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Abstract

In the present work, we explore the use of steam in the CaCOs calcination step of a
calcium looping process devised for integration into a thermochemical energy storage
process (CalL-TCES). Steam produces a double benefit: firstly, it fastens the calcination,
allowing a reduction of the temperature needed to attain full calcination in short
residence times, as those required in practice, resulting in energy savings. This behaviour
is justified on the bases of kinetic study results, as obtained from a non-parametric
kinetic analysis, which demonstrates that the presence of steam during calcination can
reduce the apparent activation energy from 175 kJ/mol to 142 kJ/mol with a steam’s
partial pressure of 29%. In addition, the results obtained for multicycle CaL-TCES tests
show that steam alleviates the deactivation of the sorbent, which is one of the main
limiting factors of this technology. This behaviour is explained in terms of the effect of
steam on the microstructure of the resulting CaO. Importantly, the values of the residual
conversion attained calcining in steam are higher than those without steam.
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1. Introduction

Global warming is one of the most pressing challenges of our era. The global
temperature has incremented by around 1.1-1.4 °C since pre-industrial times and this
increment is mainly attributable to the greenhouse gases emissions [1]. Electricity
production based on fossil fuels combustion accounts for a large share of these
emissions, which urges for its replacement by renewable sources of energy. However,
the intrinsic intermittency of some renewable energies, such as wind or solar, makes it
difficult to match supply and demand continuously. The global deployment of low cost,
efficient and environmentally friendly energy storage technologies is an avenue for
overcoming this challenge. Specifically, Concentrated Solar Power (CSP) is a quickly
growing technology that allows for the thermal energy storage (TES) in the form of
sensible or latent heat, which enables the use of solar energy after sunset [2,3].
Commercial CSP plants do already use molten salts to store sensible heat that can be
used overnight to generate electricity [3]. In latent heat storage systems, solar energy is
stored in some materials when they undergo a phase change [4,5]. A third possibility
under investigation is the thermochemical energy storage (TCES). The main advantages
of TCES as compared to the two others are a significantly higher energy density and the
possibility of long term storage [6].

Proposed integration of Thermochemical energy storage systems into CSP plants exploit
solar power to drive a reversible endothermic reaction [7,8]. The reaction products are
separately stored and they are brought back together to opportunely produce the
reverse exothermic reaction when power supply is required. Advantageously, compared
to TES, TCES provides significantly higher energy densities and the reaction by-products
can be stored indefinitely in stable forms with negligible thermal losses [6]. In particular,
TCES based on the reversible reaction between CaO and CO,, referred as calcium-
looping (Cal), stands out for the high energy density achievable (~3.2 GJ/m3 as
compared to 0.8 GJ/m? achieved by solar salts in the form of sensible heat), the low cost
(10 ~€/ton) and the abundance of natural CaO precursors, such as dolomite and calcite.
Other low cost and calcium rich materials such as steel or carbide slags, biomineralized
CaCO:s in natural byproducts have also been explored as possible CaO precursors [9,10].
Although Cal was originally proposed for carbon capture and storage (CalL-CSS), in
recent years the use of the Cal technology for TCES has received a great deal of interest
due to its promising results [11-13]. The proposed integration scheme of Cal as a TCES
system in CSP plants (CalL-TCES) requires calcination to be carried out in inert gas at
around 750 °C, while carbonation is usually carried out at 850 °C in pure CO;[14,15]. A
major challenge to facilitate the commercial deployment of this technology is the
marked material deactivation along ensuing cycles. The loss of reactivity towards CO; is
attributed to strong sintering leading to a significant loss of surface readily available for
carbonation [16—18]. The harsh carbonation conditions worsen the problem as it is
known that CO; strongly promotes sintering [18—20]. In addition, it has been observed
that carbonations at high temperature under high CO; concentration yields the
formation of a blocking layer on the particles’ surface, which impedes CO; from reaching
the inner volume of the particles, that remains essentially unreacted. This pore plugging
mechanism and the reaction-induced sintering of the surface layer constitute the main
mechanisms of deactivation in TCES conditions [21-23]. Reducing the temperature of
calcination is thus an important objective in the development of the technology, as the
calcination temperature strongly conditions the design of the plants, including the size
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of the calciner, the extension of the heliostat field, the number of collectors as well as
the radiative losses [24—26]. Moreover, a decrease in the temperature needed for
calcining limestone in the short residence times required in practise would result in
significant energy savings. The recent proposal of flash calcination in vertical tube
furnaces also demands rapid calcinations [27,28]

