capacité de stockage (1,3 kJ/g de composite, pour
une capacité d’adsorption d’eau de plus de 50 % en masse). Une bonne cyclabilité a également
été démontrée pendant 8 cycles de sorption/désorption. Les propriétés améliorées des
composites prépares a partir du carbone activé commercial rendent possible une application
pratique. Pour cela, des scénarios ont été définis a partir de données expérimentales
prometteuses, pour I’utilisation de ce composite dans des applications de chauffage domestique

d’une habitation et de production d’eau chaude sanitaire.

Une série de composites a base de sulfate de magnésium a éte préparée par imprégnation sur
un biochar issu de la pyrolyse de rafles de mais. Quatre composites comportant différentes
teneurs en sel MgSOs (allant de 5 % a 20 % en masse) ont été préparés avec succes. Alors que
les analyses des isothermes d’adsorption de CO2 ont montré que le support est principalement
microporeux, I’analyse de porosimétrie par intrusion de mercure montrent 1’existence de la
macroporosité. En analysant les cartographies EDX — (microanalyse dispersive en énergie des
rayons X) des différents composites, on peut observer que pour les faibles teneurs, le sel est
bien dispersé sur la totalité de la surface, externe et macroporeuse. Quelle que soit la teneur en
sel, les observations (microscopie, quantité d’eau adsorbée et énergie stockée) montrent une
bonne dispersion du sel & la surface et dans les macropores du matériau. En termes de
performance, le composite contenant 20 % de MgSOs présente une capacité de stockage de 635

J/g et un niveau d’hydratation de 0,23 geau/Qmat.

Enfin, des granulés de carbone activé commercial F22W ont été choisis comme support en
raison de leur surface spécifique élevée, de leur plus grande conductivité thermique comparée
a celle d’autres matériaux adsorbants et, bien sir, pour leur faible colt. Deux séries de
composites ont été préparés : 1’'une contenant classiquement du MgSO4 (20 %, 40 % et 60 % en
masse) et I’autre par imprégnation de deux sels hydrates (MgSO4 et MgCl> en proportion 4 :1
et avec les mémes concentrations totales en sels choisies pour la série contenant le MgSQOa4 seul).
L’analyse des isothermes d’adsorption / désorption d’azote montre que tous ces composites
sont des matériaux microporeux. La surface spécifique du carbone activé F22W est de 962
m?/g et diminue & 405 m?/g pour le composite mono-sel contenant 60 % de MgSOs et & 188
m?/g pour le composite bi-sels contenant 60 % du mélange (MgSO4 + MgCly). Les résultats de
sorption d’eau montrent que, pour une méme teneur en sel, la présence de MgCl, ameliore les
performances du composite de 24 %. Pour des conditions de réhydratation expérimentales de
30 °C et 60 % d’humidité relative, les molécules de MgClz sont théoriqguement sous forme
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hydratées (I’humidité relative de déliquescence a 30 °C est de 33%) et pouvant potentiellement
former une solution saturée. Cette solution pourrait alors servir de chemin préférentiel pour
I’eau afin d’atteindre les couches inférieures de MgSO4 (peu ou pas atteignable dans le cas du
sel pur). Cet ajout d’un second sel permet d’exploiter davantage la capacité stockage du MgSO4

et donc améliore notablement la performance des composites étudiés.

3) Conclusion générale

Avec la déplétion des sources d’énergie fossile, la transition vers des sources d’énergie plus
propres et durables est cruciale et urgente. L’énergie solaire est la source la plus abondante mais
il existe un déphasage entre I’offre et la demande, da a I’intermittence du soleil. Un systéme de
stockage de la chaleur est une solution permettant de pouvoir utiliser cette énergie lorsque les
besoins sont présents. Parmi les technologies actuelles, le stockage de la chaleur

thermochimique est trés prometteur et présente un grand potentiel.

Ce travail de thése se focalise donc sur la synthese de matériaux qui peuvent étre candidats pour
les applications a plus grandes échelles. La phase active et aussi le matériau de cceur dans cette
these est le sel hydraté MgSO4.7H.0. Ce dernier est un matériau qui offre une capacité de
stockage trés élevé, mais qui, lorsqu’il est utilisé seul, limite les transferts de maticre. La
solution proposée dans cette thése est d’imprégner le sel dans des matériaux hotes poreux afin
d’augmenter les propriétés liées au transfert de masse. Pour cela, différents matériaux poreux
ont été comparés. Chaque matériau choisi présente une nature (minérale ou organique) et une
distribution poreuse différentes qui impactent 1’interaction avec le sel, sa dispersion et par
conséquent la  performance des composites synthétisés dans les  cycles
d’hydratation/déshydratation.

Le facteur le plus important identifié¢ pendant ces travaux de thése est la nécessité d’insérer les
molécules de sel a ’intérieur des pores afin d’augmenter la quantité, d’utiliser toute la surface
disponible et d’améliorer la dispersion. Pour trouver des corrélations entre les propriétés
chimiques et morphologiques du support et les performances dans le stockage de la chaleur des
composites finaux, le choix s’est focalisé sur des matériaux avec des porosités différentes
(micro, méso et macroporeux). Chaque matériau a ses propres avantages. Ceux qui sont
microporeux ont une grande surface spécifique, mais leurs petits pores empéchent I’insertion
des molécules de sel. Les matériaux mésoporeux (ou macroporeux) ont en revanche des pores

de tailles assez grands pour les accueillir. En considérant la performance de stockage des
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composites synthétisés a partir de ces matériaux-1a, le carbone activé commercial F22W est
le meilleur héte pour déposer du MgSOs avec une capacité de stockage allant jusqu’a 1356 J/g
et un niveau d’eau adsorbée de 0,45 g/g pour le composite contenant 40 % de sel. En remplagant
20 % du MgSO4 imprégne par du MgCly, la capacité d’adsorption du composite de bi-sel

augmente de 24 %.
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