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Abstract

This work describes a material that has improved mechanical and reactivity properties
for use in thermochemical energy storage systems based on CaO/Ca(OH), reversible
reactions. The composite material uses sodium silicate as a binder of active CaO
particles. The observed mechanical stability of the material is due to the formation of
hard Ca silicates resulting from the reaction of the binder with the exterior of the CaO
particles. A screening of the main synthesis variables affecting the composite was
carried out, including Ca precursors of different particle size, a range of molar Ca/Si
ratios as well as the curing and calcination conditions. The most suitable material
(containing CaCOg3 with a particle size of 36-63 um as Ca-precursor, a molar Ca/Si ratio
of 4.8-6.2 and calcined in air at 850°C) was tested over many hydration/dehydration
cycles (up to 500) in a thermogravimetric apparatus. The material sustained high molar
hydration conversions (between 0.6-0.7) and crushing strength values > 2 N after 200

cycles when dehydrated in pure steam.



mailto:yolanda.ac@incar.csic.es

Introduction

Concentrating solar power (CSP) has an installed capacity worldwide of 3.4 GW
and is expected to grow at a fast rate in scenarios of high deployment of renewable
energies’. CSP plants experience highly predictable variations in incoming energy flow,
that do not necessarily match demand. The storage of excess thermal energy for short
periods of time (hours) allows a high level of dispatchability of electricity from the CSP
plants. The main thermal energy storage technologies are sensible, latent, sorption and
reversible reaction heat storage>®. The last two technologies (known as thermochemical
energy storage) have been the least investigated until now. Yet potentially they can
yield higher energy storage densities compared to sensible or latent heat storage

systems®®. In particular, we are interested in the use of the calcium oxide

hydration/dehydration reaction, proposed by Ervin et al. in the late 70°s'%* as the basis
of some thermochemical energy storage systems'%::
CaO(s) + Hzo(g) > Ca(OH)z AHaggx = -109 kJ/mol (1)

This system is based on two steps: during the hydration of CaO in the presence of
steam (discharge step), useful thermal heat is released at temperatures over 450°C.
During the charge step, the stored Ca(OH); is dehydrated using in-coming heat from the
solar field (or other heat source) in the presence of a gas that purges the steam generated
out of the reactor system '* 2!, The main advantages of this reversible reaction couple
are its high reversibility and fast reaction rates??, high reaction enthalpy (AHzgsx = -109
kJ/mol), which allows large energy storage densities, and appropriate charge and
discharge temperatures (400-550°C) at atmospheric pressure for an efficient heat

integration with standard steam cycles.



The most recent works on this energy storage technology have focused on two
different reactor designs for carrying out the hydration/dehydration reactions: fixed
beds®® 2% and circulating/bubbling fluidized beds ' % 2”. One of the main drawbacks
of fixed beds is their need of a large heat transfer network in order to extract/supply the
large amount of thermal power generated/required during the hydration/dehydration
reactions on a large scale. In addition, the high pressure drop of the flowing gases in the
system (the reacting steam or the purge gases) can pose a problem in highly packed

systems, especially if the materials swell or break up into finer particles.

In principle, fluidized bed reactor systems are a suitable option for the
Ca0/Ca(OH), hydration/dehydration®’. These systems are able to operate in continuous
mode, the necessary heat transfer area is reduced (thanks to the high heat transfer
coefficients within the fluidized bed), and the reactor for the hydration and dehydration
steps can be decoupled from the solid storage silos. Furthermore, operations such as the
solids circulation between reactors, the capture of fine solids generated by attrition, and
any other solids handling operations between the storage silos can draw on the
experience of similar fluidized beds that are used in the chemical or energy industry.
However, prior experience of these systems has also revealed the tendency of lime
particles obtained from the calcination of natural limestone to attrite 2® 2. Although
attrition is a complex phenomenon, CaO particles are known to be substantially weaker
than their parent CaCOg particles (CaO crushing strengths are usually between %2 to %

of their limestone counterparts **%2).

Despite the theoretical benefits of the CaO/Ca(OH), system, only a few works have
been published on the chemical and mechanical properties of the CaO/Ca(OH),
materials used for thermochemical energy storage applications'® & 22 333% The ability

of the particles or pellets to withstand fast reaction rates and to retain their mechanical



integrity after many hydration/dehydration cycles is a prerequisite for process viability.
The reaction kinetics under reasonable conditions for thermochemical energy storage
have only recently been investigated'® * 3% 3 Fast intrinsic reaction rates for the
hydration and dehydration of CaO/Ca(OH), at temperatures between 400-560°C and
partial steam pressures ranging from pure steam to pure air at atmospheric pressure have
been confirmed®. At favorable operation conditions, complete hydration and
dehydration (in pure steam at 450°C and 550°C respectively) can be achieved in less
than 60s and with a high level of chemical reversibility for particle sizes typical of
fluidized bed reactors (100-200 um). However, it should be mentioned that severe
particle breakage was detected in these tests. In all cases, a high degree of
hydration/dehydration was observed to be counterproductive and the mechanical
resistance of the CaO particles diminished as the hydration/dehydration conversion
increased. Particle disintegration after just 5 hydration/dehydration cycles was observed
in many conditions. Other authors investigating the mechanical stability of the material
over consecutive hydration/dehydration cycles obtained similar qualitative results®* 3
3%.37.38 |n short, the progressive breaking and swelling mechanism of natural calcined
limestone during intense hydration/dehydration reactions makes natural CaO materials
unsuitable for practical applications in fluidized bed reactors. A similar conclusion
could be drawn regarding their suitability for fixed bed applications, as the tendency to
generate fines may translate into an unacceptable increase in the pressure drop of gases

passing through the fixed bed reactor and/or in particle entrainment™.

The main objective of this work was to investigate ways to improve the mechanical
stability of CaO-rich pellets subjected to hydration/dehydration reactions while
maintaining a high reactivity and reversibility. In the absence of sufficient literature on

synthetic CaO materials for this purpose, we first looked at works on CaO-based



synthetic sorbent materials suitable for CO, capture applications that make use of the
reversible CaO/CaCOs equilibrium. As indicated in two recent reviews on the subject
by Kierzkowska et al.*® and Liu et al.*°, two different approaches can be adopted for the
synthesis of such materials: CO, sorbents with a certain fraction of active CaO
supported on a porous material (calcium aluminates, y-Al,O3, MgO, SiO,, CuO, etc.)*
and cemented sorbents with CaO particles embedded in a certain amount of binder®.
The main disadvantage of supported CaO-based materials for the CaO/Ca(OH), system
is the very modest CaO content that can be achieved (typically well below 30%w of
Ca0). This makes them less suitable for thermochemical energy storage applications

due to the thermal ballast effect of the inert support.

The synthesis of cemented CaO-based composite sorbents seems a more
appropriate manufacturing route. A larger fraction of CaO can form part of the
composite and the individual CaO particles can maintain their high activity during
hydration/dehydration?. To achieve this high activity, a minimum amount of a binder
needs to be used to create a matrix in which the CaO/Ca(OH), particles can be
embedded. Cementitious binders such as binding clays (i.e. attapulgite, sepiolite,

2 or silica®, that show a good chemical stability at high

kaolinite, bentonite)
temperatures (800-1000°C) can be employed. Other CaO binders used for
desulfurization applications such as Portland cement, magnesium oxysulfate cement,
sodium silicates and the like, may also be used in combination with one or more
cementitious clays, or separately*® *®. However, many of these binders are known to
swell when subjected to hydration conditions* and other promising options* have yet

to be tested under realistic conditions for thermochemical energy storage applications at

high temperature (in pure steam at 400-550°C).