The speed-up effect of steam on CaCOs calcination has also been considered as a way to
attain such reduction [29,30]. However, there is no consensus in the literature on the
reasons for this acceleratory effect. For instance, Li et al. attributed it to an increase in
the heat transfer coefficient [31-33], whereas other authors have pointed out a catalytic
effect of H,0 as responsible [34-36]. The catalytic mechanism is usually rationalized in
the higher affinity of H,O molecule for active CaO sites, resulting in a displacement of
CO; through the formation of a Ca(OH); intermediate [30]. However, while that might
be reasonable at moderate temperatures, it would be debatable at high temperatures,
beyond the maximum stability of Ca(OH).. Alternatively, the formation of hydrogen
carbonate ions as intermediates has also been suggested [37]. Finally, MaclIntire and
Stansel ascribed the faster calcination to changes induced in the crystal growth and
surface reaction [38].

Besides the acceleration of the calcination reaction, it has been demonstrated that
steam injection is an avenue for increasing the CO, uptake of CaO, regardless steam is
injected during calcination, carbonation or at both stages [39—42]. The reason for the
improvement has not yet been clarified but it might be related to the microstructure of
the nascent CaO. Some authors have reported that steam enhances sintering,
consequently reducing porosity but creating a more stable sorbent [42]. However,
researchers have also observed otherwise; that steam injection alleviates sintering and
reactivates CaO, thereby increasing its CO, capture capacity [40,43,44]. The lack of
consensus might be attributed to the experimental conditions used, as the reversible
CaO0 carbonation reaction is extremely sensitive to thermodynamical equilibrium [45].
Thus, the influence of water content surely depends on the temperature and CO; partial
pressure used. So far, the improvement in CO, uptake has been demonstrated in works
that attempt to simulate CO; capture from post-combustion gases in industrial plants.
In carbon capture and storage conditions (CaL-CCS), calcination is carried out in about
70% CO;. Therefore, high temperatures over 9259C are necessary to overcome the
equilibrium temperature.

In the present work, we explore the use of water steam to promote calcination,
considering operation schemes compatible with thermochemical energy storage
applications. Under such conditions, calcination is carried out in inert gas at about 750
9C, a much lower temperature as compared to CalL-CCS. Herein, we study the behaviour
of the system when a mixture steam-N; is used instead during the calcination stage with
the aim of attaining the maximum feasible reduction in the calcination temperature.
Moreover, a kinetic approach is used to gain understanding of the influence of steam in
promoting CaCOs calcination. The analysis is carried out by means of the non-parametric
kinetics (NPK) method, which has demonstrated its capability to extract the kinetic
parameters from experimental data without the previous assumption of a kinetic model,
thereby avoiding bias in the analysis. [46,47] .



2. MATERIALS AND METHODS

The limestone used in this work (ESKAL 60) was supplied by KSL Staubtechnik GmbH
(Germany). Figure 1. a) shows a micrograph of the particles. The particle size distribution
(PSD) was determined by laser diffraction as described in [48]; the result is plotted in
Fig.1.b). The sample exhibits a narrow PSD with a maximum approximately at 60 um.
Particles’ size can strongly affect the kinetics of calcination and carbonation, as well as
the multicycle performance of the sample [49,50].
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FIG 1: a) SEM micrographs of a sample of limestone used in this work. b) Particle size distribution.

