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he impact of zeolite shaping and
salt deposition on the characteristics and
performance of composite thermochemical heat
storage systems†
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and Aline Auroux *

Zeolites are promising candidate materials for water-based thermochemical heat storage applications. In

this study, 13X and LiX commercial zeolites of different shapes were investigated due to their high

thermal stability and storage capacities. Composite materials were prepared by impregnating matrices of

13X zeolite beads (13X(b)), 13X zeolite powder (13X(p)), or LiX beads (LiX(b)) with CaCl2, MgSO4 and LiCl

salts (5 wt%). The different zeolites and zeolite@salt composites were characterized using N2 and H2O

sorption isotherms, X-ray diffraction and NMR. The heat and water storage capacities were studied by

TG–DSC analysis, as well as the hydration kinetics and the stability over time of the storage capacity. The

Dubinin–Astakhov model was applied to the water sorption isotherms in order to better understand the

sorption process. It turns out that zeolite shaping has a strong impact on hydration kinetics; moreover,

the presence of an inert binder reduces the sorption capacity of 13X(b) compared to 13X(p). The pure

zeolites and composites present a very high reversibility of water and heat storage capacities, with

a good preservation of storage capacities after 50 simulated cycles of hydration in a water saturated

environment. Salt incorporation impacts the porosity (especially for beads) and the environment of the

zeolite component, as well as the water sorption behavior, kinetics and process, with a greater influence

for LiCl based composites. The impregnation of 13X(b) and LiX(b) zeolites negatively affects the sorption

capacities of the composites. This is due to blockage of the zeolite pores, which limits the accessibility

of the zeolite structure for water vapor and decreases the contribution of the host matrix to the storage

capacity to an extent that is not offset by the relatively small amount of salt added to the system.
1. Introduction

Increasing energy demand in various elds and decreasing
reserves of fossil fuels have motivated the world to shi atten-
tion to sustainable development.1,2 Improved energy efficiency,
valorization of waste heat, and a shi towards renewable energy
sources represent the main approaches leading to energy
conservation and emission reductions.3,4 The mismatch
between energy supply and demand, however, represents
a major roadblock to these efforts.5,6 Thermal energy storage
(TES) has recently become the focus of renewed attention, due
to its great potential to capture surplus energy from waste heat
and/or renewable sources and release it at times of high
demand. Thermal energy storage systems can exploit sensible,7

latent8 or thermochemical heat storage.9,10 Thermochemical
Lyon 1, CNRS, IRCELYON, F-69626
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f Chemistry 2023
heat storage (TCHS) is a promising technology for the loss-free
storage of heat which has amply been reviewed in the recent
literature.11–15 Thermochemical heat storage systems have the
highest energy storage density compared to sensible and latent
heat storage systems, and are generally based on the following
equation:

AB + heat = A + B (1)

Two components A and B can be separated by adding heat,
via an endothermic reaction. This is the charging process (from
le to right in eqn (1)). When the two components (sorbent and
sorptive) are brought together, heat is released via an
exothermic reaction. This process represents the discharging
process (from right to le in eqn (1)). Thermochemical heat
storage systems thus operate via reversible reaction and store
heat by breaking physical or chemical bonds.16 Depending on
the thermochemical heat storage medium, the energy storage
density can be as high as 2000 MJ m−3.13 Adsorbent materials
such as alumina, silico-aluminophosphates, ordered silica
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2737
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(SBA-15, MCM-41), MOF and zeolites have been used to store
thermochemical heat by adsorption.17–21 The main desirable
properties for adsorbent materials to be used in thermochem-
ical heat storage applications are thermal stability, high heat
and water storage capacities, stability over successive sorption/
desorption cycles, high affinity for the sorptive, existence of an
abundant supply, and sustainability. Zeolites, an important
class of crystalline aluminosilicate microporous materials, are
widely used in various industrial applications as catalysts,
absorbents, gas storage materials, ion-exchangers and heat
exchangers.22,23 They are characterized by framework structures
with uniform open pore and channel systems capable of
adsorbing large quantities of water molecules at room temper-
ature and at relatively low pressures.24,25 Synthetic zeolites
present the advantage of being industrially commercialized in
a wide range of shapes such as granulates, extrudates, pellets or
powder. The hydrophilicity of zeolites, an important factor for
their application in solar or waste heat driven systems, mainly
depends on the framework Si/Al molar ratio, the framework
structure type and the related exchangeable extra-framework
cation sites.26 Aluminum-rich zeolites (A, Y and X-type) are
commonly studied for thermochemical heat storage system
applications.27–30 In particular, the low Si/Al ratio of faujasite-
type zeolite X gives it a strong hydrophilic character, leading
to water sorption capacities ranging from 0.28 to 0.33 kg H2O
kg−1.31–33

A common strategy to improve the storage capacities of
zeolites is the impregnation by a hygroscopic salt. Different
hygroscopic salts have been investigated, including CaCl2,
SrBr2, MgSO4, MgCl2 and LiCl.34–38 Deliquescence, associated
with salt agglomeration and washing out of active materials,
can be avoided by salt deposition into porous media. Numerous
studies on zeolite-salt composites can be found in the literature
and contradictory effect of the salt incorporation were reported.
Hongois et al.39 rst studied by microcalorimetry the energy
released by 13X zeolite–MgSO4 (15 wt%) composite during
hydration (over 3 cycles of dehydration/hydration of 100 mg of
samples, with dehydration at 150 °C and hydration at 30 °C).
The authors reported that the composite achieved an energy
density 27% higher than of pure zeolite tested in similar
conditions. Xu et al.40 reported an improved water storage
capacity (0.188 vs. 0.197 kg H2O kg−1) and higher dehydration
enthalpy (598.25 vs. 635.34 kJ kg−1) for 13X pellets aer
impregnation by 15 wt% of MgSO4 (determined aer water
saturation at 60% RH at 30 °C). Despite a drastic reduction of
specic surface area and pore volume aer impregnation of 13X
beads by [3.22–10.8 wt%] of MgSO4, Wang and coworkers41 re-
ported increased water and heat storage capacities in compar-
ison with parent zeolite (hydration at 25 °C for 24 h, with RH
between 50 and 80% RH). The improvement in water sorption
capacity reached 40% for the zeolite-salt composite with 10.8%
of MgSO4 when hydration was performed at 80% RH. An
improvement of energy storage density of 13X zeolite in beads
aer incorporation of 15 wt% of MgCl2/CaCl2, for hydration
between 15 and 20 °C with 90% RH during 120 min, has been
reported by Ji et al.42 Moreover composites with 10% salt
hydrates, ZnSO4/13X and MgSO4/13X, absorbed 42 and 64%
2738 | J. Mater. Chem. A, 2023, 11, 2737–2753
more water respectively than pure salts upon hydration at 75%
RH and 25 °C.43

Mahon et al.44 compared the storage capacities of a 13X
zeolite before and aer impregnation with MgSO4 (12.9 wt%
maximum) aer hydration at 56% RH, 20 °C for more than 18 h.
Contrary to the previous cited results in ref. 39–43, they
observed a small decrease of the hydration enthalpies aer salt
deposition on a 10 mg sample. The water sorption isobars at
12.3 mbar and temperatures from 50 to 170 °C have been
determined by Cortés et al.45 for 13X zeolite, both pure and
impregnated by 17 wt% of CaCl2. In this temperature range,
a lower water uptake capacity was measured for the zeolite-salt
composite than for pure zeolite. These results agree with
a previously reported study by our group on 13X beads
impregnated by around 17 wt% of MgSO4.46 The reduction in
storage performances of the microporous zeolites upon
impregnation was explained by a pore blocking effect. The
porosity of the zeolite is indeed blocked by the impregnated
salt, which limits the access of water molecules to the sorption
sites and induces a decrease of the overall storage performance
at low RH.46 It has to be noticed that the heat and water storage
capacities depend strongly on the experimental conditions for
dehydration (temperature, ow, heating rate.) and hydration
(temperature, heating rate, relative humidity, ow rate.).24

Recent publications have reported on studies of 13X
composites aer ion exchange (with Ca2+ and Mg2+) followed by
impregnation by CaCl2 or MgSO4.29,47–49 Nonnen et al.47 reported
on Na+ exchange of 13X zeolite followed by impregnation by 9 to
18 wt% of CaCl2 and MgSO4. Both water loading and heat
storage density decreased with increasing salt content at
humidity levels below the deliquescence relative humidity
(DRH) of the salt. At higher humidity, high salt loadings in
combination with high humidity lead to higher heat and water
storage capacities compared to pure zeolites (up to 73 and 54%
increase in water and heat storage, respectively). Similar
observations have been made by Chan et al.48 concerning the
water sorption capacity of 13X (Na+ exchange by Ca2+) impreg-
nated by 10 to 46 wt% of CaCl2 solution at 8.7 mbar for
temperatures ranging from 25 to 200 °C. It is worth noting that
at humidity levels above the DRH of the salt, leaking of the salt
solution from the porosity may occur, which increases the
corrosive character of the material and decreases the stability of
the storage capacities aer numerous hydration/dehydration
cycles, due to salt agglomeration and leaching.

