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Abstract—CaO carbonation with CO, is potentially a very important reaction for CO, removal from exhaust gas pro-
duced in power plants and other metallurgical plants and for hydrogen production by promoting water gas shift reac-
tion in fossil fuel gasification. A mathematical model based on the grain model was applied for modeling of this reac-
tion. Diffusion of gaseous phase through the product layer and structural change of the grains were considered in the
model. The modeling results show that ignoring the reaction kinetics controlling regime in the early stage of the reaction
and replacing it with a regime considering both the reaction kinetics and diffusion can generate good simulation results.
The frequency factor of the reaction rate equation and the diffusivity of CO, through the CaCO; layer were justified
to get the best fit at different temperature range from 400 to 750 °C with respect to experimental data in the literature.
The mathematical model switches to a pure diffusion controlling regime at final stage of reaction.
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INTRODUCTION

Current levels of CO, concentration at 380 ppm have increased
by 100 ppm since the year 1800, starting at the early stages of the
industrial revolution [1]. Human activities are responsible for emit-
ting 22 billion tons of CO, gas each year mainly from fossil fuel
combustion. As the main greenhouse gas, it is the most important
player contributing over 60% to the global greenhouse effect in the
climate change stake. Removing CO, from industrial processes using
different methods is one of the major problems in this and the sub-
sequent decades.

CO, sequestration consists of capture and storage of CO,. The
main CO, capture technologies are based on absorption (chemical
and physical), cryogenics and membrane technologies [2]. A good
discussion of these methods and comparisons was reported by Eloneva
[1]. The main methods to store captured CO, are ocean sequestra-
tion, deep underground storage and storage as an inert solid by mineral
carbonation reaction.

CaO carbonation is based on the reaction of CaO with CO, to
yield a layer of porous CaCO, around CaO. A study of the carbon-
ation reaction was carried out by Bhatia and Perlmutter [3]. They
considered the formation of nucleation sites of CaCO; as a rate con-
trolling step. They reported values of 87.9kJ mol™" and 179.9 kJ
mol™ for activation energies at temperatures below and above 415 °C,
respectively, for reaction rate control by diffusion through the prod-
uct-layer. Dedman, Owen [4] and Okeson & Culter [5] reported a
two-step mechanism for the reaction rate - chemical reaction con-
trol at lower conversion levels and diffusion control at higher con-
version levels. The total CaO conversion in carbonation reaction
was reported in the range of 70-90% [3,6,7]. The difficulty in achiev-
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ing total conversion has been ascribed to the unfavorable initial pore
size distribution in the CaO sorbent [8].
The carbonation reaction of CaO with CO, can be represented

by:

CaO(solid)+CO,(gas)— CaCO,(solid) (D)

The kinetic data for this reaction has shown that initially the rate is
rapid and chemically controlled, but then undergoes a sudden tran-
sition to a slower diffusion controlled regime [6,8,9]. Based on the
nature of the reaction, it seems that a pure chemical reaction con-
trolling regime is very short in duration and can be neglected without
much error in the mathematical modeling. Therefore, the modeling
can commence with a regime of simultaneous chemical and diffu-
sion controlling step then followed by a pure diffusion controlling
regime.

Three different models based on the random pore model, the shrink-
age unreacted core model and the grain model are reported for car-
bonation reaction of CaO with CO,. They describe structural changes
of solid reactant during the reaction [10]. The grain model is a general
model that has been used by many researchers to study non-catalytic
gas-solid reactions. In this model, the solid pellet is considered as made
up of a number of grains, which are surrounded by pores through
which the gas can diffuse to reach the various grains. This model can
cover different situations arising from shrinking core model (SCM)
in non-porous pellets to volume model (VM) in highly porous pellets.
In the present work, the grain model has been developed by consid-
ering different controlling stages of reaction rate for the carbonation
reaction.

The modeling is carried out on a single pellet reacting under two
different regimes - simultaneous chemical reaction and diffusion
control in the first stage, followed by a diffusion controlling step
alone. The parameters of mathematical model were justified in the
two steps to achieve the best fit with respect to experimental data
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and sensitivity analysis was carried out for the model.
CARBONATION REACTION OF CaO

At the very early stage of the reaction, a heterogeneous reaction
occurs rapidly and the rate of reaction is controlled by chemical reac-
tion. Following the initial stage, the solid product layer is formed
on the outer surface of a CaO particle and the rate of reaction is con-
trolled by diffusion of gaseous reactant thorough the solid product
and this rate decreases with time.