Figure 2 shows a scheme of the experimental setup used. The experiments were
conducted in a thermogravimetric analyzer LINSEIS STA PT 1600. The system is
customized to allow steam injections in the furnace. N; was used as a purge gas and to
pressurise the water tank. The water flow to the vaporizer was controlled through a
water flow controller (WFC) Bronkhorst Liqui-Flow L13V12, which allows controlling the
flow with an accuracy of 1%. After evaporation, steam was mixed with nitrogen in the
vaporizer, and the mixture was led to the furnace through a heated transfer line kept at
165 °C to avoid condensation (red line in Fig. 2). The flow of gases to the vaporizer was
controlled by using mass flow controllers (MFC).

The multicycle activity of limestone was tested with and without steam addition during
the calcination stage. The multicycle carbonation/calcination tests carried out under
CaL-TCES conditions started with a heating ramp at 20 °C-min‘! from room temperature
to 500 °C. Then, a mixture of steam and N3, with different partial pressures of steam,
was injected in the furnace while the temperature was kept constant during 30 min to
make sure that the mixture Na-steam was uniformly distributed in the furnace before
the calcination stage started. The temperature was subsequently increased at 20 °C-
min up to the selected calcination temperature. At this point, the temperature was
maintained constant for 10 min to carry out the calcination under isothermal conditions.
Since for a given temperature the time required to attain full calcination depends on the
steam’s partial pressure, the calcination temperature of these experiments was set at
the minimum necessary to achieve full calcination from the first cycle. For instance,
without steam, a minimum of 730°C was necessary to fully calcine the limestone in short



residence times as those required in practice (< 10 min). Conversely, with a steam’s
partial pressure of 29%, complete calcination can be attained at 680 °C in less than 10
min. The minimum values of temperature required as a function of steam’s partial
pressure are collected in table 1.

TABLE 1: Minimum temperatures needed to attain full calcination in less than 10 min, as a
function of the partial pressure used.

Partial pressure of steam Minimum temperature required
No steam 730°C
3% 700°C
29 % 680°C

At the end of the calcination stage, steam was removed from the furnace and
temperature was raised to 850 °C at a constant rate of 20 °C:min‘! in an atmosphere of
pure N,. At 850 °C N2 was replaced by CO; to initiate a 5 min-lasting carbonation stage.
After carbonation, the temperature was decreased to 500 °C and the cycle was repeated
20 times.

The kinetics of calcination in steam was studied from isothermal tests. Three different
partial pressures of steam were used, namely, 0%, 3% and 29%. The temperature of the
furnace was raised, at a constant rate of 5 °C:min%, from room temperature to the target
temperature of the isotherm and then kept constant throughout the whole calcination
process. To ensure that the mixture steam-N; was uniformly distributed in the furnace
when the temperature of the isotherm was reached, the mixture of gases started being
continuously injected into the furnace once a temperature of 400 °C was reached. The
temperature of the isotherms ranged from 570 °C to 640 °C. The experimental data were
analysed using a non-parametric kinetic method (NPK) [46,47] To test the results of the
NPK study, the kinetic parameters obtained were used to predict the results of non-
isothermal experiments.

A scanning electron microscope (SEM) HITACHI S4800 was used to study the effect of
calcination and carbonation on the surface of the samples. Before SEM analysis, the
samples were gold-coated utilizing an Emitech K550 Telstar sputter-coating machine (30
s, 30 mA).
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FIG. 2: Schematic illustration of the experimental setup.

3. RESULTS AND DISCUSSION
3.1. ISOTHERMAL CALCINATION OF CaCOs IN N2/steam

Figure 3 shows the time evolution of the mass (%) during the calcination of limestone
for three different steam’s partial pressures at a temperature of 610 °C. The results are
stoichiometrically consistent, as CaO accounts for 56% of the total mass of CaCOs. The
acceleratory effect of steam injection is clear and increases with the partial pressure of
steam. The reaction is manifestly faster even with the lowest steam’s partial pressure
used.
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FIG. 3: Time evolution of the mass during the calcination of limestone, at 610 °C, for three
different partial pressures of steam: 0 %, 3% and 29 %.



