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Diffusion Mechanism of Carbon Dioxide in Zeolite 4A and CaX Pellets
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Abstract. The adsorption kinetics and equilibria of CO, in commercial zeolite 4A and CaX pellets were theoreti-
cally and experimentally studied by a gravimetric method in the range of 273-313 K and 0.0-0.8 atm. The diffusion
mechanism of an adsorbate into a pellet is composed of micropore and macropore diffusion due to the bidisperse
structure of the pellet. When one diffusion mechanism played a more important role than the other in determining
the overall diffusion rate, the diffusion rate was estimated by the nonisothermal monodisperse diffusion model
(NMDM). However, when the combined effects of both mechanisms controlled the overall adsorption kinetics, the
experimental uptake was analyzed by the nonisothermal bidisperse diffusion model (NBDM). The CO, diffusion in
zeolite 4A pellets was controlled by micropore diffusion within the experimental pressure and temperature ranges.
However, both macropore and micropore diffusion contributed to CO; diffusion in the zeolite CaX pellet. The overall
CO, diffusion rate in zeolite CaX became faster as pressure increased mainly due to its highly favorable isotherm
in the zeolite CaX. The micropore diffusion time constant of CO; in the zeolite CaX pellet was approximately one
hundred times greater than that in the zeolite 4A pellet. In addition, the activation energy of micropore diffusion of
CO, diffusion in the zeolite CaX pellet was smaller than that in the zeolite 4A pellet. In this study, the dimensionless
parameter, y, indicating the relative importance of macropore and micropore diffusion, was modified to consider
non-zero coverage as an initial condition for each step in the gravimetric method. When y is greater than 100, the
overall adsorption rate is controlled by macropore diffusion. However, in cases where y is less than 0.1, micropore
diffusion is the dominant mechanism in the overall adsorption rate. In the case of a system with y between these
values, both macropore and micropore diffusion contributed to the overall diffusion rate.
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Introduction

Pelletized zeolites have an explicit bidisperse distri-
bution of pores because they are produced by the
consolidation of crystals with the binders. In the ze-
olite pellet, the following diffusion resistances play a
key role in the adsorption kinetics: micropore diffu-
sion, macropore diffusion, external film mass transfer
and heat transfer resistance. In general, the diffusion
rates of adsorption and desorption in the gas phase de-
pend on intraparticle diffusion rather than external film
resistance (Yucel and Ruthven, 1980a; Ruthven et al.,
1980). And it is assumed that there is no radial temper-
ature distribution in the pellet and the dominant heat
transfer resistance is in the external stagnant film of
the particle (Gray and Do, 1991).

The ratio of the micropore size to the kinetic diam-
eter of diffusing molecules is normally regarded as an
important factor affecting the diffusion rate. While the
diffusion rate in zeolite 5A crystal is much faster than
that in zeolite 4A crystal, the activation energy of mi-
cropore diffusion in zeolite SA crystal is smaller than
that in zeolite 4A crystal (Yucel and Ruthven, 1980b).
Furthermore, it was pointed out that the low diffusion
coefficient meant the great resistance of the diffusion
as well as the higher energy barriers for molecules (Ma
and Mancel, 1972).

The larger the size of the crystal becomes, the ad-
sorption kinetics become closer to isothermal behavior
because the nonisothermality does not depend on the
diffusivity, D, but rather the diffusion time constant,
D/R? (Yucel and Ruthven, 1980b; Ruthven etal., 1980).
Ruthven and co-workers studied the diffusion mecha-
nisms of CO; in zeolite 4A and 5A crystals by using
two different crystal sizes and varying amounts of ad-
sorbents (Yucel and Ruthven, 1980b; Ruthven et al.,
1980). The CO, diffusion in zeolite 4A crystal was
controlled by intracrystalline diffusion and resembled
isothermal behavior, while the CO, diffusion in zeolite
5A crystal showed nonisothermal behavior and was
controlled by external heat transfer. They also showed
that a similar value of heat transfer coefficient, h, could
be obtained from the nonlinear regression of the ex-
perimental uptake curve regardless of pressure range
if the adsorbent beds with similar crystal size and bed
configuration were used.