One of the possible candidates for use as binder for thermochemical storage
applications was mentioned in an early work by Bauerle et al.*®. They tested sodium
silicate, Na,SizO;, as a binder for a MgO/Mg(OH), energy storage material with
positive results. Other authors also tested sodium silicate as binder for CaO-based
cemented materials in various high-temperature applications, such as the removal of

sulfur from hot gases**

or the synthesis of molds and cores for use in foundries to cast
various metals*®. Other applications of sodium silicate as a low-cost binder are in
refractory cements, pellets and briquettes, where their high-temperature resistance (up to
1000°C) and high mechanical strength when mixed with limestone materials can be
used to full advantage®’. This is particularly the case when a calcination step is involved

during the composite synthesis, as high temperatures favor the formation of

mechanically strong calcium silicates*®.

The aim of this work is to screen potential composite materials between
Ca0/Ca(OH), and Na,Si3O7 as binder and test them under realistic operation conditions
for thermochemical energy storage applications. The material obtained will be the result
of a compromise between the mechanical strength of the composite afforded by the
binding properties of sodium silicate, and the reactivity towards hydration provided by
the free CaO present in the composite. In this study we first screened the synthesis
conditions and characterized the material in terms of chemical composition, including
relevant secondary products from the reaction of CaO with Na,Si3;O; that may help to
explain the superior mechanical properties observed in the resulting pellets. Then, the
performance of the materials over hundreds of hydration/dehydration cycles was

studied. Finally a mechanism has been proposed in order to interpret the observations.
Experimental section

Materials



A reagent grade Sodium silicate solution (~10.6%w Na,O, ~26.5%w SiO,, balance
water) from Sigma-Aldrich Co LLC was used as binder. Three types of CaO precursor
were used: (i) CaCO;z; from a natural limestone (Imeco, 98.7%w CaCOgs), and co-
precipitated calcium carbonate of reagent quality (Merck KGaA, dso=14 pum), (ii) CaO
obtained from the calcination of Imeco limestone and (iii) Ca(OH), from the total
hydration of calcined Imeco limestone. For the tests in which CaO was used as Ca-
precursor for the composite materials, the limestone samples were calcined in an oven at
850°C for 1 h. When Ca(OH), was used as precursor, the CaO was first hydrated using
distillated liquid water before preparing the composite mix. The effect of the initial
precursor particle size was studied using particle size cuts (d,) of dsp=14 pm (co-
precipitated), <36, 36-63, 63-100 and 200-400 um. The composites synthesis procedure

is described below.
Apparatus

To experimentally follow the hydration and dehydration reactions of the composites
under controlled differential conditions, a thermogravimetric analyzer coupled to a pure
steam generation line was used. The experimental set-up has been described in detail
elsewhere?. It consists of a quartz tube (2.5x10 m) placed in a two-zone furnace
capable of working at temperatures of up to 1000°C. The sample weight, temperatures
and gas flows were continuously recorded throughout the tests. For each test a total gas
flow (air or steam) of 7.3x10° m%/s (at standard temperature and pressure) equivalent to
0.05 m/s at 550°C was introduced to the bottom of the quartz tube. Blank tests at
different gas velocities were also performed to confirm the absence of undesired
diffusional effects and to correct the small weight disturbances caused by the change in
the operation conditions. The steam generation line is fed from pressurized bottles. A

controlled mass flow of distilled water is supplied to a pipe heated by means of a



heating tape. A needle valve located at the end of the heated pipe introduces a
deliberately high AP to ensure a uniform and stable flow of steam due to a dampening
effect. Finally, to avoid condensation, a heating cord and an air purge (3.3x10° m?%s) are

placed at the top of the quartz tube.

The hydration reaction was carried out in all cases at 450°C in pure steam.
However, two different dehydration conditions were tested (500°C in air and 550°C in
pure steam). To evaluate the hydration/dehydration activity of the composite material,
around 10-15 mg of calcined material (sufficiently low to avoid mass transfer
limitations) was employed. For the study of the mechanical properties with the number
of cycles, larger samples were used (~50 mg) at the expense of less detailed Kinetic
information during the initial fast hydration periods in order to be able to operate with
multiple pellets and measure their crushing strength (CS) using the procedure below
described. In most of these tests, the reaction time in each hydration or dehydration step
was 4 min. However some cycling tests were performed for longer hydration times (tny

=20 min and 400 min) to analyze the effect of this variable.

In the case of some selected samples, up to 500 cycles were completed when the
dehydration was carried out under air and up to 200 cycles when dehydration was
performed under pure steam. During these tests, the thermogravimetric equipment (TG)
was left over night on standby in a purge of synthetic air, for safety reasons. This led to
some small errors and minor changes in the behavior of the sample during the longest
testing periods (up to 8 days long). In some of these long duration experiments, a certain
carbonation of the sample (due to the CO, that diffuses from the purge air introduced
into the TG head) was detected. In these cases, an occasional additional calcination of

the sample was applied to restore the original value of the mass of active CaO.



The activity of the composite materials was evaluated using three parameters: first
of all, the molar conversion of the Ca in the composite, which was calculated from the
differences in weight as measured by the TG and from the total amount of Ca present in
the pellet. The molar conversion of the Ca is expressed as moles of H,O absorbed per

mol of Ca in the composite thus:

_ (WHy'WCalcined)/ MHZO

Xn )

y
WCa-precursor/ MCa-precursor

where Xy is the hydration molar conversion of Ca, Why and Wearcined are the
weights of the sample as measured by the TG after the hydration and calcination steps
respectively, Wea-precursor 1S the weight of the Ca-precursor in the sample and Mca-precursor

is the molecular weight of the Ca-precursor.

The second parameter used to compare the results was the weight fraction of H,O
absorbed per mass of calcined composite. This parameter takes a maximum theoretical
value for CaO of 0.321. Therefore, the H,O absorption capacity can be defined as the
ratio of H,O absorbed by the composite to the maximum theoretical value for CaO.
Using these parameters, it was thus possible to discard materials and conditions that
would lead to too low chemical activity (i.e. hydration molar conversions Xy < 0.3 or

H,O absorption capacities lower than 25%).

In order to characterize the mechanical resistance of the materials, crushing strength
(CS) measurements of the composite material pellets of around 2 mm were performed
using a SHIMPO FGE-5X dynamometer (maximum capacity 20 N, resolution 0.01 N)
supported on a SHIMPO MFGS-100L manual test stand. This measurement
corresponds to the peak force (in Newtons) required to break a single round pellet.
Since the pellets tested in the TG apparatus are individual particles and the CS

measurements tend to split the pellet, the CS values given in this work for the calcined



materials are the average of only three measurements. In this case the standard
deviations were unusually high at around +1.0 N. For the cycling tests consisting of
hundreds of cycles, the CS measurements reported are more uncertain, as only one
particle could be extracted from the TG pan after a certain number of

hydration/dehydration cycles.