Figure 4 shows the SEM micrographs of the particles’ surface after the isothermal
calcination at 610 °C. Figures a), b) and c) correspond to no steam, 3% and 29%,
respectively. Steam’s partial pressure has an evident impact on the surface of the
nascent CaO. Samples calcined in the presence of steam exhibit a more open
microstructure, which according to some authors would lower diffusional resistance to
CO2 and would result in higher values of conversion in the carbonation stage [40].

FIG. 4: SEM images of the particles’ surface (CaO) taken after calcination at 610 °C in
steam with different partial pressures: a) No steam, b) 3%, c) 29%.

3.2. MULTICYCLIC EXPERIMENTS UNDER CaL-TCES CONDITIONS

Figure 5 shows the time evolution of the temperature and the mass during the second
and nineteenth carbonation/calcination cycles when calcination stage is carried out at
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700 °C, in a partial pressure of steam of 3%. The time interval during which steam was
injected in the furnace is represented by a blue rectangle. As shown, the reactivity of
the nascent CaO decreases with the cycle number due to pore plugging and sintering-
induced deactivation. It has been widely reported that the carbonation stage is
composed of two different phases. First, a fast kinetically-driven stage that corresponds
to the carbonation reaction occurring on the surface of the particles, with a limited
formation of bulk carbonate depending on the reaction conditions [51,52]. This is
followed by a sluggish solid-state diffusion phase in which CO; diffuses across the CaCOs3
layer formed on the surface during the prior phase [16,53]. However, as previously
reported, when the carbonation stage takes place in high CO; concentration at high
temperature, the pore-plugging phenomena is dominant and, consequently, the
extension of the diffusion stage is mostly negligible [14]. The apparent decrease in the
mass during the ramp from 850 °C to 500 °C is an artificial buoyancy effect ascribed to
changes in the density of the gas as a consequence of the abrupt temperature reduction.
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FIG. 5: Time evolution of the temperature and the mass during the second and nineteenth cycles

carried out in TCES conditions. Calcination was driven at 700 °C with a steam’s partial pressure
of 3%.

Figure 6 shows the time evolution of the mass during calcination in the fifth cycle, at 700
°C under different steam fractions. Without steam, complete calcination of limestone
cannot be attained in less than 10 min. Therefore, to achieve full calcination without
steam in short residence times as those required in practice (<10min), the temperature
needs to be increased at least up to 730 °C. However, the acceleratory effect of steam
injection allows full calcination at 700 °C in less than 10 minutes.
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FIG. 6: Time evolution of the mass during calcination at the fifth cycle for the three values of
steam’s partial pressure used. The temperature of calcination was set at 700 °C in the three
cases.

The multicycle effective conversion X at each cycle is calculated as the ratio of the mass
of CaO converted to CaCOs3, to the total mass of the sample m before carbonation:

Xy = ZN-™Weao (17)

m-Wco,

Being my the sample mass after carbonation at the cycle N, and W, and W, , are the
molar masses of CaO and CO,, respectively. The evolution of the effective conversion
with the carbonation/calcination cycle number are plotted in fig. 7. The temperature of
calcination for each partial pressure of steam was set in such a way that complete
calcination was attained in the first cycle, namely, 730 °C with no steam, 700 °C with 3%
and 680 °C with 29%. This way, the performance of the material at the minimum
attainable temperature can be compared. As evidenced in the plots, the injection of 3%
steam has little influence in the multicycle performance despite the reduction of the
minimum calcination temperature. Conversely, the higher steam volume injection has
noticeable influence in the conversion, with an increase of about 50%. Data of
conversion can be fitted using the following equation [54,55]:

_ X1
v =Xt K(N-1)+(1-Xy/X1) "1

(18)

Where X, is the residual conversion, k the deactivation constant and X; the conversion
at the first cycle. The fitting parameters are collected in Table 2.
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FIG. 7: Effective conversion as a function of the cycle number for the three steam’s partial
pressure used for calcination: 0 %, 3 % and 29 %.