CaO sorbents from natural sources normally fail to achieve com-
plete conversion due to nano-porous structure (<2 nm), while meso-
porous CaO sorbents (5-20 nm) obtained by chemical methods are
reported to achieve high degree of conversions at over 90% [6].

Nano-porous sorbents (pore size <2 nm) are susceptible to pore
blockage through the formation of high-molar volume product layer
(molar volume of CaCO,=37 cm® mol''; molar volume of CaO=
16 cm® mol™"). Mesoporous sorbents (pore size 5-20 nm) are less
susceptible to pore blockage [6].

The activation energy in the carbonation of surface CaO with
CO, is estimated to about 72 kJ mol™" regardless of the source of
CaO in the diffusion controlling regime and is about 102 kJ mol™
in reaction controlling regime for mesoporous CaO [8,9] or 189 kJ
mol” for commercially available CaO [3,8], most probably relating
to morphological differences between the various CaO samples.

For chemical reaction control at the interface the CaO micro- and
nano-structure is not expected to be critical, but after passing through
this stage, the reaction kinetic plays decreasing role in progress of
the reaction and the diffusion phenomenon has the major role in
determining the rate. Therefore, in the following sections, the reac-
tion of a porous CaO pellet that is immersed in a stream of pure
CO, is modeled using the grain model.

MATHEMATICAL MODELING

In practice, the reacting gas CO, will diffuse from the bulk of a
gas to the porous pellet surface through a boundary layer around
the pellet and then diffuses into the pellet. During the diffusion of
CO, into the pellet, a carbonation reaction occurs with the grains.

Fig. 1 shows a schematic representation of the reaction. The outer
circle is the pellet and the smaller circles inside represent the grains

Pellet

Fig. 1. A porous CaO pellet containing a large number of grains
reacting with CQO, (the unreacted core inside the grains is
shown by the black region).

and the black zone inside grains is unreacted CaO core. The CO, is
considered to diffuse through a product layer produced around the
grains to reach the solid reactant CaO. The grains near center of
the pellet can be expected to have more unreacted CaO zones be-
cause of the diffusion process of gaseous reactant CO, inside the
pellet.

1. Assumptions

The following assumptions are made in the development of the
mathematical model:

1. The reaction is irreversible.

2. The pressure is constant.

3. The regime corresponds to an unsteady state for gaseous con-
centration inside the pellet.

4. Although the reaction is exothermic, because of low rate of
conversion, isothermal condition is considered to prevail. Thus, the
temperature gradient is neglected in both the overall pellet and within
the individual grains.

5. Reaction is defined as a first-order reaction.

6. Three different geometrical shapes - flat plate, cylindrical and
spherical - are considered for the porous pellet.

7. The pellet is made from grains of different geometries by com-
pression.

8. The individual grains are considered to be non-porous.

9. The resistance of diffusion in the boundary layer outside the
pellet from bulk of the gas flow to the surface of pellet is considered.

10. The grain dimensions can vary with time due to the differ-
ences in the molar volume of the solid reactant and the solid product.

11. The porosity variation in the pellet is considered dependent
upon the grain size and the volume of the grain.

12. Diffusion of reactant gas through the product layer around
the grains is considered.

13. Effective diffusivity of gas inside the pellet is considered to
vary as square of the porosity.

2. Governing Equations

The mass balance equation for the gaseous reactant, CO,, in the

pellet made of CaO grains with different geometries is written as:

F-1

F,-1 aCcm _ I‘C_
(z D )+Fg(l &) 7 fo ©

d(eCeon)_ 1 0

ot oz
where C, is the CO, concentration, £ is the pellet porosity as a
function of grain radius, t and z are independent variables of time
and the radial coordinate in the pellet, respectively, D, is the effec-
tive diffusivity of CO, inside the pellet as a function of porosity, &,
is the initial pellet porosity, 1, and r, are the radial position of the
reaction front inside the pellet and initial radius of the grains, respec-
tively, f;; is the surface reaction rate and F, and F, are pellet and grain
shape factors, respectively (=1, 2 and 3 for flat, cylindrical and spheri-
cal shapes, respectively). The initial and boundary conditions for
this equation are written as follows:

Ccoz(tzo)zccoz,o (3)
accoz _
Jaz |, =0 @
dC,
D. a;oz = kc(CCOZ,IJ - Ccoz.x) (5)

where subscripts 0, b and s indicate the initial value, the value in

Korean J. Chem. Eng.(Vol. 27, No. 3)



768 B. Khoshandam et al.

the bulk and on the pellet surface, respectively, 1, is the pellet radius
and k. is the convective mass transfer coefficient.

