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1. Intergovernmental Panel on Climate Change
2. Carbon Capture and Storage
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Introduction
Anthropogenic  avitivities, particularly  energy
production, have led to a significant increase in
the concentration of CO, gas, which is the primary
greenhouse gas, constituting around 76% of total
greenhouse gas emissions [1,2]. Carbon capture
and storage (CCS) is proposed as a viable solution
for reducing CO, emissions from large sources like
thermal and coal power plants. Moreover, CCS
process is regarded as a reference technology for
capturing CO,, and it involves various methods,
including post-combustion capture, pre-combustion
capture, and oxy-fuel combustion capture [3,4]. The
calcium looping (CaL) process, which is considered
as a post-combustion technology, is known as a
promising technology for CO, capture due to its cost-
effectiveness and the availability of adsorbents. The
CaL process was first proposed by Shimizu et al. [5-
7] and consists of carbonator and calciner reactors.
The CO, in the flue gas is absorbed by CaO in the
carbonate reactor at temperatures ranging between
550 °C and 700 °C and forming CaCO,, which is then
CaO in the calciner reactor at a temperature of 900 °C.
The reaction that occurs in the carbonator and calciner
reactors is as follows:
Ca0,, +CO,, <> CaCO

2(g) 3(s)

(M

Based on various studies, it has been well established
that the carbonation reaction consists of two controlling
stages, namely fast and slow stages, occurring in
sequence |[8]. Different kinetic models have been

Accepted: December/11/2023

proposed to investigate the carbonation reaction. The
shrinking core model (SCM), introduced by Grasa et
al. [7], only considers the fast stage of carbonation
reaction. The pore model, also known as the random
pore model (RPM), was proposed by Bhatia et al.
[8]. This model provides a general expression for
instantaneous gas-solid reaction rates that can be used
for porous systems. Based on this model, Balsamo et
al. [9] proposed a more advanced model called the
fractal-like random pore model. In this model, it is
assumed that one of the important process parameters,
i.e., the diffusivity coefficient, is not constant during
the reaction time and changes based on a coefficient
“h”. Moreover, equipment limitations and high
operational costs often make it difficult to conduct
experiments to understand the kinetics of the calcium
cycle process. Therefore, kinetic modeling can greatly
leads to understand this process. In this study, three
kinetic models, including SCM, RPM, and fractal-like
model, are used for modeling the CalL. Based on the
capabilities of each model, the best model for predicting
the carbonation reaction rate is introduced. It should
be noted that this study is based on experimental
carbonation reaction data at two temperatures, 550 °C
and 650 °C, which were provided by Sedgkerdar et al.
[10].

Model Description
Shrincing Core Model (SCM)

This model only considers the fast reaction stage, and



for simplicity, it assumes that the variation of the
conversion rate during slow stage is zero. The equation
that expresses the degree of carbonation (X) of the
absorbent particles in the fast stage is as follows (as
seen in Equation 2):

(L_i( e (CCOZ _Ccol .eq ) =ksSn (I_X)ZB (CCO: -C

) @

CO, eq

Where, CCO: and CCOz,eq represent the inlet and
equilibrium concentrations of CO,, respectively.
Moreover, ks is the kinetic constant, and SN is the
specific surface area for particle, which has undergone
N cycles. The value of SN is defined according to
Equation 3 [4].