Steam injection during carbonation improves the residual conversion, which is the most
important parameter in practice, since the material is expected to be cycled hundreds

of times.

TABLE 2: Best fitting parameters of equation (18) applied to the data presented in Figure 7.

Partial pressure of steam X, k R?
No steam 0.18 £ 0.01 0.36 £ 0.02 0.996
3% 0.18 £ 0.01 0.31+0.01 0.999
29 % 0.32 +£0.03 0.36 £ 0.07 0.969

One of the most striking conclusions of these results is the capability of reducing the
minimum calcination temperature to achieve full decarbonation down to 680 °C for 29%
steam. It is thus interesting to compare the multicycle performance at such temperature
for all three steam volume concentration. Results are shown in Figure 8, which highlight
the beneficial effect of steam. At such a low temperature, the multicycle performance
of the sample calcined without steam is very poor, mainly because full calcination
cannot be achieved.
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FIG. 8: Effective conversion as a function of the cycle number for samples calcined at 6802C at
the three steam’s partial pressures.

Figure 9 shows the SEM images of the CaO particles’ surface after the twentieth
calcination, and the morphology of the CaCOs particles obtained after the twentieth
carbonation for samples calcined without steam and with 29% of steam. CaCOs surface
appears strongly sintered, with large grain sizes. Conversely, the micrographs reveal that
injection of steam during the calcination stage helps the formation of a more open
microstructure of the nascent CaO, thereby preserving larger specific surface area and
making the inner of the particles more accessible to CO;. This would explain the
enhanced effective conversion observed in the multicycle test carried out in the
presence of steam.

29 % No steam
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FIG. 9: SEM images of the particles’ surface after the twentieth calcination and after the
twentieth carbonation. a) CaO calcined with 29% steam, b) CaO calcined with no steam, c) CaO
carbonated after calcination with 29% steamand d) CaO carbonation after calcination with no
steam.

Figure 10 presents the effective conversion during the carbonation stage in the first
cycle for the tests in which calcination was carried out at 680 °C. The three curves
overlap up to the diffusion-controlled phase starts. Conversion during the diffusion
phase is negligible; most mass is gained during the fast reaction-phase that occurs on
the particle’s surface. During this phase, a blocking layer of CaCOs is formed on the
surface, while the inner remains more porous. This pore-plugging effect is shown in the
SEM image in Fig. 11. A fracture on the particle’s surface let us see the inner porous CaO
core present underneath the CaCOs blocking layer. The smaller grain size evidences that
the inner CaO does not undergo repeating carbonation and calcination as it is that
responsible of the grain growth. The fact that the carbonation rate does not vary with
steam concentration evidences that it does not truly depends on CaO morphology. The
more porous structure displayed by CaO produced in steam results in larger reaction
extension rather than in faster reactions. The mass gain curve during carbonation after
calcining with 29% of steam (Fig. 10) also suggests improved carbonation during the
diffusive stage, what can also be explained in terms of the more open morphology.
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FIG. 10: Conversion during the carbonation stage in the first cycle of multicycle tests conducted
with different values of steam’s partial pressure. These data correspond to cycles in which
calcination was carried out at 680 °C.
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FIG. 11: SEM micrograph of particle’s surface after calcination at 680 °C with no steam. The
porous inner can be seen through an imperfection in its surface.

