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Thermochemical heat storage based on the CaO + H30 < Ca(OH), system is extremely promising in CSP plants
that can reach medium to high temperatures, such as those equipped with tower and heliostats. However, the
attrition of pure CaO pellets is a major drawback that hampers an actual commercial development. This work
proposes the dip-coating of mixed Ca(OH)2/y-Al;03 spherical and cylindrical pellets with dense silica and Al-
MCM-41 (mesoporous silica) gels. The original hardness of pure Ca(OH), pellets (<2 N) can be increased up
to 31 N using 40 wt% alumina as binder and applying a silica coating. Both gels formed a hard calcium silicate
layer upon calcination that helped keeping the structural integrity of the samples after dehydration/hydration
cycles. The samples were tested in 10 consecutive cycles at dehydration and hydration temperatures of 600 °C
and 250-425 °C, respectively. Cylindrical pieces displayed higher hardness values and hydration yields
compared to the spherical counterparts. Interestingly, porous silica-coated cylindrical pellets achieved a
remarkable hydration yield of 85% and presented a hardness value of 8 N after cycling. This was due to its porous
nature and the composition of the coating, formed by thin sheets and small grains, which allowed preserving the

outer porous structure of the pellet.

1. Introduction

The production of increasing amounts of energy from renewable
sources and the use of carbon-neutral technologies is nowadays a
worldwide goal. In EU, an intensive research and development effort
currently focuses on achieving the requirements of the 2030 Climate and
Energy Framework (reducing greenhouse gas emissions at least 55%
from 1990 levels, increasing the share of renewable energy to at least
32% and improving the energy efficiency to at least 32.5%) [1,2]. The
improvement of energy storage systems, new biofuels for transportation
and heating, and the use of biomass for electrical power production
appear among the main research topics. Since the global trends point to
a higher penetration of renewable energy sources, such as solar or wind,
which are intermittent, the development of efficient energy storage
systems appears to be mandatory to fully leverage the actual potential of
renewable energy, avoiding unwanted losses of energy. In the particular
case of thermal applications (as for example, concentration solar
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power), an appropriate thermal energy storage system allows to elimi-
nate the gap between energy capture and use as well as increase the
efficiency of the whole procedure [3,4].

Different physical-chemical properties of the storage material (sen-
sible heat, latent heat and reaction enthalpy) may be harnessed to
accomplish thermal energy storage. Thermochemical heat storage is
based on a reversible chemical reaction, which absorbs heat in the
endothermic decomposition reaction and releases it in the exothermic
recombination one (Eq. (1)):

A+heat<B+C (@)

The process basically consists of three steps: 1) charge — thermal
decomposition of A with the energy captured during sunlight hours; 2)
storage — of the energy, in the form of internal energy, while both
products, B and C, are kept apart; 3) discharge — recombination with
heat release during the absence of solar energy — [5,6].

The main advantages of thermochemical heat storage are the
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Fig. 1. Cylindrical pellets prepared in extruder.

opportunity for long-term storage as far as the products are kept sepa-
rately, no thermal losses during storage at ambient temperature, and
high energy density storage, 5 to 10 times larger than latent and sensible
heat storage, respectively [7]. However, the storage system must display
very important features, such as high reaction enthalpy, moderate re-
action temperatures, good reversibility, fast reaction rates, stable
products, large abundance, and low cost, among others [6-8]. In regard
to the aforementioned characteristics, one of the most studied reactions
has been the CaO/Ca(OH); system. The dehydration/hydration cycle of
calcium oxide is Ca(OH); (s) « CaO (s) + H0 (g) + AHg with AHg =
104 kJ/ mol. This reaction presents a very high energy density (around
300 kWh m~3), high reversibility (above 100 cycles), absence of by-
products, easy separation of solid CaO and vapour, operation at atmo-
spheric pressure and highly available and non-expensive reactants [7].

Many authors have investigated on this system, adjusting the reac-
tion conditions and calculating kinetic and thermodynamic parameters
[9-11], doping calcium with other elements [12-15], or evaluating
different reactor set-ups [16-18]. There is a common agreement in
literature to highlight two important drawbacks: pellets cracking and
attrition, mainly due to the large volume change of the material, and
crystallites agglomeration and sintering caused by continuous occur-
rence of high temperature, both phenomena leading to decline the
material performance [19]. To offset these effects, several approaches
have been proposed in recent years. A simple strategy was to mix CaO
powders with large alumina particles in a fluidised bed reactor to
minimize sintering [16]. Other approach was to use hydrophilic SiOy
nanoparticles (Aerosil® A300) as fluidising agent. To procure a fine
silica coating to the calcium hydroxide particles, both components were

a. Dense silica

Dense silica
pieces
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mixed in an intensive mechanical mixer and the hydration yield was
measured after several dehydration/hydration cycles. Compared to the
initial 100%, the hydration yield was reduced up to 94% along 10 cycles
and the losses were attributed to pozzolanic reactions between Ca(OH)»
and silica, conducing to the formation of calcium silicate, during the
cycles [20,21].