With the aim to reduce the extent of micropore blockage by
the salt and therefore to increase the storage capacities of
zeolites at relatively low RH (30%), three commercial zeolites
(13X in powder and bead forms and LiX in bead form) have been
impregnated by 5 wt% of salt. Three different salts have been
used: CaCl2, MgSO4 and LiCl. In this work, we report on the
physico-chemical characteristics, storage capacities and
stability, as well as hydration behaviour and kinetics, in order to
analyze the role of the zeolite shaping and the impact of rela-
tively low amounts of salt incorporation on these parameters. In
addition, the Dubinin–Astakhov adsorption model was applied
in order to study the water vapor sorption process.
This journal is © The Royal Society of Chemistry 2023
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2. Experimental part
2.1 Preparation of materials

2.1.1 Zeolite matrices. Faujasite type zeolite 13X (ARKEMA
siliporite®; Si/Al = 1) was supplied in bead (diameter 1.6–2.5
mm, 20 wt% binder) and powder forms by ARKEMA. Faujasite
type zeolite LiX (Arkema siliporite®) was supplied in the shape
of beads (diameter = 0.55 mm, 20 wt% binder) by ARKEMA.
CaCl2$6H2O and MgSO4$7H2O salts were purchased from
Sigma Aldrich, while LiCl$H2O was purchased from Alfa Aesar.

2.1.2 Composite materials. The zeolite@salt composites
were prepared by impregnation of the host zeolites in beads
form for 13X(b) and LiX(b) and in powder form for 13X(p) with
pure salts (CaCl2, MgSO4 or LiCl) or an equimolar mixture of
CaCl2 and MgSO4 salts. The desired salt loading was 5 wt%.
Prior to impregnation, the zeolite matrix was dehydrated over-
night at 250 °C in a drying oven and cooled down to room
temperature. Salt was then added to the dehydrated zeolite. An
amount of salt determined so that the equivalent anhydrous salt
mass corresponds to 5% of the zeolite dehydrated mass was
weighed and dissolved in about 5 mL of water. The salt-loaded
zeolite was dried at 70 °C during 4 h and overnight at 250 °C to
form the dehydrated zeolite–salt composites. The composite
materials are referred to as zeolite@Y, with Y = Ca, Mg or Li for
respectively CaCl2, MgSO4 and LiCl based composites, or zeo-
lite@CaMg for the zeolites impregnated by 2.5 wt% CaCl2 and
2.5 wt% MgSO4.
2.2 Characterization of materials

2.2.1 X-ray powder diffraction (XRD). XRD patterns of the
different samples were obtained on a Brüker D8 Advance A25
powder diffractometer using Cu Ka (l = 0.15406 nm) radiation
equipped with a 1-D fast multistrip detector (LynxEye, 192
channels, 2.95°) and a Ni lter. The diffractograms were analyzed
using the Diffract Eva soware and the PDF4+ database.

2.2.2 Chemical composition. The amounts of impregnated
salt were determined from inductively coupled plasma optical
emission spectroscopy (ICP-OES) using an ACTIVA spectrom-
eter from Horiba Jobin Yvon. The samples were treated with
H2SO4 andHNO3 at 300 °C in order to dissolve them completely.
The expected accuracy of the ICP-OES measurements is esti-
mated at ±2%.

2.2.3 Nitrogen sorption. Nitrogen sorption isotherms were
recorded at −196 °C on an ASAP 2010 (Micromeritics) appa-
ratus. The samples were rst desorbed under secondary vacuum
for 3 h at 300 °C. The apparent specic surface areas (SBET) were
derived from the BET (Brunauer–Emmett–Teller) standard
equation. The interval of relative pressure used to linearize the
BETmodel equation is 0.005# P/P0# 0.10 with at least 5 points
used to obtain a correlation coefficient >0.999. The total pore
volume (VTOT) was calculated at P/P0 = 0.98 on the adsorption
branch. The t-plot technique was used to determine the
microporous volumes (Vmicro) in the range 0.05 # P/P0 # 0.3.
The pore size distribution (between 2 and 5 nm) was deter-
mined by analysing the adsorption branch of the N2 adsorption/
desorption isotherm (BJH method).
This journal is © The Royal Society of Chemistry 2023
2.2.4 Water-vapor sorption. Water vapor sorption and
desorption isotherms were determined on samples weighing
between 70 and 100 mg using a Micromeritics 3 Flex apparatus.
The solids were previously outgassed at 300 °C for 3 h. The
samples were kept at a constant temperature (20 °C) with
a relative humidity ranging from 0 to 98%. The amount of water
uptake is expressed in kg of water vapor sorbed per kg of
dehydrated sample as a function of P/P0 at 20 °C. The LiCl based
composites exhibit high amounts of salt solution on the zeolite
surface, and the materials have a doughy consistency. The
presence of liqueed salt solution at high relative pressure
produces excess pressure in the analysis cell due to water
sublimation, making desorption analysis of 13X(b)@Li and
LiX(b)@Li impossible. Thus, for these compounds, only the
sorption isotherms are represented.

2.2.5 Water and heat storage capacities. The water
sorption/desorption capacities and corresponding heats over
the different materials were investigated using a thermogravi-
metric analyser (TG) coupled to a differential scanning calo-
rimeter (DSC) (Setaram SENSYS EVO TG-DSC) and a humidity
generator (SetaramWETSYS). The mass evolution over time was
determined by TG analysis, while the amount of heat stored/
released during the sorption/desorption process was simulta-
neously measured by DSC. The studied materials were sub-
jected to TG-DSC analysis over 2 cycles of hydration/
dehydration. Fresh solid (around 10 mg) was placed in an
open quartz crucible, with a 10 mg inert sapphire in a reference
crucible. The solid was rst dehydrated under dry air ow with
a temperature ramp from 25 to 300 °C followed by an
isothermal plateau during 3 h. Aer cooling to room tempera-
ture, the rst hydration cycle was performed at 25 °C by
switching from dry to humid air ow which was maintained for
16 h. Aer 16 h, the gas ow was switched back from humid to
dry air and the two steps repeated for the next dehydration/
hydration cycle. The air gas ow rate in all measurements was
set to 20 mL min−1, and the bath and gas temperature in the
humidity generator were set to 40 °C. The measured dehydra-
tion heat ow was corrected by subtracting the heat ow signal
of a blank test (performed under the same conditions with
10 mg inert sapphire in both reference and sample crucible).
The estimated error on the hydration/dehydration heat values is
around ±20 J g−1 of dehydrated sample.

