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Abstract—Rubidium carbonate was used as an adsorbent to capture carbon dioxide from gaseous stream of carbon
dioxide, nitrogen, and moisture in a fixed-bed to obtain the breakthrough data of CO,. Experiments were carried out
at flow rates of carbon dioxide and nitrogen (5*107-35x 107 m*/min), moisture (0.5x107°-3.0x 10" m’/h), amount of
adsorbent (0.5%107-1.8x107 kg), mole fraction of carbon dioxide (0.03-0.22), and different sorption temperatures
(323-353 K) at atmospheric pressure. The deactivation model in the non-catalytic heterogeneous reaction systems was
used to analyze the sorption kinetics among carbon dioxide, carbonate, and moisture, employing the experimental break-
through data that fit the deactivation model better than the adsorption isotherm models in the literature.
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INTRODUCTION

Carbon dioxide (CO,) produced by combustion of fossil fuels is
regarded as the most significant greenhouse gas with its increasing
accumulation in the atmosphere attracting worldwide attention [1].
Various methods have been used to remove it: absorption by sol-
vent and adsorption by molecular sieve, membrane separation, and
cryogenic fractionation. In particular, absorption has been widely
used in the chemical industries, as with the Benfield Process [2].
Another technique is dry scrubbing or sorption of CO, onto an alka-
line metal carbonate as a solid adsorbent. This is a modified hybrid
technology of adsorption and chemical absorption with the advan-
tage of being a simple and convenient operation for separation and
recovery of CO, in flue gases. The development of alkaline metal
carbonates, such as an alumina gel [3], alumina [4], activated car-
bon [5-7], and silica/alumina vermiculite [8], is the focus of the cur-
rent study to improve the sorption efficiency of the carbonate.

The carbonation reaction mechanism of alkaline metal carbon-
ate by CO, under moist conditions to form alkali metal bicarbonate
was verified by x-ray diffraction [5-7] and SEM imaging of pat-
terns on the solid surface [5-11]. But the stoichiometric coefficient
of H,O in the carbonation reaction between alkali metal carbonate,
CO,, and moisture depends on the type of carbonates [10] of anhy-
drate and hydrate, as well as the kind of alkaline metal, Li, Na, K,
Rb, and Cs [5-11]. Most studies for CO, capture by alkaline metal
carbonate have been carried out in a fixed-bed, but a thermogravi-
metric analyzer [12,13] has been used to get an initial rate of car-
bonation for the sorption kinetics of CO,.

In mass transfer processes that accompany chemical reactions,
such as a non-catalytic heterogeneous gas-solid reaction [14-18],
the diffusion may have an effect on the reaction kinetics [19]. It is
difficult and tedious to analyze the adsorption breakthrough curve
using conventional isotherm models [20,21], such as the Langmuir,
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Freundlich, Brunauer-Emmett-Teller (BET), and Dubinin-Radush-
kevich-Kagener (DRK) models, and prepare the experimental val-
ues of the sorption isotherm with a reasonable diffusivity [22] of a
solute. Conversely, the deactivation model (DM) [23,24], as a sim-
plified model, has been used to predict the breakthrough curve, as-
suming that the formation of a dense product layer over the surface
of the adsorbent changed the number of active sites and the pos-
sible variations in the adsorption of active sites to cause a drop in
the adsorption rate. Suyadal et al. [25] presented adsorption kinetics
of trichloroethylene vapor on activated carbon using breakthrough
curves by DM and assumed that the adsorption kinetics of DM were
first-order with respect to organic vapor and zero” order with respect
to activity of the adsorbent, respectively, but, not first-order with
respect to activity of the adsorbent. Park et al. have successfully
applied DM for carbonation of sodium carbonate [26], potassium
carbonate [27] with CO,, and adsorption of toluene vapor onto acti-
vated carbon [28] and have indicated DM described gas-solid non-
catalytic reactions more accurately than the unreacted core and vol-
ume reaction models, using deactivation kinetics with first-order
with respect to the solid carbonate and the CO, concentration, respec-
tively. Rubidium carbonate was used as an adsorbent in this study,
which is one of the series of works to investigate the sorption ki-
netics from analysis of the breakthrough data by DM.