To identify the main chemical species present in the synthesized materials, X-Ray
diffraction (XRD) tests were performed using a Bruker D8 powder diffractometer
equipped with a CuKa monochromatic X-Ray tube, a Gébel mirror in the incident beam
and a parallel-slits analyzer in the diffracted beam. Diffraction data were collected by
step scanning using a step size of 0.02°, a scan step time of 1 s and a scan range of 5° to
60° 20. Morphological characterization of the material before and after cycling was
performed by scanning electron microscopy (SEM) using a Quanta FEG 650
microscope equipped with an energy-dispersive X-Ray (EDX) analyzer Ametek-EDAX

and an Apollo X detector.
Composite samples

The Ca-based composites were prepared by manually mixing the Ca-precursor
(CaCOs3, Ca(OH), or CaO) with the Na,Si3O7 solution at different molar ratios of Ca to
Si (rcasi between 1.5 and 13.2) at ambient temperature. Cylindrical pellets of between 1-
3 mm long and 2 mm diameter were manually formed using the resulting slurry of the
mixture of the two components. The pellets were cured in an oven at 80°C for 15 min
and then at 110°C for 15 min. The temperature was finally increased to 400°C at a slow
rate of 2°C/min in order to avoid “bubble-like” weakening formations in the pellet,
caused by water released from the Na,Si;O; solution. The samples were typically
calcined at 850°C in air for 10 min. For some long-cycling tests, an initial carbonation

step was required, as discussed later. This step was carried out in pure CO, at
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temperatures between 650-750°C for periods ranging between 20 min and 1 h. After the
carbonation step, the samples were again calcined under the same conditions as during

the initial calcination of the pellets.
Results and discussion

In order to establish a reference for comparing the chemical and mechanical
performances of the composite materials tested in this work, initial experiments were
carried out using two natural limestones subjected to calcination in air at 850°C as
precursors of CaO. The CS values of these fresh limestones ranged between 7 and 9 N
and 3-4 N in the case of their calcined counterparts. After 1 or 2 hydration/dehydration
cycles the CS values were lower than 2 N in all cases and after 20 cycles the particles
were so fragile that it was impossible to collect them from the TG pan to carry out CS

measurements. In line with previous discussions and references® 2

, We adopted a CS
threshold value of 2 N to disregard CaO composite materials with unsuitable
mechanical properties. This threshold has been also used in other fluidized bed
applications*. Therefore, it could be considered very conservative for thermochemical
storage systems using fixed bed reactor configurations. In contrast to their poor
mechanical performance, the chemical reversibility of the fine CaO particles is
extremely high. Experimental tests using natural calcined limestone over 300 cycles of
hydration in pure steam at 450°C and dehydration at 500°C in air revealed complete
conversions after just 60 s of hydration/dehydration. These results are in agreement with
the experimental results up to 211 and 1171 cycles for other CaO materials and

12
l.

conditions reported by Ervin'® and Rosemary et al.*? respectively.

In complete contrast with the results above, a material prepared with CaCO3 as
precursor of CaO and Na,Si3O- as binder, yielded a composite material with a very high

initial CS (26.0 N as indicated in Table 1) and 16.2 N after calcination. This is around

11



4 times higher than that of the original CaO particles of similar size, confirming the
good binding properties of Na,SizO; after curing and after calcination, as reported by

other researchers* 46 48

using different materials. In addition, the hydration conversion
results reported in Table 1 support the good chemical reactivity of the pellets
synthesized with CaCO3 towards hydration, as they all display fast hydration reaction

rates, up to Xu,> 0.8 after 200 s.

However, a drastic change in the performance of the pellets took place when CaO
was used as Ca-precursor, as can be seen from Table 1. The preparation of these pellets
required a larger fraction of binder to reach acceptable levels of mechanical strength
(see their low rcysi in Table 1). Even with a larger fraction of binder, the pellets
presented lower mechanical resistance (CS=5.9 N). The direct reaction between CaO
and the sodium silicate solution during the mixing of the two compounds lead to weak
lumps of CaO rich material and a poor-quality mixture. Moreover, hydration conversion
remained at a modest value (with Xy just over 0.3) as 70% of the original calcium
present in the sample was no longer available to form Ca(OH), during hydration. Some
of the possible reactions that might have taken place between the binder and the Ca-rich
particles forming the pellet will be discussed below, but no more detailed investigation
was conducted on these particular materials in view of their poor chemical activity and
their modest CS values. The same problems and observations applied when Ca(OH),

was used as a precursor for the pellets (see third line of Table 1).

In order to facilitate comparison of the effects of the Ca-precursors, samples using
CaCO3 and similar rcysi values to those required for CaO and Ca(OH), were
synthesized. A similar hydration conversion to that of the other two Ca-precursors was

observed (Table 1) after the composite calcination. In contrast, CS >30 N was measured

12



when CaCO3; was used with the same molar Ca/Si ratio. In view of these results, all

subsequent experiments were carried out using CaCO3 as Ca-precursor.

In order to study the effect of the calcination conditions needed to generate the
pellet, two calcination temperatures (650 and 850°C in air) and two very different
calcination times (10 min and 16 h) were applied (see Table 1 for the CS results and the
main conversions measured after the hydration test). After each calcination step, a drop
in CS values occurred with respect to the CS values of the material resulting from the
curing process (where harder particles of CaCOjs still represent a large fraction of the
pellet mass). However, the CS values of the calcined pellets were still very high (17-18
N) when the material was calcined at high temperature (850°C). In contrast, there was a
remarkable drop in CS values (down to CS=7.5 N) when the pellet was subjected to a
very slow calcination process at 650°C, lasting 16 hours. The calcination conditions also
affected the hydration conversions of the calcined pellets. The samples calcined at
850°C presented similar conversions (Xny=0.68 after 200 s), but they increased up to
Xny=0.83 when the calcination proceeded at 650°C. This is another clear indication of
the different chemical reactions that are taking place between the binder and the CaO
particles during calcination, yielding different reaction products depending on the
calcination conditions. Since the CS and reactivity properties of the pellets are clearly
dependent on these solid-solid reactions, the samples were analyzed in more detail by

XRD, in order to establish the nature of the reaction products.

First, XRD analysis of the composite material was carried out before calcination, as
illustrated in Figure la. Only the presence of CaCO; could be ascertained in this
sample, as the sodium silicate was undetectable by XRD due to its amorphous nature .
When the sample was calcined at 850°C, the CaO signals appeared together with peaks

clearly associated to Na,CaSiO,4 and Ca,SiO, (see Figure 1b). These silicates therefore
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must be the result of a fast solid-solid reaction between the external part of the CaO

grains and the sodium silicate:
CaO + Na,Si;0O7 — Na,CaSiO,4 + 2 SiO, (3)

The formation of Ca,SiO, required contact between the CaO and the silica formed in the

previous reaction:

2 Ca0 + SiO; — Ca,SiO4 (4)
Previous equations (3) and (4) can be grouped as:

5 Ca0 + Na,SizO7 — Na,CaSiO,4 + 2Ca,Si0, (5)

The reactant mobility necessary for these reactions to take place must be favored at
high calcination temperatures, since the XRD analysis of the samples calcined at 650°C
could not fully confirm the presence of Ca,SiO4, even after 16 hours of calcination
(Figure 1c). This was also confirmed by the hydration experiments. A higher hydration
conversion was obtained for the material calcined at 650°C compared to the material
calcined at 850°C (Xny=0.83 vs X,=0.68). At lower calcination temperatures, a larger
fraction of free CaO was available to react with H,O, which is consistent with the lower
consumption of CaO in reactions (3) and (4). On the other hand, the formation of
Ca,SiO,4 and Na,CaSiO, in the pellets calcined at 850°C must be related to the higher
crushing strength values compared to those obtained at 650°C, as the silicates formed

are known to provide good mechanical properties to the Portland cement*.