The adsorption rates in crystal and pellet have been
measured by a gravimetric method, ZLC, chromatog-
raphy, frequency response, and NMR (Ruthven and
Xu, 1993; Yucel and Ruthven, 1980b; Ruthven, 1993).

Meanwhile, the chromatographic method has been
used for the rate measurement in the commercial zeolite
pellet (Haq and Ruthven, 1986a, 1986b). The theoreti-
cal analysis of the chromatographic method depended
on the moment method with an axial dispersion and
an assumption of isothermal adsorption. However, the
isothermal assumption was suitable only for the adsorp-
tion at a high temperature and a low adsorbate concen-
tration (Ma and Mancel, 1972). Since the CO, adsorp-
tions in zeolite 4A and SA pellets have relatively great
heat of adsorption, it is hard to assume that it would be
isothermal at the ambient temperature. Therefore, the
reported kinetic information on the CO, diffusions in
zeolite 4A and 5A pellets was limited within the very
high temperature range (more than 500 K) (Haq and
Ruthven, 1986a, 1986b).

Recently, it is remarkable that the ZLC technique
has been applied to the measurement of adsorption rate
from the zeolite crystal to the zeolite pellet. Brandani
(1996) and Silva and Rodrigues (1996) suggested the
analytical solution for the ZLC desorption curve in
the biporous adsorbent like zeolite pellet. Furthermore,
a nonisothermal simple model was developed for the
analysis of ZLC experiments considering the heat ef-
fect (Silva et al., 2001). In addition, adsorption rates
of various hydrocarbons in several zeolite pellets were
measured using a ZLC technique and dominant diffu-
sion mechanisms were elucidated in the systems (Silva
et al., 1997; Da Silva et al., 1999).

Ruthven and Xu (1993) pointed out that the macro-
pore diffusion resistance was dominant in the N, dif-
fusion in the commercial zeolite SA pellet by between
the apparent diffusion time constants in pellets of two
different sizes. Recently, the macropore diffusion con-
trol of the N, diffusion in the zeolite SA pellet was
confirmed by Ahn et al. (2002). Furthermore, they pre-
sented the diffusion mechanisms of N, and CHy in ze-
olite 4A, 5A and CaX pellets by using the gravimetric
method. It was also reported that the diffusion rate of
CO; in the commercial zeolite 4 A pellet was controlled
by micropore diffusion (Haq and Ruthven, 1986a).

In this study, the diffusion mechanisms of CO; in
commercial zeolite 4A and CaX pellets were com-
pared theoretically and experimentally in the range of
0.0-0.8 atm and 273-313 K. The apparent diffusiv-
ity was obtained by matching the experimental up-
take curves to nonisothermal monodisperse diffusion
model (NMDM). From the comparison of the appar-
ent diffusion time constants in pellets of two differ-
ent sizes, it was possible to estimate which diffusion
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mechanism would be more dominant. When both
macropore and micropore diffusions contributed to
overall diffusion rate, nonisothermal bidisperse diffu-
sion model (NBDM) developed in this study was ap-
plied to the analysis of the uptake curve. The dimen-
sionless parameter, y, which expresses the relative im-
portance of macropore and micropore diffusions in the
zeolite pellet, was applied to the determination of dom-
inant diffusion mechanism in a stepwise gravimetric
method. By comparing the pre-determined dominant
diffusion mechanism with the value of y, the range of
y relating to each dominant diffusion mechanism was
determined.

Mathematical Model

The general assumptions for NMDM and NBDM in
pellet are as follows (Ruthven et al., 1980; Gray and
Do, 1991):

e The resistance controlling the adsorption dynamics
is not external film mass transfer but intraparticle dif-
fusion such as macropore and micropore diffusions.

o Since the thermal conduction inside an individual
particle and the heat transfer between the particles
are very rapid, the only significant heat transfer resis-
tance exists in the external film of the zeolite pellet.

e The crystal and the pellet are spherical.

e The equilibrium relations are linear in the experi-
mental range of a differential pressure change.

