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Abstract: Calcium oxide (CaO) and sodium hydroxide (NaOH) have been used among various solid
sorbents for CO, capture. Therefore, it is necessary to study the major controlling steps between the reactions
of CO, and solid sorbents. The CO, uptake and the rate constant of the CO,-CaO and CO,-NaOH reactions were
investigated using atmosphere thermogravimetric analyzer (ATGA) to understand its reaction mechanisms and
speed span. A shrinking core model was utilized to determine the rate controlling steps, mass transfer coefficient,
diffusion coefficient, and the time for complete conversion of a particle at ash diffusion controls regime. The
results have been shown that the time for complete conversion of CaO and NaOH particles is chemical reaction
controls regime for carbonation cycle. The chemical reaction was found to be the major controlling step
reaction at initial minutes. After that the product layer diffusion became gradually more dominant controlling
step in CO,-Ca0 and CO,-NaOH reactions. Therefore, the results been shown that diffusion mechanism is the
main dominant regime for the remaining reaction cycle. These outcomes contribute to the understanding of

how CO, reacts with CaO and NaOH solid sorbents at various temperature ranges.
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INTRODUCTION

Carbon dioxide (CO,) emissions have been
increased into atmosphere due to the combustion
of fossil fuels, resulting in adverse impacts on
the earth environment such as global warming,
increasing sea level and climate change (Lin et
al, 2021). According to the Intergovernmental
Panel on Climate (IPCC), carbon emissions
will raise without any intervention from 36Gt/
yr to between 48 and 55Gt/yr by 2050 with the
continuous increase of energy demand (Pachauri
et al, 2014). The CO, concentration for 2100 on
current trend will reach 530-980 ppm, possibly
doubling the present level of ~410ppm and much
higher than the preindustrial level of 280ppm. To
avoid the apparent mean temperature rise caused
by the rapid accumulation of CO,, active removal
of CO, is highly demanded (Hu et al, 2021).
Extensive research has been dedicated recently
to CO, capture technologies due to growing
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concerns with respect to greenhouse gases
emissions (Breidenich et al, 1998; Huaman et al,
2014; Aydin et al, 2010; Abunowara et al, 2020
and Suleman et al, 2020). CO, capture efficiency
is the main challenge, where the core technology
involves the usage of adsorption materials.
Such as porous polymer-based solid amine
adsorbents, fiber-based solid amine adsorbents,
and thermo-responsive adsorbents have been
developed for CO, capture. CO, adsorbents such
as porous carbons and metal—organic frameworks
particularly involve physical adsorption as the
main CO, adsorption mechanism, where the
adsorption characteristics specifically depend
on the pore volume (Lin et al, 2021). However,
non-catalytic fluid solid reactions are common
occurrence in chemical and metallurgical
industries, pollution abatement (Bhattacharya
and Purohit, 2004). Calcium based materials have
attracted particular attention as potential sorbents
for cyclic CO, capture processes. Among the
possible applications of calcium based sorbents
for CO, removal are steam reformers, gasifies of
fossil fuels to enhance water-gas-shift reaction
giving high hydrogen yields, and fluidized bed
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combustors with in situ CO, capture. These
applications all involve sorbent cycling between
calcinationand carbonation (Sunetal, 2008a). The
CO,-Ca0 and CO,-NaOH reactions are growing
interest because of their potential usefulness and
high affinity in CO, capture in such industrial
systems as steam reformers, gasifies and fluidized
bed combustors (Sun et al, 2008b).

As a typical gas—solid reaction producing a
solid product, carbonationisinitially fast, followed
by a much slower stage (Barker, 1973; Bhatia &
PerImutter, 1983; Abanades & Alvarez, 2003 and
Alvarez & Abanades, 2005). An intrinsic kinetic
study for the CaO-CO, reaction with a wide range
of CO, partial pressure was tested using both
atmosphere thermogravimetric analyzer (ATGA)
and pressurized thermogravimetric analyzer
(PTGA). It has been found that the intrinsic rate
have a variable order with respect to CO, partial
pressure. It was initially first—order reaction
changing to zero—order and dependence when the
CO, partial pressure exceeded ~10kPa (Sun et al,
2008a & b).

