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I.

Abstract

This work reports an in-situ XRD analysis on the calcination/carbonation behavior of nat-
ural limestone (CaCOg) as affected by the addition to the calciner of H,O at a very small
concentration under relevant Calcium-Looping (CaL) conditions for COy capture in coal fired
power plants (CFPP) and Thermochemical Energy Storage (TCES) in Concentrated Solar
Power plants (CSP). Previous studies have demonstrated that the presence of steam in the
calciner at high concentration yields a significant increase of the reaction rate. However, a
further undesired consequence is the serious deterioration of the CaO mechanical strength,
which would lead to particle attrition and mass loss in any Cal. process based on the use of
circulating fluidized beds. Results presented in this manuscript on the time evolution of the
wt% and crystallite size of the phases involved in the calcination/carbonation reactions indi-
cate that the calcination rate is still notably increased by the presence of HoO at very small
concentrations whereas the reactivity toward carbonation and crystal structure of the formed
CaO are not essentially affected, which suggests that neither the CaO mechanical strength is
impaired. Thus, the benefit of using steam for calcination in the Cal process could be still

retained while at the same time particle attrition would not be promoted.

INTRODUCTION

The calcination/carbonation reaction of limestone (CaCOs3)

CaCO3 = CaO + COy(g)  A,H° = +177.8kJ /mol
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lies at the heart of a vast number of industrial applications and natural processes. This
reaction plays an important role in the production of building materials, iron and steel,
fertilizers, food processing, disinfection, water treatment, desulphurization, plastics, glass,
sugar refining, pharmaceutics, etc. As a result, it has been one of the most widely inves-
tigated gas-solid heterogeneous reactions despite of which the physicochemical mechanisms

behind it are not fully understood yet [1-8].

Generally, some relevant properties of the CaO derived from calcination are its porosity,
reactivity, crystal structure and mechanical strength, which are critically determined by the
environmental conditions under which the reaction evolves. Thus, archaeological studies
show that the calcination of limestone or dolomite (CaMg(COs)2) in ancient Roman ovens
was carried out under high CO, concentration to produce deterioration resistant and high
mechanical strength mortar [9]. Recently, limestone and dolomite calcination under su-
perheated steam at reduced temperatures has become a commercial technology to produce
enhanced CaO and MgO based fertilizers and cement products with a higher reactivity, low
crystallinity and high friability [10]. Heat conductivity of the gases present in the calciner
environment and CO, diffusivity has long been identified as critical physical properties that
greatly influence the kinetics of calcination [11, 12]. Thus, the calcination rate of limestone
is significantly increased at reduced temperatures under Helium (with a rather high thermal
conductivity and CO, diffusivity as compared to air) without any significant effect on the
structure and reactivity of the produced CaO [13]. Similarly, calcination is significantly
promoted under superheated steam at high concentrations, which was originally attributed
to the enhancement of thermal conductivity in the calciner atmosphere [12] although more
recent works suggest that HoO plays a critical catalytic role on CaCO3 decomposition [14].

As a consequence of such chemical action, crystallinity, mechanical strength and reactivity
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of the resulting CaO are fundamentally affected [10, 11, 15]. The enhancement of CaO sin-
tering and crystallite size growth as due to the presence of HyO in the calciner environment
at high concentration is a well known effect widely reported in the literature [16-20].
Recent studies [6, 21] have shown that limestone calcination is initiated by a topotactical
chemical decomposition of CaCOj3 into a metastable CaO* phase, which subsequently trans-
forms into the stable CaO form lime. Accordingly, the reaction mechanism would consist of

a two steps process:

1. Chemical decomposition

CaCO3 + L = CaO* + L(CO,)

2. Desorption/structural transformation

CaO* + L(COy) = CaO + L + CO4(g)

Here L represents an active site in the solid where calcination occurs, L(COz) denotes a
molecule of CO, that remains physically adsorbed after chemical decomposition. The CaO*
metastable phase appears as a pseudomorph from calcite (CaCOj) before the stable form
lime (CaO) nucleates [6]. Figure 1 shows the crystallographic unit cells of the three phases
(CaCOj3 calcite, CaO*, and CaO lime) that would be expectedly involved in the calcination
reaction [6, 21]. The hexagonal rhombohedral calcite structure (space group R3c, 167) yields
after chemical decomposition a cubic metastable CaO* structure (space group Fm3m, 225)
as a dilated pseudomorph of lime (same space group that CaO* ) which appears afterwards.