Nonisothermal Monodisperse Diffusion Model
(NMDM)

When either macropore or micropore diffusions domi-
nates overall mass diffusion rate in pellet, the diffusivity
can be estimated by nonlinear regression of analytical
solution derived from NMDM (Ruthven et al., 1980;
Ahn et al., 2002).

With the above-mentioned general assumptions, ad-
ditional assumptions relating to NMDM are as follows:

e Only one of both micropore and macropore diffusion
resistances is considered as overall diffusion resis-
tance.

e The diffusivity in macropore or micropore is as-
sumed constant in an uptake experiment because
the pressure change at each experiment is very
small.

When macropore diffusion resistance is negligible in
overall diffusion rate, main diffusion resistance in pellet
is related to mass transfer in crystal and heat transfer
in external film. The analytical solution to governing
equations of diffusion in crystal with a differential step
change of concentration is as follows (Ruthven et al.,
1980):
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The corresponding temperature variation in crystal is
as follows:

S,
ge —qi \OT
—Z =3[(pu cot p—1)/ py] exp (=i Det / R7)

1/B +3/2[ py cot p,(py cot p,—1)/ p2 + 1]
2)

where p,, is given by the roots of the following equation.
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The parameter ¢ means the relative magnitude be-
tween heat transfer time constant and mass transfer
time constant, and § indicates the magnitude of the
heat effect in an uptake by means of both the heat of
adsorption and the variation of equilibrium concentra-
tion with temperature. In the case of either « — oo or
B — 0, Egs. (1)-(3) represent isothermal behavior. On
the contrary, under the condition of ¢ — O or § — o0,
the diffusion behavior is controlled by the heat transfer
rate rather than the mass transfer rate.

When macropore diffusion is more dominant as a
rate-controlling step than micropore diffusion, the an-
alytical solutions are the same as Eqs. (1)-(4) only
if D, is substituted for D. and R, for R, (Ruthven
et al., 1980).

In estimating the parameters in Eqgs. (1)-(4), the
number of parameters to be determined should be min-
imized. While the driving force of the diffusion was
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concentration difference in the initial part of the up-
take curve, the latter part of the uptake curve was totally
controlled by the heat transfer between the adsorbent
and the surrounding. Therefore, the limiting case of a
complete heat transfer control was applied to the latter
part of the uptake curve in order to determine the value
of ha/pC,s in Eq. (4). Also, the value of 8 could be
calculated from the slope of the isobar and the heat of
adsorption. Finally, the value of D/R? could be found
by matching the experimental uptake curve to Eq. (1).

Nonisothermal Bidisperse Diffusion Model (NBDM)

When both macropore and micropore diffusions con-
tribute to overall mass transfer rate, the theoretical up-
take curve can be obtained from NBDM. Gray and Do
(1991) developed NBDM for the study of adsorption ki-
netics in the differential adsorption bed (DAB) packed
with activated carbon. In general, while the surface dif-
fusion in the macropore should be considered in study-
ing the diffusion in the activated carbon, it could be
neglected in the study of zeolitic diffusion (Do, 1998).

In addition to the above general assumptions, this
model needs to include the following additional as-
sumptions.

e The adsorption dynamics are affected by both macro-
pore and micropore diffusions.

e The macropore and micropore diffusivities are in-
dependent of the adsorbate concentration within the
differential pressure change, but they vary with tem-
perature.

e The adsorbed amount in the entrance of the micro-
pore is determined by the equilibrium adsorption
amount at the adsorbate concentration in the macro-
pore.

