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Abstract—For the development of a dry solid sorbent having quite fast CO, sorption kinetics in an intermediate tem-
perature range of 245-300 °C to be applicable to a riser-type fluidized bed carbonator, samples of ALO,-supported
MgCO; (1.2 mmol/g) promoted with different molar amounts of Na,CO; (1.2, 1.8 mmol/g) and/or NaNO; (0.6 mmol/
g) were prepared by incipient wetness pore volume impregnation. For a reference, an unsupported bulk phase sorbent
of NaNO;-Na,Mg(COs), was also prepared. From the sorption reaction using a gas mixture containing CO, by 2.5-
10% at 1 bar for the sorbents after their activation to MgO, ALO;-supported sorbents were featured by their rapid car-
bonation kinetics in contrast to the unsupported sorbent showing a quite slow carbonation behavior. The addition of
Na,CO; to the MgCO,/ALO; sorbent made MgO species more reactive for the carbonation, bringing about a mark-
edly enhanced kinetic rate and conversion, as compared with the unpromoted MgCO,/ALO; sorbent having a small
negligible reactivity. The addition of NaNO; to MgCO,/ALO; or to Na,CO;-MgCO,/Al,O; induced the same promo-
tional effects, but to a lesser magnitude, as observed for the Na,CO; addition. It was also characteristic for all these
MgCO;-based sorbents that initial carbonation conversions with time appeared as sigmoid curves. For the Al,O;-sup-
ported sorbent comprised of NaNO,, Na,CO;, and MgCO; by 0.6, 1.8, and 1.2 mmols, respectively, per gram sorbent,
showing the best kinetic performance, a kinetic equation capable of reflecting such sigmoid conversion behavior was
established, and its applicability to a riser carbonator was examined throughout a simple model calculation based on

the kinetics obtained.
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INTRODUCTION

With growing worldwide concern about global warming, vari-
ous research efforts have been made toward the development of
more efficient technologies to capture CO, from such large point
sources as coal-fired power stations. Though a variety of CO, cap-
ture technologies have been proposed, post-combustion CO, cap-
ture from the flue gas is regarded as one of the key technology op-
tions to reduce the amount of the atmospheric emission, because
this can be potentially retrofitted to the existing fleet of coal-fired
power stations [1,2]. Recently; a dry CO, capture process using solid
sorbents like Na,CO; or K,CO, received much attention as an alter-
native to the conventional absorption processes using alkaline sol-
vents with such inherent drawbacks as high equipment corrosion
rate, high energy consumption in regeneration, and a large absorber
volume required [3-5]. However, even the dry sorbent process is
still far from its full commercial operation because of its low pro-
cess efficiency, mainly attributed to the high energy requirement in
the regenerative decarbonation of carbonated sorbents.

To increase the energy efficiency of a dry sorbent process, research-
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ers at Korea Research Institute of Chemical Technology (KRICT)
recently proposed a new CO, capture process consisting of three -
low; intermediate, and high - temperatures-staged sorption/regener-
ation cycles, of which the main idea is to make use of the heat evolved
in the sorption reaction at higher temperature stage as the thermal
energy required for the sorbent regeneration at lower temperature
stage through the cascaded inter-stage heat integration. As described
by Kim et al. [6], each stage of the process is composed of a sorption/
regeneration cycle using a couple of separate fluidized bed reac-
tors, through which sorbent particles circulate to be carbonated/
decarbonated. From the simulation analysis for the three-stage pro-
cess adopting the sorbents (sorption/regeneration temperatures) of
K,CO; (50/170°C), MgO (270/450 °C), and Li,SiO, (550/750 °C)
for the low;, intermediate, and high temperature stages, respectively,
Kim et al. [6] estimated that the total energy demand per ton of
CO, recovery with the three stages could be reduced to 1.73-1.91 MJ/
kg-CO,. This is much lower than the recently reported energy con-
sumption of 2.44-2.53 MJ/kg-CO, for a solvent absorption process
by Mitsubishi Heavy Industry [7]. Although the fluidized bed of the
dense (bubbling) type or the dilute (fast) type could be employed
for sorption/regeneration reactors of this multi-staged process, a
dilute fast bed known as a riser or a circulating fluidized bed would
be the choice of priority; considering its high throughput in the han-
dling capacity of the flue gas, simple structure favorable for easy
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scale-up, and properties of excellent heat and mass transfer. In view
of the short contact time between the sorbent particles and the flue
gas inside the riser, the most important requirement of a solid sor-
bent for its application to the riser sorber/regenerator would be its
kinetic swiftness in the carbonation/decarbonation reactions. The
adoption of a riser reactor as a carbonator for a low temperature stage
CO, capture was demonstrated for a sorbent based on K,CO; [8]
or Na,CO; [9], or for a supported amine sorbent [10]. Such an appli-
cation of a riser carbonator to this low temperature stage CO, cap-
ture would be possible due to the fast carbonation kinetics of the
sorbent, as described by a kinetic equation for K,CO,/ZrO, [11]
or silica-immobilized amine [12].