X (3)
MCaCO, max, N
SN = Pcao
M(Tﬂ() h
Where V|, .. is the molecular volume of CaCO,, h is

the thickness of the product layer, M. j and p . , are the
molecular weight and density of C_, respectively, and
X N is the maximum carbonation conversion after

max’

N cycles, which is calculated according to Equation 4.
-1
-1
X max.N (((I—Xr) +kN) +Xr) 4)

Where k and Xr are the decay constant and residual
conversion, respectively, and their values are equal to
0.52 and 0.075, respectively [14]. Based on Equations
2 and 4, the carbonation conversion of particles is
defined according to Equations 5 and 6 as follows:

3
ksSN(CC02 -CCOZ,eq)t:| t<tim (5)
3

X(t)—l—|:l
X=X pax N t>t, (6)

Where t_ indicates the time at which the fast stage
ends. Moreover, this model assumes a constant slow
reaction rate, and it considers its value to be equal to
X [4]-

Random Pore Model (RPM)

As mentioned, carbonation reaction consists of two
fast and slow stages. The RPM model considers both
stages, and it provides the carbonation reaction rate
according to Equation 7 [15, 16].

dX cq0 _ksS0C A-X Ca0 )I-y In(-X cq0 ) @)

R ezt

Where ¥ is the internal structure parameter of the
Ca0, Z is the ratio of the molar volume of CaCO, to
Ca0, and p is the modified Biot modulus, which is
defined according to Equation 8. Based on Equation 7,
by consedring /S equal to zero, and then integrating it,
Equation 9 is yielded, which it represents conversion
in the fast stage. If § considered to be zero, Equation
10, which represents conversion in the slow stage, will
be obtained. Combining Equations 9 and 10 result in
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the total conversion of the carbonation reaction [11].

p2ksapcao (-50) (8)
bMcaoDPS0

| kgSoCt

1 \/7 _K§00%1 ?

W[ l-y In(1-X cq0 ) 1} 2(1-£9) "

1 S DpM Ct
L ¥ cao)-1 -39 [PPMca0 (10
v [frym-Xcao)1] =20\ 2pca0Z )

Where ks and DP represents the kinetic and diffusion
constant, respectively, and they have been calculated
by fitting Equations 8 and 9 to experimental data [7].
Fractal-like Random Pore Model

This model is a modified version of RPM model. One
of the important parameters in the RPM model is Dp,
which affects the reaction process when the fast stage
has ended and the slow stage is beginning. In the
RPM model, it is assumed that D, does not change
from the beginning to the end of the slow stage, while
in real reaction conditions, the D, changes over time.
This modified model considers this aspect by using a
heterogeneity parameter, h, and it provides the modified
equation for D, according to Equation 11 [9,14].

DPF:Dp(t+1)-h (11)

By substituting Equation 11 into Equation 10, the
modified fractal Biot modulus will be obtained [11].
Other equations for the fast and slow stages are according
to the equations presented in the previous section.

Results and Discussion

Fig. 1 illustrates the applying SCM model to the
experimental data obtained from the carbonation reaction
at two different temperatures. Based on this figure, the
obtained t_for the first cycle and temperatures of 550
°C and 650 °C are 1.24 and 1.5 min, respectively. By
comparing these two values with the actual t__, which
are 1 and 1.6 min, respectively, it can be concluded
that this model predicts the transition point accurately.
However, since this model considers just fast stage, the
conversion in slow stage is obtained as a straight line,
which it contradicts the actual reaction condition and
causes errors in modeling. Also, SCM modeled the slow
stage with a higher error at 650 °C.

100

90

80 F ---.--IIIIIIIIIII

70F =

60

S50F

Xcao(%)

a0}
30t

20F T m e o]
W Experimental data at 650°C

10 ®  Experimental data at 550°C |
SCM model
0 1 2 3 4 5 6 7 8 9 10

Time(min)
Fig. 1 modeling of experimental data using SCM at 650°C
and 550°C.
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Fig. 2 illustrates the applying RPM model to the
experimental data obtained from the carbonation
reaction at two different temperatures. Based on
this figure, this model has modeled the fast stage
reasonably, however, it does not have a good fit to the
transition point. Additionally, this model has modeled
slow stage at 550 °C reasonably, however, there is a
slight error between the model and the experimental
data at 650 °C.
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80F gy mmEEEEEEEENESSEEDY
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10 ®  Experimental data at 550°C |
SCM model
" "

0 1 2 3 4 5 6 7 8 9 10
Time(min)

Fig. 2 modeling of experimental data using SCM at 650°C
and 550 °C.