The water sorption capacity was determined using eqn (2)
during the second dehydration and hydration:

SCH2O ¼
�
Whyd �Wdehyd

�
Wdehyd

(2)

3. Results and discussion
3.1 Structural and textural properties

Nitrogen sorption/desorption isotherms of 13X(b), 13X(b)
crushed and LiX(b) are a combination of type I and IV according
to IUPAC classication indicating that the porous structure is
composed of both micropores and mesopores (Fig. 1a and b).
This is conrmed by data presented in Table 1. The pore size
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2739
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Fig. 1 N2 adsorption/desorption isotherms of 13X- (a) and LiX- (b)
based materials.
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distributions of the 13X based samples are presented in Fig. S1†
and those of the LiX(b) based samples in Fig. S2.† The presence
of narrow mesopores in LiX(b) and 13X(b) is highlighted,
characteristic of type IV isotherm. 13X(b) exhibits mesopores
Table 1 Physico-chemical characteristics of pure zeolites and the corre

Name Amount of salta (wt%)
Apparent BET surface
area (m2 g−1)

T
(c

13X(b) — 733 0.
13X(b) crushed — 672 0.
13X(b)@Ca 4.8 547 0.
13X(b)@Mg 4.8 463 0.
13X(b)@Li 5.1 518 0.
13X(b)@CaMg 2.6/2.5 521 0.
13X(p) — 787 0.
13X(p)@Ca 4.6 699 0.
LiX(b) — 894 0.
LiX(b)@Ca 5.2 614 0.
LiX(b)@Mg 5.4 536 0.
LiX(b)@Li 4.7 556 0.
LiX(b)@CaMg 2.7/2.5 607 0.

a Determined by ICP-OES (±2%). b Determined for P/P0 = 0.98. c Determi

2740 | J. Mater. Chem. A, 2023, 11, 2737–2753
with size distribution between 2 and 50 nm, with a main
contribution coming from narrow mesopores (2-3 nm), without
any signicant main pore size. LiX(b) shows only narrow mes-
opores between 2 and 2.7 nm without any noticeable main pore
size. The further increase in adsorption at P/P0 > 0.95 is attrib-
uted to inter-particle condensation, i.e. the space formed
between the particles is lled with condensed nitrogen. The
slight hysteresis loop at P/P0 > 0.5 is related to the presence of
narrow mesopores. The high microporous volume of pure
zeolites (92 and 91% for LiX(b) and 13X(p), respectively) and
consequently the high surface areas account for an important
amount of available adsorption sites.

For the 13X(b) zeolite, aer the rst steep increase at P/P0 <
0.05, the sorption/desorption isotherm curve shows a contin-
uous increase up to P/P0 < 0.8 followed by a sharp adsorption at
higher pressures. The mild slope of the curve in the middle
range and the wide hysteresis loop indicate the presence of
pores >2 nm, generated by the binder used to form beads,
according to the pore size distribution. Similar behaviour was
reported by Q. Wang et al.41 for 13X zeolite beads with particle
diameter between 3 and 5 mm and attributed to the meso-
porosity generated by the presence of the binder in the material
structure. The inuence of zeolite shaping and the textural
changes induced by the binder can be also pointed out. Without
any binder the proportion of microporous volume upon the
total pore volume (91% for the powder form versus 70% for
zeolite in beads) as well as the apparent specic surface area are
higher (Table 1). Contrary to 13X(b), 13X(p) exhibits narrow
mesopores between 2 and 3.1 nm with a main pore size at
2.9 nm, showing that some mesoporosity (at pore diameters
higher than 3 nm) is created by the binder (Fig S1†), thus
remaining as a type I isotherm.50 The presence of non-porous
binder for around 20% of the total weight reduces the micro-
porous volume and the apparent specic surface area when
these are expressed per gram of sample. Although the binder-
free zeolite possesses higher microporous volume, the new
porosity generated by the binder results in a higher total pore
sponding composite materials

otal pore volumeb

m3 g−1)
Micropores volumec

(cm3 g−1)
Theoretical pore volumed

(cm3 g−1)

37 0.26 —
36 0.25 —
29 0.21 0.33
26 0.17 0.33
28 0.19 0.33
28 0.20 0.33
33 0.30 —
30 0.27 0.32
38 0.35 —
36 0.22 0.34
35 0.20 0.34
33 0.20 0.34
35 0.23 0.34

ned using the t-plot N2.
d Determined with eqn (3).

This journal is © The Royal Society of Chemistry 2023
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volume for 13X(b) in comparison with 13X(p). The mechanical
grinding of 13X(b) led to a lower apparent specic surface area
measured for 13X(b) crushed than 13X(b).

Pore volume retention as well as apparent specic surface
area are important factors in water sorption behaviour. Since it
is well known that salt incorporation in porous sorbents can
inuence the porosity of the host material, in order to avoid
a decrease in pore volume and consequently the loss of storage
properties44,45 of zeolite matrices, relatively low amounts of salt
have been used in this work. Indeed, the salt contents (wt%,
±2% error) in the zeolite@salt composites, as presented in
Table 1, range from 4.6 to 5.2 wt%. The volume of N2 adsorbed
by 13X(b) and 13X(p) based composites are lower in the entire
range of relative pressure compared to the corresponding host
matrices. In comparison with the pure zeolite, 13X(b) based
composites present lower apparent specic surface areas and
pore volumes, with a pore distribution shied towards larger
mesopores. This could be caused by (i) penetration of salt
particles into the host zeolite micropores (ii) pore access
blockage by an excess of salt (iii) a breakdown/enlargement of
part of the micropores induced by the impregnation of the salt.

Pore blocking can be evidenced by determining the theo-
retical pore volume aer salt incorporation, eqn (3), considering
the salt amount (wt%) determined by chemical analysis and
assuming the salt occupies the difference of pore volume
between zeolite and composites:51

Vp ðcompositeÞ ¼ Vp ðmatrixÞ � CaCl2 ðcontentÞ

�
Vp ðmatrixÞ þ 1

rsalt

�
(3)

where Vp is the pore volume and rsalt the density of anhydrous
salt (2.15 g cm−3 for CaCl2, 2.66 g cm−3 for MgSO4 and
2.07 g cm−3 for LiCl). The theoretical pore volumes of 13X(b)
based composites are at least 14% higher than the experimental
pore volumes determined with N2 sorption/desorption
isotherms, suggesting pore access was blocked by the depos-
ited salt.52 The loss of apparent specic surface area and porous
volume is more limited aer 13X(p) impregnation by CaCl2. The
pore size distribution remains in a similar range (i.e. between 2
and 3.2 nm), with a decrease of the contribution of the main
peak corresponding to a pore diameter of 2.9 mm. The theo-
retical pore volume is again higher than the experimental one,
but the difference is only around 7%. The absence of the inert
and almost non-porous binder may result in a better diffusion
of salt through the materials, limiting the pore blocking.

The shapes of the isotherms of the LiX(b)-salt composites do
not match those of LiX(b) host matrix. Indeed, aer the rst
increase at P/P0 < 0.05, the isotherm curves show a continuous
slight increase followed by a sharp increase in adsorption at P/
P0 > 0.8, eventually surpassing the host matrix at P/P0 > 0.98. A
larger hysteresis loop is also observed for LiX(b) based
composites than for pure LiX(b). Aer salt deposition, LiX(b)
shows drastic decreases in apparent specic surface area and
microporous volume, while the total pore volume remains
stable. Enhanced capillary condensation due to the deposited
salt may be responsible for the increase in the total adsorbed
volume.
This journal is © The Royal Society of Chemistry 2023
The proportion of microporous volume in the total pore
volume drastically decreases from 92% for LiX(b) to [57–66%]
for the composites, which may suggest pore lling and/or
blocking by the salt. The pore size distribution is shied
toward higher pore diameters with a range between 2 and
50 nm. Nonetheless, the LiX(b) materials exhibit less pore
access blockage by the salt than NaX based composites. Indeed,
the total pore volumes of the composites remain similar to that
of host LiX(b). However, a breakdown and/or enlargement of
part of the micropores upon salt impregnation, together with an
enhancement of the capillary condensation due to the presence
of salt on the zeolite surface, cannot be excluded.39