The present study aims at the development of an intermediate
temperature sorbent with quite fast carbonation kinetics, enough
to be applicable to the riser sorber of the intermediate stage. The sor-
bent developed here is based on the Na,CO;-promoted MgCO:.
Zhang et al. [13] proposed that CO, sorption proceeds through
the reversible formation of Na-Mg double salt following reaction

(1):
MgO+Na,CO;+CO,(g) <> Na,Mg(COs), 1)

They [13] synthesized the bulk phase sorbent of double salt, Na,
Mg(COs),, through such a wet-chemistry route via precipitation
and filtration using water-soluble metal salts as described by May-
orga et al. [14] From the multi-cycle tests of CO, sorption/desorp-
tion in 100% CO, at 380/470 °C, they [13] reported that the double
salt sorbent had a very high CO, capture capacity of 3.4 mmol CO,/
g, as compared to the unmodified MgO of 0.24 mmol/g at 200 °C.
They [13] indicated that the amount of retained Na,CO; in the ini-
tial synthesis step directly affected the performance, and that the
impurity phase in the bulk synthesized sorbent, NaNO;, was iden-
tified as a key component in facilitating CO, sorption by the Na-Mg
double salt. However, for the wet-chemistry route synthesis of the
bulk NaNO;-Na,Mg(CO;),, the amounts of Na,CO; and NaNO;
retained in the resultant filter cake were reported [13] to be diffi-
cult to control because of their high water solubility. As a candi-
date of the sorbent for the intermediate stage in the proposed 3-
staged CO, capture process, NaNO;-Na,Mg(CO;), as described
above is promising for its high CO, uptake capacity and its inter-
mediate sorption temperature once the problem in the reproducibil-
ity of its synthesis technique has been solved. And, for its application
to the riser sorber, the NaNO;-Na,Mg(CO;), sorbent is required
to have quite fast reaction kinetics, but, no kinetic information is
available up to now.

In the present study, we try to synthesize the sorbent of NaNO;-
Na,Mg(COs3), supported on porous ALO; beads using the tech-
nique of pore volume impregnation at incipient wetness. With this
technique, controlled amounts of MgCO;, Na,CO; and NaNO; are
retainable inside pores of a support. To obtain the sorption reac-
tion rate data, samples of ALOs;-supported MgCO; (1.2 mmol/g)
promoted with different molar amounts of Na,CO; (1.2, 1.8 mmol/
g) and/or NaNO; (0.6 mmol/g) were prepared by such an impreg-
nation technique, and tested using a gas mixture containing CO,
by 2.5-10% at 1 bar. For the ALO;-supported sorbent of NaNO;-
Na,Mg(CO;), showing the best kinetic performance, a kinetic equa-
tion was derived, and its applicability to a riser sorber was evalu-
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Fig. 1. Procedure for the preparation of ALO;-supported MgCO;-
based sorbents (Aging at room temperature for 12 h, and
drying at 120 °C for 12 h).

ated on the basis of the kinetics obtained.
EXPERIMENTAL

1. Sorbent Preparation

Spherical beads of ALO; of 100 pm size were prepared by spray
drying method. After calcination at 550 °C for 6 h, ALO; beads (BET
surface area, 216 m*/g; pore volume, 0.4 cm’/g) were used for the
sorbent support. Fig. 1 shows the preparation procedure for AlLO;-
supported MgCOs-based sorbents. Loading of MgCO; onto ALO;
was achieved by successive two-step impregnations as follows: First,
AL O; beads were pore-filled by incipient wetness using aqueous
solution of Mg(NO,),-6H,O (98%, Samchun). The impregnated
sample was aged at room temperature for 12 h, and then oven-dried
at 120°C for 12h. The second step was to precipitate Mg’* ions
remaining inside the support pores into MgCOs. As a carbonate
precipitant for this, saturated aqueous solution of Na,CO; (99%,
Samchun) was pore-filled to the Mg(NO;),-loaded ALO; by incipient
wetness. After aging for 12 h, the sample was gently washed using
deionized water to remove the pore-remaining water-soluble salts,
and oven-dried to obtain the MgCO,/ALO; sorbent containing
Mg by 1.2 mmol/g (10 wt% as MgCO;, or 5w% as MgO after the
calcination for activation). Other NaNO; (99.5%, Samchun) and/or
Na,CO;-promoted ALO;-supported sorbents were prepared by incip-
ient wetness impregnation of each salt-dissolved solution onto the
MgCO,/ALO; following the procedure shown in Fig. 1. These ALO;-
supported samples were activated by the calcination in a muffle
furnace at 450 °C for 4 h in air for the CO, sorption reaction test.
Table 1 summarizes the ALO;-supported MgCOs-based sorbents
prepared. BET surface area and pore volume of the sample SN(0.6)
SC(1.8)MC(1.2) were 120 m’/g and 0.28 cm’/g, respectively.

Along with these supported sorbents, an unsupported bulk phase
double salt-sorbent of NaNO,-Na,Mg(CO;), was prepared, refer-
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Table 1. AL O;-supported MgCO;-based sorbents prepared

Salt amounts, mmol/g

Composition, wt%

Sorbent notation”

NaNO;, Na,CO, MgCO, NaNO, Na,CO, MgO ALO,
SN(0)SC(0)MC(1.2) 0 0 12 0 0 5.0 95.0
SN(0)SC(1.2)MC(1.2) 0 12 12 0 11.7 45 838
SN(0)SC(1.8)MC(1.2) 0 1.8 12 0 16.6 42 79.2
SN(0.6)SC(0)MC(1.2) 0.6 0 12 5.1 0 48 90.1
SN(0.6)SC(1.2)MC(1.2) 0.6 12 12 45 112 43 80.1
SN(0.6)SC(1.8)MC(1.2) 0.6 1.8 12 43 159 40 75.8