It is worth mentioning that several authors [56] have proposed the introduction of a hydration
intermediate stage to reactivate spent CaO and enhance conversion. However, as shown here,
it appears that a similar reactivation effect can be achieved by calcining in the presence of steam,
without the need to introduce an additional process so that the steam injection during
calcination could be considered an in-situ reactivation

3.3. KINETIC ANALYSIS OF ISOTHERMAL CaCO3 CALCINATION

The kinetics of CaCOs calcination has been studied using a wide array of different
methods, being the random pore model and shrinking core two of the most popular
proposed for modelling the reaction [57]. However, the kinetic parameters published
lack consistency, with activation energies ranging from 100 to 300 kJ/mol [58]. Besides
experimental problems due to the strong influence of the reversible reaction [45,59],
another explanation for the discrepancies might be the widespread use of model-fitting
methods. Those methods rely on fitting experimental data to a list of assumed kinetic
models. However, as it has been previously reported, goodness of fit does not suffice to
claim a process obeys a given model, as experimental data might mathematically fit
correctly any number of models yielding different activation energies and pre-
exponential factors for each kinetic model used [60,61]. For this reason, many authors
prefer model-free methods of kinetic analysis. Here, we employ the model-free Non
Parametric Kinetic (NPK) analysis method to study the kinetics of CaCOs calcination in
nitrogen, 3% and 29% of steam.

The kinetics of a solid-state reaction is typically described by:
da/dt = k(T) - f(a) (1)

Where k(T) is a function of temperature T and f(a) is a function of the extent of
reaction a. Equation (1) can be integrated:

t'=t

[525 da/f (@) = fj s dt' k(T) )

a

13



Using the notation g(a) = f;,:oa da/f (a), integrating the right side of the equation
for isothermal conditions (T = constant) and arranging conveniently, we get:

t =g(a)- (k(T)™ (3)

The NPK method was devised to obtain (k(T))~! and g(a) with no assumptions about
their functional forms [46,47].

To apply the NPK analysis, a set of isothermal experiments were carried out at different
temperatures. Then, the values of time were arranged in a matrix according to the
following procedure: Each column include the time values needed to attain certain
extent of reaction at a given temperature. Therefore, all time values in a column
correspond to the same experiment. Consequently, time values in the rows end up
arranged in such a way that each correspond to the time needed to attain a given extent
of reaction at different temperatures. A matrix was constructed for each partial pressure
of steam. The following matrix, equation (4), is an example of how data are arranged. In
this matrix, for instance, t,5 is the time it takes to attain the extent of reaction «, in
isothermal conditions at T5.

n T, Ts
NN l
t11 tiz t13\ < Q1
t= <t21 22 t23> < (4)
t31 t3z t33/ < Qa3

The NPK method is based on a singular value decomposition (SVD) [46,47]. Three
matrices, u, w and v, are obtained after applying an SVD to the matrix t. The product
of these matrices is t:

t=u-w-v’ (5)

The first columns of u and v are proportional to the values of g(a) and (k(T))7},
respectively. In the case of the matrix given by equation (4), it can be written as:

u(i,1) « g(a;) with i= 1:3 (6)
v(j,1) « (k(T))™) with j= 1:3 (7)
And any value of time can be approximated by:

t;j =u(i,1)-w(1,1) -v(,1) with i,j= 1:3 (8)

Where w(1,1) is the first diagonal entry of w. Figure 12 shows the comparison between
the experimental values of o, represented by symbols, and the values calculated using
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an SVD, plotted as solid lines. The curve (t,a) has been built using the equation (8) to
calculate the value of time that corresponds to each value of a. As it can be observed,
there is near perfect agreement between the experimental data and the plots built from
the SVD. This indicates that experimental values of time can be effectively expressed as
the product of a function of temperature times a function of the extent of reaction, as
the equation (3) states.
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FIG. 12: Comparison between the experimental values of o calculated from isothermal
decomposition experiments at 610 2C and those obtained by means of the SVD method. The
SVD was applied to data obtained with three different partial pressures of steam: 0%, 3% and
29%.