On the other hand, thermochemical data shows that the relationship between the COq
partial pressure P in the calcination atmosphere and temperature T" for the reaction to be

at equilibrium is given by [16, 22, 23]
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P ~ A exp(—20474/T) (2)

where A = 4.134 x 10'2 Pa. In regards to kinetics, experimental measurements at high
CO, partial pressures near the equilibrium partial pressure show a significant slow down
of the reaction [8, 24]. Under these conditions, calcination is severely hindered by COq
desorption and the exothermicity of the CaO* — CaO transformation step, which makes it
necessary to increase the calciner temperature well above the equilibrium temperature (or,
equivalently, increase P.,) for the reaction to occur sufficiently fast in applications wherein
the calciner is operated under high CO, partial pressure [24]. If the concentration of COs in
the calcination environment is not high, the COy desorption and structural transformation

step occurs extremely fast and does not limit the reaction kinetics [6, 21].

A. The Calcium Looping process

In the past few years the Calcium-Looping (CaL) process, based on the cyclic calcina-
tion/carbonation of limestone, has come onto scene with a high potential to mitigate COx
emissions. The integration of the CaL. process into coal fired power plants has been already
successfully demonstrated at the pilot scale (1-2 MWy,) level [25-27]. In this process (Fig.
2a), early proposed by Shimizu et al. [28], the CO, loaded flue gas (~ 15% CO; vol con-
centration) is used to fluidize a bed of CaO particles at temperatures around 650°C , which
leads to fast carbonation of the CaO solids. The carbonated particles are then circulated
into a second reactor wherein CaQ is regenerated by calcination at temperatures typically
close to ~ 950°C . CO5 concentration in the calciner must be necessarily high in order to ex-

tract it as pure as possible for compression and the subsequent storage. For this reason, the
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calciner temperature has to risen well over the equilibrium temperature, which is T' ~ 896°C
under pure CO, at atmospheric pressure. To this end, a practical solution is to burn fuel in
the calciner using pure Os (oxy-combustion), albeit this method poses a significant energy
penalty to the process [29]. Moreover, additional CO, is released by oxy-combustion and
the reactivity of the regenerated CaO is drastically impaired due to enhanced sintering un-
der high temperatures/high COq concentration [17], deactivation by ashes and irreversible

sulphation [25].

A further emerging application of the Cal. process is Thermochemical Energy Storage
(TCES) in Concentrated Solar Power (CSP) plants, which was proposed in the late 1970s
[30] but still remains at the concept stage [31, 32]. Remarkably, the calcination/carbonation
conditions under which the solids would be cycled in the CaL-CSP integration to maximize
the global efficiency differ radically from those used in the Cal. process for CO, capture.
Thus, according to a recently proposed integration scheme [32], carbonation in the Cal.-CSP
integration would be carried out at high temperatures (>~ 850°C ) under high CO, partial
pressure whereas the solids would be preferably calcined in the solar receiver at the lowest
possible temperature in order to reduce technological risks and cost by using commercial
metallic receivers (Fig. 2b). Electricity would be produced on demand in a gas turbine by
the CO, in excess over the stoichiometric ratio not used for carbonation and carrying the
heat of this exothermic reaction. Solar energy would provide the heat for the endothermic
calcination reaction, which could be performed at a fast enough rate at temperatures around

725°C by using He or superheated steam in the calciner [33].

The use of steam in diverse ways has been widely studied in the last years to improve
the Cal performance for COy capture [15, 25, 34-38]. Thus, it has been observed that

the intermediate hydration of CaO at relatively low temperatures (~200 - 400°C ), with