“The numbers in parentheses indicate the molar amounts of corresponding metal salts impregnated on the sorbents in mmol/g-sorbent.
The amount of MgCO; in the sorbent SN(0)SC(0)MC(1.2) was 10 wt%, and other sorbents were obtained by loading NaNO; or Na,CO,

onto the sorbent SN(0)SC(0)MC(1.2) prepared

ring to the method described by Zhang et al. [13] Magnesium nitrate
solution was prepared by dissolving 15 g of Mg(NOs),-6H,O in
80 ml deionized water along with the preparation of sodium car-
bonate solution by dissolving 25 g of Na,CO; in 110 ml deionized
water. Sodium carbonate solution was gradually added for 2 h using
a master flex pump to magnesium nitrate solution with stirring.
After the additional stirring for 1 h, the mixed solution was filtered to
obtain the wet cake. The wet cake was oven-dried at 120 °C for 12 h.
Dried sample was crushed and screened to the particles of 100-
120 mesh sizes, and finally activated by the calcination in a muffle
furnace at 450 °C for 4 h in air for the CO, sorption reaction test.
2. CO, Sorption Reaction Tests

CO, sorption reaction experiments were conducted using Auto-
Chem II 2920 (Micromeritics). Calcined sorbent particles of about
200 mg were evenly mixed using the same amount of o-ALO; par-
ticles as diluents and loaded onto the quartz fritted tube reactor as
a fixed bed of shallow depth. The reactor-loaded fresh sorbents
were pretreated using He flow (50 cm’/min) at 450 °C for 1h for
dehydration, and then the reactor bed temperature was lowered to
a set value for the CO, sorption reaction. Kinetic data were obtained
in the range of 245-310 °C with CO, concentrations 2.5, 6.25, 8.75
and 10% at 1 bar using the total reactant gas (CO,, H,O and He as
a balance) flow rate kept at 80 cm’/min. Because the experiment at
90 cm’/min gave no difference in the carbonation conversion be-
havior from that at 80 cm’/min, the kinetic experiments were regarded
to be conducted without the problem of external mass transfer lim-
itation. To simulate the flue gas holding water vapor, the reactant
gas stream was moisturized to contain 10% H,O. Further details
on the kinetic experiments could be found elsewhere [11]. The frac-
tional conversion of MgO on the sorbent was calculated as

_ Mgo,

X= @
M0

where, mco, and m,,, are the amount of CO, reacted and that of
MgO of the sorbent in mmoles per gram of sorbents used for the
reaction experiments, respectively.
3. Characterization of the Sorbents Prepared

The textural properties of the sorbents were analyzed using N,
at 77 K in a Micromeritics ASAP 2420. The samples were degassed
at 90 °C for 30 min and 200 °C for 4 h prior to each measurement.
XRD patterns were obtained using Rigaku Miniflex II desktop X-

ray diffractometer with a scan rate of 4°/min using Cu Ko radia-
tion (30KkV, 15mA). The distribution of metal elements was obtained
using the Philips XL-30S FEG scanning electron microscope (SEM)
equipped with energy dispersive X-ray spectroscopy (EDS).

RESULTS AND DISCUSSION
1. Advantages of Al,O;-supporting

Fig. 2(a) shows the carbonation conversions of the ALO;-sup-
ported sorbents in comparison with the unsupported NaNO,-Na,
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Fig. 2. Carbonation conversions with time (a), and the profiles of
carbonation rate changes with the degree of conversion (b)
for the AL,O,-supported sorbents in comparison with the un-
supported NaNO;-Na,Mg(CO;), sorbent in the sorption reac-
tion at 280 °C, 8.75% CO,, and 10% H,0.
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Mg(CO:;), sorbent in the sorption reaction at 280 °C, 8.75% CO,,
and 10% H,0, and Fig. 2(b) shows the profiles of carbonation rate
changes, obtained by the time-differentiation of the conversion
data, with the degree of conversion. As compared with the very
slow carbonation conversion over extended time of 10 min for the
unsupported sorbent of NaNO;-Na,Mg(COs),, the Na,CO; and
NaNO;-promoted or unpromoted AL O;-supported MgCO; sor-
bents show basically rapid conversions as over 80% of their steady
state conversions have been early reached within a short reaction
time of 1 min. This initial rapid carbonation conversion of the ALO;-
supported sorbents would be possibly originating from the increase
in the surface-exposed fraction of MgO by being dispersed over
the ALO; support as small clusters. Accordingly, this ALO;-sup-
porting can be an effective way to make MgO sorbents more reac-
tive for the carbonation.

Fig. 3 shows the SEM and EDS mapping images for the AL,O;-
supported SN(0.6)SC(1.8)MC(1.2) sorbent, indicating that the im-
pregnated magnesium and sodium are well dispersed over the ALO,
support. In accordance with such a good dispersion of Mg and Na
compounds on the support, as shown in Fig. 4(a), no XRD pat-
terns attributable to MgO or Na,CO; have been detected for the
AL O;-supported SN(0.6)SC(1.8)MC(1.2) sorbent after its calcina-
tion. In contrast to this AL,O,-supported sorbent, many XRD pat-
terns have been detected for the unsupported NaNO;-Na,Mg(CO5),
sorbent, as shown in Figs.4(b), 4(c) and 4(d). XRD patterns for
eitelite (Na,Mg(COs),), hydromagnesite (Mgs(CO;),(OH),-4H,0)
and NaNO; are detected for this unsupported sorbent at the state
as a dried precipitate, as shown in Fig. 4(b). For the sample after cal-