The mass balance equation for the CaO grains is simply written
as an equation for radial position of reaction front inside grains, r,,
as follows.

d_rc _ ML'u()f

6
dt Vo ¢ ©

where M and p denote the molecular weight and density, respec-
tively. The initial condition for this equation is written as:

r(=0)=r, ™

Modeling should cover two stages. The first stage covers the reac-
tion kinetics and diffusion control simultaneously and second stage
corresponds to only diffusion control through the product layer.
2-1. Stage 1: Reaction Kinetics and Diffusion Control Simultaneously
The mass balance equation for the gaseous reactant through the
product layer around grains (in flat, cylindrical or spherical geome-
try) is derived as follows, respectively for the three shapes [11]:

£
Ccori= D_b(rc —1,)+Ceo, ®)
co2,p
r.fg
Ccori= D_ln(rc/rg) +Cco ©)
co2,p
r.f; (r.—r,
C(?oz.i= —GM +Ccon (10)
cozp Tg

where C,, ; is the CO, concentration at the interface between the
product layer and the reactant CaO, D, , is the diffusion coeffi-
cient of CO, through the product layer and , is the grain radius as
a function of reaction front radial position, r,, (described in the next
section). It can be noted that the surface reaction rate, f,, is a func-
tion of Cy, ; and therefore the Egs. (8)-(10) can be rearranged and
simplified. For example, for the spherical grains with a first-order
reaction kinetics with respect to the gaseous reactant CO, (substi-
tuting kC,, ; for f;), Eq. (10) can be rearranged as:

CCOZ

_rk(r,—r,)
(-5

Dco, ole

(11

C(?oz.i =

where k, in this equation is reaction rate constant and is a function
of temperature.
2-2. Stage 2: Diffusion Control

When CO, diffusion through the product layer around grains is
controlling the reaction rate, Egs. (8)-(11) cannot be used to model
the reaction. In this stage, the diffusion coefficient through the prod-
uct layer should tend towards zero with time. Porosity and tortuos-
ity variations are the main reasons for the decreasing value of dif-
fusion coefficient. In this section an approximate mathematical rela-
tionship is initially considered. In the next section, the relationship
between porosity and grain radius is incorporated in order to improve
the representation of reality within the model.

Therefore, in this stage, Eq. (11) is replaced by a mathematical
relation showing decreasing value of CO, concentration at the reac-
tion front. As noted by Levenspiel [12], under diffusion control,
the gaseous reactant concentration at the interface between the prod-
uct layer and the solid reactant unreacted core should be zero. The
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following Eq. (12) was found to show a good agreement with experi-
mental data:

CL‘02,1=%+B (12)

where A, B and n are constants. The following conditions can be
incorporated by the above equation:

att=t; |, Ccon =Ceon, if (13)
as t—>oc0, Cepp, =0 (14)

where t;; and C, ,, are the final time and CO, concentration at
the reaction front achieved during the first stage. After replacing the
conditions above in Eq. (12), B=0, A=C, ; ,t';, and the follow-
ing equation is obtained:

CCOZ,i: (t/_tl) CCOZ,i,/ 15)
A good fit to experimental data at the second stage was achieved
when a value of 1.7 for n was assigned.
3. Auxiliary Equations

The following auxiliary equations have to be considered in the
modeling. The first-order surface reaction rate can be defined as
follows.

f=kCeon,; (16)

where k is the reaction rate coefficient as a function of temperature
as determined by the Arrhenius equation:

E/r
k=k'e *" 17

where k'is a constant, the frequency factor, E, is the activation en-
ergy of reaction, R is the gas constant and T is the temperature.

Variation in grain radius can be approximated from the mass bal-
ance equation for the solid reactant CaO as follows:

(rgc_ rch),OL'qucu(?oz Fy v
= (30 ——e JPcuo T cucos 18

e (1_ Ecaco3PeacosMcao ! ) ({18)
where &, is the porosity of CaCO,.