The impact of salt deposition on the structure of the host
zeolites was further determined by XRD. The obtained dif-
fractograms are given in Fig. 2a–c. 13X(b), 13X(p) and LiX(b)
host matrices exhibit typical FAU reection peaks at 2q = 6.1,
10.0, 11.8, 15.5, 23.3, 26.8 and 30.9° assigned to (111), (220),
(311), (331), (642) and (555) facets respectively.53 For zeolite–salt
composite materials, all reections match with those of parent
zeolites. As reported in ref. 54 for 13X impregnated by <10% of
salt, crystalline salt hydrates can be detected by XRD on the
zeolite surface even at low loadings. No visible XRD reections
characteristic of salt hydrates can be assigned to salt incorpo-
rated in the zeolite porosity and/or salt deposited in amorphous
hydrate phase. Indeed, the materials obtained by impregnation
of the zeolites were calcined at 250 °C overnight in order to
eliminate residual water. Pore blockage of the zeolites could
hinder the complete removal of absorbed water molecules from
the hydrated salt, leading to an amorphous phase. Highly
dispersed salt located at the surface and in the host matrix
porosity would also be consistent with the lack of salt hydrate
diffraction peaks. Meanwhile, a decrease in intensity of the
peaks corresponding to the porous matrix is also observed aer
impregnation by a salt.55,56 This decrease can be explained by (i)
a decrease in the zeolite amount for the same quantity of
material and/or by (ii) a reduction of the contrast due to host
matrix pore lling by the salt and its hydrated forms.

27Al NMR proles of the 13X(b), 13X(p) and LiX(b) series of
materials are shown in Fig. 3a–c, respectively. 13X(b), 13X(p)
and LiX(p) exhibit one single signal at d = 62, 61.5 and 64 ppm,
respectively, characteristic of tetracoordinated aluminum (AlIV),
conrming the regular systems of intercrystallite cavities and
channels of the zeolite frameworks and their corner-sharing
AlO4

5− tetrahedra. Aer impregnation of 13X(b) and LiX(b),
no diffraction peak characteristic of the presence of hex-
acoordinated Al (AlVI) has been observed, thus showing the
preservation of the AlIV coordination. Interestingly, among the
different studied composites, 13X(b)@Mg, 13X(b)@Li, 13X(p)
@Ca and LiX(b)@Li show a wider main resonance signal than
the corresponding host zeolites. In the quadripolar MAS NMR,
a modication of the symmetry around the element causes an
increase of the quadripolar constant and therefore the resulting
NMR signals become wider.57 A modication of the electronic
environment around Al due to new interactions and/or distor-
tions caused by salt impregnation explains the widening of the
27Al NMR signals. Other composites such as 13X(b)@Ca, 13X(b)
@CaMg, LiX(b)@Ca, LiX(b)@Mg and LiX(b)@CaMg exbibit
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2741
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Fig. 2 XRD patterns of 13X(b) (a), 13X(p) (b), LiX(b) (c) based materials.

Fig. 3 27Al-MAS NMR profiles of 13X(b) (a), 13X(p) (b) and LiX(b) (c)
based samples.
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small shis of the signal due to slight modication of the AlIV

environment. In order to study in greater depth these electronic
and/or symmetry modications of the zeolite constituents, 23Na
and 7Li MAS NMR analyses of the materials were also per-
formed; the proles obtained are presented in Fig. 4 and 5.

Na+ cations, acting as counter-ions to the negatively charged
zeolite structure, are usually found in 6 different sites of the
faujasite framework: (I) at the center of the double six-rings
(D6R) which tetrahedrally connect the sodalite cavities by
bridging oxygens (I′) in the sodalite supercage, at the opposite of
site I, (II) at the center of the single six-rings (S6R) shared by the
supercages and sodalite (II′) inside the sodalite cavity near
2742 | J. Mater. Chem. A, 2023, 11, 2737–2753
a S6R, (III) in the supercage on the opposite axis of a four-ring
between two 12-rings and (III′) near the inner walls of the
supercages or the edges of 12-rings. The position and distri-
bution of the Na+ sites can vary with the hydration state of the
zeolite and the Si/Al ratio. Olson58 reported Na+ ions at sites I, I′,
II and III′ with a total of seven Na+ equipoints in 13X with Si/Al=
1. The presence of Na+ in four distinct sites: I′, II and two
different III′ positions, in 13X containing Si/Al = 1.08 has been
reported by Seff et al.59 Feuerstein et al.60 performed 23Na MAS
NMR simulation and experimental analysis of 13X (Si/Al = 1).
Five signals were identied by simulation for Na+ cations at
sites I, I′, II and two different III′ sites, and the experimental
signal represents a large overlapped peak of ve different
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 23Na-MAS NMR profiles of 13X(b) (a) and 13X(p) (b) based
samples.

Fig. 5 7Li-MAS NMR profiles of LiX(b) and the corresponding
composites.
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signals corresponding to the simulation ones. In this study, one
single Lorentzian-type signal is observed in 23Na MAS NMR
spectra of 13X(b) and 13X(p) with a maximum of d = 1 and
−4.8 ppm, respectively, which can be attributed to Na+ posi-
tioned in crystallographic site I. Quadrupole interactions of the
23Na nuclei (I = 3/2) at distinct crystallographic cationic sites
can lead to overlapped signals in the 23Na NMR spectra, making
the separation of the resonance peaks and their assignment
This journal is © The Royal Society of Chemistry 2023
difficult. Therefore, the presence of additional resonance
signals in the 23NaMAS NMR proles, corresponding to another
Na+ position in the framework structure of 13X, cannot be
excluded. Moreover, not all the 23Na nuclei in X-type zeolites are
observable by NMR.61

The 23Na NMR proles of 13X(b)@Ca and 13X(b)@CaMg are
very similar to that of the parent zeolite (slightly shied towards
lower d), suggesting that in these composites most of the Na+

cations occupy the same crystallographic sites and present very
similar symmetries to pure 13X(b). In contrast, the NMR signals
obtained for 13X(b)@Li, 13X(b)@Mg, and 13X(p)@Ca do not
match those of the host zeolites. 13X(b)@Li exhibits one reso-
nance peak at d = 7 ppm followed by a broader one with
amaximum at d=−7 ppm, showing the non-equivalence of Na+

positions in 13X(b) before and aer impregnation by LiCl. The
presence of two signals in the NMR spectrum of 13X(b)@Li
indicates different symmetries around Na+ cations in this
composite, although the exact positions of the Na+ sites remain
difficult to assess. It must be noticed that the analysedmaterials
were not dehydrated before the MAS NMR measurements, in
order to be as close as possible to a thermochemical heat
storage application system. The deliquescence relative humidity
(DRH) of LiCl$H2O, dened as the RH at which deliquescence
takes place, is relatively low (11%). Therefore, salt liquefaction,
which leads to greater mobility of the salt through the zeolite,
may take place, with direct impact on the Na+ cation environ-
ment. The presence of at least two types of non-equivalent Na+

cations can also be deduced from the spectrum of 13X(p)@Ca.
The 23Na NMR prole exhibits a thin resonance peak centred at
d = 7 ppm, characteristic of a quasi-symmetric environment
around Na+, and a second wider peak with broad shoulders
which overlap the rst one and extend all the way to −80 ppm
with quadrupolar pattern. In the high-eld region, broad
shoulder peaks appear due to several overlapped signals which
indicate the presence of Na+ in several crystallographic sites. An
easier diffusion of CaCl2 particles through 13X in powder form
compared to bead shaped zeolite can explain the different
structural modications observed between 13X(p)@Ca and
13X(b)@Ca composites. The only broad signal measured for
13X(b)@Mg, with a maximum at d = −5 ppm, suggests
a deformation around Na+ cations compared to the parent
zeolite and thus a symmetry loss. The presence of overlapped
peaks under the broad signal and so the presence of Na+ in
different site positions cannot be completely ruled out. A
breakdown/enlargement of part of the zeolite porosity induced
by the salt incorporation, in addition to the pore access
blockage previously highlighted for 13X(b)@Mg and 13X(b)@Li,
could facilitate the diffusion of salt through the host matrix and
thus inuence the environment around the zeolite components.
The creation of new interactions and/or distortion around the
zeolite components is highlighted for 13X(b)@Mg, 13X(b)@Li
and 13X(p)@Ca, which agrees with the 27Al MAS NMR results.