Non catalytic reaction of particles with
surrounding fluid, there are several models in
which two of them which are characterized as
simple idealized models namely, progressive-
conversion and shrinking unreacted-core models
which are considered for studying the carbonation
cycles. For instance, progressive-conversion
model (PCM) the reactant gas enters and reacts
throughout the particle at all times, most likely at
various rates and at various locations within the
particle. Solid reactant is converted continuously
and progressively throughout the particle. While,
in the shrinking—core model (SCM), the reaction
occurs first at the outer layer of the particle and the
zone of reaction then moves into the solid matrix.
As result, leaving behind completely converted
material and inert solid and this considered as
“ash”. At any time there exists an unreacted core
of material which shrinks in size during reaction
(Levenspiel, 1999).

In this study, thermogravimetric analyzer
(TGA) has been utilized to measure CO,
sorption on CaO and NaOH solid sorbents at
various temperature ranges. The results of CO,
sorption on CaO and NaOH solid sorbents have
been investigated using shrinking core model
to understand how CO, molecules interact with
the sorbent matrix. The kinetic model has been
utilized to determine the rate controlling steps,

mass transfer coefficient, diffusion coefficient,
and the time for complete conversion of a particle
at ash diffusion controls regime. Therefore, this
paper focuses on studying rate controlling steps
for the CaO-CO, and CO, NaOH reactions at
various temperature ranges.

EXPERIMENTAL PROCEDURE

The Labsys TG SETARAM instrument has been
used in thermal analysis and calorimetry for gas
solid reactions and in thermal degradation process.
Thermal gravimetric analyzer (TGA) instrument
has been utilized in this study to record the mass
uptake of the samples when exposed to carbon
dioxide atmosphere. A schematic diagram of TGA
apparatus is shown in (Fig. 1). The reactivity testing
of calcium oxide (CaO) and caustic soda (NaOH)
sorbents for carbonation processes has been carried
out separately in the TGA apparatus. A small sample
of the sorbent (65mg) was placed in a platinum
crucible and the weight of the sample was recorded
progressively at every second. The scanning rate
was maintained at 10°C/min. First precursor was
calcium carbonate; the furnace temperature raised
from 30°C to 1000°C then started the decarbonation
cycle for CaCO,to assure that the material (calcium
carbonate) fully decomposed to CaO. After that the
instrument started cooling down until it reaches the
required temperature and after that the isotherm
cycle directly started for one hour, hence finishing
the decarbonation and isotherm cycles under
nitrogen gas (N,) then switch to carbon dioxide gas
to begin the carbonation cycle for three hours and
the temperature ranges were used in study between
(550-750°C). The second material was caustic soda
(NaOH). The furnace temperature was raised from
30°C to the required temperature ranges between
(75-225°C) then the furnace started automatically
heating under the isotherm cycle for half hour.
The heating and isotherm cycles performed under
nitrogen gas (N,) then directly switch to carbon
dioxide gas (CO,) to begin the carbonation cycle for
one hour.

Modelling of Carbonation Reactions

Shrinking-Core Model

This model was first developed by (Yagi and
Kunii, 1955 & 1961) who visualized five steps
occurring in succession during reaction:

1. Diffusion of gaseous reactant (A) through the film
surrounding the particle to the surface of the solid.
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Fig. 1. Schematic of TGA apparatus

2. Penetration and diffusion of (A) through the
blanket of ash to the surface of the unreacted
core.

3. Reaction of gaseous (A) with solid at this
reaction surface.

4. Diffusion of gaseous products through the ash
back to the exterior surface of the solid.

5. Diffusion of gaseous products through the gas
film back into the main body of fluid.

Diffusion through Gas Film Controls

Inthisregime the resistance ofthe gas film controls,
indicates that no gaseous reactant is present at
the particle surface and the concentration driving
force, C,,—C, becomes C,,and is constant at all
times during reaction of the particle. Hence, the
time for complete conversion of a particle will be:

Py R
T=—r" 1
And the conversion X, is defined as:
t/T=X, (2)

The carbonation reaction is:

Ca0 + CO, <> CaCO, 3)

Calculator Computer (Screen,
Clavier keyhoard)

Gas flow meter

LABSYS™TG-
DTA/DSC

Cooling Water Bath

2NaOH + CO,— Na,CO, + H,0 4)
With the assumption of ideal gas phase, where
PV = nRT (5)