The porosity of CaO can vary as a function of grain radius as
follows [13]:

e=1—-(1- go)@pg (19)

In this equation it is assumed that the overall volume of the pellet
is not changing during the course of the reaction.

The effective diffusion coefficient can vary as a function of porosity
based on the random pore model of Wakao and Smith [14] as follows:

DgzDgo(fj (20)

where the subscript 0 shows the initial value of the parameter.
The conversion of the grains in different geometries is defined
as follows [13].

X=1_@F" )

The integration of conversions x inside the pellet makes the overall
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conversion X of the pellet as follows: interpolation formula [15]:
" F -1
z " xdz (L, L
Xzt @ p=(%)(5:+5) @)
7 d
IO L where 7is tortuosity of the pellet, which is defined as reciprocal of
The effective diffusivity is obtained with the aid of the Bosanquet porosity. Also D,, and Dy are molecular and Knudsen diffusivity of

Input state of the governing equation, geometrical parameters of
grain and pellet, temperature, pressure, physical properties of CO,,
molecular weight and density of solid reactant and product,
stoichiometric coefficients, initial porosity of the pellet, mole fraction
of CO; in gas stream, diffusivity of CO; through the product layer,
number of increments in space domain, time step, final time and etc.

'

Calculate bulk concentration of CO,, effective diffusivity of gas through
the pellet, convective mass transfer coefficient

v

Making vectors of position in pellet, porosity, De, r, rg, Ceoz0 and set t=0

r- |
L

t=t+At

Solve mass balance equation in the pellet, equation (2) to find vector of CO, concentration

.

Calculate conversion in the pellet, equations (21-22) to find vector of conversion

v

Solve reaction front position, equation (6) to find vector of r,

\ 4
Calculate grain radius, r, from equation (18)

|

Calculate Ceqp; With respect to controlling stage

v

Calculate new porosity of the pellet and effective diffusivity from equations (19-20)

v

Refine parameters for the next time step e.g. vector of source terms

r Y

t<=final time

Plot conversion-time graph I

A 4

End

Fig. 2. Algorithm of the solution method.
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CO, inside the pellet, respectively. The Knudsen diffusivity can be
calculated from [13]:

4( 8RT \"”

D,==
3\Mepy

3 4

where k; is a factor determined by the void fraction, the pore size
distribution and the pore geometry that from “dusty gas model” of
Mason et al. [16] for a solid matrix made of uniform spherical grains
the following equation is proposed.

'=(2n(1+2) (25)

Finally, the number of solid grains per unit volume of porous solid,
n,, is calculated from a simple mathematical relation as a function
of porosity and the grain radius as:

3(1-¢)

3
47,

(26)

d

Increasing number of grains per unit volume of porous solid results
in effective diffusivity to decrease from reducing the k, value as
calculated in Eq. (25).

SOLUTION METHOD
The finite volume integration of partial differential Eq. (2), over

a control volume (CV) with a further integration over a finite time
step is applied for the discretization process of this equation [11].

z+Az [+ At t+At (z+Az
_[ (_[ a(ECCoz)dtjzde: J‘ [J‘ __a_(ZzD aCcoz)dZJdt

z t at 2 aZ ¢ aZ
t+ At (2+Az rz
o (J S(I‘EO)kaszZdedt @7
t z Ty

The accumulation term has been discretized by using a first-order
backward differencing scheme. Indeed, for the diffusion term, we
apply central differencing.

After the discretization process, a system of algebraic equations
is solved at each time level implicitly. The time marching proce-
dure starts with a given initial field of concentration as given by
Eq. (3). For each time level, all dependent parameters are also re-
newed. Next, the solution C, are assigned to Cc, , and the proce-
dure is repeated to progress the solution by a further time step.

PROGRAM FLOWCHART

A computer program developed in MATLAB was used to solve
equations. The algorithm of solution is presented in Fig. 2.