A similar strategy is to prepare calcium based composite materials
with improved mechanical properties. In this regard, many authors have
doped CaO or Ca(OH), with aluminium, nickel, copper, magnesium,
zinc, or lithium [12,13,15]. In general, the effect of the dopant is to
decrease the decomposition temperature of calcium hydroxide and to
prevent nanoparticles to sinter [12,13]. However, Sakellariou and co-
workers [22] reported that Ca/Al composite pellets made from cal-
cium nitrate or acetate and aluminium nitrate precursors presented a
combined crystalline phase, namely CazAloOg and CajAl;4033, which
consumed part of the calcium and thus limited the hydration yield. This
kind of pellets also fragmented during the second dehydration/hydra-
tion cycle, which points out that the mechanical properties were not
improved. The authors concluded that a good material for this particular
application should be a trade-off between hardness and hydration yield.
Solid-solid reactions were also detected using a sodium silicate solution
as binder in composite materials made of CaCO3, Ca(OH)5 and CaO, and
calcined at 850 °C [20]. Two calcium silicates were identified by X-ray
diffraction (XRD) analyses of the materials obtained, NayCaSiO4 and
CaySi0O4, which are components of Portland cement. The presence of
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Fig. 3. X-ray diffractograms of the powders obtained from calcination at
500 °C of Ca(OH), mixed with dense silica or mesoporous Al-MCM-41 gels.

silica grains

Fig. 2. Broadness of silica coverings over pure Ca(OH), pellets. a) Dense silica. b) Mesoporous Al-MCM-41.
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Fig. 4. Structure of the core-shell pellets and formation of a mixed Ca-O-Si intermediate layer.
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Fig. 5. TEM images of the porous silica coating. a) Coating scratched from a
pellet. b) Powder recovered from the crucible after calcination of the pellets.

these species provided higher mechanical resistance to the composite
materials, above 17 N, but reduced the hydration yield of the samples
compared to materials synthesized at lower temperatures in which the
later silicate was not detected.

In other applications, such as CO» capture by CaO carbonation,
similar problems were reported. The CO5 capture declines very quickly
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Fig. 6. Resistance to crushing of the coated and uncoated spherical mixed Ca
(OH)»/y-Al,03 pellets of different sizes.

for these materials along with the subsequent carbonation-calcination
cycles, especially in the presence of steam, due to sintering of the CaO
particles. Several solutions have been proposed in recent years. The
coating of CaO nanoparticles with a ZrO, layer also led to a mixed
interphase of CaZrO3 or CaZr4Og which prevented significant sintering
up to 20 cycles [21]. A calcium titanate coating has also been used to
prevent sintering of CaO nanoparticles [23]. Mesoporous zirconia has
been employed to coat CaO pellets, showing both less sintering during
the cyclic high temperature stages and good resistance to attrition. The
mesoporous shell also facilitated CO; diffusion to and from the core for
the 20 carbonation-calcination cycles tested [24]. Alumina, ceria and
yttrium-stabilized zirconia were also used as shells, alumina being the
most resistant material to attrition [25]. Core-shell materials have also
been prepared from calcium carbonate (core) and clay powder (shell) by
impregnating the cores with a clay slurry and drying repeatedly. Pellets
larger than 4 mm size with a 0.45 mm thickness shell presented a
resistance to crushing of 35 N and a mass loss by attrition of 0.035 wt
%/h [26]. Calcium pellets doped with magnesium or aluminium species,
calcium lignosulfonate or sepiolite also maintained high carbonation
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Fig. 7. Hydration capacities of the mixed Ca(OH),-Al,03 spherical pellets in
ten-cycle dehydration/hydration experiments at different temperatures. (For
interpretation of the references to colour in this figure, the reader is referred to
the web version of this article.)

yields for up to 50 cycles [27-32]. Another strategy has been the
incorporation of calcium sorbents into porous supports to prevent sin-
tering, such as MCM-41, SBA-15 or KIT-6. The main disadvantage of this
approach is that the calcium load is limited by the total pore volume of
the support [33-36].

In a previous work [37], the authors combined the core-shell strategy
and the doping with aluminium and prepared 60 wt% Ca(OH),—40 wt%
Al,O3 pellets coated with different mesoporous aluminas by dip-coating.
The alumina coverings were obtained by a sol-gel method at several pH
values and with or without an organic cationic surfactant. After 20
dehydration-hydration cycles, the sample A2 CS (neutral pH and sur-
factant) preserved its structural integrity and reached a constant hy-
dration yield of ~90% along the cycles. This work deals with the
investigation on new coatings able to form a hard resistant shell and
enhance the mechanical strength of the pellets while keeping high and
stable hydration yields. The main goal is to provide valid materials that
can be used in medium-high temperature CSP plants, such as those with
tower reactors and nitrate salts as heat transfer fluid. In this regard, since
pellets would not be able to fluidise, they would be placed into a fixed
bed reactor, so thermal stress would be the main structural strain to cope
with. Gels leading to dense silica and mesoporous Al-MCM-41-type silica
(hereafter, porous silica) have been prepared and impregnated on the
mixed cores (60% wt. Ca(OH)2/40% wt. y-Al;03) by dip-coating. These
pellets were manufactured with diverse shapes and sizes. The perfor-
mance and ability to resist thermal stress of the shaped material under
different hydration conditions were assessed for several cycles of
dehydration/hydration and its relation with the synthesis procedure was
established.