Film resistance at the surface of a particle
is dependent on numerous factors, such as the
relative velocity between particle and fluid, size of
particle, and fluid properties. These factors have
been correlated for various ways of contacting
fluid with solid, such as packed beds, fluidized
beds. Froessling (1938) gave, an example, for
mass transfer of a component of mole fraction
(y) in a fluid to free-falling solid. Theoretical
maximum weight gain (%) of CaO =78 mg of CO,/
mg of CaO and theoretical maximum weight gain
% of NaOH =37 mg of CO,/100 mg of NaOH:

Sh = 2+0.6(Sc) "3(Re)™ (6)

ki hd,y U \13 ¢dp up\iz
5= 2+0.6(Sc) *(Re)!” = 2+0.6 (ﬁ ( m )
(7)

In order to estimate time required for complete
conversion in a gas film controls regime, the
following procedure has been used: Chapman
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and Enskog equation (Poling et al, 2001) for
describing self diffusivity coefficient for gas (self
diffusion of CO,):

D (cozcoy =(0.00266T ¥2)/(PM 252Qy;) (8)
Gpa= (Ca+0R)/2 9)
Qp=A/(T")B+Clexp(DT")+E/exp(FT")+G/exp(HT")
(10)
(D1 D) = (T, IT,) % (12)

Where:

T =kT/ean, A=1.06036, B =10.15610, C=0.19300,
D =0.47635, E = 1.03587,

F = 152996, G = 1.76474, H = 3.89411, o, =
3.941 A, € cop/K = 195.2K, and. Q= 0.87486.

Diffusion through Ash Layer Controls

In this regime the resistance to diffusion through
the ash controls the rate of reaction so that both
reactant (A) and the boundary of the unreacted core
move inward toward the center of the particle. Where
the time (7") required for complete conversion is:

ps R?
_ P 12
T bD.C,, (12)
t/7= 1-3(1-X,)%42(1-X,) (13)

Chemical Reaction Controls

The progress of the reaction is unaffected by the
presence of any ash layer, the rate is proportional to
the available surface of unreacted core. Where the
time (7') required for complete conversion is

R
=Pt (14)
bK'C,,
¥ 7'=1-(1-X ) (15)
RESULTS AND DISCUSSION

Carbonation of Calcium Oxide

The reaction of CO,-CaO proceeds through two
rate—controlling regimes. The first regime involves
a rapid, heterogeneous chemical reaction. In the
second regime, the reaction slows down due to the
formation of an impervious layer of CaCO,. This
product layer prevents the exposure of unreacted
CaO in the particle core to CO, for further
carbonation. The kinetics of the second regime
is governed by the diffusion of gaseous species

through the CaCO, product layer. However, the
relative importance of the gas film, ash layer, and
reaction steps will vary as particle conversion
progresses. For example, for a constant size
particle the gas film resistance remains unchanged,
the resistance to reaction increase as the surface
of unreacted core decreased, while the ash layer
resistance was nonexistent at the start because no
ash is present, but became progressively more and
more crucial as the product layers build up.

Scanning electron microscope (SEM) images
for pure CaO, CaO and CO, reactant samples
at various temperatures have shown in (Fig. 2).
Figure 3 represents the film diffusion controls, ash
diffusion controls and reaction controls for CO,-
CaO system which changes with time and affected
significantly by high temperature ranges (> 550°C).
Table 1 gives the molecular diffusion coefficient
() from Chapman and Enskog equation (8),
mass transfer coefficient (K,,) which has been
calculated from Froessling equation (7), and the
time for complete conversion of a CaO particle
with gas film controls (7;,,) using equation (1).
Time required to complete conversion for gas film
control regime within the temperature range from
550°C to 750°C indicated that this control regime is
not rate limiting mechanism. The time required for
achieving high conversions exceeding times longer
than 50 seconds as shown in (Figs. 4-8).

The initial linear stage identifies the kinetic
control regime with the slope of this stage giving
the intrinsic surface reaction rate. Furthermore,
the starting points of the linear stage, featuring the
maximum slope, usually reside at low conversions,
i.e. 5% to 7%. As carbonation proceeds product
layer diffusion becomes more crucial, resulting
in much slower carbonation rate. The shrinking
core model which has been applied for CO,-
CaO system when chemical kinetics control the
overall reaction (Equations 13 & 14) that is also
equivalent to grain model that has been described
by Szekely et al (1976).