Given these assumptions, the mass balance for crystal
is as follows:
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The boundary conditions for Eq. (5) are given by

aC,
orc

-0 (62)

Cesb(T,)C),

= (6b)
1+ b(T,)C,

rC:RCv Cc

The mass balance for the pellet is represented by the

following equation:
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The boundary conditions for Eq. (7) are as follows:
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where C. is the volume-average crystal concentration
at the radial position in the pellet, r,, and it is given

by

R
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The heat balance over the pellet is as follows:
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where the accumulation term in the crystal can be
equated with the flux at the surface of the crystal:
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The value of the external film mass transfer coeffi-
cient, k,,, was calculated by using the postulation that
Sherwood number is equal to 2 in stagnant gas phase
(Wakao and Kaguei, 1982). The coupled partial dif-
ferential equations were converted into the dimension-
less form and were reduced to the ordinary differential
equations by using orthogonal collocation technique.
The detailed procedure of the numerical method is ex-
plained in the Appendix.

Dimensionless Parameter, y

Do (1998) defines the dimensionless parameter, y,
to evaluate the relative importance of micropore and
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macropore diffusions in the study of the adsorption ki-
netics by the DAB. If the value of y is much greater
than 1, the diffusion in zeolite pellet is controlled by
the macropore diffusion. On the contrary, in the case
of y « 1, the diffusion approaches the micropore dif-
fusion control. Both diffusion mechanisms are compa-
rable if y is close to 1.

Since the pressure in the DAB was increased from
0 atm to an arbitrary pressure, the zero coverage in the
adsorbed phase was assumed as an initial condition.
However, to apply NBDM to an experimental uptake
obtained from the stepwise gravimetric method in this
study, the Do’s model should be modified to allow for
non-zero coverage as an initial condition as follows:

Equation (7) was converted into the following equa-

tion:
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Equation (12) was converted into the following form:
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Because the equilibrium relation is assumed to be
linear in the range of the pressure change, the slope of
the isotherm in Eq. (13) was expressed as follows:

aéc Cce - Cci
( ) — e T T (14)
aC) Ci—C, Cpe = Cpi

Since the mass balance equation derived for the dif-
fusion in pellet, Eq. (13), was similar to that in crys-
tal, Eq. (5), the following dimensionless form, y, was
applied to the criterion of the relative importance of
macropore and micropore diffusions. The diffusion
time constant, D /Rz, was used in order to neglect the
effect of the diffusion length on the diffusion rate.

D
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Dependence of Diffusivity on Concentration
and Temperature

The dependence of micropore diffusion time constant
on fractional coverage can be expressed by Darken
equation with Langmuir and Langmuir-Freundlich
(L-F) isotherms, respectively.

Dci _ DcO 1 _ i
R} RE(1-0) g
qsbP (162)
9= ji—bP Langmuir isotherm
Dci DCO n
R-Ra-0 T4
c LbPl/” ‘ (16b)
q= I i L-F isotherm
1+bPln

where 6 is fractional coverage and D,/ R? is corrected
micropore diffusion time constant.

Also, effective macropore diffusivity, D,, has the
following relations with the macropore diffusivity, D,.

eD,(T,)

(8 + (1 - 8)(Cce - Cci)/(Cpe - Cpi))
= 01D,(T)) a7

De(Tp) =

In the single component system, the macropore dif-
fusion takes place by Knudsen diffusion and Poiseuille
flow (Scott and Dullien, 1962; Kirger and Ruthven,
1992).

1
Dp(Tp) = ;(DK(T[)) + DPoiseulle(Tp)) (18)
where the Poiseuille diffusivity can be estimated by

Dpoiseuilie = paveyz/gn (19)

The pave in Eq. (19) means the average pressure of
the initial and equilibrated pressure in each pressure
step.

Since the micropore diffusivity depends on pres-
sure according to Eq. (16), the corrected diffusion time
constant, D.o/R?, was used in comparing among the
diffusivities measured at different temperatures. The
activation energy of micropore diffusion, E, can be de-
rived from Eyring equation as follows:

Doy Do —E
w = o0 (ar) @0)

where Do,/ R? refers to the pre-exponential factor.
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Experiment

The adsorbents used in the study were pelletized zeo-
lite 4A and zeolite X type ion-exchanged by Ca which
contains 11.51 wt% of CaO and 3.63 wt% of Na,O.
The detailed characteristics of the adsorbents are shown
in Table 1. The adsorbate was CO, with higher than
99.99% purity.