6
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the formation of Ca(OH),, leads to a significant reactivation of the sorbent [25, 34, 35,
38]. Nevertheless, the mechanical strength of the hydrated sorbent is severely impaired,
which causes the generation of very fine particle fragments by attrition that cannot be
recovered and are therefore lost, thus negating the benefit of reactivation. The multicycle
CaO activity can be also enhanced by the presence of steam (at vol % typically in the range
5 - 40%) in the carbonator and/or the calciner [15, 36, 37]. Experimental observations
show that steam in the calciner leads to the formation of large yet relatively stable pores
thus mitigating CaO deactivation with the number of cycles [15, 37]. On the other hand,
some studies have shown a relevant increase of the calcination rate in the presence of HyO
at high concentration [11, 12, 14, 39]. It has been suggested that COy desorption would
be enhanced by the more favorable adsorption of HoO, which would catalyze in this way
the calcination reaction [14]. H;O dynamic adsorption/desorption was already proposed
as the driving mechanism for calcination under HyO in the early works of Anderson et
al. [18, 40]. Atomistic simulations analysis of CO2/H5O co-adsorption in CaO crystal
surfaces show a preference of HyO adsorption over COy adsorption [41-43], which agrees
with previously reported UPS and XPS measurements [44]. The efficiency of the Cal
process in both CO, capture and TCES applications would benefit notably from a reduction
of the calcination temperature. Nevertheless, a detrimental side effect of calcination under
steam is a reduction of the mechanical strength of the resulting CaO solids. Maclntire and
Stansel [11] early observed that limes derived from calcination in steam were exceedingly
pulverous as demonstrated by their decidedly greater tendencies to remain in suspension.
Promoted fracturing of the particles resulting from calcination under steam is also reported

in the recently developed Catalytic Flash Calcination (CFC) Technology [10].

The energy efficiency of the CaL process would benefit notably from a reduction of the

7
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calcination temperature [29] as might be achieved by the use of steam albeit the enhancement
of particle fracturing would be a drawback. In the work reported in the present manuscript,
we tested the presence of steam at very small concentration in the calciner on the rate
of limestone calcination and CaO reactivity by means of in-situ XRD analysis. This study
served us also to investigate the crystal structure of the formed CaO, which is closely related
to its mechanical strength. As will be seen, the use of steam at very small concentrations
in the calciner still leads to a significant reduction of the minimum temperature to achieve
full calcination in short residence times without causing any relevant change on neither the

structure nor the reactivity of the resulting CaO.

II. EXPERIMENTAL MATERIAL AND METHODS

In this work we have used a powdered natural limestone of high purity (99.6% CaCOs3)
from Matagallar quarry (Pedrera, Spain). Volume weighted mean particle size is 9.5 ym
as measured by laser diffractometry (Malvern Mastersizer 2000 instrument). Thus, the
influence of intra-particle diffusion resistance on the reaction rate, which would be relevant
only for particle sizes above ~300 pm [23, 45], can be neglected.

In situ XRD tests have been carried out by means of the experimental setup depicted in
Fig. 3. The powder sample of mass around 150 mg is placed over a 0.01 m diameter porous
ceramic plate inside the reaction chamber, which is operated at atmospheric pressure. A
controlled gas flow is passed at the same rate in all the runs (1000 scc/min) downwards and
across the powder, which facilitates a homogeneous distribution of the gas in the powder
thus promoting gas-solid contacting efficiency and mass/heat transfer. Pure Ny, He and COx
are employed under dry and wet conditions to test the sample calcination behavior. H,O

was added to the dry gas by bubbling the gas flow in distilled water at ambient temperature
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using a SYCOS H (Ansyco, Germany) accurate humidity controller, which yields a HyO
vol. concentration in the wet gas of 0.03%. For calcination tests under Ny and He, the
temperature was increased at a rate of 10°C /min from ambient to 725°C as representative
of conditions to be expected in the Cal. process for CSP energy storage. XRD scans during
the temperature ramps were registered each 25°C at constant temperature in the range
20°< 260 <60° (0.03°/step, step time of 0.2 s and tube conditions of 40 kV and 40 mA). On
the other hand, for calcination tests under CO, , the temperature was increased up to reach
a target calcination temperature above 900°C as corresponding to CaL conditions for CO,
capture. This high temperature was kept constant for a given time period while XRD scans
were continuously recorded as calcination evolved. Additionally, the carbonation behavior
of the samples was tested in-situ readily after calcination. To this end, the temperature was
set to 850°C and CO5 was introduced in the reaction chamber after which XRD scans were

continuously registered as carbonation evolved.