2. Experimental procedure
2.1. Preparation of the pellets

Dense silica gels were prepared by alkoxide hydrolysis and conden-
sation routes published elsewhere [38-40] using tetraethyl orthosilicate
(TEOS, Sigma-Aldrich, 98%) as precursor. The preparation of the gel
begins with the dissolution of TEOS in ethanol and the hydrolysis of the
alkoxide by adding 1 M HCl followed by stirring under reflux at 60 °C for
90 min and then at 40 °C for 90 min. Condensation occurs at room
temperature during 48 h without stirring. The gel leading to the meso-
structured silica-alumina Al-MCM-41 (Si/Al molar ratio of 30) was
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prepared from TEOS, aluminium chloride hexahydrate (Sigma-Aldrich,
99%), dimethylamine (DMA, Sigma-Aldrich, 40% aqueous solution) and
cetyltrimethylammonium bromide (CTABr, Sigma-Aldrich, >98%), ac-
cording to a procedure reported elsewhere [41]. Initially, aluminium
chloride is dissolved in a water-dimethylamine mixture. Then, the
CTABr surfactant is added and the mixture is stirred until a clear solution
is obtained. Finally, TEOS is added dropwise and the solution is stirred at
room temperature for 4 h until a white gel is formed. MCM-41 is a
mesostructured silica with uniform hexagonal channels of tuneable
width between 2 and 10 nm. Since pure silica is mostly hydrophobic, for
many applications some silicon atoms are replaced by aluminium, which
lends a moderate acidic and hydrophilic character to the final materials
[42]. Hence, in this work, we prepared the aforementioned Al-MCM-41
gel. To the best of our knowledge, this is the first time that AI-MCM-41
gels have been utilized in a dip-coating procedure to form a porous silica
shell on the surface of Ca(OH); pellets.

Commercial Ca(OH),; powder (Acros Organics, 98%) was used to
synthesize the core of the pellets. Acid y-alumina (Merck, 90%) was used
as binder to increase the mechanical strength of the samples. 60 wt% of
Ca(OH), and 40 wt% of the binder were crushed together in a mortar to
ensure a fine mechanical mixing and then a small amount of water was
poured to form a malleable paste. Part of this cement was conformed
into spherical pieces of various sizes (2-4 mm) and the rest was con-
formed into uniform cylindrical pieces of 3 mm diameter and 4 mm
length using the extruder shown in Fig. 1. The wet paste was pressed into
the holes of a perforated plate and let dry for some minutes to facilitate
the removal of the pellets. Then, the plate was fitted in the male part of
the extruder, so the points could move the pellets through the holes.
About 50 cylindrical pellets of 3 mm diameter and 4 mm length were
produced for each batch. The cores were dried at 110 °C for 2 h in an
oven to remove any excess water.

Pure Ca(OH); or Ca(OH)y/y-AlxO3 cores, both spherical and cylin-
drical, were impregnated by the different gels following a dip-coating
procedure. A number of pellets were placed into a steel grid which
was immersed into the gels for 2 s and then removed slowly from the gel.
The impregnated pellets were then transferred to a ceramic crucible,
dried at 80 °C for 2 h and then calcined at 500 °C for 3 h in stagnant air to
obtain a hard, solid coating. Some of the bare cores, not impregnated,
were calcined under the same conditions to obtain uncoated reference
samples.

2.2. Structural and thermal characterization of the samples

The morphology, continuity and local composition of the coatings
were determined by scanning electron microscopy (SEM) using a Hitachi
TM-1000 apparatus equipped with an energy-dispersive X-ray spec-
troscopy (EDX) detector. SEM images were acquired before and after
dehydration/hydration tests. Transmission electron microscopy (TEM)
of some coatings was also performed using a JEOL JEM 2100 apparatus
under an accelerating voltage of 200 kV and LaBg filament.

The mechanical resistance of the pellets to crushing under
compression, before and after dehydration/hydration tests, was
measured in a Chatillon MT Ametek dynamometer. A collection of 15
pellets of each sample were crushed and their respective average
strengths and standard deviations were calculated. The crystalline
phases present in the samples were determined by XRD in a Philips
X'Pert MPD diffractometer using Cu-Ko radiation with a step size of 0.1°
and a counting time of 2 s.

The textural properties of the coated pellets were obtained from the
nitrogen adsorption/desorption isotherms a 77 K acquired in a Micro-
meritics Tristar 3000 device. For each analysis, a number of pieces were
outgassed for 30 min. at 90 °C and then for 480 min. at 200 °C. Then, the
reactors were carefully transferred to the analysis unit in order to pre-
vent any breakage of the pellets. Specific surface areas were calculated
according to the Brunauer-Emmett-Teller method and the total pore
volumes were considered at p/po = 0.98.