Due to the importance of reactions (3) and (4) for determining the properties of the
pellets, some samples were prepared so that a more detailed investigation of the nature
of the reaction products could be carried out in the absence of free CaO. For this
purpose stoichiometric mixtures of Ca and Si (rcysi=1.5) were prepared using very fine

particles of CaCO3 (co-precipitated, dsp=14 um). In this specific case, the sample was
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calcined in an oven at 850°C for 1 h to ensure that reactions (3) and (4) were completed.
The full conversion of the initial calcium compounds was confirmed by the absence of
CaO or CaCOg peaks in the XRD plot of Figure 2a. XRD analysis showed the presence
of Ca,SiO,4 and Na,CaSiO,4 as the main reaction products, together with other complex
silicates like Na,Ca,Si,O7/Na,CasSi,Og. Other silicates with various Ca:Si:Na ratios
may also play a role in the CaO-SiO,-Na,O reaction system “* °! but could not be
detected in this analysis. It is beyond the scope of this work to investigate in more detail
the chemistry and crystalline structure of these silicates, as these aspects are still
uncertain® in these temperature ranges, even though they are believed to have a
considerable impact on the mechanical properties of these materials. The results
presented so far are sufficient to indicate that the formation of complex silicates is
responsible for the superior mechanical properties of these composites. It is also clear
that the drastic improvement in CS with respect to natural CaO materials is at the
expense of the consumption of a fraction of the calcium originally loaded onto the
composite, which will no longer be available for fast hydration after the formation of

stable calcium silicates.

The above results highlight the need to minimize the quantity of binder (maximize
the rcysi ratio) when manufacturing these composite materials. Reactions (3) and (4)
seem to be very fast under the most adequate calcination temperatures and times (i.e.
850 °C for at least 10 min) for these composite materials in light of the XRD results in
Figures 1b and 2a. If it is assumed that both reactions (3) and (4) proceed until one of
the reactants has been consumed, it is possible to calculate the fraction of free CaO left
in the composite for hydration with respect to the total amount of Ca present in the

sample (fcao) thus:
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fro=1 — [(WNaZO) ) (WSiOZ _ WNaZO)] / [WCaCO3] ©)

Mna20 Mgioo  Mna2o Mcaco3

where M; is the molecular weight and w; the initial mass of each compound in the
composite material. Wsioz and Wna2o can be estimated from the total mass of sodium
silicate solution present and the composition of the sodium silicate solution.
Furthermore, equation (6) can be simplified to yield equation (7), as it is inversely

proportional to the molar Ca/Si ratio in the cured composite material, rcysi:

1.592

I'ca/si

(7)

feao=1 —

If equation (7) is used, a stoichiometric mixture of CaCO3; and Na,SizO7 (fcao=0)
will have a rcysi=1.6 (close to the experimental ratio used for the composite prepared

for the XRD analysis in Figure 2a).

Equation (7) can be used to interpret the maximum hydration conversion results
when using different rcysi ratios. To confirm this, composites with different rcys; ratios
between 1.5-13.2 were prepared using the co-precipitated CaCOj3 precursor to enhance
the fast reactions of silicates formation. The hydration tests revealed that the hydration
of the composite with a rcysi=1.5 is very low (Xuy<0.1), which is consistent with what
has been discussed above. The residual hydration detected can be explained by an
incomplete conversion of CaO to silicates that was not detected by XRD or by a modest
degree of hydration of the silicates. Other experiments conducted with rcys; ratios of 4.8
and 13.2, showed hydration conversions of 0.70 and 0.90 respectively, which are close
to those calculated with equation (7) (fcao 0.67 and 0.88 respectively). The small
positive deviations can again be explained by the potential ability of calcium silicates to

partially hydrate during the hydration test.
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From the previous discussion, it can be inferred that there is a trade-off between the
use of increasing fractions of binder to generate strong calcium silicates in the
composite and the need to maximize fc,o by reducing the fraction of the binder. Since
the solid-solid reactions (3) and (4) must follow a core-shell reaction pattern, it seems
reasonable to assume that precursors with a larger particle size will yield different levels
of conversion of CaO to calcium silicates to those with a finer particle size. This should
have an impact on the reactivity and mechanical properties of the pellet. To confirm
these effects, CaCO3 from different sources and with different particle sizes were
employed: co-precipitated CaCO3 (dsp=14 pum) and Imeco limestone with particle size
cuts of <36 um, 36-63 pm, 63-100 um and 200-400 pum. The same rcys; ratio was used
in all of these samples (rcysi=4.8) except in the 200-400 um sample prepared with a
rcassi ratio of 3.2 (a lower rcysi was required in order to obtain mechanically stable
pellets). As can be seen in Figure 3a, for Ca-precursor particle sizes lower than 100 pum,
a hydration conversion between 0.6-0.7 was achieved within less than one minute in all
cases. This result is consistent with the complete hydration of the free Ca fraction
calculated from equation (7) (fca0=0.67). In contrast, for the composite prepared with a
particle size of 200-400 um there is a significant gap between the experimental
hydration conversion and the conversion estimated from equation (7) (Xwy=0.83 vs.
fca0=0.50). This is consistent with the core-shell reaction pattern in which the silicate
product layers become thicker for a given level of conversion as the particle size
increases, so that the transport of reactants necessary to allow reactions (3) and (4)

becomes slower.

From a practical point of view, the composite samples prepared with larger
particles sizes, 63-100 pum and 200-400 pm, present lower CS values (see Table 1), and

approaching the CS values of the unmixed CaO particles. In contrast, the CS of the finer
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particles tends to be closer to the high values expected of the calcium silicates formed
during calcination. However, if the precursor particle size is too small (co-precipitated
CaCOg) the CS value also decreases as a higher fraction of Na,SizO; is required to
manufacture strong pellets. Therefore, when activity and mechanical strength are
considered together, a precursor particle size of around 36-63 pum seems to be the most

suitable.

Once the most suitable particle size of the precursor was chosen, a series of tests
were carried out to investigate the minimum fraction of binder needed to maintain
acceptable CS values using limestone particles of 36-63 um as CaO precursor. Figure
3b shows the hydration conversion of the resulting samples. As expected, as the rcysi
decreases, the hydration conversion decreases due to the fact that a larger fraction of
CaO reacts following equations (3) and (4). When the hydration conversion predicted
by fcao (dotted line in Figure 3b) is compared with the experimental Xuy, a good
agreement is observed in all the samples except in the one prepared with the lower
molar Ca/Si ratio (rcysi=1.8). This is again an indication of an incomplete reaction
between CaO and the Na,Si3O; during the calcination step for the selected particle size,
since the core-shell reaction pattern should impose kinetic restrictions on the progress of

the reactions as the calcium silicate shell thickens around the CaO particles.

A comparison of the CS of the calcined composite with the highest rcysi ratio (1.9
N) with the composites with a rcysi of between 1.8 and 6.2 (CS>16 N) highlights the
need for a low rcysi in order to ensure the material has good mechanical properties. In
the light of these results, for composite material prepared using CaCOj3 of 36-63 um,
values of rcysi between 4.8 and 6.2 can be considered a reasonable compromise between

mechanical strength and activity.
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Once the most promising material was selected, tests with a high number of
hydration/dehydration cycles were performed to observe the evolution of the Xy and
CS values over hundreds of cycles. 500 cycles of hydration in pure steam at 450°C and
dehydration in air at 500°C were completed for the material prepared with CaCO3 of 36-
63 um and a rcysi=4.8. Figure 4a shows the hydration molar conversion achieved after 3

min vs. the number of hydration/dehydration cycles (N cycle).