In situ XRD analysis has been carried out by means of a Bruker D8 Advance powder
diffractometer provided with a fast response/high sensitivity detector (Bruker Vantec 1), ra-
dial Soller slits and 60 mm Gobel mirrors (Bruker, Germany). Cu K, radiation (0.15405 nm
wavelength) has been employed with parallel Johansson geometry in the incident beam. The
instrument is equipped with an Anton Paar XRK 900 high temperature chamber specially
designed for high temperature gas-solid reactions. Dead volumes are avoided to achieve a
homogeneous filling with the reaction gas and temperature gradients across the sample are
minimized. The temperature of the sample is accurately measured by means of a pair of
NiCr/NiAl thermocouples placed close to the sample holder. Corundum, LaBg and silicon
standards were employed in a wide range of diffraction angles to correct instrumental contri-

butions for structural adjustments and resolution. The recorded XRD scans were analyzed
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by using the software TOPAS 5 (Bruker) [46], which allowed us to accurately obtain the wt%
and coherent crystal length (crystallite size) of the different phases involved in the reaction
by means of Rietveld refinement [47] and Le Bail methods [48], respectively. Rietveld and
Le Bail refinements were performed using the fundamental parameters method. Zero error
(20), sample displacement, and absorption and lattice parameters of the phases were allowed
to vary in order to search for the best fittings. The background was fitted by a fourth-order
Chebychev polynomial. Lorentz and polarization geometric factors for the measurement
configuration were used. The crystallite sizes were calculated using the best combinations
of Gaussian and Lorentzian functions. The robustness of the data derived was checked from
the values of several fitting indicators such as the goodness-of-fit and residual factors (Rwp

and RBragg) [47].

III. RESULTS AND DISCUSSION

Figure 4a shows the time evolution of CaCOs; wt% during the calcination tests carried
out under dry Ny and He atmospheres. As reported in previous works [12, 13, 33], it is seen
that the calcination rate is significantly enhanced under dry He as compared to N5, which
can be explained by the notably higher thermal conductivity and CO, diffusivity in He.
The thermal conductivity of He at temperatures around 700°C is A ~350 mW/(m K) [49]
whereas it is A ~60 mW /(m K) [49] for Ny. On the other hand, because of the very low He
molecular weight, CO, diffusivity in He is rather high (D ~ 0.7 x 1072 m?/s at atmospheric
pressure and room temperature) as compared to CO, diffusivity in Ny (D ~ 0.16 x 1072
m?/s). These values would increase with the 1.5 to 1.8 power of temperature [50]. Thus, the
remarkable enhancement of heat and mass transfer when calcination is carried out under

He would allow it to occur at a faster rate. In our tests we observe that calcination is
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completely attained at 700°C under He whereas the temperature must be further increased
about 25°C to achieve full calcination under Ny. On the other hand, as seen in Fig. 4a, the
rate of carbonation of the CaO resulting from calcination is not influenced by the type of

gas, either He or Ny, under which calcination was performed.

The time evolution of CaCO3z wt% during calcination tests carried out under Ny and
He atmospheres under dry and wet conditions is shown in Figs. 4b-c. Interestingly, the
presence of H,O in the calcination atmosphere, even at the very small concentration used in
our tests (0.03 vol %), yields a noticeable acceleration of calcination for both gases. Thus,
calcination proceeds at a similar rate under wet Ny than under dry He and becomes almost
completed at 700°C . In the case of wet He, the reaction rate is further increased and it
is fully attained completely at about 680°C . As may be seen in Figs. 4b-c the presence
of HoO at the small concentration of our tests does not lead to any significant effect on
the reactivity toward carbonation of the CaO resulting from calcination. Figures 4b-c show
that CaO carbonation occurs through two well differentiated stages as well known from
previous studies [27]. A first reaction controlled phase takes place until a CaCOj layer is
built upon the surface of the CaO particles. This stage is rather fast at the carbonation
temperature of our experiments and is followed by a much slower phase limited by solid state
diffusion of ions across the CaCOj3 product layer. The rate of carbonation in the solid-sate
diffusion controlled phase is therefore determined by the diffusion coefficient, which mainly
depends on the solid crystal structure and the presence of impurities. Thus, the similar
carbonation rate observed in our tests of the CaO resulting from calcination under dry and
wet conditions (Figs. 4b-c) suggests that the crystal structure of the solids is not affected by
the presence of HyO at the small concentration used in our experiments. This observation is