Li+ cations are found in three different crystallographic sites,
in SI′ inside the b-cages, in SII inside the faujasite supercages
and in the position SIII, near the four-ring windows inside the
faujasite supercages.62,63 The resonance peak assignments in
the 7Li NMR spectrum of LiX (Si/Al = 1) have been studied by
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2743
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Feuerstein et al.60 in correlation with neutron diffraction data
analysis. The authors60 concluded that the low-eld component
is attributed to Li+ at SI’ (d= 0.4 ppm), the peak at d=−0.3 ppm
to SII sites and the signal at higher eld (d=−0.9 ppm) to SIII. It
has to be noticed that the SI′ and SII components are much
broader in the 7Li NMR spectra than the SIII signal, due to
smaller quadrupole interaction on the Li cations at SIII. The 7Li
NMR spectrum of LiX(b) presents a single signal between
approximatively d = −5 and 5 ppm with a maximum at
−0.52 ppm, indicating that quadrupolar interactions are not
important. LiX(b)@Ca, LiX(b)@Mg and LiX(b)@CaMg present
very similar 7Li NMR proles with a single signal with
a maximum at d = −0.40 ppm showing that salt impregnation
proceeds without signicant modication of the position in
crystallographic sites and the symmetry around Li+ cations in
LiX zeolite. In contrast, LiX(b)@Li presents two thin peaks with
maxima at d = +0.36 and −0.36 ppm, indicating that Li+ cations
are mainly in two different environments. Similarly to LiCl
incorporation in 13X(b), the easier formation of a salt solution
facilitates the diffusion of salt through the zeolite and therefore
greatly inuences the symmetry around the cation. Also, the
lower ionic radius of Li+ in comparison with Ca2+ and Mg2+ can
lead to an easier incorporation of LiCl in the faujasite structure
of zeolites, involving a greater modication of environment
and/or symmetry around zeolite components.
Fig. 6 Water vapor sorption/desorption isotherms at 25 °C of 13X (a)
and LiX(b) (b) and corresponding composites.
3.2 Water vapor sorption isotherms

The hydration/dehydration behaviour of the 13X and LiX based
samples has been studied by performing water sorption/
desorption experiments in closed environment at 20 °C. The
water sorption/desorption isotherms over the entire range of
relative water pressure are presented in Fig. 6a and b, respec-
tively. For the sake of clarity, the water uptake at P/P0 < 0.1 is
presented in Fig. S3a (13X(b), 13X(p) and the corresponding
composites) and b (pure LiX(b) and LiX(b) – based composites).†

We discuss rst the inuence of the zeolite shaping. The
type I isotherm exhibited by 13X(p) is consistent with its
predominantly microporous character, and agrees with
previous reported water sorption isotherm curves of 13X
zeolites.64 13X(b), 13X(b) crushed and LiX(b) also exhibit type I
adsorption isotherms, but the curves show a slight convex
increase from P/P0 = 0.1 to 0.9 probably due to water sorption
in the porosity generated by the binder. Pure zeolites present
minor irreversibility of the water adsorption/desorption
behaviour (the sorption and desorption branches do not
match perfectly) due to a strong affinity of zeolites for water.
The water sorption capacity follows the order 13X(p) > 13X(b)
crushed > 13X(b) in the entire relative pressure range, to reach
0.300 to 0.313 kg H2O kg−1 at P/P0 = 0.9, showing the effect of
both binder and shaping on the water vapor sorption capacity.
The presence of around 20 wt% of inert binder contributes to
the reduction in water uptake per mass unit for the shaped
zeolites. The higher water uptake of LiX(b) compared to 13X(b),
in the entire range of water pressure, and the more
pronounced hysteresis loop indicate a stronger hydrophilicity
of LiX(b) zeolite.
2744 | J. Mater. Chem. A, 2023, 11, 2737–2753
The impregnation of 13X(b) by CaCl2 salt (i.e. 13X(b)@Ca
and 13X(b)@CaMg composites) resulted in a decrease in the
water uptake capacity of the matrix without changing the shape
of the isotherms. Based on the N2 sorption isotherms data the
partial pore blockage observed aer salt deposition, can be
correlated with the reduction of the number of available sorp-
tion sites (i.e. reduction of both surface area and pore volume).
The similarity between the behaviors of 13X(b)@Ca and 13X(b)
@CaMg upon water vapor hydration may be explained by the
similar structures around the aluminum and Na+ counterions,
as determined by solid MAS NMR for these two composites.
Lower water uptakes compared to 13X(b) can be also observed
for 13X(b)@Mg and 13X(b)@Li, at P/P0 < 0.73 and P/P0 < 0.89,
respectively. At higher relative pressures, the water uptakes
increase to reach 0.35 kg H2O kg−1 for 13X(b)@Mg at P/P0= 0.94
and 0.65 kg H2O kg−1 for 13X(b)@Li at P/P0 = 0.91. This
increase could be attributed to the easier hydration of the
incorporated salts in these composites, due to (i) a breakdown/
enlargement of part of the micropores upon salt impregnation,
facilitating the diffusion of water vapor and (ii) the presence of
salt partly on the zeolite surface. 13X(p)@Ca presents a similar
water sorption equilibrium to the host zeolite in the range of
relative pressure lower than 0.76, followed by a sharp increase at
high pressure to reach 0.82 kg H2O kg−1 at P/P0 = 0.99. The
different behaviour of 13X(p)@Ca in comparison with 13X(b)
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Weight evolution during the second dehydration of 13X (a) and
LiX (b) and corresponding composites.
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@Ca at high relative pressures evidences the effect of the host
matrix shaping on the water sorption performance of the
composites. Easier water vapor diffusion through the powder
compared to the beads facilitates the formation of a salt solu-
tion, and thus greatly increases the water uptake at high relative
pressures.

The isotherms of LiX(b)@Ca, LiX(b)@Mg and LiX(b)@CaMg
present sharp water adsorption uptakes in the low relative
pressure region, mainly attributed to micropore lling, followed
by a gentle rise between 0.01 < P/P0 < 0.7, assigned to the lling
of narrow mesopores, and a slight increase at P/P0 > 0.7 attrib-
uted mainly to hydration of the incorporated salt. At P/P0 < 0.3,
LiX(b)@Ca and LiX(b)@Mg show similar water uptakes. At
higher relative pressures, the CaCl2 based composite shows
better hydration properties than LiX(b)@Mg in the whole
studied range. Interestingly, the water uptake of LiX(b)@Ca
surpasses that of the host zeolite for P/P0 > 0.73, indicating an
easier hydration of the incorporated CaCl2 compared to MgSO4.

The water uptake and the shape of the isotherm for LiX(b)@Li
are comparable to those of LiX(b)@Ca and LiX(b)@Mg at P/P0 <
0.3, followed by a sharp increase with relative pressure, as
previously observed for 13X(b) impregnated by LiCl. This sharp
increase in water uptake can be explained by the easier forma-
tion of a salt solution in LiCl-based composites, and to a slightly
lesser extent in CaCl2-based composites, compared to MgSO4-
based composites, due to the lower deliquescence relative
humidity (DRH) of LiCl$H2O (11%) than CaCl2$6H2O (28–29%)
and MgSO4$7H2O (87–89%) and/or by a higher amount of
available salt on the material surface.

No synergetic effect is observed between the deposited salt
and the host zeolite matrix in the water sorption performances
of the composites. The zeolite undergoes a partial loss of
sorption properties due to the partial blocking of its micropo-
rosity by the salt incorporation. The low amount of salt conned
inside the microporous zeolite due to diffusional issues is not
sufficient to offset the reduction in hydration ability of the host
matrices at low water pressure. The sharp rise in water uptake
capacity of the composites for water vapor relative pressures
starting at P/P0 = 0.3 is mainly caused by the salt deliquescence,
which can appear at a water vapor partial pressure above the
DRH of the hydrated salt, and therefore lead to a leakage of the
salt solution.
3.3 Water and heat storage capacities: TG-DSC hydration/
dehydration cycles

3.3.1 Pure zeolites study. The weight evolution of the
studied solids upon dehydration is shown in Fig. 7. For the sake
of clarity, the dehydration curves for the rst 100 min and for
weight % between 100 and 85% of the initial mass are plotted in
Fig. S4.† The total amount of water released is the value
measured aer 30 min at 300 °C.