Table 2 illustrates the effect of temperature
on chemical reaction rate constant (k”) between
gas (CO,) and particles (CaO) calculated from
equation (14). Even though there is scattered in
surface reaction rate constants given in Table 2
which could be due to non uniform solid sample
and its transformation as a result of thermal
stresses, causing surface area to vary as a function
of temperature. Activation energy obtained from
this data gave of 12kJ/mole as shown in (Fig. 9).
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Fig. 2. SEM images (1250X) of pure calcium carbonate (CaCO,) (a), calcined calcium carbonate (CaCO,) at 1000°C (b), CaO-CO,
reaction sample at 550°C (c) and CaO-CO, reaction sample at 700°C (d)

Table 1. Estimated molecular diffusion coefficient (9), mass transfer coefficient (k,,) and time for complete conversion (,,) assuming

gas film regime controls for the CaO-CO, system

Temperature (°C) P cop (kg/m?) Heop (kg/sec*m) Cag(coz) (mol/m3) P (m?sec) Kag (M/sec) Ty (SEC)
550 0. 6516 0.3962 14.8 0.00006969 2.8616 0.01151
600 0.6143 0.4131 13.95 0.000076135 3.1254 0.01118
650 0.581 0.4296 13.2 0.000082767 3.3968 0.010875
700 0. 5511 0.4460 125 0.000089582 3.6757 0.010613
750 0. 5242 0.4623 11.91 0.000096574 3.9618 0.010334

This activation energy is lower than values which
have been reported by Sun et al (2008a & b) which
found activation energy of 29+4 kJ/mole for CaO
obtained from natural limestone which indicates
that this reaction is faster than that reported by
Sun et al (2008a & b). However, Sun et al (2008a
& b) who studied the kinetics of this system (CO,-
Ca0) using various models suggested activation
energies near zero, which is an average value
between present activation energy and those
reported in (Sun et al 2008a & b). The effective
diffusion coefficient (9,) of gaseous reactant in
the ash layer calculated from equation (12) and the

time (7) required for complete conversion in both
chemical reaction and ash diffusion regimes from
(Figs. 4-8). Times for complete conversion for ash
diffusion controls regime within the temperature
ranges of 550°C to 750°C as shown in Table 2
indicating that this control regime is the major rate
controlling step. Effective diffusion coefficients
reported in the Table 2 are much smaller than
molecular diffusion coefficients given in (Table
2) indicating that either Knudsen and/or surface
diffusion mechanisms are operating within the
pores of calcium carbonate. Actually, effective
diffusion coefficients are of combined Knudsen/
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Fig. 3. Conversion vs time for (a) gas film controls, (b) chemical reaction controls and (C) ash diffusion controls carbonatonation cycle

for CO,-CaO system
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Fig. 4. Slope of reaction of CaO-CO, with the aid of Shrinking Core model during early stage (a) of carbonation and diffusion product

layer of CaO-CO, during final stage (b) of calcium oxide at 550°C

Surface diffusion types because their values are
of the order of 10*2 m%sec but with restricted
activation giving activation energy in the order
of 20kJ/mol. Knudsen diffusion has temperature
dependency of 0.5 whereas, surface diffusion
usually shows a temperature variation of greater

than 15. Present data temperature dependency is
of the order of 3. Shrinking unreacted core model
without structural variation has a limitation in
completely describing quantitively in this reaction
system. Shrinking core model gave reasonable
representation and at rest semi-quantitive for
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Fig. 5. Slope of reaction of CaO-CO, with the aid of Shrinking Core model during early stage (a) of carbonation and diffusion product

layer of CaO-CO, during final stage (b) of calcium oxide at 600°C
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Fig. 6. Slope of reaction of CaO-CO, with the aid of Shrinking Core model during early stage (a) of carbonation and diffusion product

layer of CaO-CO, during final stage (b) of calcium oxide at 650 °C
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Fig. 7. Slope of reaction of CaO-CO, with the aid of Shrinking Core model during early stage (a) of carbonation and diffusion product

layer of CaO-CO, during final stage (b) of calcium oxide at 700°C

CO,-Ca0O reaction system. Modeling approach
employing a variable diffusivity shrinking core
model (Szekely et al, 1976) or a variable pore
size distribution model (Levenspiel et al, 1999)
would provide a better gas—solid reaction model.