L. Briones et al.

Table 1
Energy stored (kJ/kg) in each evaluated material at different conditions.
Coating Spherical shape Cylindrical shape
Txyp = 250 °C Tayp = 425 °C Tayp = 425 °C
Uncoated 955.7 690.2 502.9
Dense silica 858.2 394.4 579.8
Porous silica 888.3 719.8 836.2

Dehydration/hydration tests were carried out in a TG 209 F3 Netzsch
Tarsus thermo-microbalance coupled with a water vapour generator.
Dehydration stages were performed at 600 °C in argon flow (20 mL/
min) and hydration was performed at 250 or 425 °C under a 0.96 g/h
steam mass flow in argon. The samples were subjected to 10 consecutive
cycles. Hydration capacities were calculated according to Eq. (2) from
the mass increase in the hydration stage and were referred to the mass
increase achieved under the same analysis conditions by a CaO powder
obtained from calcination at 500 °C of the commercial Ca(OH), and
corrected to the theoretical amount of CaO in the pellet:

TG mass gain (sample) sample weight

100
TG mass gain (CaO) CaO weight in sample

Hydration capacity(%) =
)

Finally, the energies potentially released for each sample were
calculated according to Eq. (3), assuming 104 kJ/mol (1854.6 kJ/kg) as
the enthalpy of the CaO hydration reaction:

CaO weight in sample
sample weight

Energy release(kJ/kg) = 1854.6 kJ/kg

3
3. Results

3.1. Deposition of a stable silica coating over pure Ca(OH) pellets and
evaluation of the core-shell interaction

Initially, dense silica and AI-MCM-41 gels were impregnated on pure
calcium hydroxide spherical pellets in order to determine if a continuous
coating on the pellet surface could be obtained as well as to devise the
kind of core-shell interaction that occur. As proved by SEM images in
Fig. 2, both types of silica widely coated the surface of the pellets. Dense
silica formed a thick and continuous layer all along the pellets surface.
This shell was fractured into pieces upon drying and calcination at

As made

!

Uncoated —»

Dense
silica

Porous
silica

!
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500 °C, giving rise to cracks of different widths through which steam
may diffuse. AI-MCM-41 gel did not formed a shell, but small grains
distributed on the surface, similar to those observed by the authors on
mesoporous alumina coatings [37].

The application of silica shells provides several important benefits.
Firstly, the shell can act as a cement, avoiding material disaggregation
during dehydration/hydration cycling. Moreover, fast solid-solid re-
actions between silica and calcium hydroxide have been reported in the
literature leading to the formation of calcium silicates [20,24], which
would improve the hardness of the pellets. Finally, the shell prevents the
attrition of the core and the loss of part of this material in operating
reactors.

The formation of the dense and porous silica flakes over the spherical
Ca(OH); pellets is due to a chemical interaction between the silica gel
and the Ca(OH), cores, as is proved by means of several experimental
techniques. Fig. 3 shows the XRD patterns of the materials obtained from
the calcination at 500 °C of Ca(OH), powder impregnated with dense
silica and Al-MCM-41 gels. All the observed crystalline reflections,
marked with asterisks, correspond to CaCO3 formed by carbonation of
the hydroxide with atmospheric CO». It is noteworthy that calcium hy-
droxide impregnated with dense silica gel also gives rise to a broad
shoulder centered at 20 ~ 23°, which is typical of amorphous silica.
However, this shoulder extends up to 35° and, in the case of the Al-
MCM-41-impregnated sample (hereafter called porous silica), is
clearly centered at 20 ~ 29.5°, which indicates the presence of an
amorphous calcium silicate or calcium-aluminium silicate hydrate
[43-45]. No other crystalline phases, such as crystalline silicates, were

hydration capacity detected. Although their presence cannot be completely ruled out, since

species below 3 wt% or crystals smaller than 4 nm may not be detected
by this technique, the formation of crystalline phases, such as p-CaSiO3
or a-CaSiOs, usually requires temperatures above 800 °C [46]. Hence,
besides the silica sol-gel condensation and vitrification, a chemical
bonding between Ca(OH), and silanol groups is happening to form a Ca-
O-Si species, as illustrated in Fig. 4.

This interaction between the calcium hydroxide and the silica gel
also leads to a change in the porous structure and textural properties of
the resulting shell when AI-MCM-41 gel is used. Fig. 5 shows TEM mi-
crographs of the actual porous silica coating of a pellet (top image) and
the powder formed during the calcination of some Al-MCM-41 gel
deposited on the crucible but not attached to any pellet (bottom image),
both obtained simultaneously after pellet calcination. The powder
retrieved from the crucible presents the features of a mesostructured Al-
MCM-41 silica-alumina, with the presence of parallel channels on the

Cycled 2502C As made Cycled 425 2C

|

Fig. 8. Photographs of the spherical pellets before and after ten-cycle hydration experiments.
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Fig. 9. SEM images of spherical pellets as synthesized and after 10 dehydration/hydration tests under different conditions.

longitudinal view and a hexagonal pattern on the transversal view. On
the other hand, the material scratched from the pellet surface is made of
small grains without any specific arrangement and is no longer a mes-
ostructured AI-MCM-41. However, due to the presence and removal of
the surfactant micelles during calcination, it is still porous, so it will be
consider henceforth as a porous silica coating.

The observed differences between both silica coatings are caused by
the different composition of the starting gels. First, dense silica gel is
acidic because of the presence of HCl, while AI-MCM-41 gel is alkaline
due to the presence of DMA. Moreover, Al-MCM-41 gel contains CTABr

as a surfactant, which facilitates the interaction of the porous silica
particles with the negatively charged surface of Ca(OH), particles [47].
Finally, A1-MCM-41 gel contains aluminium (Si/Al molar ratio = 30) in
its makeup, which, during calcination, may give rise to amorphous
calcium aluminates or other Ca-Si-Al species [48]. The expected overall
effect is a different kind of interaction between the gels and the surface
of the calcium hydroxide particles forming the pellets.
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Fig. 11. Photographs of the cylindrical pellets before and after 10 dehydration/
hydration cycles at 600 °C/425 °C.