All the samples exhibit rst a small loss of weight which
occurs during the rst 20 min at 25 °C, followed by a sharp
weight decrease when the temperature is increased from 25 to
300 °C (2 °C min−1). The effect of the binder on the dehydration
behaviour can be studied by comparing 13X(p) and 13X(b)
This journal is © The Royal Society of Chemistry 2023
crushed. Binder-free 13X(p) presents a higher weight loss and
higher heat storage capacity (in kJ kg−1). Even though shaping
could hinder water desorption, these two samples display very
similar weight loss curves. Aer 30 min at 300 °C, only 1.7 and
1.2% of the total amount of water sorbed is still present in the
13X(b) and 13X(b) crushed, respectively, showing the slight
hindrance effect of the shaping on water desorption. In addi-
tion, 3% of the total amount of water adsorbed by LiX(b) is still
present in the material at the end of the dehydration step,
suggesting a stronger interaction between LiX(b) and water than
between 13X zeolites and water.

The water sorption (amount of water sorbed per dehydrated
mass, determined using eqn (2)) and heat storage (in kJ per
dehydrated mass or per amount of water sorbed) capacities
were determined from TG-DSC analysis and are summarized in
Table 2. For the sake of comparison, the rst dehydration–
hydration cycle was used as conditioning treatment. The second
dehydration–hydration cycle was further considered to gain
insight into the performances of different zeolites and
composites as thermochemical heat storage materials.

With the highest apparent specic surface area among the
studied zeolites, LiX shows a water sorption capacity similar to
those of 13X(b) and 13X(b) crushed (0.28 kg H2O kg−1), but
a higher heat storage capacity (1058 kJ kg−1 vs. 1007 and 980,
respectively). This is attributed to a stronger interaction
between LiX and water. Indeed the amount of heat stored
per mol of sorbed water (69.6 kJ mol−1 H2O), which reects the
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2745
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Table 2 Comparison of the heat and water storage capacities of studied solids

Name Water sorption capacitya (kg H2O kg−1) Heat storage capacityb (kJ kg−1) Heat storage capacityc (kJ mol−1 H2O)

13X(b) 0.28 1007 64.9
13X(b) crushed 0.28 980 65.5
13X(b)@Ca 0.21 800 63.1
13X(b)@Mg 0.23 813 64.6
13X(b)@Li 0.25 860 62.8
13X(b)@CaMg 0.25 892 62.4
13X(p) 0.31 1080 63.1
13X(p)@Ca 0.29 972 59.5
LiX(b) 0.28 1058 69.6
LiX(b)@Ca 0.28 900 58.6
LiX(b)@Mg 0.28 890 60.4
LiX(b)@Li 0.26 892 62.2
LiX(b)@CaMg 0.26 897 62.8

a Water sorption capacity determined with eqn (2) on dehydrated sample at 150 °C (±0.02). b Dehydration heat determined by 2nd dehydration heat
ow integration (±20 kJ kg−1). c Dehydration heat expressed in kJ mol−1 H2O (±0.5 kJ mol−1).
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strength involved in the sorbent–sorptive reaction, surpasses
those of 13X(b) (64.6 kJ mol−1 H2O) and 13X(b) crushed
(65.5 kJ mol−1 H2O). As reported by Yang et al.65 smaller cations
with higher ionic potential are more apt to coordinate water
molecules. In addition, the smaller amount of binder used to
shape smaller beads of LiX can have an impact on the heat and
water storage capacities. The heat and water storage capacities
of studied zeolites are higher than those of other porous host
matrices reported in the literature (see Table S1†). It has to be
noticed that the heat storage capacities of low the Si/Al ratio
zeolites provided by ARKEMA outperform those of other
commercial zeolites (Table S1†).

In order to study the reversibility of the water and heat
storage/release capacities, the heat and water storage capacities
during rst hydration (H1), second dehydration (D2) and
second hydration (H2) are presented in Fig. S5–S17.† Pure
zeolites exhibit very good reversibility between water uptake
(H1, H2) and water release capacities (D2) with a difference of
1.5% atmost. Zeolites exhibit similar water uptakes between the
rst (H1) and second cycles (H2). Pure zeolites also present good
reversibility of the released capacities (H1 and H2), with
difference of only 3.4%. The difference between hydration and
dehydration enthalpies is however greater (with a maximum of
6.7%), which can be attributed to the integration terminals and/
or to the blank subtraction (the blank was not subtracted from
the hydration heat ow). LiX(b) represents the most promising
host zeolite in terms of heat and water storage capacities, and
the bead shape allows its use in many large-scale reactors.

3.3.2 Zeolite@salt composites. Typical hygroscopic salts
such as CaCl2, MgSO4 and LiBr but also a mixture of CaCl2 and
MgSO4 have been incorporated in zeolites with the aim of
increasing their heat and water storage capacities. Rammelberg
et al.66 reported the use of CaCl2 and MgSO4 mixture (salts alone
without host matrices) for thermochemical heat storage. The salt
mixture (2 g of each salt) shows almost no performance degrada-
tion over 55 cycles of hydration/dehydration due to overhydration
tolerance. In addition, the salt mixture shows high sorption
kinetics in comparison with the corresponding pure salts.
2746 | J. Mater. Chem. A, 2023, 11, 2737–2753
Surprisingly, while a strong chemical interaction between
hygroscopic salt and water is expected, the amount of water still
presents in the composites aer 30 min at 300 °C is lower than
in the corresponding host zeolites. The relative amount of water
not desorbed in the experimental conditions used here is less
than 0.5% for 13X based composites and between 1.2 and 1.6%
for LiX based composites (Fig. 7).

Impregnation of 13X(b) results in a decrease in the water
sorption capacities (between 0.21 and 0.25 kg H2O kg−1 for the
composites) as well as the heat storage capacities (between 800
and 892 kJ kg−1). The heat storage capacities of LiX(b)
composites are also lower (between 892 and 900 kJ kg−1) than
that of pure LiX(b), although pore blockage by the salt is limited
in comparison with NaX based composites. In the case of non-
shaped composites, 13X(p)@Ca also presents lower water and
heat storage capacities than 13X(p). The decrease in the storage
capacities of zeolites aer impregnation by hygroscopic salt(s)
can be explained by the physico-chemical properties of the
composite materials. Indeed, these results are in accordance
with the previous conclusions on water vapor sorption
isotherms, showing a pore blockage by salt which reduces the
sorption capacity of the zeolite and a reduction of salt hydration
ability due to diffusional issues. The latter is correlated with
a lower diffusion coefficient of the conned salt solution in the
smallest pores.67 Ostrovskii et al.68 studied the limiting steps of
water sorption in composites and reported the possible
formation of a salt solution layer on the channel surface,
limiting the amount of water sorbed and thus the heat storage
capacities of the composite materials. The water and heat
storage capacities of some previously studied composites are
summarized in Table S1.† Our resulting composites present
higher storage performances compared to other composites
with relatively low amount of incorporated salt (4–15 wt%) cited
in the literature (despite the decrease of heat and water storage
capacities of host zeolites aer salt incorporation). On the other
hand, due to the large amount of added salt, reported
composites with amount of salt between 46 and 62 wt%
outperform the storage capacities of studied composites. The
This journal is © The Royal Society of Chemistry 2023
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composites present very high reversibility of the water uptake
capacities (maximum difference of 2.2% between H1 and H2)
and between the amount of water sorbed and desorbed
(maximum difference of 1.1%), as shown in Fig. S5–S17.†
Regarding the heat storage/release, the reversibility between
hydration enthalpies is lower for the composite materials
(maximum difference of 6.2%) than for the pure host matrices.
Also, the gap between the hydration and dehydration enthalpies
reaches a maximum of 5.1%. Addition of the fusion heat of the
incorporated salts as well as agglomeration and/or leaching of
the salt deposited on the surface of the materials can explain
this difference. It has to be mentioned that no deliquescence of
the salt solution outside zeolite porosity and thus no leaching of
the salt were observed aer hydration/dehydration cycles.