As can be seen, the degree of hydration conversion attained in the 500-cycle
experiment is, in general, stable with cycling, and the values of Xy are consistent with
fca0=0.67. The X,>0.66 during the first few cycles may be indicative of an incomplete
conversion of Na,SizO7 to calcium silicate for this specific experiment, a certain
hydration of the silicates formed during calcination, or it may simply be a result of
minor experimental errors during the 8-day long test. The plot in Figure 4a also reveals
small discontinuities in the results and trends, which correspond to the points where the
equipment was left on standby during the night (as mentioned in the experimental
section). Despite these limitations to accuracy, the experiment confirms the high degree
of reactivity stability of the material. Furthermore, a comparison of the Xuy vs. time
curves for different hydration cycles (Figure 4b) shows the fast hydration rate at

different number of cycles.

Concerning the evolution of the mechanical properties of the material tested in the
experiment of Figure 4, the CS value measured at N=1 was 17.7 N. One pellet extracted
from the TG after 20 cycles retained a CS close to 13.6 N. However, after 500 cycles
the CS was less than 2 N, which is lower than the threshold value previously adopted to
disregard materials with unsuitable mechanical properties for their practical application
in fluidized beds. In order to investigate morphological changes that might explain this

decay in CS over cycles, the material was subjected to SEM analysis. Figure 5 shows
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images of the cured pellet before calcination (Figure 5a) and after 500 cycles (Figure
5b). In the fresh sample, the CaCO3 particles can easily be distinguished from the mass
of NaySi3O; embedding them. EDAX tests of the selected area (indicated in each SEM
image by a small square) confirm two neat areas of different elemental composition for
CaCO3 and sodium silicate. In contrast, after 500 cycle test the morphological
appearance of the material is more homogeneous and the dense morphology of the
cured sample surface has changed into a surface of higher roughness. The CaO particles
cannot be easily differentiated from the silicate matrix by SEM and their particle size
has been considerably reduced. Only EDAX analysis (squares) of this cycled particle
still reveal areas rich in CaO from those with a mixture of Ca-Si-Na, consistent with the

core-shell reaction pattern mentioned above.

It is evident that major textural changes in the silicate matrix are taking place
during cycling and that these must be responsible for the drastic decay in the CS values.
An additional test with one long duration cycle (400 min in each reaction step,
equivalent to the accumulated reaction times in previous cyclic tests) did not result in
such drop in CS. This is an indication that the mechanical forces originated inside the
pellet linked to the consecutive hydration and dehydration of the small grains of free
CaO are the cause of the decay in CS due to the molar volume change associate with the
hydration/dehydration reactions (33.5 and 16.9 cms/mol Ca for Ca(OH), and CaO

respectively) and the Ca(OH), anisotropic growth™.

Despite the observed decay in CS after 200 cycles, the results of Figure 4 suggest a
promising route for manufacturing composite materials that can be used in
thermochemical energy storage applications. To our knowledge, no previous study has

succeeded in synthesizing such a stable material for these applications. In particular,
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when high concentrations of water vapor are used during hydration, as these conditions

is inherent to any reactor and process design and therefore unavoidable?.

A common technique for evaluating materials for hydration/dehydration
thermochemical applications is dehydration in air'® " 1* 227 However, more realistic
cycling operation conditions require the dehydration to be carried out in atmospheres
with a substantial concentration of water vapor. A high fraction of water vapor will
result from the dehydration of Ca(OH),, and process efficiency will be favored by the
use of steam as purge gas instead of air’’. It is important therefore to acquire
experimental information on how these materials behave when dehydration is carried
out in the presence of high proportions of water vapor or even pure steam. This will
require slightly higher dehydration temperatures in order to ensure fast dehydration
reaction rates’ (at atmospheric pressure, the equilibrium temperature of the
CaO/Ca(OH), system in pure steam is 519°C). Therefore, cycling tests using the same
material as in Figure 4 were carried out for hydration at 450°C and dehydration at 550°C

under pure steam.

A drastic change in the performance of the material was detected in these new,
more realistic, testing conditions. Figure 6a shows the evolution of hydration conversion
during the first 15 hydration/dehydration cycles of two similar materials (solid
symbols). In the case of these two samples only the dehydration conditions (i.e., air to
steam) were changed, and similar hydration times were used (3 and 4 min duration
respectively). There is also a series of points (triangles, tuy=20 min), where the
hydration step was extended to 20 min for each cycle. This was intended to see whether
the decay observed in the hydration capacity of the materials dehydrated under pure
steam (solid circles in Figure 6a) was due to kinetic limitations during hydration or to a

more fundamental deactivation mechanism.
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Some examples of the Xuy vs. time curves linked to points in Figure 6a are also
plotted in Figure 6b. As can be seen, when the hydration lasts 20 minutes there are no
significant differences in the plots of Xuy vs N cycle. Furthermore, the fc,o value
calculated from equation (7) is consistent with this experimental measurement. Since
the reactivity of free CaO grains in the interior of the composite is known to be very
high??, these results point to increasing diffusional limitations in the silicates matrix that
impede the diffusion of steam as the most likely explanation for the decay in Xuy over
short hydration times. These restrictions must be linked to textural and/or chemical
changes taking place in these complex materials due to the prolonged presence of water
vapor at high temperatures (in particular under pure steam at 550°C during

dehydration).

In order to further elucidate the deactivation mechanism observed in Figure 6 and
in other experiments undertaken with steam as dehydration gas, XRD analyses of
hydrated samples after 20 hydration/dehydration cycles were performed, for both tests
in which dehydration was carried out at 500°C in air and in pure steam at 550°C. The
XRD results are presented in Figures 7 a and b respectively. CaO and Ca(OH), were
detected by XRD, accompanied by Ca,SiO, and Na,CaSiO, signals. The most
significant difference between the XRD results of the calcined sample (see Figure 1b)
and those obtained after 20 hydration/dehydration cycles (Figure 7) was the presence of
complex silicate hydrated forms, mainly Cas(SiO4)2(OH), (calciochondrodite or
reinhardbraunsite). The presence of these hydrated silicates, allows the main reaction
patterns taking place during the cycling experiments to be identified. In addition to this,
the presence of free CaO was also detected in the sample after 20 cycles in which the
dehydration step was carried out under pure steam (Figure 7b). This confirms the results

of Figure 6 which show that no complete hydration of the free CaO was achieved.
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The interpretation of the experimental results involving dehydration in a rich
atmosphere of water vapor requires information about the CaO-SiO,-H,O reaction
system. This has been extensively studied due to its relevance for building materials™*.
However, few studies have investigated the hydration of Ca,SiO, at conditions above
200°C>™° It is known that the formation of Cas(SiO4)(OH), under hydrothermal
conditions at 150-600°C, without the addition of lime or silica, follows the reaction path

proposed by Speakman et al.*:

9Ca,Si0, + 2H,0 —> 2Cas(SiO4)2(OH), + Cag(Si04)(SizOx0) ®)
8Cag(Si04)2(SisOm0) + 2H,0 —> 9Cas(SiOs)(SisOro) + 2Cas(SiOs)a(OH), ©)
3Ca6(Si04)(SisOrg) + 6Cas(SiOs)2(OH) + 2H,0 —> 8Cag(Si04)(Si,07)(OH),  (10)