0.5-1.6 SPAI203
SE MAG: 5000 x HV: 20,

0.5-1.5 5P AI2O3 |
MAGE 5000x_H\: 20kV_ WX 10.0mm

cination, XRD patterns of MgO crystalline phases in high intensi-
ties are displayed with those of Na,CO; and NaNO;, as shown in
Fig. 4(c). For the sample after the carbonation reaction using 8.75%
CO, at 280 °C, intensities of the XRD patterns corresponding to
MgO phase decrease corresponding to the formation of crystalline
phases of Na,Mg(CO3), as well as MgCOs, as shown in Fig. 4(d).
These results indicate that MgCO; exists, forming large crystalline
phases and parts of MgCO; cannot interact with Na,CO; in the
unsupported bulk NaNO,-Na,Mg(CO;), prepared. As stated by
Zhang et al. [13], the difficulty in controlling the amounts of retained
Na,CO; and NaNO; in the synthesis process of the unsupported
bulk NaNO,-Na,Mg(CO;), sorbent via precipitation and filtration
can be one of the causes of this poor carbonation reaction activity.
Zhang et al. [13] suggested that alternate synthesis methods need
to be developed for a reproducible and scalable synthesis. In these
regards, the preparation of NaNO;-Na,Mg(CO;), phase inside pores
of a support using the incipient wetness impregnation technique
can be a good alternative to the previous method of synthesis via
precipitation and filtration. This is particularly advantageous in that
controlled amounts of MgCO;, Na,CO; and NaNO; are retainable
inside pores of the support and metal salts impregnated can be in-
duced to be more closely contacted among them to form the phase
of Na,Mg(CO;), by being dispersed in smaller sizes over the sup-
port. Although the existence of Na,Mg(CO;), phase on the ALO;-
supported sorbents of this study could not be ascertained by XRD,
higher carbonation conversion along with faster kinetics of the sup-
ported sorbents containing Na,CO; suggests higher probability of
the possible formation of Na,Mg(CO5), phases on the support.

0.5 1.5 SP AI203
MAGE S5000x HV: 20KV Wk 10.0mm

Fig. 3. SEM and EDS mapping images for the Al,O;-supported SN(0.6)SC(1.8)MC(1.2) sorbent.
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Fig. 4. XRD patterns of the AL, O;-supported SN(0.6)SC(1.8)MC(1.2)
sorbent after the calcination (a), and the unsupported NaNOs-
Na,Mg(CO5), sorbent at the state as dried precipitate (b), after
the calcination (c), and after the carbonation reaction (d).

2. Promotion by the NaNO, and/or Na,CO, Addition to Mg CO»/
ALO;

As shown in Fig. 2(a), the unpromoted MgCO,/ALO; sorbent
has a negligible reactivity for the carbonation reaction showing only
a small conversion of MgO, about 1.3% in the reaction for 10 min
at 280 °C and 8.75% CO,. However, this low reactivity of MgCO,/
ALO; has been greatly improved when promoted with Na,CO;
and/or NaNO;. The addition of Na,CO, to the MgCO,/ALO; in an
equal molar amount to MgCO; brings about a big promotion in the
carbonation reactivity of MgO, and the more Na,CO; was added,

the more carbonation conversion was achieved. Also, the addition
of NaNO; to the MgCO,/ALO; or to the Na,CO,-MgCO,/ALO; in
a half molar amount to MgCO; leads to the increase of carbon-
ation conversion.

For the Na,CO;-promoted sorbents, the promotion is probably
achieved by forming the phase of Na,Mg(CO), as discussed above.
On the possible way of the promotion by NaNOs-addition, Zhang
et al. [13] suggested that NaNO; penetrates the product double salt
grain boundaries with its high wetting property over many oxides
and metal surfaces, and provides a liquid channel for a fast CO,
diffusion during the reaction. In view of the melting point of pure
NaNO; around 306-308 °C [13,15], melted NaNO; can spread out
instantly and cover the surface of MgCO,/ALO; or Na,CO;-MgCO,/
ALO; during the sample calcination at 450 °C taken for the con-
version of MgCO; to MgO prior to the sorption reaction. It also
needs to be mentioned for the sample calcination that a reversible
thermal dissociation reaction of melted NaNO, can occur at 450 °C
as follows [15]:

NaNO, (1) <>NaNO,(}) + éoz(g), ©)

For the resulting NaNO,/NaNO, mixture ranging from 0.25 to 0.80
in mole fraction of NaNO,, Berg et al. [15] reported a solidus at
230°C and liquidus transition at 235-282°C. In this respect, the
reaction temperature 280 °C for data shown in Fig. 2 can be regarded
enough for the resulting mixture of NaNO,/NaNO, to be partly
melted. Therefore, Zhang et al’s [13] proposal for the fast CO, dif-
fusion through a liquid channel would be a possible working route
for the promoted carbonation conversion of MgO in our study.

3. Kinetic Evaluation of the Promotional Effects of NaNO; and/
or Na,CO;

For all these ALO;-supported MgCO;-based sorbents, it is char-
acteristic that starting rates of the carbonation conversion appear
to be near zero, as shown in Fig. 2(b). As a result of this incipient
retardation of the carbonation reaction, the carbonation conver-
sion curves in Fig. 2(a) appear more or less sigmoid. Although the
conversion data here were obtained by measuring the CO, con-
centration in the reactant gas coming through a shallow fixed bed
of the sorbents, it can be thought that this sigmoid conversion be-
havior was not attributed to the measurement artifacts in view of
some papers reporting the same behavior from the experiments
using TGA. Monazam et al. [12] reported sigmoid conversion curves
in the CO, sorption experiments for the silica-grafted amine sor-
bent using TGA, by which the amount of CO, uptake in the sor-
bent carbonation reaction could be directly measured. They explained
that the sigmoid conversion behavior of the sorbent carbonation is
attributable to the carbonation process of first nucleation and then
crystalline growth, and that an induction period is required before
the nudleation. For the carbonation of unsupported K,CO; or ALO;-
supported K,CO; sorbents using TGA, Zhao et al. [17,18] also re-
ported the same sigmoid conversion behavior. Therefore, such ob-
served sigmoid conversion behavior in the very initial reaction
period might be a common intrinsic phenomenon in a heteroge-
neous carbonation reaction between gas phase CO, and solid phase
sorbents.