Fig. 3 illustrates the applying fractal-like model to
the experimental data obtained from the carbonation
reaction at two different temperatures. Based on this
figure, the experimental data in the transition point has
been modeled with greater accuracy compared to the
two previous models. Additionally, a good agreement
between the model and experimental data is observed
for the fast and slow stages at both of temperatures,
which is due to considering Dp not-constant over time.

100
9
80
70 F
60
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40
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20

B Experimental data at 650°C | |
10 ®  Experimental data at 550°C | |

Fractal-like model

0 1 2 3 4 5 6 7 8 9 10
Time(min)

Fig. 3 modeling of experimental data using fractal-like
model at 650°C and 550°C

Fig. 4 illustrates modeling of experimental carbonation
reaction using all three models simultaneously in the
first cycle and at a temperature of 650 °C. Based on
this figure, all three models have reasonably modeled
the fast stage, however, the difference between them
becomes more significant in the slow stage. At minute
3, where the slow stage occurs, the difference between
the experimental data and the SCM model is 2%, which
increases with the progress of the reaction and reaches
5% at the end of the reaction. For RPM, this difference
was initially 3%, which increased during the reaction

and finally reached about 5%. However, the fractal-
like model was in agreement with the experimental
data from minute 3 to 8 and the difference increased
from minute 8 onwards, reaching only 1.5% at the end
of the reaction. These values indicate that the fractal-
like model provides better results compared to the
other two models. Therefore, this model was used for
predicting the next cycles.

100

90

Xcao (%)

W Experimental data at 650°C | J
SCM model
seeeeeeees Fractal-like model
= = = RPM model

" "

; ; 6 7 !li ; 10
Time(min)

Fig. 4 modeling of experimental data using SCM,RPM and
fractal-like model at 650°C.

Fig. 5 shows the predicted conversion by fractal-like
model in different cycles. Based on this figure and as
expected, the effective surface area of the adsorbent
for decreases with an increase in the number of
cycles, and the efficiency of the adsorbent decreases
significantly. According to these results, conversion
decreased from 82% in the first cycle to 20% in the
30th cycle. On the other hand, calculated conversion
difference between cycles 1 to 10, 10 to 20, and 20 to
30 is 38%, 20%, and 4%, respectively. This decrease
is due to the fact that the initial adsorbent had a high
specific surface area, which in the early cycles, due to
the rapid blockage of the pores, leads to a significant
decrease in the conversion.
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20F Fractal-like model
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Fig. 5 modeling of experimental data using fractal-like mod-

el atcycles 1, 5, 10 20 and 30 at 650 °C.

Conclusions

In this study, three kinetic models, including
SCM, RPM, and fractal-like, were used to model
experimental data of carbonation at two temperatures,



550 °C and 650 °C. Since the carbonation reaction
consists of two fast and slow stages, a model that can
clearly demonstrate the effect of these two stages on
modeling is preferred. In all three models, the fast
stage was modeled accurately at both of temperatures.
Using SCM, the slow stage at 650°C, where the effect
of the diffusion stage is more significant, showed
an increased difference between the model and
experimental data from minute 3 onwards, reaching
2% and finally 5%. In the RPM model, despite
considering the slow stage, results of modeling in the
transition point did not provide an acceptable result,
and the difference between the model and experimental
data increased, reaching about 5% at the end of the
reaction. Therefore, the fractal model, which was an
modified RPM model, was used. The difference of
this model was zero for most reaction times at both
temperatures, and in its maximum value, it was 1.5%,
indicating good agreement with the experimental data
compared to the previous models. For this reason, the
fractal model was used to predict the conversion of
carbonation in different cycles. results showed that this
model also has good predictive ability for the effect of
pore blockage and decrease in effective surface area of
the adsorbent in successive cycles.
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