3.2. Enhancement of the mechanical resistance of the pellets

One of the main drawbacks of pure calcium hydroxide pellets is their
virtually negligible resistance to crushing (hardness < 2 N), so the
addition of a hardening binder to the cores is necessary. In preliminary
essays, several commercial and synthesized aluminas, as well as natural
bentonite, were used as binders in proportions within the 10 wt%-50 wt
% interval. It was observed that the highest hardness was achieved in a
mixture 60 wt% calcium hydroxide and 40 wt% commercial alumina.
Since the binder does not participate in the dehydration/hydration
process, it is desirable to minimize its amount in the mixture. However,
alumina has almost twice the density (~4000 kg/m®) of calcium hy-
droxide (=2000 kg/m3), so the volume occupied by a 40 wt% alumina in
the final material is only 25%. Thus, pellets were made with the mixed
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paste, coated by the dip-coating procedure and calcined as described in
Section 2.1. Additionally, some uncoated pieces were made following
the same procedure and used as reference.

Spherical pieces were made and sorted into four groups according to
their size: <2.2 mm, 2.2-2.8 mm, 2.8-3.5 mm and >3.5 mm. These sizes
corresponded approximately to the following weights: <10 mg, 10-20
mg, 20-30 mg and >30 mg. Fig. 6 shows the mean and standard devi-
ation of hardness values measured on mixed pellets, uncoated or coated
with dense or porous silica and different sizes. Each point in the plot was
obtained from, at least, 15 crushing measurements.

For the three types of material, the hardness of the pellets increases
along with the size up to 3.5 mm. Above this diameter, lower strengths
are measured. This phenomenon may be due to a lower width of the
coating for the larger pellets, since the thickness of the shell decreases as
the pellet radius increases. Thus, for example, according to gravimetric
measurements carried out to a collection of pellets before and after
coating, the mass percentage of dense silica for the 2.2-2.8 mm pellets is
16% on average, while it is only 1% for the >3.5 mm pieces. Therefore,
pellets between 2.8 and 3.5 mm were utilized for further analyses.

Dense silica, which forms a continuous thick layer, leads to harder
pellets than porous silica, which is made of small grains. The two in-
termediate sizes of the dense silica-coated pellets reached a hardness as
high as 31 N. On the contrary, the highest value measured with porous
silica is 17 N and it is quite similar to the hardness of the uncoated
pieces. These values are comparable to those reported for similar ma-
terials [20,26,37].

It is noteworthy that, irrespectively of the coating material, the as-
made samples, in spherical pellet form, presented quite high specific
surface areas (=~58-61 mz/g) and pore volumes (~0.13-0.16 cm3/g),
showing as well the occurrence of both mesopores and macropores. This
fact is particularly relevant considering that porosity favours steam
diffusion inside and outside the pellets, finally resulting in higher hy-
dration capacities. Thus, the preservation of the pellet porosity along the
cycles is key for attaining high and stable hydration capacities.

In this regard, these materials were subjected to 10 consecutive
dehydration/hydration cycles in order to check their hydration capac-
ities. Dehydration stages were carried out at 600 °C and hydration stages
at either 250 °C or 425 °C. 600 °C is the required temperature to achieve
significant calcium carbonate decomposition [49]. Two dehydration
temperatures were applied to evaluate the effect of this parameter in the
hydration capacity of the samples as well as in their mechanical resis-
tance. The obtained results are shown in Fig. 7, the solid colour symbols
corresponding to the hydration tests at 250 °C and the empty ones to the
tests at 425 °C.

Under 600 °C (dehydration)/250 °C (hydration) temperature con-
ditions, the uncoated sample reached a sustained capacity of 97% of its
theoretical maximum, so meaning that steam could actually reach the
innermost part of the piece. In contrast, the presence of the coating
reduced the hydration ability of the core-shell samples due to both
diffusional limitation and the formation of calcium silicates. The cal-
cium carbonate initially present in the samples is progressively decom-
posed during the first and second dehydration steps at 600 °C, so the
hydration yield increases from the first cycle up to reaching a virtually
constant value from the third cycle on, when decarbonation is complete.
After 10 cycles, the porous silica-coated sample reached a hydration
capacity of 90%, while the dense silica-coated material reached a
slightly lower value, 87%. Despite the thick shell of the latter material, it
shows only a slightly lower performance because steam can easily flow
through the cracks and spaces between the silica sheets.