The kinetics and equilibrium of adsorption were
measured by the gravimetric method using electrobal-
ance (Cahn, 2000). The adsorbents were thermally re-
generated in a furnace at 513 K for 48 hours. About
50 mg of adsorbent was put into the basket in the hang-
down tube of the electrobalance. The basket was made
of aluminum mesh in order to make it easy to emit
the heat of adsorption into the gas phase. The adsor-
bents in the container were regenerated for more than
7 hours at 513 K in vacuum conditions. The system was
evacuated to the extent of less than 10~ mmHg by the
vacuum pump and diffusion pump before the experi-
ment. A mercury manometer was used to measure the
pressure of the adsorbate in the system. A circulating
thermostat (Jeiotech Co., Rec-11) was set up in order
to keep the temperature of the system constant.

Table 1. Characteristics of adsorbents.
Adsorbents
Properties Zeolite 4A  Zeolite CaX  Unit
Producer UOP Co. Baylith
(WE-G 639)
Average pellet diameter 3.327 3.600 mm
Bulk density (pp) 0.720 0.680 glem?
Pellet density (pp) 1.09 1.10 glem®
Macropore porosity (¢p)* 0.34 0.31 -
Average macropore 2000 782 A
diameter (dp)*
Micropore diameter** 3.6-4.0 8.0-9.0 A
Heat capacity (Cps) 0.84 0.92 J/g-K

*These values were obtained from mercury porosimeter.
**These values were obtained from Barrer (1978).

The adsorbate was supplied to the system by the fine
valve within a short time (less than 0.5 second). The
pressure of the adsorbate was increased in a stepwise
manner from 0 atm to 0.8 atm and the uptake curve was
measured at each pressure range as shown in Fig. 1.
The step increase of the pressure in the system was
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The measurement of the uptake curve by stepwise pressure increase in the gravimetric method.
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sustained within the range of 50—-60 mmHg to ensure
the assumption that the equilibrium relation is linear
within the pressure variation. In order to prevent the
system from being contaminated by the pollutant, the
system was rinsed with He for more than 2 hours after
finishing each experiment.

Results and Discussions
Adsorption Equilibrium
In Fig. 2, the equilibrium isotherms of CO, in zeo-

lite 4A and CaX pellets are shown in the range of
273-313 K and 0.0-0.8 atm. While the equilibrium

®  Expt. at 273.15K

: B Expt. at 283.15K

L E A Expt.at293.15K

3 v  Expt. at 303.15K
—— L-F model

--------- Langmuir model
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Figure 2. Equilibrium isotherms of CO; on (a) zeolite 4A and (b)
zeolite CaX.

Table 2. Values of isotherm parameters at various temperatures.

1/n (=)

Temp. (K) qs (mol/kg) b (1/atm)

CO; in zeolite 4A—Langmuir-Freudlich isotherm

273 5.059 2.043 0.162
283 5.051 1.901 0.221
293 5.041 1.790 0.257
303 5.020 1.703 0.301
CO3, in zeolite CaX—Langmuir isotherm

273 3.242 24.94

293 3.129 14.16

313 2972 8.887

isotherms of CO; in zeolite 4A pellet was well fitted by
L-F isotherm, they showed a significant deviation from
Langmuir isotherm in Fig. 2(a). This implies that the
adsorption energy of CO; in zeolite 4A pellet is not uni-
form. However, the CO, adsorption in the zeolite CaX
pellet was relatively well fitted by Langmuir isotherm
as well as by L-F isotherm as shown in Fig. 2(b). The
values of the isotherm parameters are listed in Table 2.
As the parameter n in the L-F isotherm became greater,
the isotherm became closer to irreversible isotherm
type.

The heat of adsorption for the CO,/4A system was
fixed to be 22 kJ/mol referring to the published ones
(Yucel and Ruthven, 1980b; Haq and Ruthven, 1986a).
In case of the CO,/CaX system, the initial heat of ad-
sorption was reported to be 50.5kJ/mol (Brandani et al.,
2003). Therefore, it seems that the average heat of ad-
sorption in the pressure range of 0.0-0.8atm should be a
little lower than 50.5kJ/mol. In this study, we assumed
that the heat of adsorption for the CO,/CaX system
would be 45 kJ/mol.