After times exceeding roughly 50 seconds, rate
of reaction slows down due to the resistance to
diffusion generated from the formation of CaCO;,
layer (ash) as described above. The shrinking
core model under ash diffusion controls has short
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Fig. 8. Slope of reaction of CaO-CO, with the aid of Shrinking Core model during early stage (a) of carbonation and diffusion product

layer of CaO-CO, during final stage (b) of calcium oxide at 750°C

Table 2. Chemical reaction rate constant (k”) between gas (CO,) and particles (CaO) and effective diffusion coefficient (9,) of
gaseous reactant in the ash layer and the time (Z,eacion) & (Tiimusion) F€Quired for complete conversion for both chemical reaction and

ash diffusion regimes

Temperature/°C Tiitrusion! SEC P (m?sec) Treaction! SEC k>(m/sec)
550 137520 2.93418E-12 209.43 0.00047184
600 134460 3.18324E-12 256.2 0.00040914
650 106620 4.24431E-12 197.94 0.00055988
700 314880 1.51498E-12 250.08 0.00046715
750 171720 2.92073E-12 231.48 0.00053062

coming in totally describing this behavior as
shown in (Figs. 4 to 8). According to equation
(13) plots must pass the origin so, estimated
diffusion coefficients are only approximate
values, because it is suspected that CaCO, solid
layer is not completely impervious or nonporous
for which shrinking core model with diffusion
control has been originally proposed. This data
could be empirically modified to estimate the
time for complete conversion of a particle at
ash diffusion controls regime using a power and
exponential relations:

t =(a)e?: (X,) (16)
t = b, (X,)Px (17)

Figure 10 presents the fit of the experimental
data with exponential and power correlations

for ash diffusion controls regime and (Table 3)
gives the parameters of those correlations which

indicated that the CO,-CaO system data can be
fitted with exponential and power correlations.

Carbonation of Caustic Soda

Scanning electron microscope (SEM) images
for pure NaOH, CO, and NaOH reactant samples
at various temperatures have shown in (Fig. 11).
The film diffusion controls, the ash diffusion
controls and chemical reaction controls for CO,-
NaOH system which changed with the time and
affected by various temperature ranges have been
shown in (Fig. 12). Table 4 gives the molecular
diffusion coefficient (9) from Chapman and
Enskog equation (8), mass transfer coefficient
(kAg) which has been calculated from Froessling
equation (7), and the time for complete conversion
of a particle within the gas film (Tfilm) using
equation (1).Time for complete conversion for
gas film controls regime within temperature
range 75°C to 225°C around 11 sec indicating
that this control regime is not rate limiting
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Fig. 10. Correlating high conversion range with empirical
power and exponential equations for CaO-CO, reaction system

Table 3. Empirical power and exponential equations for fitting high conversion range with power and exponential equations for CaO-

CO, reaction system

Exponential Equation: Power Equation:
Temperature/°C t= (e t= btwn
a, a, R? b, b, R?
550°C 9E-08 26.87 0.995 19232 20.49 0.994
600°C 8E-08 29.81 0.994 14375 20.58 0.996
650°C 6E-07 25.48 0.997 25020 18.63 0.998
700°C 3E-06 31.71 0.992 3E+06 17.11 0.995
750°C 2E-06 25.28 0.998 43810 17.49 0.999

mechanism compared with experimental time for
achieving more than 60% conversion exceeding
3600sec as shown in (Fig. 12). This clearly
indicates that gas film controls is not dominant
control mechanism. Gas film resistance may
only influence the reaction during few seconds
at the beginning, where the reaction rate is fast
within the period which commonly known as the
starvation period. The Kinetic control regime and
ash diffusion controls regime were based on the
shrinking core model as shown in (Figs. 13-19)
and calculated from equations (12 & 13) and (14
& 15). Theinitial linear stage identifies the kinetic
control region with the slope of this stage giving
the intrinsic surface reaction rate. The starting
points of the linear stage, featuring the maximum
slope, usually reside at low conversions, i.e. 6%.
As carbonation proceeds further, product-layer
diffusion became more significant, resulting
in much slower carbonation rate due to the
formation of sodium carbonate. This has been