RESULTS AND DISCUSSION

Two sets of experimental data were used to compare with mathe-
matical modeling results. The first set was taken from Bhatia and
Perlmutter [3]. They carried out experiments with synthetic CaO
samples with varying grain sizes which were reacted with carbon
dioxide at different temperatures. The second set of experimental
data was obtained by Lee et al. [7]. The rate of conversion is higher
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in the first data set in comparison with the second set. The model-
ing of different data is described in the following sections.
1. Experimental Data of Bhatia and Perlmutter [3]

The experiments of Bhatia and Perlmutter [3] were carried out
in the temperature range of 400 to 725 °C with CO, mole fractions
varying from 0.1 to 0.42 in a mixture with nitrogen. The CaO sam-
ples used in their experiments made from decomposing the lime-
stone in a thermogravimetric analyzer. The resulting CaO had dif-
ferent pore structures. In these experiments it was assumed that the
CO, diffuses through the pellets (51% porosity) prepared from non-
porous CaO grains and that there is no CO, concentration gradient
in the pellet. The parameters used in our mathematical modeling
are presented in Table 1 for CO, mole fraction of 0.1 reacted with

Table 1. Parameters used in modeling of experimental data of Bhatia
and Perlmutter [3] at low temperatures and CO, mole frac-

tion
Activation energy (kJ mol™) 72
Grain radius (nm) 10
Initial porosity 0.51
CO, mole fraction 0.1
pressure (atm) 1
Density of CaO (kg m™) 3320
Porosity of CaCO, 0.4- 0.35-0.29
Density of CaCOj; (kg m™) 2800
Temperature (°C) 400- 438- 480

Table 2. Justifying parameters in the mathematical modeling of
data of Bhatia and Perlmutter [3] at low temperatures and
CO, mole fraction

Justifying parameter Value
k' (ms™) 1.7
D¢e,., at 400 °C (m2 Sﬁl) 1.4e-13
D¢e,., at 438 °C (m2 s 3.6e-13
Dep, , at 480 °C (m*s™) 8e-13
0.5
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Fig. 3. A comparison between simulation results and experimen-
tal data of Bhatia and Perlmutter [3] at low temperatures,
squares (480 °C, 753 K), triangles (438 °C, 711 K), circles
(400 °C, 673 K).



Mathematical modeling of CO, removal using carbonation with CaO: The grain model 771

CaO at different temperatures of 400, 438 and 480 °C. The justify-
ing parameters in program are shown in Table 2 for three sets of
data at three different temperatures. Fig. 3 shows a comparison be-
tween simulation results and experimental data in this case. As it
can be seen the agreement of simulation results with experimental
data is not good at this first stage, but it should be expected to get
better with time. Neglecting the early duration stage pertaining to
pure reaction kinetics, the controlling step may be responsible for
generating these errors; but after this short stage the reaction con-
tinues in the next stage pertaining to simultaneous reaction kinetics
and diffusion controlling step and a good agreement can be noted.
As it seen in this figure, the reaction continues in this stage and the

Table 3. Parameters used in modeling of experimental data of Bhatia
and Perlmutter [3] at high temperatures and CO, mole

fraction
Activation energy (kJ mol™) 72
Grain radius (nm) 10
Initial porosity 0.51
CO, mole fraction 0.42
pressure (atm) 1
Density of CaO (kg m™) 3320
Porosity of CaCO, 0.2-0.15-0.13
Density of CaCO, (kg m™) 2800
Temperature (°C) 585- 615- 655

Table 4. Justifying parameters in the mathematical modeling of
data of Bhatia and Perlmutter [3] at high temperatures
and CO, mole fraction

Justifying parameter Value
k'(ms™) 17
Deo , at 585 °C (m’s™) 4.7e-12
Degr,, at 615°C (m’s™) 1.4e-11
Decn, at 655 °C (m’s™) e-11
08
_____ L] __-_—.._____,____I
0.7 R = p
.- a ;
06 = ./// A
-
_osl &S &
S o’ & .
§04 T '/
S .Ir‘ /
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Fig. 4. A comparison between simulation results and experimen-
tal data of Bhatia and Perlmutter [3] at high temperatures,
squares (655 °C, 928 K), triangles (615 °C, 888 K), circles
(585 °C, 858 K).

last stage of diffusion control cannot have occurred as yet.