consistent with crystallite size data inferred from the in-situ XRD analysis (Figs. 5a-b). This
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suggests that the remarkable influence of HoO observed on the calcination rate is not due
to a catalyzing effect of the HoO molecules on CO, desorption as was suggested in previous
works from calcination tests under higher HoO concentrations. Indeed, such chemical action
would have led to a CaO structure with higher reactivity toward carbonation and promoted
crystallite size not observed in our tests. Since the CaO crystal structure is not influenced
by the small HyO concentration used in our tests, it might be expected that neither the
CaO mechanical strength is compromised as would be the case if calcination was carried out
under HyO at relatively higher concentrations. Although a direct link between crystallinity
and mechanical strength cannot be generally established, such correlation has been recently
reported elsewhere for the calcium based materials used in our work [51]. Thus, our results
suggest that the addition of HoO at very small concentrations in the calciner would allow in
practice reducing further the calcination temperature under He to about 680°C in the Cal.
process for CSP energy storage without compromising the mechanical strength of the CaO

particles resulting for calcination.

Next we analyze the effect of the presence of HyO in the calciner environment at Cal
conditions relevant for CO4 capture involving calcination under CO, at high concentration.
Figure 6 shows the time evolution of in-situ XRD patterns continuously recorded for calci-
nation at 925°C under dry and wet CO, . As may be seen, the presence of HyO, despite
its very low concentration, has also a significant effect under these conditions. Thus, full
decarbonation is achieved after just about 10 min in the case of wet COs calcination whereas
it takes more than 30 min to be completed under dry CO, . The time evolution of CaCOj3
wt% during calcination/carbonation tests carried out under dry and wet CO, at different
temperatures (903, 911, and 925°C ) is plotted in Fig. 7. At the lowest temperature (903°C

), which is just 7°C over the equilibrium temperature, calcination under dry CO; is not
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even started after 2 h. However, the addition of HoO at the very low vol % used in our
tests allows calcination to be initiated after an induction period of about 1.5 h, albeit at
a very slow rate. By increasing the temperature to 911°C | calcination is observed to be
started after about 70 min under dry CO, and proceeds at a very slow pace. At this same
temperature, the induction period is shortened to just about 15 min under wet CO5 and the
reaction speed is multiplied by a factor of almost 3. At a temperature of 925°C the reaction
speed is increased by a similar factor when H,O is present in the calcination chamber and
calcination becomes fully attained after a few minutes, which is fast enough for practical

purposes.

The above observations are consistent with results reported from thermogravimetric anal-
ysis and pilot-scale tests indicating that the calciner temperature must be raised to about
950°C under dry conditions and high CO, partial pressure to achieve complete calcination in
just a few minutes of the fresh limestone makeup that must be periodically introduced in the
reactor to counteract CaO deactivation with the number of CaL cycles [26, 27]. Injection of
steam in the calciner at relatively high concentrations has been proven in previous works to
improve the multicycle stability of the formed CaO [15, 37]. However, the chemical action
of steam at high concentrations affects also the CaO structure so as to seriously impair its
mechanical strength [11]. As seen in Fig. 7 the carbonation rate in the diffusion limited
phase of the CaO formed at the conditions of our tests is not influenced by the presence of
H50, which suggests that neither the CaO structure is significantly altered under wet CO,
calcination as compared to dry CO, . This is supported by data on the time evolution of
CaCO3 and CaO crystallite size showing no significant difference between dry and wet COq
calcination (Fig. 8). Thus, we may infer that the presence of HoO at the small concentration

used in our tests leads to a significant acceleration of calcination allowing for a reduction
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of the calcination temperature whereas the mechanical strength of the generated CaO is
neither impaired at CaL conditions for CO4 capture. As derived from CaL process simula-
tions within the context of its application for COy capture [29] a reduction of the calciner
temperature by just 20°C while maintaining a high calciner efficiency might notably reduce
the energy penalty of the technology. Thus, such temperature reduction would allow to
cut down the amounts of coal and oxygen needed for oxy-combustion to raise the calciner
temperature, which would also diminish the additional COy produced by oxy-combustion.
Simulations [29] indicate that the ratio of the mass of coal needed for oxy-combustion to
the mass of CO, captured could be decreased by a 5% if the calciner temperature could be
lowered from 950°C to 930°C. In the ordinary Cal. configuration a low calciner to carbona-
tor inventory ratio (of about 0.2) would be only possible by calcination at 950°C (yielding
a high calciner efficiency) whereas a decrease of the calciner temperature to 930°C would
require increasing this ratio to about 0.4 as the calciner efficiency becomes impaired [29].
Thus, achieving efficient calcination at 930°C by using HoO at very small concentrations as
suggested by our work would serve to reduce significantly the solids inventory in the calciner

thus decreasing the energy penalty of the technology.