THEORY

Anhydrous rubidium carbonate reacts with CO, and moisture to
form rubidium bicarbonate by the following equation:

Rb,COs(s)+CO,(g)+H,0(g)—2RbHCO(s) @

The reaction (i) is a non-catalytic heterogeneous gas-solid reac-
tion. The mathematical analysis of this heterogeneous process must
take into account the simultaneous influence of reaction and of heat
and mass transfer to predict the conversion as a function of time for
a solid undergoing reaction. To obtain the kinetics of the reaction
(1) using CO, breakthrough data, the deactivation model is used as
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follows.

The formation of a dense product layer over the adsorbent cre-
ates an additional diffusion resistance and is expected to cause a
drop in the adsorption rate. One would also expect it to cause sig-
nificant changes in the accessible pore volume, active surface area,
and activity per unit area of the adsorbent with respect to the extent
of the adsorption. All of these changes cause a decrease of vacant
surface area of the adsorbent with time. In DM, the effects of all of
these factors on the diminishing rate of CO, capture are combined
in a deactivation rate term.

With assumptions [28] of the pseudo-steady state and the iso-
thermal species, the conservation equation of CO, in the fixed bed
is as follows:

4G e a=0 )

- QX ds

In writing this equation, axial dispersion in the fixed bed and any
mass transfer resistances are assumed to be negligible. According
to the proposed DM [29], the rate of change of the activity of the
adsorbent is expressed as:

- i—f’: kCid" )
The zero” solution of DM is obtained by taking n=0 and m=1 with
the initial activity of the solid as unity:

a(t)=exp[~kzexp(~kt)] ©)

Eq. (3) is identical to the breakthrough equation proposed by Suy-
adal et al. [25] and assumes a fluid phase concentration that is in-
dependent of deactivation processes along with the adsorbent. More
realistically, one would expect the deactivation rate to be concen-
tration-dependent and, accordingly, axial-position-dependent in the
fixed bed.

To obtain the analytical solution of Eq. (1) and (2) by taking n=
m=1, an iterative procedure is applied. The procedure used here is
similar to the paper proposed by Dogu [29] for the approximate
solution of nonlinear equations. In this paper, the zero” solution (Eq.
(3)) is substituted into Eq. (2), and the first correction for the activity
is obtained by the integration of this equation. The corrected activity
expression is then substituted into Eq. (1), and integration of this
equation gives the first corrected solution for the breakthrough curve:

[1—exp(kz(1-exp(=k.)))]
1—-exp(—k,t)

at)=exp| exp(-kit) | @
This iterative procedure can be repeated for further improvement
of the solution. In this procedure, higher-order terms in the series
solutions of the integrals are neglected. The breakthrough curve for
DM with two parameters (k and k,) is calculated from the concen-
tration profiles by Eq. (4).

EXPERIMENTAL

Rubidium carbonate was a reagent grade (Aldrich Chemicals,
99.8%) of non-porous material [26] and used after washing with
acetone and drying. The size of adsorbent particle was measured in
the range of 0.075-0.85 mm using a sieve analyzer (Sam Jin Co.
Ltd.) to obtain the surface area of the adsorbent and its density was
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the value from its maker. Porosity of the fixed bed was measured
by a conventional method [28] using a mass cylinder. The values
of d,, 0, and f,,, were 3452 um, 1,552 kg/m® and 0.76, respec-
tively The surface area of the particles was calculated with mean
size and density of the particle, and its value was 2.80 m*/kg.