The mathematical modeling was carried out on three other sets
of data at higher temperatures. In this case the carbonation reaction
was done at a CO, mole fraction of 0.42 at temperatures of 585,
615 and 655 °C. The data used in program with the grain model is
presented in Table 3. After justifying the frequency factor of reac-
tion constant and diffusion coefficient of CO, through product layer
around grains as depicted in Table 4, the conversion-time graphs are
drawn as Fig. 4. As can be seen the agreement is good at 585 °C
and the differences between simulation results and experimental
data become more divergent as temperature increases. The agree-
ment in early times of reaction is not good because of the afore-
mentioned reason. What is important in this figure is that the reaction
at 585 °C is not accompanied by pure diffusion controlling regime
unlike those of reactions at 615 and 655 °C. The reactions at these
two higher temperatures show a decline in conversion rate with time
as a result of reaction entering the last stage of pure diffusion control
after duration of 10 min.

As shown in Table 2 and Table 4, the diffusion coefficients are
functions of temperature. The activation energy in the simultaneous
reaction kinetics and diffusion controlling step can be calculated from
Bhatia and Perlmutter data as 93 kJ mol™'. Also, in the last stages
pertaining to pure diffusion control, the activation energy is calcu-
lated as 173 kJ mol™'. The reported values of the activation ener-
gies are 88.9+3.7 and 179.2+7.0 kJ mol™ in the random pore model
by Bhatia and Perlmutter [3]. The simulation results in the present
work show good agreement with the experimental results.

2. Experimental Data of Lee et al. [7]

In the work presented by Lee et al. [7], the carbonation reaction
of spherical pellets prepared from CaO grains with pure stream of
CO, was carried out in a thermogravimetric analyzer at different
temperatures in the range between 650 and 700 °C. The parameters
needed in mathematical modeling of carbonation reaction based

Table 5. Parameters used in modeling of experimental data of Lee

etal. [7]
Diameter of the pellet (m) 0.003
Grain radius (nm) 7
Initial porosity 0.45
CO, mole fraction 1
pressure (atm) 1
Activation energy (kJ mol™) 72
Density of CaO (kg m™) 3320
Porosity of CaCO, 0.2
Density of CaCO;(kg m™) 2800
Temperature (°C) 650-700-750

Table 6. Justifying parameters in the mathematical modeling of

data of Lee et al. [7]

Justifying parameter Value
k'(ms™) 0.012
Deos,, at 650 °C (m*s™) 6e-14
Dcon,, at 700 °C (m*s™") 2e-13
Dcp, p at 750 °C (m*s™) 8e-13
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Fig. 5. A comparison between the experimental data (markers) of

Lee et al. [7] and simulation results (lines) at different tem-
peratures.
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Fig. 6. Arrhenius plot to obtain activation energy in the kinetics
and diffusion controlling stage.

on the Lee et al. [7], are presented in Table 5. Also, the parameters
that were justified are depicted in Table 6. The degree of conver-
sion, X0, as a function of time is plotted in Fig. 5 at different tem-
peratures. It can be seen that conversion increased sharply in the
first 10 minutes. But after 10 minutes, it seems the mechanism of
reaction starts to change and the conversion-time curve changes
more slowly. The effect of temperature on the reaction can be shown
in this figure as well. For about the first 10 minutes simultaneous
chemical reaction and diffusion control the rate of reaction. After
10 minutes as the reaction proceeds, the formation of a thin layer
of CaCO, influences a progressive change in the reaction rate towards
the diffusion control regime governed by CO, diffusion through the
CaCO; layer. In the first part of the curve the best fit of modeling
results with experimental data can be achieved by justifying the fre-
quency factor of kinetic relationship and diffusion coefficient of the
CO, in product layer. But in the second stage of reaction, the dif-
fusion of CO, through the product layer is the only controlling par-
ameter.

In the regime where both kinetic and diffusion control the reac-
tion rate, the diffusion coefficients were justified at different tem-
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Fig. 7. Effect of different computational parameters of program,
(a) total numbers of grids in the pellet, (b) time step.

peratures as reported in Table 5. The Arrhenius plot can be consid-
ered to give a good estimate for the activation energy for product
layer diffusion in this regime. Fig. 6 shows the Arrhenius plot as
Ln D,; versus I/T yielding a value of 210 kJ mol™" for the activa-
tion energy. This value is within the scale of that reported by Bhatia
and Perlmutter [3], at 179 kJ mol ™.