Under realistic operation conditions, hydration and dehydration
temperatures must be as close as possible, thus a higher hydration
temperature was also tested. By increasing the hydration temperature up
to 425 °C the hydration capacities diminished for the three materials.
The uncoated pellet and the porous silica-coated one reached 70% and
73% hydration yields from the third cycle on, respectively. Lower values
compared to the previous conditions were expected because hydration is



L. Briones et al.

110

100
90 -
80 -

70 ¥

60 -

50

40 -

30 4

Quantity Adsorbed (cm¥g STP)

20 A

10 4

0 T

00 02 04 06 08

Relative Pressure (p/p°)

1.0

110

100 ~

0
o
1

80 4

70 1

60 -

50

40 -

Quantity Adsorbed (cm¥g STP)

30 4

20 4

10«

of

0.0

02 04 06 08
Relative Pressure (p/p°)

1.0

Quantity Adsorbed (cm¥g STP)

Quantity Adsorbed (cm®/g STP)

Journal of Energy Storage 51 (2022) 104548

110

100 4

0
o
1

80 -

70 4

60 -

50

40 4

30 +

20
B -r/-':"_-_#

i J‘_;v'r-’-

10 ®

o
5

0 T T T T
0.2 04 0.6 0.8
Relative Pressure (p/p°)

0.0 1.0

110

100
90 4
%1 I
70 /é
60 4

50 -
40 4
30
20 ' e,
10-{“‘“

02 04 06 08
Relative Pressure (p/p°)

1.0

Fig. 12. N, adsorption/desorption isotherms before and after thermal stress tests. a) Dense silica-coated, spherical shape, before test. b) Dense silica-coated, spherical
shape, after test. a) Porous silica-coated, cylindrical shape, before test. a) Porous silica-coated, cylindrical shape, after test.

thermodynamically hindered at higher temperatures [10] as well as by
certain porosity loss by the CaO sintering at higher temperatures.
Interestingly, the dense silica-coated material reached an initial yield
similar to the other samples, around 57%, and then decreased to a
constant value of 40%. This phenomenon suggests certain blockage of
the inner porous structure of the pellet by displacement of the dense
silica covering, additionally decreasing the porosity and hampering
steam diffusion.

Table 1 gathers the stored energy in each material. The uncoated
pellets would release 690 to 956 kJ per kilogram of material, depending
on the conditions, the dense silica-coated ones 394 to 858 kJ/kg and the
porous silica-coated ones 719 to 888 kJ/kg. It has to be taken into ac-
count that for the given proportion of CaO in all the materials, the
maximum stored energy is 983 kJ/kg. It is clear that the porous silica-

coated sample displays a much higher energy uptake, especially at the
highest hydration temperature, which would be the closest to that of an
actual operation, thus making this material a promising one for CSP
plants.

The mechanical stability and durability of the pellets is also a very
important aspect to consider. Due to thermal stress and large volume
changes, pellets may break during the cycles. Besides, the decomposi-
tion of calcium carbonate, abruptly releasing back CO2, may give rise to
fragile structures, as previously described for CaO sorbents calcined at
similar temperatures [50]. Although the fracture into large pieces does
not reduce the hydration ability of the materials (on the contrary, it
favours the steam and heat flows), the exposure of the soft cores can
cause attrition, removal of fines and loss of material. Hence, it is un-
desirable on a long-term operation.
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Table 2
Textural properties before and after 10 cycle experiments.

Property Dense silica, Porous silica,
spherical shape cylindrical shape
Before After Before After

BET surface area (m?/g) 60 52 50 57

t-Plot external surface area (m?/g) 58 44 42 52

Total pores volume at p/po = 0.98 (cm®/ 0.157 0.128 0.115 0.122
)

To investigate on the effect of temperature and cycling on the silica
shells, photographs and SEM micrographs before and after the ten-cycle
experiments were acquired. Fig. 8 illustrates some photographs before
and after the experiments. Cyclability assays causes superficial breakage
due to volume changes and several large cracks are visible after the
experiments in images f, j, h and 1. Since the samples were calcined
before the experiments and the final stage of the experiments was a
hydration, the volume increase due to the conversion of CaO into Ca
(OH), is evident in the images, specially comparing photographsatob, e
to f and k to 1. However, the pellets keep their spherical shape and
integrity, which is in agreement with previously reported comparable
materials [22,37].

Fig. 9 includes SEM micrographs of the surface of the samples as
made and after 10 cycles at 600 °C/250 °C and 600 °C/425 °C. The
uncoated material presents a smooth and even surface of CaO grains and
the voids between the calcium oxide grains lend a certain porosity to the
cores, which remains after the experiments, as can be seen in pictures d-
f. In the case of the porous silica-coated material, the coating is made of
two different layers, as can be appreciated in the detailed pictures p, q
and r. The inner layer, which is immediately over the core, is made of
small sheets containing calcium silicate. On top of that layer, grains of
porous silica are visible. After cyclability experiments at 250 °C and
425 °C the two layers of coating are still visible and spreading all along
the surface. As for the dense silica-coated materials, initially, thick silica
sheets are located all along the surface but, underneath, the porous
texture of CaO can be distinguished (images g and j). After the experi-
ments, the silica tiles are still visible (images h, i, k and 1). Therefore,
both silica coatings seem to be strongly attached to the cores, although
the extension and depth of the coating is bigger for the dense silica
covering, which eventually would compromise the hydration capacity of
the samples, as stated before.

3.3. Evaluation of the external morphology of the pellets

In addition to the spherical pellets, cylindrical pieces were made
using an extruder. These samples were subjected to dehydration/hy-
dration cycles at 600 °C/425 °C and hardness measurements before and
after the cyclability test. Fig. 10 illustrates the hydration capacity as a
function of the cycle for cylindrical pieces.