clearly seen from SEM micrographs given in
(Fig. 11) which provide the effect of temperature
on chemical reaction rate constant (k) between
fluid (CO,) and NaOH particles and the effective
diffusion coefficient (9Pe) of gaseous reactant in
the ash layer (Na,CO, layer) as shown in (Table
5). Activation energy obtained from (k”) data
is estimated to be 13kJ/mol and the results are
shown in (Fig. 20). Time for complete conversion
for ash diffusion controls regime within
temperature range of 75°C to 225°C indicates
that the ash diffusion control regime is the major
rate controlling step compared with experimental
time for achieving high conversion 27mg of CO,
per 100mg of NaOH after 2760sec at 225°C. The
effective diffusion coefficients which reported
in Table 5 are much smaller than the molecular
diffusion gas coefficients as shown in (Table 4).
This could be due to the formation of Na,CO,
with a low diffusion coefficient into its structure.
According to the equation (13) plots must pass
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Fig. 11. SEM image (1250X) of calcined caustic soda (NaOH) sample (a), NaOH-CO, reaction sample at 150°C (b) NaOH-CO,
reaction sample at 200°C (c) and NaOH-CO, reaction sample at 225°C (d)

the origin so, estimated diffusion coefficients are
only approximate values as shown in (Fig. 21).
Empirical equations (16) and (17) could be used
to estimate the time for complete conversion of
a particle for ash diffusion controls regime as
shown in (Table 6).

CONCLUSIONS

The shrinking unreacted core model for gas
solid non-catalytic reactions has been utilized
to describe CO,-CaO and CO,—NaOH reaction
systems. This model has been found to semi
quantitatively in describing these reactions. In
CaO and NaOH systems, gas film resistance
has been ruled out as rate controlling step since
complete conversion times were much smaller
(0.015 and 12 seconds) than actual times (137
minutes for CaO and 60 minutes for NaOH)

required to achieve high conversions above 70%
for CaO and above 60% for NaOH. Reaction rate
was established as rate controlling step for both
CaO and NaOH systems within earlier times.
Activation energies were estimated about 12 kJ/
mol and 13 kJ/mol respectively. These energies
have been found to agree with those obtained
from initial rates analysis. CO,-CaO and CO,—
NaOH reactions after initial times were larger
than 1.5 minutes. Reactions become dominated
by diffusion of CO, reactant with CaCO, and
Na,CO; solid product layers. Estimated effective
diffusion coefficients of the order of 10-*2 and 10
'm?/sec for CaO and NaOH systems respectively
were below those for molecular diffusion with
values of the order of 10* and 3 x 10° m?/sec
for the same systems. These effective diffusion
coefficients are within diffusion transport via
Knudsen and/or surface flows.
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Fig. 12. Conversion vs time for (a) gas film controls, (b) chemical reaction controls and (c) ash diffusion controls at the carbonatonation
cycle for CO,-NaOH system

Table 4. Estimated molecular diffusion coefficient (9), mass transfer coefficient (k,,) and time for complete conversion (Z;,,) assuming
gas film regime controls for the NaOH-CO, system

Temperature (°C) P coz (kg/m?®) Heop (kg/sec.m) Cag(coz (mol/m?) P (m?sec) Kag (M/sec) T (SEC)
75 1.546 0.1738 0.00350 0.000019169 0.0206706 12.0967
100 1.442 0.1879 0.00326 0.000021272 0.022844 11.7523
125 1.35 0.2020 0.00306 0.000023358 0.0249920 11.444
150 1.27 0.2162 0.00288 0.000025592 0.0272917 11.135
175 1.199 0.2303 0.00272 0.0000278937 0.0293837 10.9506
200 1.135 0.2443 0.002575 0.000030260 0.0320834 10.5939
225 1.078 0.2581 0.002446 0.0000326897 0.0345801 10.3474