The dependence of program results on the total number of grids
in the pellet, n, and the value of time steps, dt, are shown in Figs.
7(a) and 7(b). At the number of grids higher than 100, the conver-
sion curve is independent of the number of grids. Also, if the time
step is less than 20 sec, the conversion curve is unaffected.

Fig. 8 shows the CO, concentration profile inside the pellet at
650 °C for varying porosity. At a high porosity of 45% (Fig. 8(a))
the variation of concentration in the pellet is small, while decreas-
ing the porosity to 30% (Fig. 8(b)) results in a greater variation of
CO, concentration inside the pellet.

The porosity inside the pellet is subject to change with time be-
cause of changing grain radius. Variation in molar density of CaO
and CaCO; can cause decrease in porosity. Figs. 9(a) and 9(b) show
the porosity and grain radius variation in the pellet of CaO at 650 °C.

As can be seen in Fig. 9(a) the pellet porosity varies from an initial
value of 45% to 39% uniformly for all nodes inside the pellet con-
sistent with the CO, concentration results inside pellet as shown in
Fig. 8(a). The grain radius is increased from 7 um to 7.3 wm as the
reaction proceeds as shown in Fig. 9(b).
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The radial position of reaction front, r,, as a function of time is
shown in Fig. 10. As can be seen the reaction front varies from 7 um
equal to initial grain radius to about 6.9 wm as the reaction reaches
to the end. In other words, a product layer of about 0.1 um thick-
ness can decrease the rate of the reaction while shifting the control-
ling step of reaction to diffusion control regime.

SCOPE OF THE MODEL PREDICTIONS

A comparison between modeling results and experimental data
shows the limitations of using the model. As it is seen from the Figs.
3-5, the mathematical modeling predicts acceptable results at higher
temperatures rather than at lower temperatures. Higher temperature
in a gas-solid reaction results in higher kinetic rates in comparison
with diffusion rates for the gas through the product layer. Under this
condition with increasing the temperature, the controlling stage of the
reaction will shift from a kinetic controlling stage to a mixed kinetic
and diffusion controlling step or a diffusion alone controlling step. By
considering the diffusion phenomenon in the early stages of the reac-
tion in the present work, the model generates better predictions.

SENSITIVITY ANALYSIS STUDIES

A sensitivity analysis study was carried out on the reaction of a

(a)

Porosity

Time(min)

7251 -I_EE‘. e
7247 =
7154

71 Lo

Grain radius(m)

40
Time(min)

Fig. 9. Variation of (a) porosity and (b) grain radius, in the CaO
pellet.

Core radius (m)

Rp(m) Time(min)

Fig. 10. Variation of r, as a function of time in the pellet.

pellet at 923 K with the aim of investigating the role of different
parameters on the conversion and for finding the significant param-
eters to obtain a higher conversion.
1. Porosity Effect

The pellet porosity is an important parameter that can change
the final conversion of the pellet. Fig. 11 shows conversion curves
at different pellet porosities. As expected the more porous pellets
result in higher conversion. Higher porosity leads to greater unifor-

Korean J. Chem. Eng.(Vol. 27, No. 3)
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Fig. 11. Effect of pellet porosity on the conversion.

mity of the gaseous reactant concentration inside the pellets, result-
ing in higher conversion until a value of 25% porosity. The con-
version curve does not change at porosities greater than 25% at which
the gas reactant concentrations can be assumed to reach a constant
uniform value through the pellet. Also, the effect of porosity on con-
version decreases as the porosity values become higher.
2. Pellet Size Effect

The pellet radius can also affect the conversion curve. Choosing
higher pellet radius causes lower conversion. In this case the diffu-
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Fig. 13. Effect of grain size on the conversion curve.

sion of gaseous reactant inside the pellet plays a significant role, and
in fact a higher radius can result in increasing diffusion distance for
gas, leading to lower conversion. Porosity will play a part as well.
Fig. 12 shows the effect of pellet radius on conversion at different
porosities at a selected temperature of 650 °C. As it can be seen at
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Fig. 12. Effect of pellet radius on conversion, (a) 5% porosity, (b) 15% porosity, (c) 25% porosity, and (d) 45% porosity.
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higher porosities >25%, the conversion curves are closer to each
other and produce overlapping curves at 45% porosity. When the
porosity value is increased to 25% the diffusion of gas inside the
pellet is not an important factor as the gas concentration is constant
and uniform throughout the pellet.