Fig. SI 1 in the Supporting information gathers the weight oscilla-
tions registered by the TG for all the materials tested in 10-cycle ex-
periments at 600 °C/425 °C, both spherical and cylindrical. For all the
samples, the first two dehydration stages comprise a fast dehydration
process followed by a slower decarbonation. From the third cycle on,
only dehydration occurs. This dehydration is almost immediate as the
temperature starts rising from 425 °C to 600 °C and the atmosphere
changes to pure Argon, and the lines corresponding to weight losses are
almost vertical, irrespectively of the material. Therefore, no significant
changes in the dehydration kinetics can be ascribed to the pellets
composition. A close correspondence between mass losses and gains can
be appreciated for all the cycles from the third one on. Thus, all the
material that can be dehydrated in every sample can also be re-hydrated
subsequently and this behaviour remains stable up to the final cycle.
Since re-hydration kinetics are slower, any worsening in the perfor-
mance of the pellets could be more evident in this stage. However,
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rehydration kinetics are rather similar from cycles 3 to 10.

The three cylindrical samples displayed high initial hardness values
(21-27 N), within the same range of the spherical ones (15-31 N). It is
noteworthy that, after the cycles, all three samples were recovered
intact, as can be appreciated comparing the photographs of Fig. 11a to b,
c to d and e to f, and their hardness values, although diminished, were
still quite high, within the 8-14 N range. An abatement in the hardness
of the pellets after the dehydration/hydration cycles was also observed
by other authors [51].

During the hydration tests, the uncoated material showed a quite
constant hydration capacity, around 65%. In the case of the pellet coated
with porous silica, an increase in its hydration capacity up to the third
cycle is detected and the final value is a remarkable 85%. On the con-
trary, the dense silica-coated pellets slightly decreased their hydration
capacities from the first to the second cycle and then kept it constant at
60%, this abatement being lower than that of the spherical counterpart.
Since the uncoated material also showed a small decrease in the hy-
dration capacity in the second cycle, a possible explanation for this loss
is the sintering of some CaO because of the high temperatures and a
consequent reduction in the surface area and porosity. Although the
doping of CaO with alumina has been proven to hamper the agglomer-
ation of CaO particles [52,53], its occurrence was reported previously
for alumina-coated Ca(OH)y/y-AloO3 pellets [37] used in dehydration/
hydration cycles. In that work, a growth from 14 nm to 59 nm (average)
was calculated by the Scherrer equation after 5 subsequent cycles. CaO
sintering is also favoured in the presence of CO5 [54], so the release of
carbon dioxide due to decarbonation in the first dehydration stages
could enhance the effect.

However, although CaO sintering finally leading to porosity loss is
likely occurring along the hydration/dehydration cycles, it does not
equally affect all the samples, since the hydration capacity of the porous-
silica coated pellet is hardly diminished. In the dense silica-coated ma-
terial large amounts of silica are available for the formation of calcium
silicate, which would rapidly fill most of the porosity of the outer surface
and vitrify the pellet in the first stages. Instead, for the porous silica-
coated pellet, the covering is not thick and continuous enough to form
a large amount of calcium silicate, so the porosity loss due to its for-
mation is limited. Additionally, the porous silica coating would hinder
the aggregation of CaO moieties into bigger crystals over the external
surface.

The change in the textural properties caused by high temperature
was measured by the N, adsorption-desorption isotherms at 77 K. Since
physisorption analyses require 5 to 10 pellets to be performed, we have
subjected a number of pieces to a thermal treatment for 10 h at 600 °C to
simulate the high temperature condition inside the TG apparatus. The
samples with the best (porous silica-coated and cylindrical shape) and
worst performance (dense silica-coated and spherical shape) in dehy-
dration/hydration analyses were chosen to simplify the comparison and
the isotherms were acquired before and after the thermal treatment.
Fig. 12 shows the corresponding isotherms and the textural properties
are collected in Table 2. The isotherms are of type IV, according to the
IUPAC classification, which is typical of mesoporous materials. Addi-
tionally, all the samples adsorb large amounts of nitrogen at high rela-
tive pressures (p/po > 0.8) because of the presence of large mesopores
and macropores. This porosity mainly corresponds to the gaps between
Ca0 and alumina particles in the cores. These voids lay within the
2-100 nm interval and no particular pore size stands out. Initially, the
dense silica-coated sample presents a higher volume of pores, about
0.16 cm®/g, compared to the porous silica-coated one, with 0.12 cm®/g.
This phenomenon may be ascribed to the nature of the coating. Since
dense silica forms a thick and continuous layer, the outer surface of the
pellets cannot accommodate to volume changes and gases release during
calcination and breaks into diverse cracks, which is the origin of the
additional amount of large pores and voids. With continuous high
temperature, calcium silicate is formed and the more exposed CaO sin-
ters. Thus, the thermally treated pellets present 20% less pores volume,
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As made

Uncoated

Dense silica

Porous silica

After 10 cycles (600 2C/425 °C)

Fig. 13. SEM images of the cylindrical pellets as made and after 10 dehydration/hydration cycles at 600 °C/425 °C.
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Table 3
Hydration yields (%) for the 10th cycle for all the tested pellets.