Regarding the heat storage capacity in kJ mol−1 H2O, the
interaction between composites and water results in a less
energetic process than between pure zeolites and water. This
behaviour was already observed aer impregnation of 5A zeolite
by 5 and 10 wt% of NaOH.46 The high hydrophilicity (i.e. the
high-water uptake at low water pressure) of zeolites has been
shown in Fig. 6. Pore blocking limits the water sorption ability
of the zeolites, reducing the impact of the highly hydrophilic
zeolite on the interaction of composites with water. Pure
zeolites exhibit higher storage capacities than rehydrated pure
CaCl2 (with 2.7 water molecules under the same hydration
conditions), as reported in our previous study.56 CaCl2 based
composites, 13X(b)@Ca, 13X(p)@Ca and LiX(b)@Ca, present
lower storage capacities than bulk rehydrated salt. The dehy-
dration conditions used in this study allow the full dehydration
of bulk salts,56,69,70 and the stabilization of the weight of the
studied composites at the end of the isothermal plateau
suggests that salt is dehydrated. But the reduction of the water–
composite interaction strength could be explained by the
presence of a small amount of amorphous phase of partially
hydrated salt at the end of the dehydration. The presence of an
amorphous phase can be suggested by the lack of salt hydrate
crystals in XRD analysis (Fig. 2). Pore blockage could also hinder
the release of water from the composite's porosity.

3.3.3 Stability of the storage capacities. The hydrothermal
stability and the stability of the storage properties aer
numerous cycles of hydration and dehydration are crucial
parameters for thermochemical heat storage applications.
Zeolites are known to have stable storage capacities over
numerous hydration/dehydration cycles, with high hydro-
thermal stability.71 Zeolite@salt composites are more suscep-
tible to exhibit signicant loss of the heat and water storage
capacities due to salt deliquescence causing a leakage of salt
solution, leading to instability of the storage capacities.29 In this
study, the good reversibility of heat and water uptake/release
capacities during two cycles was shown in sections 3.3.1. and
3.3.2. In order to assess the stability of pure zeolite and zeoli-
te@salt composites under drastic humidity conditions, around
100 mg of 13X(b), 13X(b)@Ca, LiX(b) and LiX(b)@Ca were
placed in a closed environment saturated in water (see
Fig. S18†). The composites impregnated by CaCl2 were chosen
due to the numerous advantages of CaCl2 in large scale TCHS
This journal is © The Royal Society of Chemistry 2023
(low price, availability, high heat and water storage and high
thermal conductivity).

A dish lled with water was used in order to ensure 100%
relative humidity in the environment. The studied samples were
analysed by TG-DSC using the procedure described in section
2.2.5., aer 800 h in the closed environment, in order to mimic
50 cycles of 16 h of hydration at 100% RH. The water sorption
and heat storage capacities are summarized in Table 3. For
easier comprehension “-ws” is added to the name of samples
subjected to 800 h in water-saturated closed environment.

The heat storage capacities of 13X(b)-ws and LiX(b)-ws are
4.6 and 4.1% less than the “fresh” materials, respectively. It is
difficult to reach a denitive conclusion about a decrease in the
amount of heat stored, because the differences in heat amounts
are close to the experimental uncertainty. However, the stability
of 13X(b) upon cycling is conrmed by the results obtained by
nitrogen sorption isotherm measurements aer ageing the
sample for 800 h (see 13X(b)-ws in Table S2†), with no evident
degradation of the structural properties. In the case of zeolite
LiX(b), an enlargement of the porosity during ageing process
could explain the observed lower apparent BET surface area and
microporous volume and thus a loss of the initial performance.
The heat and water storage capacities of 13X(b)@Ca-ws are
higher than those of the corresponding fresh 13X(b)@Ca (by 14
and 19% for the heat and water storage capacities, respectively).
The increase in the surface area revealed aer cycling could
assign for a better distribution of the salt throughout the zeolite
which can allow the clear passage of adsorbent molecules such
as N2 or H2O. However, both salt hydration and water sorption
by the zeolites can be facilitated by salt deliquescence and
leakage of salt solution, improving the storage capacities.
Although no deliquescence of salt solution outside matrix
porosity is observed, such phenomenon cannot be completely
ruled out under the high-water pressure used for ageing, and
can impact the stability of the storage system over numerous
hydration/dehydration cycles as well as the corrosivity of the
material.

Stable thermochemical properties are observed for LiX(b)
@Ca aer 800 h under humid atmosphere in closed environ-
ment, in spite of about 9% loss of its surface area aer ageing.
This could be explained by a synergetic contribution of the
incorporated salt and zeolite matrix to the nal storage prop-
erties of the composite. The possible redistribution of the salt
not only in the pores, but also on the external surface may allow
the rapid diffusion of adsorbent molecules throughout the
pores, and hence does not have a detrimental impact on the
heat released.

3.3.4 Hydration process and kinetics. The impact of zeolite
shaping as well as impregnation by salts on the hydration
kinetics and process was studied by analyzing the second
hydration of the TG-DSC experiments and the water sorption
isotherm data.

The water loading coefficients of the 13X and LiX based
samples were determined using eqn (4),

qðtÞ ¼ WðtÞ
W0

(4)
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2747
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Table 3 Storage capacities after 800 h in water saturated closed environment

Name Water sorption capacitya (kg H2O kg−1) Heat storage capacityb (kJ kg−1)

13X(b)-ws 0.28 � 0.02 960 � 20
13X(b)@Ca-ws 0.25 � 0.02 910 � 20
LiX(b)-ws 0.28 � 0.02 1015 � 20
LiX(b)@Ca-ws 0.26 � 0.02 900 � 20

a Water sorption capacity determined with eqn (2) on dehydrated sample at 150 °C (±0.02). b Dehydration heat determined by 2nd dehydration heat
ow integration (±20 kJ kg−1).
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where W(t) represents the amount of water sorbed measured at
time t and W0 is the maximal amount of water sorbed. Fig. 8a
and b show W(t) as a function of time for the second hydration
cycle.

Water vapor sorption is faster on 13X(p) than on 13X(b)
crushed and 13X(b) zeolites, showing the effect of both the
binder and the material shaping on the kinetics. The slowdown
of water sorption for shaped 13X is likely due to slower diffusion
through condensed beads than crushed or pure powder. 13X(b)
@Mg and 13X(b)@Li exhibit faster sorption kinetics than cor-
responding pure 13X(b), contrary to 13X(b)@CaMg. Faster water
sorption on the composites can be explained by the large
amount of hygroscopic salt on the composite surface, which
enhances the water sorption kinetics. Although 13X(b)@Ca
Fig. 8 Evolution of the water loading coefficient during the second
hydration of 13X (a) and LiX (b) based samples.

2748 | J. Mater. Chem. A, 2023, 11, 2737–2753
reaches q = 0.95 faster than pure 13X(b), q = 0.99 is attained
aer a longer time. 13X(b)@CaMg presents slower water vapor
sorption kinetics than the corresponding host zeolite during the
entire hydration process. These observations can be correlated
with a lower water uptake than 13X(b) in water sorption
isotherms and TG-DSC experiments, and could be related to
better incorporation of the salts in the zeolite structure, which
may slow down the water vapor sorption kinetics. It was
concluded in section 3.1 that a better diffusion of salt through
the material limits the amount of pore blocking for 13X(p)
based composites. This leads to a higher amount of salt inside
the zeolite porosity, and thus slows down the water sorption
kinetics of 13X(p)@Ca compared to 13X(p).