Hydration tests of Ca,SiO, at high temperatures by Yanagisawa et al*® concluded
that, at temperatures higher than 400°C, the main hydrated product observed is
reinhardbraunsite (which is consistent with the results of our experimental analysis by
XRD). Furthermore, in a recent work by Ropkopf et al.*® in which CaO/Ca(OH),
samples were mixed with nanostructured silica, Cas(SiO4)2(OH), was also detected as
the main hydrated silicate compound formed during the hydration/dehydration tests at
temperatures between 400-600°C. However, minor traces of other complex forms with
various ratios of Ca/Si such as kilchoanite, Cas(SiO4)(Sis010), foshagite,
Cay(Siz0g)(OH), or dellaite, Cag(SiO4)(Si,07)(OH),, may also be present at these high
temperatures'?'. Furthermore, other amorphous or poorly crystalline hydrated calcium
silicate forms (known as C-S-H, which is the principal binding phase in most concretes)

undetectable by XRD analysis, may also form by direct hydration of Ca,Si0,* **:

Ca,Si04 + H,O — Cay(HSiO4)(0OH) (11)
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The transformation mechanism, the exact reaction sequence and the nature and
crystalline phases of the products during the hydration/dehydration of these hydrated

calcium silicates is still a controversial issue among specialists>®°

and it is beyond the
scope of this work to contribute to this debate. However, we have proposed a simplified
reaction mechanism (Figure 8) that provides a satisfactory qualitative explanation of all

our XRD observations, reactivity measurements and crushing strength trends.

Figure 8 has been constructed assuming that reactions (3) and (4) are complete and
follow a core-shell reaction pattern. After the first calcination, (see middle of Figure 8) a
composite with a large fraction of unreacted CaO surrounded by micro-grains of the
products of reactions (3) and (4) is obtained. The resulting matrix of micro-grains of
Na,CaSiO, and Ca,SiO, is responsible for the improved mechanical properties of the
material. This initial silicate matrix must also have a suitable porosity to allow steam to
permeate and react with the free CaO grains to form Ca(OH), during the hydration step.
As pointed out above, there must be a progressive hydration of the cementitious part
(right hand side of Figure 8) towards hydrated silicates with a large molecular volume
(50.1 cm®mol Ca has been reported®® for the amorphous material Cax(HSiO4)(OH),
compared to 25.8 for Ca,SiO,).

According to the thermodynamic equilibrium®>>°

the formation of these hydrated
silicate compounds must take place in all the samples during hydration at 450°C in pure
steam, irrespective of the dehydration conditions. However, when the dehydration step
is carried out in air at 500°C, the dehydration of some of these hydrated silicates is
thermally allowed °® *°. This would explain why the material in Figure 4 displays a
stable reactivity up to 500 cycles. In contrast, when the dehydration is carried out under

pure steam at 550°C, the presence of hydrated silicates in the cementitious matrix

increases with the number of cycles. This reduces the porosity of the silicates layer and
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causes the decay in hydration rates observed in Figure 6a (solid circles). The diffusion
of steam through the resultant partially hydrated silicate matrix is therefore slower than
in freshly calcined samples. However, if longer hydration times are allowed to
overcome the increased resistance to the diffusion of steam, the observed decay in

hydration capacity over cycling is negligible (see Figure 6a, ty,=20 min).

In view of these results, and in order to try to maintain the activity over a high
number of cycles, tests with occasional calcination steps to dehydrate the hydrated
silicates were performed. However, these tests only partially succeeded in their
objective. The samples resulting from these calcinations recovered part of their initial
reactivity, but the hydration reaction rates observed were even lower than in the original
calcined sample. To investigate more closely possible textural and/or chemical changes
on the material of Figure 8, an additional carbonation reaction step was considered. This
reaction is known to confer higher mechanical properties on some cements rich in Ca-
silicates by a process known as “CO, curing”®. It is clear that any carbonation of the
silicates present in the pellet will also lead to the carbonation of the free CaO particles.
Therefore a calcination step after the carbonation reaction must be performed and only
textural changes associated with rearrangements, at microscopic scale, of the Ca-silicate
compounds can be considered when comparing the performances of calcined pellets

subjected to different cycles of carbonation.

The introduction of this additional carbonation/calcination step led to a major
improvement in the reactivity of the materials without causing any deterioration in their
superior mechanical properties. Figure 9a shows the hydration conversion vs. the
number of hydration/dehydration cycles up to 60 cycles for a small sample (10 mg)
subjected to an initial carbonation/calcination step. This small sample served to obtain

accurate Xy vs. time curves (Figure 9b). Longer cycling tests (up to 200 cycles) were
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carried out with similar materials but using a much larger sample mass (55 mg), to be
able to measure the evolution of the CS values during cycling (Figure 10). Figure 10
does not show the kinetic data for these cyclic experiments since they were affected by
additional diffusion limitations in the sample pan, leading to initially lower hydration

conversions (Xny~0.45) at the end of the 4 min hydration step.

As can be seen from Figure 9, the hydration reaction rate over cycling is faster and
more sustained than in Figure 6. Furthermore, the hydration proceeds in two steps
irrespective of the number of cycles and the maximum hydration molar conversion of
around 0.67 is sustained during cycling (consistent with a value of fc,0=0.74). During
the dehydration step (Figure 9b, blank points), complete reaction is achieved in around
100 s, which is comparable with the kinetics of natural calcined limestone®”. The need
for fast reaction rates is essential for both fluidized bed and fixed bed reactor
configurations. In a previous work?!, we used a basic fluidized bed hydrator/dehydrator
reactor model that exploits this high reactivities (comparable to that of fresh particles of
Ca0) to predesign reactors with reasonable dimensions for large scale energy storage
systems. Another key design parameter in these systems is the chemical energy storage
density (2080 kJ/kg for pure CaO) that is reduced by half for the best materials tested in
this work due to the need to accommodate the silicates responsible for their superior

mechanical strength.

As Figure 10 shows, the high reactivity and reversibility of the material of Figure 9
towards the hydration and dehydration is accompanied by high values of crushing
strength, CS>7 N, for all samples subjected to fewer than 100 hydration/dehydration
cycles. To our knowledge, no previous material has ever been reported with such
superior chemical and mechanical properties capable of resisting so many

hydration/dehydration cycles of CaO/Ca(OH),. However, the mechanical resistance of
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the material gradually deteriorates towards a value of CS=2 N after 200 cycles.
Therefore, it is clear that there is still scope for optimizing similar composite materials

and for improvement of the results reported in Figures 9 and 10.