Pellets Hydration yields Hydration yields
(Wt%)® (Wt%)"
Spherical Uncoated 97 70
Ca(OH),/ Dense silica 87 40
v-Al,03 coating
(60/40 w/w) Porous silica 90 73
coating
Cylindrical Uncoated - 65
Ca(OH)y/ Dense silica - 60
v-Al,03 coating
(60/40 w/w) Porous silica - 85
coating

2 Dehydration at 600 °C; hydration at 250 °C.
b Dehydration at 600 °C; hydration at 425 °C.

15% less BET surface area and 25% less external surface area than the
original ones. On the other hand, the porous silica coating is mainly
granular and creates less tensional forces on the pellets surface, thus
stabilizing the outer layers. Besides, this coating is thinner, so less cal-
cium silicate forms. Temperature causes a slight cracking of the coating,
augmenting the amount of large pores. The result is an increase of 15%
in the BET surface area and 6% in the total pores volume.

The surface of the pieces before and after the experiments was
further analysed from the SEM images in Fig. 13. The dense silica
fragments still covered the pellet after the experiment but appeared to be
thinner or more attached to the core, as can be seen in images e and f.
Besides, in picture h, below the evident silica tiles, a new intermediate
layer can be observed and EDX analyses prove that is made of both
silicon and calcium in, approximately, 35% and 65%, respectively. This
confirms the presence of a mixed Si—Ca phase that is visually distin-
guishable from the core material and the silica sheets. On the other
hand, with the porous silica coating (image 1), EDX analyses confirmed
the occurrence of the intermediate tiles made up of silicon and calcium,
although with a lower content of silicon in this case, about 25% Si and
75% Ca. In both materials, EDX also detected a small amount of
aluminium, about 5-10%, coming from the alumina binder and/or the
Al in the AI-MCM-41 gel.

Besides, the porous silica coating is originally hydrophilic because of
the presence of aluminium, so the remaining unreacted silica must
preserve its initially high ability to capture and diffuse water into the
core. Thus, the good performance observed with the porous silica
coating may be ascribed to both its porous nature and its ability to hold
the porous structure of the pellet, avoiding pore blockage and enabling
steam diffusion. These results are in agreement with those obtained for
granular alumina coatings compared to lamellar ones, in which the
hydration capacities were largely decreased compared to the former
ones after 10 dehydration/hydration cycle experiments [37].

Comparing the performance of the spherical and cylindrical pellets in
the dehydration/hydration test at 600 °C/425 °C, all the samples pre-
sented a very similar hydration yield for the first cycle, diverging from
there. The reader can refer to Table 3 to find the final hydration yield of
all the samples under the different analyses conditions. The uncoated
pieces showed a very similar evolution, with final hydration yield
around 65-70%. As for the coated samples, the cylindrical pieces
reached about 10-15% higher sustained hydration capacities compared
to their spherical counterparts. In this regard, as summarised in Table 1,
the cylindrical pieces could store higher amounts of energy, from 503 to
836 kJ/kg. Additionally, the final hardness of the spherical pieces was
quite low, below 5 N, while the cylindrical pieces kept moderate or high
values.

The differences between the spherical and cylindrical pieces,
regarding to hardness values, calcium silicate formation and hydration
capacity, may be ascribed to two factors. A higher pressure applied to
the pellets during their conformation with the extruder would make the
cylinders harder. However, the shape itself is also important, for these
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particular cylinders have more surface compared to the spheres and thus
the dynamometer requires more pressure to break them. Besides, a
higher surface area of the pellets is in contact with the silica gels during
the dip-coating procedure, so the overall coating/core ratio must be
higher for the cylinders. A larger surface area also means a higher re-
action surface for the calcium silicate to form and for the steam to access
the material, decreasing diffusional hindrances, which would explain
the higher hydration yields. Finally, is has to be taken into consideration
that cylindrical pieces could accommodate better inside the reactor,
reducing the void space and providing a higher energy uptake.

According to the obtained results, cylindrical alumina-mixed pellets
coated with porous silica are a promising material for a larger scale
application in thermochemical heat storage.

4. Conclusions

Pure and mixed CaO pellets were covered with silica materials
following a dip-coating procedure and tested on dehydration/hydration
cyclability tests at several temperatures. Dense silica gel gave rise to a
true continuous shell that provided high strength values (up to 31 N) to
the pellets. Al-MCM-41 gel formed a thinner coating made up of a cal-
cium silicate or calcium aluminium silicate layer and porous silica
grains.

Large amounts of calcium silicate were formed along 10 consecutive
dehydration/hydration cycles at 600 °C/425 °C on the dense silica-
coated pellets. This phenomenon, along with CaO sintering, decreased
the hydration yield because of the occlusion of the outermost pores. On
the contrary, porous silica, due to its thinner and porous structure, aided
to preserve the outer porosity of the pellets, thus facilitating steam
diffusion.

Cylindrical pellets presented higher surface areas to volume ratios
than spherical counterparts did, which translates into an enhanced
steam transport and increased mechanical stability. Hence, after the
cyclability tests, cylindrical pieces kept a meaningful resistance to
crushing (>8 N). Besides, cylindrical porous silica-coated pellets ach-
ieved a remarkable 85% hydration yield, equivalent to an energy uptake
of 836 kJ/kg, which make them promising for an actual application in
thermochemical heat storage.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.est.2022.104548.
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