To obtain the breakthrough curves of CO,, the sorption experi-
ments were carried out in the presence of carbon dioxide and mois-
ture with rubidium carbonate adsorbent in a fixed bed pyrex glass
reactor (inside diameter=2 cm) in a range of 5-35 cm’/min of the
gaseous flow rate (Q,) of CO, and N,, 0.03-0.22 mole fraction (y,)
of CO,, 0.5-3.0 cm*h of the moisture flow rate (Q,), 0.5-1.8 g of
the adsorbent (w,), temperature range of 323-358 K at atmospheric
pressure. Heated water vapor was fed to the reactor through the line
by using a micro syringe. Each experiment was duplicated at least
once under identical conditions. A gas chromatograph (detector; ther-
mal conductivity detector, column; Haysep D (10 feet by 1/8 inch
of stainless steel, detector temperature, 190 (£0.1) °C; feed temper-
ature, 160 (+0.1) °C; flow rate of He, 25.7 cm’/min, retention time of
N,, CO,, H,0: 0.9, 1.323, 20.6 min) was connected to the exit stream
of the reactor for the on-line analysis of CO,, N,, and water vapor. The
amount of gaseous mixture entering from the reactor to the auto-
matic sampler of GC was 2 cm?’, and the oven temperature in the GC
was constant as 160 (£0.1) °C. The fixed bed reactor and the experi-
mental procedure were identical to those previously reported [26].

RESULTS AND DISCUSSION

The sorption kinetics of CO, on Rb,CO; using two parameters
of DM were investigated by using the breakthrough curves of CO,,
measured according to the changes of the experimental variables
such as Q,, Q,, w,, and sorption temperature as follows:

1. Effect of the Flow Rate of Gaseous Mixture of CO, and N,

To investigate the effect of Q, on the kinetics, the breakthrough
curves of CO, were measured in a range of 7-23 cm’/min of Q, at
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Fig. 1. Effect of the flow rate of mixture of N, and CO, on the break-
through curves of CO, at w,=1.5 g and 60 °C.
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Table 1. Rate parameters for various experimental conditions at 60 °C

Q, (cm*/min) Q, (cm’/h) w, (g) vi () kx10° (m*/m*-min) k, (m*/kmol-min) r

7.82 1.08 1.5 0.118 8.741 0.1321 0.9992
11.17 1.49 1.5 0.115 8.643 0.1337 0.9937
16.76 2.25 1.5 0.116 8.773 0.1308 0.9995
22.35 3.0 1.5 0.116 8.572 0.1355 0.9967
33.64 0.6 1.5 0.038 8.475 0.1314 0.9927
23.58 1.0 1.5 0.055 8.843 0.1383 0.9969

5.81 1.7 1.5 0.219 8.956 0.1336 0.9997

y,=0.115 before adding water, 1-3 cm’h of Q,, w,=1.5 g, and 60 °C.
Because concentrations of CO, and water vapor at the inlet of the
column depended on Q, andQ,, Q, being fed into the micro syringe
were controlled by using the mass balance for three components.
The measured values of breakthrough curves of CO, were plotted
against sorption time with parameters of Q, andQ,, as various sym-
bols in Fig. 1.

As shown in Fig. 1, a shift of breakthrough curves to smaller times
was observed with an increased Q,, with a decrease in sorption ca-
pacity, indicating that the sorption conversion decreases as the space-
time of the gaseous mixtures in the fixed bed, i.e., the sorption time
decreases. Analysis of the experimental breakthrough data by a non-
linear least squares technique was in agreement with Eq. (4). The
evaluated values of k and k; are listed in Table 1, and calculated
curves using Eq. (4) are shown in Fig. 1 as solid lines with a cor-
relation coeficient (*) of more than 0.993. As shown in Table 1,
the values of k and k, are nearly identical.

2. Effect of the Flow Rate of Water

To observe the effect of Q,, on the kinetics, the breakthrough curves
of CO, were measured in a range of 0.6-3.0 cm’/h of Q,, 5-34 cm’/
min of Q,, 0.03-0.22 of y,, w,=1.5 g, and 60 °C. Q, and y, were
adjusted according to the change of Q,, in order that the concentra-

1.0
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Fig. 2. Effect of the flow rate of water on the breakthrough curves
of CO, at w,=1.5 g and 60 °C.

tion of CO, at the inlet of the column may be the same as men-
tioned above. The measured values of breakthrough curves of CO,
were plotted against the sorption time with parameters of Q,, Q,
and y,, as various symbols in Fig. 2.