Although LiX based composites exhibit less pore blockage
than 13X(b) ones, the preferential deposition of salt in the
micropores and/or blockage of access to the micropores of
LiX(b) increases the water vapor sorption kinetics of the
composites compared to pure host LiX(b). On the other hand,
the longer time needed to reach q = 0.99 for LiX(b)@Ca and
LiX(b)@Li compared to LiX(b) can be attributed to a larger
amount of salt on the zeolite surface, limiting water vapor
diffusion through the composites. This observation is corre-
lated to the easier hydration of CaCl2 and LiCl deposited in
LiX(b), as shown by the water sorption isotherms. Thus, the
presence of salt on the surface of the microporous materials can
have a dual inuence on water vapor sorption kinetics: (i)
enhancing the kinetics due to the high affinity of the salt for
water and (ii) induce water vapor diffusion limitations.

Microporous materials possess by denition a large amount
of micropores (<2 nm), but they also contain a large variety of
pores such as narrow mesopores and transitional pores.
Generally, micropores are the key factor for adsorption of water
vapor. Dubinin72 developed the “theory of volume lling in
micropores”, which considers the mechanism of lling
a limited amount of volume during micropore adsorption. In
the theory, two functions are associated with the parameters of
the adsorption equilibrium, the amount adsorbed, the
temperature and the equilibrium pressure.

The rst of these functions is expressed by:

3 ¼ �DadsG ¼ RT ln

�
Ps

P

�
with

�
d3

dT

�
W

¼ 0 (5)

where Ps represents the saturated water vapor pressure and P
the equilibrium water pressure. This function is interpreted
thermodynamically as the decrease in adsorption free energy if
the standard state is the state of a liquid or a gas which at
This journal is © The Royal Society of Chemistry 2023
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temperature T is in equilibrium with its saturated vapor at
a pressure Ps.

The second function is the lled volume of the adsorption
space W:

W = av′ (6)

where a is the adsorption equilibrium amount and v′ the molar
volume of the substance adsorbed.

Thanks to the Polanyi adsorption potential theory, the
volume sorbed (W) can be plotted as a function of the adsorp-
tion potential 3. The curves 3 = f(W) with W representing the
volume adsorbed in the water sorption isotherm and 3 deter-
mined by eqn (5) are presented in Fig. S19a and b† for 13X and
LiX based materials, respectively.

For all the studied materials, the adsorption potential of
water molecules decreases as the adsorbed volume increases,
and eventually vanishes when the maximum sorption capacity
of the material is reached. At low sorbed volumes (∼0.01 cm3

g−1
dehydrated sample) the adsorption potential is high for the pure

zeolites due to the highly energetic interactions between the
microporous structure of zeolites and water. The adsorption
potentials of zeolite-based composites do not match those of
the parent host matrices, showing the effect of deposited salt.

The decrease in water sorption potential aer salt deposi-
tion, as seen for 13X(b)@Ca, 13X(b)@Mg and 13X(b)@CaMg,
could be caused by zeolite pore blockages, reducing the ability
of the host matrices to adsorb water. The connement of salt in
the porosity can also reduce the contribution of the salt to the
sorption potential. The higher water sorption potentials
observed for LiX(b)@Ca, LiX(b)@CaMg, LiX(b)@Mg and LiX(b)
@Li compared to LiX(b) correlate with the higher water uptakes
of these materials at low relative pressures (see Fig. S3b†).
13X(b)@Li, 13X(b)@Mg 13X(p)@Ca, LiX(b)@Li and LiX(b)@Ca
reach 3 = 0 at higher adsorbed volumes due to the higher
hydration ability of the deposited salt. As shown by water vapor
sorption isotherms, the increase of water uptake at high relative
pressure is mainly due to the salt hydration.

To better understand the sorption process as well as the
nature of the interactions between sorbent and sorptive, Dubi-
nin and Astakhov73 proposed a model of the sorption isotherm
which considers the heterogeneity of the adsorption phenom-
enon, described in the ESI.†

The linear transforms of the characteristic adsorption curves
of the water vapor sorption isotherms are plotted in Fig. S20–
S32.† The parameters of the Dubinin–Astakhov (D–A) model (n
and q) and the correlation coefficient R2 of the linear regression
are summarized in Table S3.†

The D–A transform of pure zeolite is represented by two
straight lines, which conrms the hypothesis of energy
heterogeneity. Indeed, the sorption process for the zeolite–
water pair is characterized by heterogeneous interactions, with
two types of interaction forces: a dispersion force (water–water
interaction) and an attraction force due to the adsorption of the
rst molecules on the active center. Indeed, inside the zeolite
cavity, compensating cations (Na+ or Li+) create active sorption
centers. Each straight line corresponds to a type of interaction,
This journal is © The Royal Society of Chemistry 2023
either attraction or dispersion. The values of n vary between 3.28
and 3.74 for low pore lling ratios (q) and between 0.57 and 1.19
for high pore lling ratios. Dubinin and co-workers74 reported
that the pore lling process can be expressed by two term
equations, with each term having the mathematical form of eqn
(S1) (ESI†). The attractive interaction is predominant at low
lling ratios, while dispersion interactions become more
important at high lling ratios.

The D–A transform of pure composites still presents two
straight lines corresponding mainly to water sorption by the
zeolite structure, but also a third convex curve at high lling
ratios. This last contribution shows the predominant effect of
the salt hydration at high relative pressure (as observed in
Fig. 6) which corresponds to high lling ratios. Thus, the
application of the Dubinin–Astakhov model brings light on the
effect of the salt in the water vapor sorption process of the
zeolite-based composites.

The effect of salt addition on the water sorption by the zeolite
structure is also highlighted. Indeed, the modication of D–A
model parameters in comparison with the respective parent
zeolites is particularly signicant for 13X(b)@Mg, 13X(b)@Li,
13X(p)@Ca and LiX(b)@Ca. The lling ratios (q) at which the
transition occurs between the dispersive and attractive portions
of the curves are considerably reduced. Also, the reduction of
the n values for the high and low lling ratio regions suggests
increased structural heterogeneity, caused by the salt addition.
These results are in agreement with the NMR analysis of these
materials, which showed a modication of the electronic envi-
ronment around zeolite components due to new interactions
and/or distortions caused by salt impregnation. These
composites also present wider convex curves in the D–A trans-
form curve compared to the other composites, likely due to the
strong hydration ability of the deposited salt (previously shown
in Fig. 6).
4. Conclusions

In this study, the physicochemical characteristics, storage
capacities, stability, as well as hydration process and kinetics of
pure zeolites and zeolite@salt composites were studied. The
impact of host zeolite shaping and of the choice of deposited
salt was investigated. It has been conrmed that pure zeolites
exhibit high heat and water storage capacities and high stability
of the storage performances. Pure zeolites are also saturated by
water at low relative humidity, which is benecial for applica-
tions given their total potential storage capacities. The non-
shaped 13X(p) zeolite presents faster hydration kinetics, and
the lack of binder to form beads makes it possible to achieve
higher heat and water sorption capacities.

The storage capacities in the open system are totally revers-
ible for all the zeolites and corresponding composites. Although
all salt incorporation impacts the characteristics and properties
of zeolites, LiCl deposition has a stronger inuence, greatly
modifying the environment and/or symmetry around zeolite
components and inuencing the water sorption behaviour in
closed system as well as the hydration process and kinetics.
J. Mater. Chem. A, 2023, 11, 2737–2753 | 2749
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The presence of salt dramatically decreases the heat and
water storage capacities due to blocking of the zeolite pores,
which limits the access of water molecules. The reduction of
porosity is more limited for powder 13X, which leads to
a smaller loss of storage capacities.

In conclusion, the key inuence of the available porosity on
the storage performances of zeolite composites was high-
lighted. It was also shown that the use of very low amounts of
salt does not allow the preservation of the porosity of the zeolite
while maintaining the hydration ability of the salt, reducing the
storage capacities of zeolite@salt composites.

Therefore, this study adds fundamental knowledge on the
impact of (i) zeolite shaping, (ii) deposition of a low amount of
salt, and (iii) the choice of the hygroscopic salt, on the storage
capacities of zeolite-based composites for potential thermo-
chemical heat storage applications.
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