To facilitate future progress in the synthesis of these materials, we investigated by
XRD analysis the chemical species that appear after the carbonation step. This analysis
(Figure 7c) revealed the presence of the same hydrated silica compounds as in the
samples without the carbonation step. However in this case, the peaks associated to CaO
were less clear than when no carbonation step was included (see Figure 7b). Further
XRD analyses were performed for the calcined samples prepared with very fine
limestone (dsp=14 pum) and a low rcysi=1.5 after subsequent carbonations at 750°C and
650°C (Figures 2b and c, respectively). After carbonation under pure CO,, both at
750°C and 650°C, Na,Ca(CO3), and Na,Cay(CO3)3; were detected, together with small
peaks for Cas(SiO4),CO3. The presence of these carbonates in these XRD analyses is
expected since at atmospheric pressures and moderate temperatures (<700°C), it is well

known®! that Ca,SiO, can react with CO, to form SiO, and CaCOs:
CaySi0, + COy & CaCOj + Sio, (12)

In addition, other crystalline carbonated calcium silicates (more stable than CaCOg at

high temperatures) may form®, such as:

2Ca,Si0, + CO, + Ca0 « Cas(Si04),COs (13)
or even amorphous carbonated silicates ®%, as well as sodium silicate carbonates®:
Na,CaSiO; + 2CO, <> Na;Ca(COs), + Si0; (14)

The formation of these carbonated compounds was also corroborated by an
increment in mass during the TG analysis at 750°C in CO, (0.063 mg of CO, per mg of

the calcined sample, equivalent to 0.249 mol CO,/mol total). At lower carbonation
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temperatures (650°C) a small fraction of CaCO3 was also detected by XRD. This was
formed by direct decomposition of Ca,SiO,4 into CaCO3 and SiO; (reaction 12) since
this reaction is allowed by the thermodynamics®® and there is no other possible source
of CaCOs. In these lower carbonation conditions, the increment in mass observed in the
TG was significantly higher than that recorded in the test at 750°C (0.083 mg of CO,
per mg of calcined sample, equivalent to 0.329 mol CO,/mol total), as might be
expected from reaction (12). Additional XRD analysis of the carbonated samples at
750°C in pure CO; and prepared with a higher rcysi of 4.8 and larger Ca-particles sizes

(CaCOj3 36-63 um), also revealed the presence of Na,Ca(CO3), and Cas(SiO4),CO:s.

Other calcination/carbonation/calcination sequences (involving carbonation tests of
up to 1 hour or different numbers of carbonation/calcination cycles) as well as other
carbonation temperatures (650-750°C) were explored. However, no relevant
improvements were detected during these other tests. The only difference worthy to
note was that, when the carbonation temperature was reduced to 650°C, the material
obtained yielded lower CS values (~10 N) than when the carbonation was carried out at
750°C (~18 N). This indicates that the formation of free CaCO3 during carbonation at
650°C (reaction 12) is counterproductive for the mechanical properties of the material.
In summary, it seems that a single, relatively short carbonation step (around 20 min in
pure CO, at 750°C) is the key to obtaining a substantial improvement in material

properties over hundreds of cycles of hydration/dehydration in pure steam.

The previous discussion and observations are summarized in Figure 11, which has
been constructed following similar guidelines as those of Figure 8: all reactions in the
cementitious matrix are assumed to follow a core-shell pattern and it is assumed that the
hydrated species of calcium silicates are responsible for the decay in the kinetics of

hydration reaction shown in Figure 6. As in Figure 8, after the first calcination, the
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material is characterized by grains of CaO embedded in a matrix of micro-grains of
Na,CaSiO, and Ca,SiO4. Under carbonation conditions, a layer of Na,Ca(COs), and
SiO, forms over the Na,CaSiO, micro-grains surface. The higher molar volume per mol
of Ca of the carbonated compound formed (81.1 vs. 62.7 cm®mol Ca) will have an
expansive effect on the layer of silicates. Furthermore, traces of Cas(SiO4),CO3; may
also form in the interphase CaO-silicates layer following reaction (13). This is possible
due to the presence of an excess of CaO, and it allows the silicate matrix to expand even
more. After the second calcination, the same original compounds will form due to the
decomposition of the carbonates. However, the layer of silicates will have a more open
structure. In these conditions, it is reasonable to assume that the more open pore
structure resulting from this carbonation/calcination step will be able to accommodate
more easily the growth of the outer layers of Ca,SiO4 micro-grains due to the formation
of hydrated silicates without any rapid blockage of the porous structure. Irrespective of
the nature of the reaction mechanism, the hydration conversion results in Figure 9 show
that a carbonation step at high temperatures followed by a second calcination step is
essential for obtaining a composite material with a high chemical activity for the

hydration/dehydration cycles under pure steam.
Conclusions

The use of CaO as a thermochemical energy storage material in
hydration/dehydration cycles is very limited because of the very poor mechanical
properties of the CaO particles derived from the calcination of natural limestones. The
use of composite materials made up of small CaO particles and the products of their
reactions at high temperature with Na,SizO; offer a promising route for overcoming this
fundamental limitation. Research into the most favorable conditions for manufacturing

pellets reveals that CaCOj3 is the most suitable precursor as it generates after calcination
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a CaO-rich pellet with an exceptionally high crushing strength (>26 N). XRD analyses
reveal that the superior mechanical properties of the composites with respect to the
parent CaO materials is a result of the formation of a cementitious matrix of complex
calcium silicates (i.e. Na,CaSiO4 and Ca,SiO,) via a core-shell reaction of the CaO
precursor with the Na,Si3O; at high calcination temperatures leading to CS values
higher that 16 N, which is around 4 times greater than that of the original CaO.
Screening of the synthesis conditions revealed that a favorable material is obtained by
using CaCO3 with a particle size of 36-63um as Ca-precursor and molar Ca/Si ratios of
between 4.8 and 6.2. These materials were tested for up to 500 cycles of hydration
under pure steam and dehydration under air or pure steam. During these long cycling
tests, a sharp decay in the hydration capacity of the materials occurred when both
hydration and dehydration were carried out under pure steam. This decay did not occur
when dehydration was carried out in air at 500°C. Analysis by XRD revealed the
formation of hydrated silicates, which introduced a substantial new resistance to the
hydration of the CaO particles. Subjecting the calcined pellet to an additional
carbonation/calcination cycle, led to a more active composite material, due to an
expansive effect in the cementitious matrix during the carbonation of the silicates. For
the most promising samples, hydration molar conversions of around 0.6 were
maintained over 200 cycles and with fast reaction rates. The crushing strength of the
composite material along cycling was also favorable (CS>7 N after 100 cycles)
compared to that of natural CaO (CS<2 N after 1-5 cycles). However, the CS values
decayed to 2 N after 200 cycles of hydration/dehydration under pure steam, leaving
scope for further improvement of these materials for use in thermochemical energy

storage systems.
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Figure 1. XRD results for a composite material prepared using CaCO3 of 36-63 um

and a rcysi=4.8. a) Fresh particle (after curing), b) after calcination at 850°C for 10 min

and c) after calcination at 650°C for 16 h.
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Figure 2. XRD results for a composite material prepared using co-precipitated CaCO3

(dsp=14 pum) and rcysi=1.5. After a) calcination at 850°C in an oven for 1 h, b)

calcination at 850°C followed by carbonation in pure CO, at 750°C and c) calcination at

850°C followed by carbonation in pure CO, at 650°C.
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Figure 3. Hydration conversion (Xuy) as a function of time for a) five different particle
sizes: co-precipitated CaCOj3 (dsp=14 pm) and Imeco CaCO3 <36, 36-63, 63-100and
200-400 pm, rcysi=4.8 (except for dp= 200-400 um, rcysi=3.2) and b) for four different
reasi- 13.2, 6.2, 4.8 and 1.8 using Imeco CaCO3 of 36-63 um as Ca-precursor.

Corresponding fcao (from equation 7) indicated by the dotted lines.
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Figure 4. Long duration test (8 days) of a material with rcysi=4.8 subjected to hydration

(450°C in steam) and dehydration in air. a) Hydration molar conversion (Xuy) after 3

min vs. the number of hydration/dehydration cycles (N cycle) and b) X4y vs. time.