Table 5. Chemical reaction rate constant (k”) between gas (CO,) and particles (NaOH) and effective diffusion coefficient (9,) of
gaseous reactant in the ash layer and the time (Z,e.cion) & (Tuimusion) FeQuired for complete conversion for both chemical reaction and

ash diffusion regimes

Temperature/°C T il SEC P, (mfsec) T ecton/SEC k(m /sec)
75 22066.4 6.05E-08 1200.6 0.000928
100 41442 3.23E-09 482.16 0.002476
125 3176.4 4.50E-08 653.4 0.001949
150 36504 4.16E-09 1245.6 0.001087
175 20406 7.88E-09 568.44 0.002522
200 58200 2.92E-09 42558 0.003557
225 351840 5.08E-10 452.28 0.003524
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Fig. 13. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model at 75°C during early stage (a) and diffusion product layer of
NaOH-CO, with the aid of the model during final stage (b) of carbonation for NaOH.
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Fig. 14. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model at 100°C during early stage (a) and diffusion product layer
of NaOH-CO, with the aid of the model during final stage (b) of carbonation for NaOH.
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Fig. 15. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model at 125°C during early stage (a) and diffusion product layer
of NaOH-CO, with the aid of the model during final stage (b) of carbonation for NaOH.
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Fig. 16. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model at 150°C during early stage (a) and diffusion product layer

of NaOH-CO, with the aid of the model during final stage (b) of carbonation for NaOH.
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Fig. 17. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model during early stage (a) and diffusion product layer of NaOH-
CO, with the aid of the model during final stage (b) of carbonation for NaOH at 175°C
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Fig. 18. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model during early stage (a) and diffusion product layer of NaOH-
CO, with the aid of the model during final stage (b) of carbonation for NaOH at 200°C
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Fig. 19. Slopes of reaction of NaOH-CO, with the aid of the Shrinking Core model at 225°C during early stage (a) and diffusion product
layer of NaOH-CO, with the aid of the model during final stage (b) of carbonation for NaOH.
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Fig. 20. Arrhenius plot for chemical reaction rate constant (k”)
at low temperature range
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Fig. 21. Correlating high conversion range with empirical power
and exponential equations for NaOH-CO, reaction system

Table 6. Empirical power and exponential equations for fitting high conversion range with power and exponential equations for NaOH-
CO, reaction system

Exponential Equation: Power Equation:
t = (a,)e1*w t= b,k
Temperature/°C 2 a, R2 b b, R?
150°C 0.249 8.9 0.985 313.1 3.811 0.993
175°C 0.061 7.689 0.93 37 3.642 0.902
200°C 6E-07 26.22 0.992 27796 17.43 0.994
225°C 0.062 10 0.996 75.5 3.332 0.620
NOMENCLATURE ps Molar density of solid sorbents (pc,o =0.05971 mol/
cm?® & pyaon =0.052513 mol/cmd)
X, (weight gain % mg of CO,/mg sorbent)/(theoretical b Stoichiometry coefficient of solid sorbents (1 for CaO
maximum weight gain % of sorbent) & 2 for NaOH)
T  Time for complete conversion a particle (CaO & Ky, Mass transfer coefficient between fluid (CO,) and
NaOH) (sec) at gas film controls particle (CaO/NaOH) (m/min)
t Time experiment for the reaction of CO, with solid C,  Concentration of gaseous reactant (CO,) (mol/cm?)
sorbents (CaO/NaOH) (sec) P Atmospheric pressure (1atm)
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R Ideal gas constant (82.056 cm® atm/mol K)
T Temperature (K)

Sc  Schmidt number

Re  Reynolds number

Sh  Sherwood number

Kag Mass transfer coefficient between fluid (CO,) and
particles (CaO/NaOH) (m/sec)

Diameter of solid sorbent particles (0.0049cm for
CaO & 0.2 cm for NaOH)

y Mole fraction of the fluid (CO,)

P Molecular diffusion coefficient (m%/sec)
u

&

d

p

Kinematic viscosity of fluid (CO,) (cp)
Mass density of the fluid (CO,)
u Gas (CO,) velocity = 1.179cm/sec
D o, Self-diffusion coefficient (m*/sec)
oas  Characteristic length (A)
Q), Diffusion collision integral, dimensionless
Mco, 44 g/mol

R Diameter of solid sorbents particles (Rg,0=0.00245¢cm
& Ry,0n=0.1cm)

9P,  Effective diffusion coefficient (m?sec)
k”  Chemical reaction rate constant (m/sec)
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