Controlling Mechanism of Diffusion Rate

The diffusion rate in the zeolite pellet was affected
not only by micropore diffusion in the zeolite crystal
but also by the diffusion in the macropore formed in
pelletization. Since the size of the macropore is much
greater than that of the micropore, the macropore dif-
fusion is generally much faster than the micropore dif-
fusion. However, since the radius of the crystal, that is
the diffusion length of the crystal (R,), is very short
compared with that of the pellet (R,), the difference in
the diffusion length between crystal and pellet may be
comparable to the difference of diffusivities of crystal
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and pellet. As the crystal becomes smaller or the pel-
let becomes larger, the system increasingly approaches
macropore diffusion control. Therefore, diffusion time
constant (D/ R?) can be the rational criterion for esti-
mating the relative importance of macropore and mi-
cropore diffusions (Ruthven and Xu, 1993; Ahn et al.,
2002). Also, in the case of an irreversible or very strong
favorable isotherm like the CO, isotherm in zeolites, a
strong affinity between adsorbent and diffusing agent
can make the macropore diffusion much slower at low
pressure range. This can be explained by the increase
of y in Eq. (15).

In this study, the uptake curves for pellets of two
different sizes were experimentally measured in the
CO,/4A and CO,/CaX systems at the same tempera-
ture and pressure ranges. Then, the apparent diffusion
time constant (D, / R?) was estimated by matching the
experimental uptake curve to the analytical solution of
NMDM. And the results were presented in Fig. 3.

While the diffusion length of micropore doesn’t vary
with the pellet size on the assumption that the average
size of the zeolite crystal (R,) in the pellet is constant,
the diffusion length of macropore varies with the size
of zeolite pellet (R ). Therefore, if the micropore diffu-
sion were the controlling step of overall diffusion rate,
the diffusion time constants would not vary with the
size change of the pellet. As shown in Fig. 3(a), the ap-
parent diffusion time constants in the CO,/4A system
were constant regardless of the variation of the size of
the pellet. The results indicated that the size of the pel-
let, that is the diffusion length of the pellet, did not have
any effect on the overall diffusion rate. Therefore, the
radius in the apparent diffusion time constant obtained
from NMDM could be expected to be the radius of the
crystal.

However, the CO,/CaX system in Fig. 3(b) showed
different tendency from the CO,/4A system. The ap-
parent diffusion time constant in a small pellet was
greater than that in a large pellet. If the apparent dif-
fusion time constant in the small pellet corresponded
to that in the large pellet multiplied by the ratio of the
square of the radius of each pellet, the dominant diffu-
sion mechanism would be macropore diffusion and the
radius in the apparent diffusion time constant obtained
from NMDM would be the pellet radius. However, in
the whole experimental range of pressure, the apparent
diffusion time constants in the small pellet were not
as great as the product of the apparent diffusion time
constant in the large pellet and the ratio of square of the
radius of each pellet. This means that both the macrop-
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Figure 3. Comparison of apparent diffusion time constants for CO;
diffusion in different size pellets at 283 K: (a) zeolite 4A and (b)
zeolite CaX.

ore and micropore diffusions contributed to the overall
diffusion rate in the CO,/CaX system. In this case, the
apparent diffusion time constant obtained from NMDM
could not be defined by either the effective macropore
or micropore diffusion time constant and it was only
a lumped value showing the combined effect of the
macropore and micropore diffusions. Therefore, in this
case, the diffusivity should be estimated by nonisother-
mal bidisperse adsorption model (NBDM).