As shown in Fig. 2, the sorption capacity of CO, increases with
increasing Q,, indicating that the sorption conversion increases as
the concentration of reactant (water) increases. The values of k and
k, were evaluated with the same procedure mentioned above and
listed in Table 1. The calculated curves using Eq. (4) are shown in
Fig. 2 as solid lines with r* more than 0.992. As shown in Table 1,
the values of k and k, are nearly identical.

3. Dependence of the Kinetics on the Sorption Temperature

To determine the dependence of the kinetics on the sorption tem-
perature, the breakthrough curves of CO, were measured in the tem-
perature range between 50 and 80 °C at Q,=11.17 cm’/min, Q,=1.49
cm’/h, y,=0.115, and w,=1.5 g. The values of k and k, were eval-
uated from the analysis of the experimental breakthrough data by a
nonlinear least squares technique along the same procedure men-
tioned above, with the Arrhenius plots shown in Fig. 3 satisfying
the linear relationship.

Using the values of slope and intercept of these straight lines,
the activation energy of sorption and deactivation of Rb,CO; are
19.9 and 51.4 kJ/gmol, respectively, and the empirical equations
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Fig. 3. Arrhenius plots of k and k, at Q,=11.17 cm*/min, Q,=1.49
em’/h, and w,=1.5 g.
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Table 2. Selected sorption isotherms to fit the breakthrough data of CO, for comparison with the deactivation model

Adsorption isotherms

Mathematical representation

. . Parameters and correlation
Linearized forms

of adsorption isotherms coefficient (1)
: — 3
Langmuir ax L1 b a: 9.042x1 04
y:(1+bX) §:a_x+£ b=1.898x10
r=0.3858
Freundlich y=ax" In(y)=In(a)+bln(x) a=0.8007
b=0.1848
r=0.8573
Brunauer-Emmett-Teller < < a=-42.17
y=————— =a+bx b=312.7
(1-x)(a+bx) y(1-x) 2202217
Dubinin-Radushkevich-Kagener y=aexp[-bln*(x)] In(y)=In(a)—bln*(x) a=0.6383
b=0.0154
’=0.6283
Deactivation model (this study) x according to Eq. (7) k7=2.9708
y according to Eq. (8) k,=0.1337
"=0.9999
are as follows: 1.0 %)
LT
k=11.261exp(— %} 6)
os}
k,=1.457x 103exp(— %‘—T‘l) (©6) e
4. Comparison of the Proposed Models "‘g 06 Deactivation (fhis study)
Several equilibrium models [20,21], developed to describe sorp- = L1 Freundlich o
tion isotherm relationships, are useful for describing sorption capac- =2 Dubinin-Radush Kevich-Kagener
ity and theoretical evaluation of thermodynamic parameters, such as 2 o4 —~ Langmuir
heats of sorption. Sometimes, the experimental procedure to pre- > ]
pare the sorption isotherm relationships is very tedious and requires Separation factor = |
excessive time. Suyadal et al. [25] used the breakthrough data for Brunauer-Emmett-Teller
comparison of DM with sorption isotherms such as models listed 0.2
in Table 2 as follows:
The equilibrium concentrations between two phases, used to de- p
scribe sorption isotherm relationships, can be obtained by Eqs. (7) and D.GO > 0'2 0'4 0'6 O'B ”

(8), where a(t), x, and y are the dimensionless concentrations of CO,
in the breakthrough data, in the gas phase and solid phase, respectively:

[ a(tydt
x=-1 ™
jo a(t)dt
t—x[ a(t)dt
- ®

. j:dt—xj:a(t)dt

where X, and y are the dimensionless concentrations of CO, in the gas
phase through the sorption isotherm and solid phase, respectively:

As shown in Egs. (7) and (8), the ranges of x and y are between
0 and 1, respectively. The equilibriums for single-solute sorption
given in the literature [20,21] are frequently presented as dimen-
sionless concentration isotherms.

To compare the deactivation model with the equilibrium iso-
therms, the typical experimental conditions, indicated with the trian-
gle, in Fig. 2, were used as Q,=11.17 cnmr’/min, Q,=1.49 cm’h, y,=
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x (gas phase)

Fig. 4. Comparisons of the model in describing the experimental
breakthrough curve of CO, according to Table 2.