As discussed above the effect of He on speeding up calcination as compared to Ny can be
explained by the enhancement of thermal transfer and CO, diffusivity. These gas physical
properties promote the transfer of heat from the furnace to the self-cooling reactant due to
the reaction endothermicity and evacuation of the COs released far from the surface of the
material. The effect observed in the present work of the addition of HoO in the calcination
environment cannot be certainly attributed to a change of the physical properties of the
calciner atmosphere, which would not be sufficiently modified by just a 0.03 vol % HyO

concentration. Moreover, we have seen that calcination is enhanced also under wet He with
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a higher thermal conductivity than HyO (at 700°C the thermal conductivity of HyO is 90
mW/(m K) [52] whereas it is 350 mW /(m K) for He [49]). The results obtained on the CaO
reactivity and crystallite size suggest also that neither HyO acts chemically by facilitating
COy desorption to speed up the CaO* —CaO structural transformation. In fact, this step
has been seen to limit calcination only at conditions near equilibrium and under high CO,
partial pressure [6, 21]. Thus, it would be relevant in any case only for the tests carried
out under pure CO, in our work. The presence of the phase CaO* during calcination under
COs may be certainly inferred from a detailed analysis of the XRD patterns recorded for
calcination under COy . Figure 9a shows a zoom of an experimentally recorded XRD pattern
around 29.1° where the main reflection peak of calcite (104) is located for calcination under
dry CO, at 925°C . As may be observed, the experimentally recorded peak is slightly shifted
with respect to the location of the theoretical calcite peak. A better fit is obtained by taking
into account the presence of the metastable CaO* phase, whose main reflection peak (111) is
found around 29.3°. Figure 9b shows the goodness-of-fit parameter for the best Rietveld fits
obtained with and without taking into consideration the presence of CaO* during calcination
under dry CO, at 925°C . Values of the goodness-of-fit closer to unity, which are indicative
of better fits, are systematically obtained when the presence of the metastable CaO* phase
is allowed. CaO* wt% data calculated during our calcination tests as a function of CaCOs
conversion at diverse temperatures and under dry and wet CO, are shown in Fig. 10. As
may be seen, CaO* is detected although at quite low concentrations, and its wt% drops
quickly with CaCOg3 conversion. Remarkably, for a given calcination temperature the CaO*
wt% evolution only depends on CaCOj3 conversion independently of whether calcination is
carried out in the presence or absence of HyO. Thus, the evolution of CaO* does not seem

to be significantly affected by the presence of H,O at the conditions of our tests despite
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the important effect that HoO has on the reaction kinetics. These results indicate that the
fundamental mechanism by which the presence of H,O at the small concentration used in
our tests accelerates calcination is not related to the catalysis of COy desorption and CaO
structural transformation, which is consistent with the absence of any effect of HyO observed

above on the reactivity and crystallite size of the CaO that results from calcination.

On the other hand, the effect of HyO in the calciner at very low concentrations observed in
our work could be rationalized from the unconventional physical approach to decomposition
of alkaline-earth carbonates proposed by L’vov [4, 53], which has remained largely ignored
in the field of thermal analysis. This mechanism assumes that decomposition is initiated by
the congruent dissociative evaporation of CaCO3 molecules. The main, rate-limiting stage
would be the reaction of volatile CaCOs with HyO molecules, which would be present in
the reactor environment even under dry conditions at residual concentrations (<~ 107* vol
%), resulting in the formation of low-volatility Ca(OH), as reaction intermediate. Ca(OH),
vapor would rapidly condensate onto the solid and decompose afterwards into CaO and
H,0. Since condensation of Ca(OH), generates heat, part of this heat would go into the
excitation of the HoO molecules released in the decomposition of the solid Ca(OH),. The
activated HoO molecules would interact more effectively with volatile CaCO3 molecules as
compared to inactivated HyO, therefore accelerating decomposition. The model foresees that
a slight excess of HyO in the reactor over its residual presence under dry conditions would
significantly reduce the decomposition temperature [53]. Thus, the significant effect on the
calcination kinetics of very low HoO concentrations (0.03 vol %) observed in our work could
find an explanation in this mechanism of intermediate Ca(OH), formation. Moreover, this
approach predicts that the influence of water vapor in the presence of CO, at high concen-