Diffusion Mechanism in CO,/4A System

The representative uptake curves for the CO,/4A sys-
tem measured at two different pressure ranges are
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Figure 4. Comparing the simulations between nonisothermal model (NMDM) and isothermal model for the uptake curves of the CO,/4A

system.

presented in Fig. 4. As mentioned in Fig. 3, the non-
isothermal monodisperse diffusion model (NMDM)
was applied to the experimental data and its simulation
result was compared with the result from the isothermal
model. At low pressure range (0.0243-0.0421 atm),
the prediction of isothermal model was in a good
agreement with that of nonisothermal model. There-
fore, at low pressure, the CO, molecules diffuse into
the zeolite 4A pellet under the near-isothermal con-
dition because the micropore diffusion time constant
was very low although the adsorption amount was rel-
atively large. However, at relatively high pressure range
(0.513-0.602 atm) in Fig. 4(a), there was not a lit-
tle difference between the predictions of nonisother-
mal and isothermal models. It means that as the mi-
cropore diffusion became faster with an increase of
pressure, the dynamics of the CO, diffusion in the
zeolite 4A pellet was close to nonisothermal behav-
ior. Therefore, the temperature increase in the pel-

let was greater at the high pressure range (0.513-
0.602 atm) than at the low pressure range (0.0243—
0.0421 atm) in Fig. 4(b) although the change of ad-
sorbed amount at the high pressure range was less
than that at the low pressure range as shown in
Fig. 2.

As a result, the dynamics of the CO, diffusion in
the zeolite 4A pellet could be predicted not by an
isothermal model but by the nonisothermal model like
NMDM. However, it was reported that the CO, dif-
fusion in zeolite 4A crystal bed showed an isothermal
behavior but the CO, diffusion in zeolite SA crystal
bed was close to a nonisothermal behavior because the
CO, diffusion in zeolite 4A crystal is slower than that
in zeolite SA crystal (Ruthven et al., 1980). This dif-
ference between this study and the reference can be ex-
plained in terms of the heat transfer parameter, ha/C ;.
The average value of ha/C,p, for the CO, diffusion
in zeolite 4A pellet at each temperature are listed in
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Table 3. Diffusional properties for micropore diffusion.

Temperature ave. ha/Cps 0, Do/ R? D/ R?

(K) (1/sec) (1/sec) (1/sec) E (kJ/mol)
CO; in zeolite 4A

273 7721 x 1073 3.642x 1075 1.892 24.57

283 7.812x 1073 5.662 x 1075

293 8.255x 1073 7.940 x 107°

303 8.964 x 1073 1.099 x 10~

Temperature (K)  Dco/R? (1/sec) Doo/R2 (1/sec) E (kJ/mol)

CO;, in zeolite CaX

273 3.742 x 1073 4.097 15.97
293 5.672 x 1073
313 8.936 x 1073

Table 3 and they are kept constant to be the order of
1073 s7! in this study. However, the reported average
value of ha/C s p, for the CO, diffusion in zeolite 4A
crystal bed was in the order of 1072 s~! (Ruthven et al.,
1980). It implies that it is more difficult to transfer the
generated heat of adsorption to the surroundings in the
zeolite pellet than in the crystal bed because the zeolite
crystals are packed more densely in the pellet than in
the crystal bed.

The corrected micropore diffusion time constant,
Do/ R?, was obtained from each temperature. Figure 5

102
= @ Exptat273.15K
(5]
2 6x10° | B Expt at 283.15K
= A Expt.at293.15K
95” 4x10°3 | v Expt.at 303.15K
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(based on L-F model)
2x10°

Micropore diffusion time constant,

2x10* £ 1 | 1 ]

0.3 0.4 0.5 0.6 0.7 0.8

Fractional saturation, 8 [-]

Figure 5. Coverage dependence of micropore diffusion time con-
stants (D../R?) for CO, diffusion in zeolite 4A.

compares the values of the micropore diffusion time
constant estimated by NMDM with the result fitted
by Darken equation, Eq. (16b), in the CO,/4A sys-
tem. As the uptake was measured at higher tempera-
ture, the micropore diffusion time constant clearly had
an increasing tendency. Furthermore, since the equi-
librium isotherm was highly favorable, the micropore
diffusion time constant increased with an increase of
fractional saturation or pressure according to Darken
equation. The values of the corrected micropore dif-
fusion constant at different temperatures are listed in
Table 3.