In the CO, sorption reaction using solid sorbents, as a gas-solid

Korean J. Chem. Eng.(Vol. 32, No. 1)
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heterogeneous reaction, kinetic rate of the carbonation conversion
is generally influenced by three factors such as sorption reaction
temperature, degree of carbonation conversion of the sorbent, and
gas phase concentrations of CO,, as described in Lee at al. [11]

r=k-f(X)-f(yco,) “)

where, k is a reaction rate constant with Arrhenius temperature
dependency, f(X) is a rate-affecting term as a function of the frac-
tional carbonation conversion, X, of the sorbent, and f(y,,) is a rate
dependency as a function of CO, mole fraction, yc,, in the gas phase.
To evaluate quantitatively the effect of the promoters on the car-
bonation reaction rate here, a model capable of describing the sig-
moid conversion behavior is required, and such a carbonation con-
version model as developed for K,CO,/ZrO, sorbent [11] is em-
ployed here as follows:

X:Xu{ 1- exp(— ;—tD} )

where, X,, is an ultimate fractional carbonation conversion appear-
ing as a steady state value, and a and b are parameters to determine
the overall shape of a time dependent conversion curve. For a reac-
tion at a constant CO, concentration, the carbonation conversion
rate can be obtained by differentiating Eq. (5) as follows:

dx
o =K 0 ©)
where,
11
k'=ba’x, " ()

l,l

ioo={-n(1-2)} 1) ®

u

In Eq. (6), k' can be regarded as a tentative kinetic rate constant.
Values of the parameters can be determined by least square curve
fitting of the conversion data to Eq. (5). Fig. 5(a) shows a typical
result of such a least square fit of the sigmoid conversion data within
1 min for the ALO;-supported sorbent of SN(0.6)SC(1.2)MC(1.2)
to determine the kinetic parameters, X,=0.332, b=2.154, a=1.870,
and k=1.594 min"" with the regression coefficient of 0.999. Fig.

(a)

Experimental
0.1 Fitted

0 ] ] | ]
0 0.2 0.4 0.6 0.8 1
Time, min

dX/dt, 1/min

Experimental
Predicted

|
0 0.1 0.2 0.3 0.4

Fig. 5. Least squares fit to Eq. (5) of the conversion data within 1
min to determine the kinetic parameters: X,=0.332, b=2.154,
a=1.870, and k=1.594 min" (a), and comparison of the rate
of conversion between experimental and predicted using Eq.
(6) with the above determined parameter values (b), for the
ALO;-supported sorbent of SN(0.6)SC(1.2)MC(1.2) experi-
mented at 280 °C, 8.75% CO, and 10% H,O.

5(b) shows the comparison of the rate of conversion between exper-
imental and predicted using Eq. (6) with the above-determined
parameter values. In this kinetic analysis, the conversion data within
1 min are used instead of 10 min, as shown in Fig.2(a), because
most of the carbonation conversions have been achieved within
initial 1 min and the kinetic information within this short contact
time is crucial to the determination of the sorbent applicability to
a riser-type fast fluidized bed. Such determined values of X, and k'
for the sorbents prepared here are summarized in Table 2.

Relative to the SN(0)SC(0)MC(1.2), SN(0.6)SC(1.8)MC(1.2) shows

Table 2. CO, sorption kinetic parameters determined for Al,O;-supported MgCO;-based sorbents using the conversion data within 1 min at

280 °C, 8.75% CO,, and 10% H,0

Sorbents X, K, min™ R’ Relative k'
SN(0)SC(0)MC(1.2) 0.013 0.202 0.946 1

SN(0)SC(1.2)MC(1.2) 0.250 1392 0.991 69 1 1
SN(0)SC(1.8)MC(1.2) 0.343 1.764 0.990 88 13 1
SN(0.6)SC(0)MC(1.2) 0.071 0.720 0.990 36 1

SN(0.6)SC(1.2)MC(1.2) 0.332 1.594 0.999 7.9 22 1 12
SN(0.6)SC(1.8)MC(1.2) 0.392 1.860 0.997 9.2 26 12 11
Unsupported 0.231 0.092 0.994

NaNO;-Na,Mg(CO5),"

“Kinetic data of this unsupported sorbent were determined using conversion data for 10 min
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9.2-times higher kinetic rate for the carbonation reaction, as listed
in Table 2. This large promotion in the kinetic rate of the SN(0.6)
SC(1.8)MC(1.2) seems to be mostly attributed to the addition of
Na,CO; to MgCO,/ALO; in view of the 8.8 times higher kinetic
rate of SN(0)SC(1.8)MC(1.2) relative to SN(0)SC(0)MC(1.2). As
compared to this large kinetic effect of the Na,CO; addition, the
effect of NaNO, addition to the SN(0)SC(0)MC(1.2) is limited to
giving the 3.6-times higher kinetic rate at its best. From this kinetic
evaluation, it can be inferred that Na,CO; could make a big pro-
motion by being directly involved in such structural modification
of the supported MgCO; as forming the double salt phase Na,Mg
(COs3),, but NaNO; promotion is limited to a relatively small mag-

Table 3. Parameter values determined in the least squares fit of
conversion data to Eq. (5) for the Al,O;-supported SN(0.6)
SC(1.8)MC(1.2) sorbent

TK  vVeoop- Xo- b,- amin® k,min’ R?