The values in the first column of u, which are proportional to g(«), are plotted in Figure
13. Data have been normalized at « = 0.5. Therefore, what is represented in Fig. 13 is
g(@)/g(a = 0.5). For the sake of clarity, the results for each steam’s partial pressure
have been first represented separately in fig. 13 a) to 13 c¢) and then all three together
in fig. 13 d). All three curves overlap until a=0.6 (see Fig 13. d)), point at which the curve
for 29 % deviates significantly. Fig. 13 also includes the theoretical functions
g(a@)/g(a = 0.5) corresponding to the two kinetic models that most closely resemble
the experimentally derived, namely, the Avrami-Erofeyev model (n=2, A2) and the
contracting area model (R2). Other authors have previously reported these models to
describe the calcination of CaCOs [58]. It is worth noting that the curves in Figure 13 are
in- between those corresponding to the two ideal models, A2 and R2. This is not
surprising, considering that the ideal models have been proposed assuming ideal
conditions in terms of particle shape and size and driving forces for the process, while
non-ideal systems, as the one studied here, suffer from deviations from ideality.

The dependence on temperature is assumed to be given by the Arrhenius equation:

k(T) = A - e Fa/RT (9)

Being A the pre-exponential factor, E, the apparent activation energy and R the gas
constant. Equations (7) and (9) can be combined to write:
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1/v(T) = C - e Fa/RT (10)

Where v(T) represents the first column of v and C is a constant of proportionality.
Taking the natural logarithm of this expression:

In(1/v(T)) = InC — E,/RT (10)

Values of In(1/v(T)) as a function of 1/T are plotted in figure 14. To each value of the
steam’s partial pressure corresponds a set of points; one point per each isothermal
calcination experiment. Best fitting lines are also shown in the chart. The value of the
apparent activation energy for each partial pressure can be calculated from the slope of
these lines according to equation (10). Values of E, obtained are given in the legend.
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FIG. 13: Normalized values from the first column of u versus the extent of reaction, for the three
different partial pressures of steam used: a) No steam, b) 3%, c) 29%. The results obtained with
the three values of partial pressure are plotted together in d).

The value of activation energy obtained for the sample calcined without steam is in good
agreement with the values reported in the literature [58]. Activation energy decreases
from (175 + 12) kJ/mol, with no steam, up to (142 + 12) kJ/mol, with a steam’s partial
pressure of 29%. Giammaria et al. reported a similar reduction of activation energy in
experiments conducted in a fixed bed reactor [37]. Activation energy, for calcination

16



with a partial pressure of 3%, has an intermediate value of (160 + 4) kJ/mol. Thus, the
addition of steam seems to induce a reduction on the activation energy for calcination.
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FIG. 14: Values of In(1/v(T)) as a function of 1/T. The values of apparent activation energy
are given in the legend.

Combining equations (3), (6) and (9), the value of the time for a given extent of reaction
can be written as:

t = (1/4") - (u(a)/u(a = 0.5)) - eFa/RT (11)

Where u(a)/u(a = 0.5) is the normalized function plotted in Fig. 13 and the new pre-
exponential factor A* is related to the pre-exponential factor A by:

A*=A/g(a=0.5) (12)

Values of E, and A*are collected in Table 3, where A* has been calculated as the average
of the values obtained for all temperatures. As can be observed, both factors decrease
with the steam’s partial pressure. While in principle a reduction on the pre-exponential
factor might imply slower reaction kinetics, this is offset by the reduction of E,. Actually,
the decrease in the pre-exponential factor could be attributed to a kinetic compensation
effect [62]. This simultaneous decrease of activation energy and pre-exponential factor
was also observed by Wang et al. [30], who performed the kinetic analysis assuming an
n order model, which according to recent results is not adequate for this reaction. The
decrease in the activation energy has been rationalized in a change of the decomposition
reaction pathway [37].

TABLE 3: Values of apparent activation energy and pre-exponential factor obtained for CaCOs;
calcination employing different partial pressures of steam.

Kinetic parameters
Partial pressure of steam E,(k)-mol?) A*(sY)
No steam 175 + 12 (3.440.1)-10°
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3% 160+ 4 (9.2 +0.2)- 10°
29 % 142 + 12 (1.1 4+ 0.4)- 10°

The reconstruction of experimental curves using the kinetic parameters obtained in a
kinetic analysis is the best avenue to test the reliability of the results. The curves used
to feed the kinetic analysis cannot be used to validate the results obtained. Instead, the
model and the kinetic parameters must be used to reconstruct data recorded in
conditions different from those used in the kinetic analysis. To this end, non-isothermal
calcination experiments run under constant heating rate were conducted. Then, the
kinetic parameters in table 3 were used to simulate decomposition curves assuming
those heating profiles.