Corresponding fcao (from equation 7) indicated by the dotted line.
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Figure 5. SEM images of a composite material prepared using CaCOj3 of 36-63 um and
rcasi=4.8. a) Fresh composite (after curing) and b) material after the cycling test of

Figure 4 (N cycle=500). EDAX testing areas indicated by rectangles.
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Figure 6. Effect of the dehydration atmosphere on the reactivity of the material. a)

Squares refer to dehydration under air at 500°C and circles and triangles to dehydration

under pure steam at 550°C and b) both tests under pure steam at 550°C. Rest of the

conditions as in Figure 4 (except blank points where the hydration time is 20 min).
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Figure 7. XRD results for different hydrated materials after 20 hydration/dehydration

cycles and prepared using 36-63 pm CaCO3 and rcqsi=4.8. Dehydration at a) 500°C

under air and b) and c) 550°C under pure steam. Sample c) also carbonated at 750°C

under pure CO; for 20 min followed by a second calcination before cycling.
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Figure 8. Mechanism proposed for the formation of species observed by XRD during

dehydration in pure steam, resulting in a decay in hydration conversion of CaO due to

the growth of hydrated silicates.
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Figure 9. Example of material stability when a carbonation/calcination stage is
introduced. a) Hydration conversion (Xy) vs. the number of hydration/dehydration
cycles (N cycle) and b) hydration and dehydration conversions (Xuy and Xpeny) VS. time.
Dehydration at 550°C in pure steam. Composite material with a rcysi=6.2 (fcao=0.74
indicated by dotted line). Carbonation carried out under CO, at 750°C for 20 min and

calcinations under air at 850°C for 10 min.
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Figure 10. Crushing strength in N for a fresh, calcined and after different number of

hydration/dehydration cycles material as the one represented in Figure 9.
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Figure 11. Mechanism proposed for the formation of species observed by XRD after an
additional carbonation/calcination step and subsequent hydration/dehydration cycles

under pure steam.
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Table 1. Crushing strength (CS) of composite materials and maximum chemical

activity values (hydration under pure steam at 450°C after 200 s of reaction)

Effect of Ca- Precursor
Precursor particle size <36 um

Ca- Fcasi Fresh CS (N) Xuyy (mol V\ﬁigr/lé;rcz?tr:]teign abs:Irzotion
precursor caisi H,O/mol Ca) 2 sample capaci g/ (%)
6.2 26.0 0.80 0.196 61.1
CaCO;
2.0 >30 0.34 0.074 23.1
CaO 2.3 5.9 0.30 0.081 25.4
Ca(OH);, 2.0 4.2 0.33 0.073 23.0
Calcination conditions
Precursor CaCO; 36-63 um, rcysi=4.8 (fc0=0.67)
Temperature, time (I::ge(sﬁ) Cglsci(r’lle)d Hz)é)%fgll%a) V\ﬁsgt)g;{c&:ﬁggn abslgljzp?(ion
sample capacity (%o)
850°C, 10 min 28.1 17.0 0.68 0.168 52.3
850°C, 16 h 28.1 17.8 0.68 0.168 52.3
650°C, 16 h 28.1 7.5 0.83 0.195 60.7
Precursor particle size
Precursor CaCOs, reysi=4.8 (fcao=0.67) except for 200-400 pum rcysi=3.2 (fcao=0.50)
. Weight fraction H,O
ch (um) CSN) | CSN) | Hiomol ey | MeOlclined | absorption
Co-precipitated (dsp=14) 9.8 5.7 0.68 0.168 52.3
<36 12.2 10.2 0.63 0.156 48.6
36-63 28.1 17.0 0.68 0.168 52.3
63-100 8.2 6.3 0.68 0.168 52.3
200-400 6.0 4.9 0.83 0.170 53.0
Molar Ca/Si ratio (rcysi)
Precursor CaCO; 36-63 pm
. Weight fraction H,O
o | CS(N) | CS(N | Mool Gay | POlealdined | absorption
13.2 0.88 4.5 1.9 0.85 0.219 68.2
6.2 0.74 26.0 16.2 0.75 0.190 59.1
4.8 0.67 28.1 17.0 0.68 0.168 52.3
1.8 0.12 >30 17.5 0.37 0.071 22.1
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Figure captions:

Figure 1. XRD results for a composite material prepared using CaCO3 of 36-63 pum and
a rcasi=4.8. a) Fresh particle (after curing), b) after calcination at 850°C for 10 min and

c) after calcination at 650°C for 16 h.

Figure 2. XRD results for a composite material prepared using co-precipitated CaCOj3
(dsp=14 pm) and rcysi=1.5. After a) calcination at 850°C in an oven for 1 h, b)
calcination at 850°C followed by carbonation in pure CO; at 750°C and c) calcination at

850°C followed by carbonation in pure CO, at 650°C.

Figure 3. Hydration conversion (Xuy) as a function of time for a) five different particle
sizes: co-precipitated CaCOj3 (dsp=14 pm) and Imeco CaCO3; <36, 36-63, 63-100 and
200-400 pm, rcysi=4.8 (except for d,= 200-400 pm, rcysi=3.2) and b) for four different
rcasi: 13.2, 6.2, 4.8 and 1.8 using Imeco CaCOjz; of 36-63 pm as Ca-precursor.

Corresponding fcao (from equation 7) indicated by the dotted lines.

Figure 4. Long duration test (8 days) of a material with rc,si=4.8 subjected to hydration
(450°C in steam) and dehydration in air. a) Hydration molar conversion (Xuy) after 3
min vs. the number of hydration/dehydration cycles (N cycle) and b) Xy vs. time.

Corresponding fcao (from equation 7) indicated by the dotted line.

Figure 5. SEM images of a composite material prepared using CaCOj3 of 36-63 um and
rcasi=4.8. @) Fresh composite (after curing) and b) material after the cycling test of

Figure 4 (N cycle=500). EDAX testing areas indicated by rectangles.

Figure 6. Effect of the dehydration atmosphere on the reactivity of the material. a)
Squares refer to dehydration under air at 500°C and circles and triangles to dehydration
under pure steam at 550°C and b) both tests under pure steam at 550°C. Rest of the

conditions as in Figure 4 (except blank points where the hydration time is 20 min).
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Figure 7. XRD results for different hydrated materials after 20 hydration/dehydration
cycles and prepared using 36-63 pm CaCOj3 and rcysi=4.8. Dehydration at a) 500°C
under air and b) and c) 550°C under pure steam. Sample c) also carbonated at 750°C

under pure CO, for 20 min followed by a second calcination before cycling.

Figure 8. Mechanism proposed for the formation of species observed by XRD during
dehydration in pure steam, resulting in a decay in hydration conversion of CaO due to

the growth of hydrated silicates.

Figure 9. Example of material stability when a carbonation/calcination stage is
introduced. a) Hydration conversion (Xwy) vs. the number of hydration/dehydration
cycles (N cycle) and b) hydration and dehydration conversions (Xwy and Xpeny) Vs. time.
Dehydration at 550°C in pure steam. Composite material with a rcysi=6.2 (fcao=0.74
indicated by dotted line). Carbonation carried out under CO, at 750°C for 20 min and

calcinations under air at 850°C for 10 min.

Figure 10. Crushing strength in N for a fresh, calcined and after different number of

hydration/dehydration cycles material as the one represented in Figure 9.

Figure 11. Mechanism proposed for the formation of species observed by XRD after an
additional carbonation/calcination step and subsequent hydration/dehydration cycles

under pure steam.
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