518 0.1 0432 2.199 3.183 2.354 0.997
533 0.1 0425 2380 3.003 2.301 0.999
553 0.1 0.389 2232 2.813 2.107 0.998
573 0.1 0371  2.166 2.617 1.980 0.999

553 0.025 0330 2.382 0.610 1.016 0.999
553  0.0625 0355 2.273 2.168 1.787 0.999
553  0.0875 0392 2178 2.132 1.860 0.999
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Fig. 6. Rate constant k' dependency on the sorption reaction tem-
perature (a) and the gas phase mole fraction of CO, (b) for
the AL O;-supported SN(0.6)SC(1.8)MC(1.2).

nitude by its subsidiary role of just providing a liquid channel for
fast diffusion of CO,, as discussed above.
4. Carbonation Reaction Kinetics of the SN(0.6)SC(1.8)MC
(1.2) Sorbent

Because the ALO;-supported SN(0.6)SC(1.8)MC(1.2) sorbent
shows the best reaction performance, its kinetic equation needs to
be established. Table 3 lists values of the parameters determined by
least square curve fitting of the conversion data within 1 min to
Egq. (5) for the SN(0.6)SC(1.8)MC(1.2) sorbent at different reaction
temperatures and gas phase mole fractions of CO,. Fig. 6(a) shows
the Arrhenius plot of in the carbonation reaction over SN(0.6)SC
(1.8)MC(1.2). The values of apparent activation energy and pre-
exponential factor were determined as E, ,,=—8.161kJ-mol" and
A=0.358 min"', respectively. The negative apparent activation energy
obtained here indicates that the adsorption of CO, onto the sorbent
is involved in the carbonation reaction process as a rate-determin-
ing step with concurrent release of the heat of adsorption [11]. Con-
sequently,

8161

k'= 0.358exp(—R—T—) ©)

where, R is the gas constant.

Here, if the sorption rate dependency on the CO, concentra-
tion in Eq. (2) follows n-th power law,

f(Ycol) =k" YéoZ (10)

where, k" is a constant introduced for the value of f(yc,) that needs
to be adjusted to become unity at a specified set of reaction condi-
tion of temperature and gas phase mole fraction of CO,. Using Egs.
(8) and (10), Eq. (4) can be finally expressed as follows:

1
AR (I (R a

where, k is the reaction rate constant obtained as follows:
k=k"k’ (12)

Fig. 6(b) shows the kinetic rate dependence on the gas phase mole
fractions of CO, for data at 553 K, to determine the reaction order.
The data are well represented by a straight line with a slope as the
reaction order, n=0.51. In Eq. (10), the value of the constant k" is
so determined that f(y,,) could become unity at y.,,=0.1 and T=
553 K, resulting in k'=3.236. Eq. (10) becomes

0.51

f(yco,)=3-236yco, (13)

Therefore, the reaction rate constant k in Eq. (12) is finally expressed
as follows:

Table 4. Linear correlation equations for the model parameters
with T (K) and CO, mole fraction, yc,

Correlation equations R’
X,=0.97-0.0012T+0.886y o, 0.971 (15)
b=2.258 -
a=6.019-0.0107T+27.01yco, 0.962 (16)
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Fig. 7. Parity plots for the kinetic parameters, X, (a), b (b), and a
(c), between the values predicted using the correlation equa-
tions listed in Table 4 and those given in Table 3.

k:1.158exp(8161)

RT (14)

Because the parameter values of X,, b and a listed in Table 3 are
varied depending on the reaction temperature and the gas phase
mole fraction of CO,, there is a need to correlate them with the two
reaction variables. The results of the linear correlation analysis are
listed in Table4. Fig.7 shows the parity plots for the correlation
results. The parameters X, and a were well correlated with T and
Yeo, by Egs. (15) and (16) in Table 4, respectively, but, for b vary-
ing within a narrow range, an average value 2.258 was taken because
the correlation was not successful.

Fig. 8 shows the comparison of the carbonation rate change with
the degree of sorbent conversion between experimental and pre-
dicted by Eq. (11), where the parameter values have been obtained
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Fig. 8. Comparison of the carbonation rate change with the degree
of conversion between experimental and predicted (shown
as lines) by Eq. (11) for data experimented with different
CO, concentrations at 280 °C (a) and with different tempera-
tures at 10% CO, (b) for the ALO;-supported SN(0.6)SC(1.8)
MC(1.2).
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Fig. 9. Comparison between experimental conversions and the kinetic
model predictions (shown as lines) obtained by integrating
Eq. (11) for data experimented with different CO, concen-
trations at 280 °C (a) and with different temperatures at 10%
CO, (b) for the ALO;-supported SN(0.6)SC(1.8)MC (1.2).
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using the correlation equations listed in Table 4. The kinetic model
predictions are shown to be satisfactory in depicting the experimen-
tal rate data on the whole, although some underestimations are made
for data at maximal rates. Fig. 9 shows the comparison between
the experimental sorbent conversions and the kinetic model pre-
dictions obtained by integrating Eq. (11). In view of excellent agree-
ment between experimental and calculated results at different reaction
temperatures and gas phase CO, concentrations, the kinetic model
developed here is capable of providing a fine prediction for the SN
(0.6)SC(1.8)MC(1.2) sorbent conversion in the range of 245-300 °C
with CO, concentrations 2.5-10% at 1bar under 10% moisture
condition. Although not presented in Fig. 8, experimental data at
310 °C are not well predicted by the kinetic model. This is attributed
to the shift of thermodynamic equilibrium toward the decarbon-
ation reaction of Na,Mg(CO;),, according to Zhang et al. [13], which
is favored at higher temperatures from about 310 °C.
5. Evaluation of the SN(0.6)SC(1.8)MC(1.2) Sorbent Applicabil-
ity to a Riser-type Carbonator