0.115, w,=1.5 g, and 60 °C. The values of a(t), obtained from the
breakthrough curves of CO,, x, and y, estimated by Eq. (7) and (8),
are shown in Fig. 4 and used to obtain the constants of a and b in
each model.

As shown in Table 2 and Fig. 4 the proposed deactivation model
fit the data with the highest r* of 0.9999, and the sorption of CO,
on the adsorbent might be favorable isotherms due to the separa-
tion factor being less than unity. The Brunauer-Emmett-Teller (BET)
model is an extended model of Langmuir and includes multi-layer
sorption phenomena. BET has a few assumptions: any given layer
need not be completed before subsequent layers can form, the first
layer of molecules adheres to the surface with a comparable energy
to the heat of sorption for monolayer attachment, and subsequent
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Fig. 5. SEM image patterns of the surface of the solid (a: Rb,CO;;
b: product of Rb,CO; carbonation).

layers are essentially condensation reactions [24]. Failure of the BET
model in the fitting with the experimental data in Fig. 5 may be
explained by the fact that the practical sorption situation between
the CO, and adsorbent used in this study may be different from that
of the BET model, and that the multi-layer sorption phenomena do
not occur in our study.

Fig. 5(a) shows the surface pattern (SEM) of anhydrous Rb,CO,,
the reactant for all of the experimental runs. A uniform pore struc-
ture of small size is observable in the material. Fig. 5(b) illustrates
the product formed during the typical reaction time of 45 minutes.

The surface pattern of the product is different from that of the re-
actant. The product could potentially consist of Rb,CO, and RbHCO;,
although we could not obtain the RbHCO; sample from a manu-
facturer. It can be concluded that the deactivation model with two
parameters can be used to analyze the breakthrough data of CO, in
the fixed bed because changes in the pore structure causes significant
variations in the carbonation rates and the reactivity of the reactant
from the results of Fig. 6.

CONCLUSIONS
The breakthrough data of CO, were measured in a fixed bed to

observe the sorption kinetics of CO, onto rubidium carbonate with
moisture under the following experimental conditions: flow rate of

gaseous mixture at 5-35 cm’/min, flow rate of water at 1-3 cm’/h,
amount of rubidium carbonate at 0.5-2 g, and sorption temperature
of 50-80°C. A high degree of correlation was achieved between
the deactivation model and the experimental breakthrough data in
the heterogeneous solid-gas reaction system with changes in the pore
structure and the reactivity of the solid reactant. The sorption rate
constant and the deactivation rate constant were evaluated by analy-
sis of the experimental breakthrough data using a nonlinear least
squares technique, and described as Arrhenius forms. The experi-
mental breakthrough data fit better to the deactivation model than
the sorption isotherm models in the literature.
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NOMENCLATURE
a : dimensionless concentration (C,/C,,) of CO, in the break-
through data
C, :concentration of species, i in bulk phase [kmol/m’]

: diameter of the adsorbent [m]

f,.. :porosity of the fixed bed

k : initial second-order sorption rate constant [m’/m’-min]

k, :deactivation rate constant at n=0 [1/min], or n=1 [m’*/kmol-
min]

: volumetric flow rate of gaseous mixture [m’/min]

: volumetric flow rate of water [m*/hr]

: correlation coefficient

: vacant surface area of the adsorbent [m’]

: sorption time [min]

: sorption temperature [K]

: amount of the adsorbent [kg]

: dimensionless concentrations of CO, in the gas phase through
the sorption isotherm

y : dimensionless concentrations of CO, in the solid phase through

the sorption isotherm
y, :mole fraction of CO, in feed gas mixture
y: :mole fraction of CO, with moisture free in feed gas mixture

R R ey

°

>

Greek Letters

o :activity of the adsorbent
0  :density of the adsorbent [kg/m’]
T : surface time as initial vacant surface area of the adsorbent
to Q, [min/m]
Subscripts
A :CO,
o : initial value
W :moisture
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