The function f (@) in equation (1) can be calculated by differentiating g(a):

dg(a) /da = (f(a))™* (13)
Considering equations (9), (11) and (13), equation (1) can be rewritten as:

da/dt = A* - u(a = 0.5) - (du(a)/da)~t - e Fa/RT (14)

Therefore, integrating:

[otda' =a= [, dt" A" u(a=05) - (du(a)/da)"* - e~Ee/RTCN (15)
Here, the temperature is a function of time. In the case of a non-isothermal process, this
integral can be approximated by a summation:

a=At-A"-u(a=05)Y; (du(a)/da)!|,, - e Fa/RTi (16)

Where At is the time interval between two consecutive values of temperature (T; and
T;+1) and «; is the value of the extent of reaction when T = T;. Equation (16) allows
predicting the results of non-isothermal experiments using the kinetic parameters and
the kinetic model obtained in isothermal conditions.

Figure 15 shows the time evolution of the extent of reaction during the calcination of
limestone in experiments conducted at a constant heating rate of 5 °C/min. The lines
represent the curves built using equation (16) and the kinetic parameters obtained with
the NPK method. These curves fit reasonably well to the experimental data, which are
plotted as symbols. The quality of the reconstruction is a proof of the validity of the
kinetic parameters here obtained.
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FIG. 15: Comparison among data from calcinations conducted at a linear heating ramp of 5
°C/min and the values of a predicted using the kinetic parameters obtained with the NPK
method: a) No steam, b) 3 % c) 29%.

4. CONCLUSIONS

The results herein obtained serves to clarify the accelerating effect of steam on the
decomposition kinetics of CaCOs and it highlights the benefits gained by its addition
during the calcination stage in Cal processes. It is shown how steam can be used to
significantly reduce the effective calcination temperature of CaCO3z while at the same
time enhancing the multicycle activity. Steam promotion of CaCOs; decomposition allows
to attain effective calcination temperatures as low as 680 °C with 29 % of steam. This
would result in practice in important energy savings. In addition, multicycle
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calcination/carbonation tests were carried out using a mixture Nz-water during
calcination. These experiments evidence reduced CaO deactivation rate, what is
ascribed to the strong influence steam has on the nascent CaO morphology. CaO
regenerated in the presence of steam exhibits a less sintered microstructure and a more
reactive surface that significantly promotes the subsequent carbonation. Consequently,
the deactivation of the sorbent due to pore-plugging is minimized, resulting in residual
conversion values about 50% higher than those attained without steam. The beneficial
effects of water are dependent on steam concentration. Modest gains were observed
using 3% steam but remarkable improvements when using 29% steam. Thus, calcination
under steam is an in-situ reactivation that plays a role similar to ex-situ reactivation
steps by hydration of CaO, without the need of introducing any additional processes.
The calcination rate enhancement was studied using a kinetic approach. Thus, the
advanced non-parametric method, which does not require making any assumptions
about the kinetic model, was used to study a set of calcination experiments run under
isothermal conditions. The validity of the resulting kinetic parameters was proved not
only by the reconstruction of the experimental curves used to carry out the analysis but
by the accurate prediction of experimental curves recorded under different, non-
isothermal, heating schedules. The kinetic analysis leads to the conclusion that the
activation energy decreases from 175 kJ mol™ to 142 kJ mol?, depending on the steam's
partial pressure employed. This explains the reduction of the effective calcination
temperature and is consistent with previous reports in which a catalytic effect is
proposed to explain steam rate enhancement. Moreover, the ability of the NPK to
provide an empirical model for the reaction, not restricted to a predetermined list,
suggests that large amount of steam also modifies the kinetic model obeyed by the
reaction.
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