Based on its kinetics obtained above, the sorbent SN(0.6)SC(1.8)

MC(1.2) needs to be examined with respect to its applicability to a
riser-type carbonator through a simple model assuming the aver-
age retention time (t,) of solid sorbents in the riser. In view of the
kinetic equation obtained and the profiles of the carbonation rate
change with the conversion as shown in Fig. 8, the carbonation rate
in the riser tube can be configured as follows. In the region very
near to the riser entrance, the rate could be accelerated by the high
concentration of CO, of incoming flue gas, but limited by the ini-
tial rate retardation occurring on the incoming sorbents of near
zero degree of carbonation due to their possible total decarbon-
ation in the regenerator. In the region near to the riser exit, includ-
ing the rate limitation by the lowered concentration of CO,, the
rate can be severely limited by the degree of the carbonation con-
version achieved if it is close to the X,. If the carbonation conver-
sion of the sorbent at the riser exit is controlled to be kept around the
optimum at which the maximum carbonation rate (r,,) is attained,
the rate dependence on the degree of the conversion would disap-
pear. As shown in Fig. 8(a), because r,, varies with the CO, con-
centration, the lowest CO, concentration of the flue gas at the riser

Table 5. Estimation of the riser carbonator performance in the CO, capture using the SN(0.6)SC(1.8)MC(1.2) sorbent’

Case [ Case I1 Case I1I
U,, superficial gas velocity [m/s] 1 1.5 2
t, sorbent retention time assumed [s] 47.20 2291 13.86
r,,, max carbonation rate [1/min] 0.357 0.357 0.357
X,, carbonation conversion achieved [mol-CO,/mol-Mg] 0.28 0.14 0.08
A, CO, uptake per m’-sorbent (=22.4x IO’SLMgXepS) [m’-CO,/m’-Sb] 7.14 3.47 2.10
% required volume of sorbent for treating 1 m’ flue gas (=135/) [L-Sb/m’-gas] 18.90 38.95 64.38
9, volume fraction of sorbents in the riser (=7/(1000+ %)) [m’-Sb/m’-reactor] 0.019 0.037 0.060
& voidage in the riser (=1-0,)) [m3—gas/m3—reactor] 0.981 0.963 0.940
Q,, feeding rate of flue gas (=3600U,A) [m’-gas/h] 13.97 20.95 27.93
W,, required sorbent circulation rate (=Q,0,/3600) [kg-Sb/s] 0.069 0.214 0.473
G,, sorbent mass flux in the riser (=W /A) [kg-Sb/mZ/s] 17.88 55.27 121.80
Fr, Froude number (=U,//gD) [-] 1.21 1.81 241
@, slip factor (-] 6.01 4.46 3.69
U,, average velocity of sorbent particles (=U,/&¢) [m/s] 0.17 0.35 0.58
t, calculated (=H/U,) [s] 47.20 2291 13.86

“Conditions and data for the calculation

1) Flue gas composition: 15% CO,, 10% H,0, 75% N,

2) CO, removal from the flue gas throughout the riser: 90%

3) CO, composition of the riser exit flue gas: 1.73%

4) Riser temperature and pressure: 280 °C, 1 atm

5) Loading amount of Mg per kg-sorbent: L,,=1.2 mol-Mg/kg-Sb
6) Volume of CO, removed from 1 m’ of the flue gas: 135 L/m’-gas

7) Density of flue gas feed at 280 °C, 1 atm using the ideal gas law: p,=0.648 kg/m’
8) Bulk density and diameter of sorbent particle: p,=946 kg/m’, d,=100 um
9) Molar average viscosity of the flue gas at 280 °C, 1atm: p=2.7x10" Pa-s data by Geankoplis [20]: £00,=2.5%107 Pa-s, 141,0=1.92x10"° Pas,

M, =2.84% 107 Pas, H1=0.154ic0,+0.1 £41,0+0.75 4y,

10) Terminal particle velocity at the flue gas of 280 °C, 1 atm: U,=0.444 m/s by Kunii and Levenspiel [21]:

2 2_1/3

- dpU
Ut:[i(ps £ )g} d, for 0.4<Re,= L= <500
225 pu u

11) Froude number at terminal particle velocity: Fr,=U,/./gD =0.534

12) Inside diameter, height and cross-sectional area of the riser tube: D=0.0703 m, H=8 m, A=3.88x10"> m’
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exit determines the slowest r,, along the riser tube. For the riser
model calculation here, the following assumptions are made: (1)
the rate of sorbent carbonation throughout the riser tube follows
the slowest r,,; (2) steady-state plug-flow of gas and sorbent through
a cylindrical riser; (3) constant volume fraction of sorbents along the
height of the riser; and (4) isothermal operation at 553 K.

Under these assumptions, t, in the riser is initially assumed for a
given value of superficial flue gas velocity (U,), as listed in Table 5.
Under the condition that the CO, composition of the flue gas feed
is 15% and the recovery of CO, from the flue gas throughout the
riser is 90%, the concentration of CO, in the riser exit gas is the low-
est as 1.73%. For this exit gas of y.,,=0.0173 at 553K, Egs. (14)
and (15) give k=6.84 min~' and X,=0.322. Then, the carbonation
rate of the sorbent with the degree of the conversion can be obtained
using Eq. (11) like the profile shown in Fig. 8(a). For the riser-exit
flue gas of y¢,,=0.0173 at 553 K, the carbonation rate is maximized
at X=0.12, giving r,,=0.357 min"". Once the carbonation conver-
sion achieved (X,) throughout the riser is calculated by X,=r,1,/60,
CO, uptake (1) of the sorbent can be determined. This enables us
to calculate, for 1 m’ of the flue gas fed, the required volume of the
sorbent (%) to capture 90% of CO, and the void fraction (&) of the
riser; as listed in Table 5. Multiplying U, by the cross-sectional area
(A) of the riser gives the feeding rate of the flue gas (Q,). Then,
the sorbent circulation rate (W) required for treating Q, can be
calculated, and the sorbent mass flux (G,) as well. Slip factor (¢)
defined as a relative gas velocity to the average velocity (U,) of sor-
bent particles in the riser can be calculated using the correlation by
Patience et al. [19] as follows:

5.6 0.41

—U071+ +0.47F
=0 " TR UM

17)
where, Fr and Fr, are the Froude numbers at the superficial gas (U,)
and terminal particle (U,) velocities, respectively. As listed in Table
5, Patience et al’s correlation gives ¢ values of 6.01, 446, and 3.69
for given U, values of 1, 1.5, and 2 m/s. For these ¢ values, Uj esti-
mated by Eq. (17) are 0.17, 0.35, and 0.58 m/s. In such cases, the
calculated values of t, in the riser are exactly same as those of initial
assumption, 47.2, 22.91, and 13.86 s, respectively.

Results of this model calculation suggest that the sorbent SN(0.6)
SC(1.8)MC(1.2) has enough kinetic rate at 553 K to be applied to
the riser carbonator of D=0.0703 m and H=8 m for the removal
of 90% of CO, in the flue gas fed. Note that this simple model only
serves as a preliminary tool for investigating the possibility of the
sorbent SN(0.6)SC(1.8)MC(1.2) characterized with the kinetics ob-
tained above in the application to a riser sorber where the contact
time between the sorbent and the flue gas is limited in the range
of 10-60s. Case II in Table 5 is estimated to be the best option in
view of the sorbent retention time (t,=22.91 s) and the carbonation
conversion achieved (X,=0.14). In case I with t,=47.2 s, the carbon-
ation conversion achieved in the riser is too high as 0.28, passing
over the conversion X=0.12 where the maximum rate is attained.
Resultantly, the carbonation rate in the later part of the riser would
be limited. This leads to an insufficient use of the riser reactor in
its capacity of the flue gas treatment. In case III with t=13.86, the
carbonation conversion achieved as low as 0.08 could be a limiting
factor for the carbonation rate throughout the whole riser, leading
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to the problem of an inefficient use of the sorbent. In case II with
t,=22.91 s, the carbonation conversion achieved is 0.14, which is a
little higher than the conversion X=0.12 where the maximum car-
bonation rate is attained. Because Eq. (11) gives r=0.354 min ', when
X=0.14 and y,,=0.0173, the carbonation reaction rate at this degree
of carbonation conversion achieved is nearly the same as the maxi-
mum rate, 1,,=0.357 min ™", Accordingly, assumption (1) made above
for the model becomes satisfied with this result in the carbonation
rate. The carbonation reaction in case II could therefore proceed
at a rate close to the maximum rate, leading to a highly efficient
use of the sorbent from the viewpoint of its kinetic characteristics,
by which the riser reactor could be almost fully utilized in terms
of its capacity of the flue gas treatment.

CONCLUSIONS

For CO, capture from flue gas, the AL,Os-supported MgCO; (1.2
mmol/g) promoted with NaNO; (0.6 mmol/g) and Na,CO; (1.8
mmol/g), noted as SN(0.6)SC(1.8)MC(1.2), prepared by incipient
wetness pore volume impregnation, was evaluated as a promising
sorbent at intermediate temperatures of 240-300 °C due to its facil-
itated kinetics, enough to be applicable to a riser-type fast fluidized
bed reactor with a short retention time of sorbent particles less than
1 min. Kinetics improvement of the sorbent was thought to be basi-
cally contributed by the effect of ALO;-supporting, increasing the
fraction of surface-exposed MgCO; by being dispersed on the porous
support surface. As for the effect of the salts added to MgCO,/ALO;,
the improvement resulted primarily from the direct involvement
of Na,CO; in the structural modification of the supported MgCO;
by forming the double salt phase Na,Mg(COs),, and secondarily,
from the role of NaNO; providing a liquid channel for fast diffusion
of CO,. The sorption kinetics of the sorbent SN(0.6)SC(1.8)MC(1.2)
showing the best performance was derived as follows using con-
version data within 1 min in the range of T=510-573K and yq,=

L
ot ) < ked -1 X h(_z.n
0.025-0.1: r(min —k{ In{1 X)} 1 ) Yeo. where, the

reaction rate constant, k(#)zl.lSSexp (&61), the parameter,
min RT

b=2.258; the ultimate carbonation conversion of MgO, X,=0.97—

0.0012T+0.886 yco,; the reaction order with respect to the gas phase

mole fraction of CO,, n=0.51.
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NOMENCLATURE
: kinetic parameter in Eq. (5) [1/min’]

: kinetic parameter in Eq. (5) [-]
: reaction rate constant [1/min]
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: tentative reaction rate constant [1/min]

: constant in Eq. (10) [-]

me, :amount of CO, captured by sorbent [mmol-CO,/g-sorbent]

My, :amount of MgO loaded onto the sorbent [mmol-MgO/g-
sorbent]

: reaction order with respect to yco, [-]

: gas constant, 8.314 [J/mol/K]

: rate of the sorbent carbonation conversion [1/min]

: temperature [K]

: time [min]

:mole fraction of CO, in the gas phase [-]

: fractional carbonation conversion of MgO [-]

: ultimate carbonation conversion of MgO [-]
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