tration on the calcination rate should be further magnified [53], which is consistent also with
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our experimental findings. Remarkably, our work is to our knowledge the first experimental
report published in the literature showing a relevant effect of very small amounts of water
vapor on the kinetics of CaCO3 decomposition as early predicted by Lvov’s model. Never-
theless, such mechanism of intermediate hydroxide formation would involve the presence of
crystalline Ca(OH), as a metastable phase during the transformation [53], which we fail to

detect at the conditions of our in-situ XRD tests.

IV. CONCLUSIONS

The Cali process is being widely investigated in the last years for its applications to
capture COs from coal fired power plants and thermochemical storage of CSP. In both
applications, a reduction of the calcination temperature would greatly contribute to improve
energy efficiency. Importantly, the conditions of calcination in both applications are rather
diverse although a common requirement is that calcination must be completed in short
residence times on the order of several minutes. Thus, calcination in the Cal process for
COg capture must be carried out under high CO5 concentration whereas, in the case of Cal.-
CSP conditions, calcination would be ideally carried out under a gas separable from CO, that
would allow at the same time a considerable reduction of the calcination temperature such
as He due to its high thermal conductivity and CO, diffusivity. Experimental observations
reported elsewhere indicate that under these conditions calcination of natural limestone
is quickly completed for temperatures around ~950°C and ~ 725°C under CO, and He,
respectively. Previous studies have also shown that the addition of steam at relatively
high concentrations catalyzes calcination. Furthermore, the reactivity of the formed CaO
is enhanced albeit the chemical action of HyO affects critically the CaO crystal structure

and impairs severely the CaO mechanical strength, which poses a serious limitation to the
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practical use of steam in circulating fluidized beds. The in-situ XRD analysis shown in the
present work demonstrates that the use of HoO at very small concentrations yields still a
significant acceleration of the calcination reaction whereas the CaO reactivity and crystal
structure are not essentially affected. These results have been obtained at Cal. conditions
relevant for both CO, capture ad CSP energy storage and suggest the possibility of reducing
in both applications the calcination temperature by about ~20°C without compromising the

mechanical strength of the formed CaO.
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FIG. 1: Transformation during calcination of the hexagonal rhombohedral calcite structure (space group R3c, 167) into a
cubic metastable CaO* structure (space group Fm3m, 225) as a dilated pseudomorph of the final stable CaO form lime (same

space group that CaO* ). Cell parameters indicated are calculated for a temperature of 925°C . Adapted from [21].
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FIG. 2: Flow diagrams of the Calcium Looping process for CO2 capture in fossil fuel fired power plants (a) demonstrated at
the pilot scale (1 - 2 MW, ) stage [26] and for Thermochemical Energy Storage in Concentrated Solar Power plants (b)

currently at the concept stage [32].
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FIG. 3: Schematic layout of the experimental setup used in this work for limestone calcination/carbonation in-situ XRD

analysis under different dry and wet gases.
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FIG. 4: Time evolution of temperature (left axis) and CaCO3 wt% during calcination/carbonation tests carried out under

dry Ng and He (a), dry and wet N2 (b) and dry and wet He (c) atmospheres.
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FIG. 5: Time evolution of temperature (left axis) and crystallite size (right axis) of CaCO3z and CaO during

calcination/carbonation tests carried out under dry and wet N2 (a), and dry and wet He (c) atmospheres.
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FIG. 9: a) Main Bragg reflection peak of calcite recorded (blue thin line) at scan 38 (t=265 min) during calcination under
dry CO2 (T=925°C ), peak obtained from the best Rietveld fit (red thin line), which includes the contribution of calcite (blue
thick line, 56.8% wt content) and CaO* (green line, 4.2% wt content) reflection peaks. b) Goodness-of-fit parameter obtained
for the Rietveld best fits to experimentally recorded XRD patterns with and without taking into consideration the presence of

the metastable CaO* phase during calcination under dry COy (T=925°C ).
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