3. Grain Size Effect

The grain size is the other parameter that can change the con-
version curve. Fig. 13 shows the effect of grain radius on conver-
sion at 650 °C. Reducing the grain size from 15 um to 7 um has
the effect of increasing the conversion nearly by a factor of two,
arising from increasing surface area for the reaction.

4. Grain and Pellet Geometry Effects

Effect of different grain and pellet geometrical shapes on the de-
gree of conversion is reported in Fig. 14 and Fig. 15. The spherical
grains show a higher degree of conversion in comparison with other
geometries because of higher reaction area availability in spherical
grain geometry than other geometries as shown in Fig. 14(a). As
shown in Fig. 14(b), there is no change in conversion curve in the
different pellet geometries at 45% porosity and a pellet radius of
1.5 mm. Both the gas diffusion in the pellet and pellet geometry do
not have any further significance.

Fig. 15 shows the effect of pellet geometries on conversion for
the same pellet but at different porosities of 5%, 15% and 25%. In
this case different curves were produced that show higher final con-
version for spherical pellets. The reason for this increased conver-
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Fig. 14. Effect of (a) grain geometries, and (b) pellet geometries on
the conversion curve.

sion in the case of the spherical pellet geometry can be related to
achieving a uniform constant gas concentration because of reduc-
ing the effect of the gas diffusion in spherical geometry in compar-
ison with other geometries.
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Fig. 15. Effect of pellet geometries on conversion, (a) 5% porosity,
(b) 15% porosity and (c) 25% porosity.
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SUMMARY

The carbonation reaction of CaO with CO, was mathematically
modeled through two stages of rate controlling regimes. In the first
stage, the rate of CaO carbonation was controlled by the reaction
kinetics and diffusion through the product layer around grains, sim-
ultaneously, and in the second stage, after the layer of solid product
was formed, the rate of CaO carbonation was controlled by gas-
eous reactant diffusion alone through the solid product around the
grains. The blockage of microscopic pores during the reaction due
to solid product formation decreases the rate of CaO carbonation
and changes the rate controlling regime from the combined chemi-
cal reaction and diffusion controlling regime to pure diffusion con-
trol regime.

The grain model was developed and used to study the carbon-
ation reaction with justifying the frequency factor of reaction rate
equation and reactant diffusion coefficient, D, to get the best fit
at different temperature range from 400 to 750 °C with respect to
experimental data taken from the literature. The present model pre-
dicts acceptable results in the domain that the diffusion of gas through
the product layer can be significant and plays a major role in con-
trolling stage of the reaction.

The model was also used to study the sensitivity analysis of the
carbonation reaction. The porosity is seen to be the most sensitive
parameter for affecting the conversion behavior.

NOMENCLATURE

A, B : constants in Eq. (12)

C  :concentration [kmol m™]

Ccon...s: final CO, concentration at reaction front [kmol m™]

CaCoOi; : calcium carbonate

CaO : calcium oxide

CO, : carbon dioxide

: diffusion coefficient [m* s™']

: effective diffusivity [m’ s7']

: Knudsen diffusivity [m* s™']

v  molecular diffusivity [m’s™']

: activation energy [J kmol ']

: pellet and grain shape factors, (=1, 2 and 3 for flat, cylin-
drical and spherical geometries, respectively)

=

“X=B=R=

<0
i

o0

f,  :rate of surface reaction [kmol m™2s™']

k : reaction rate constant

k.  :convective mass transfer coefficient [m s™']

k, :aconstantin Eq. (24)

k" :frequency factor [ms™']

M :molecular weight [kg kmol™]

n :a constant in Eq. (12)

n, :number of solid grains per unit volume of porous solid
R :ideal gas constant [J kmol™ K™']

R,  :radial coordinate in the pellet [m]

: radial position of the reaction front inside pellet [m]

i

May, 2010

: initial radius of grains [m]

: grain radius [m]

: pellet radius

: temperature [K]

: time [s]

: final time in the first stage

: overall conversion of pellet

: conversion of grains

: radial coordinate in the pellet [m]

N> NF#‘_’H{‘{‘S‘

Greek Letters

&  :porosity

p  :density [kg m™]

7 :tortuosity of pellet

Subscripts

0 : initial value

b : bulk

i : interface between product layer and the solid reactant
P : product layer

s : on the pellet surface
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