Diffusion Mechanism in CO,/CaX System

Figure 6 shows the uptake curves at different tempera-
tures and low pressure in the CO,/CaX system. A non-
isothermal model considering dual diffusion should be
applied to the analysis of the experimental uptake curve
because both micropore and macropore diffusions con-
tribute to the overall diffusion rate in the CO,/CaX sys-
tem as shown in Fig. 3. Therefore, the theoretical uptake
curve and the corresponding temperature variation was
simulated using NBDM. While the external heat trans-
fer coefficient, h, in NMDM was estimated from the
value of ha/C,,p, by matching the experimental data
to the mathematical model, the extermal heat transfer
coefficient should be known as an input parameter in
the NBDM. In general, the external heat transfer co-
efficient is assumed to be constant within the small
ranges of pressure and temperature if the amount and
the configuration of sample were not changed. There-
fore, it was assumed that the value of the external heat
transfer coefficient in the CO,/CaX system would be
nearly the same as that in the CO,/4A system. The tor-
tuosity factor of the zeolite CaX pellet was assumed to
be 5 and the macropore diffusivity was estimated from
the Knudsen diffusivity and Poiseuille flow according
to Eq. (18). Therefore, in this system, the micropore
diffusion time constant, D,/ Rf, the only unknown pa-
rameter, was estimated by matching the experimental
uptake curves to NBDM.

Comparing the diffusion rates obtained at the condi-
tion of different temperature and similar pressure, the
micropore and macropore diffusivities were larger at
high temperature than at low temperature as shown in
Fig. 6. Even if the macropore diffusivity did not show
any significant variation in the narrow range of temper-
ature, the effective macropore diffusivity, D.(= o1D},),
would have a stronger dependency on the temperature
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Figure 6.

(a) Experimental uptake curves of CO; in zeolite CaX at different temperatures and similar pressure and the predicted transient

uptake using NBDM and (b) the theoretical temperature profiles in solid phase.

than the macropore diffusivity due to some change of
the slope of the isotherm with temperature.

Figure 7 shows the experimental uptake curves at
different pressure ranges and 273 K in the CO,/CaX
system. Also, the theoretical uptake curves and the
temperature variations predicted by NBDM were pre-
sented. While the macropore diffusivity did not show
any significant variation with pressure, the values of
o; and D,/ R; increased steeply with an increase of
pressure due to the strong favorable isotherm of the
CO,/CaX system. In addition, in the pressure range of
over 0.5 atm, the fractional uptake showed an abrupt
increase at the initial period, and then the diffusion rate
mainly depended on the heat transfer rate from the ad-
sorbent to the surroundings. The degree of the temper-
ature increase in the pellet depended on the variation
of the adsorbed amount rather than that of the diffu-
sion rate as shown in Fig. 7(b). However, although the

variation of the adsorbed amount at 0.0-0.055 atm was
about 10 times greater than that at 0.117-0.176 atm,
the temperature increase during the uptakes at 0.0-
0.055 atm was less than 5 times greater than that at
0.117-0.176 atm. It implied that both macropore and
micropore diffusion rates affected the temperature in-
crease in the pellet to some extent.

Dimensionless Parameter, v, in Controlling
Mechanism of Diffusion Rate

The relative importance of the micropore and macro-
pore diffusions in the CO,/4A and CO,/CaX systems
was evaluated using the dimensionless parameter, y,
which was modified according to an initial condition
of non-zero coverage in Eq. (15).

Figure 8 shows the variation of y with pressure
at different temperatures in the CO,/4A system. The
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Figure 7.
NBDM and (b) the theoretical temperature profiles in solid phase.

macropore diffusivity was calculated assuming that the
tortuosity of zeolite 4A pellet would be 4. When the
value of y is much less than unity, the micropore diffu-
sion dominates the overall diffusion mechanism (Do,
1998). As the pressure increased, the value of y de-
creased from about 0.1 at very low pressure to the order
of 103 at about 0.8 atm as shown in Fig. 8. Judging
from the result on the comparison of apparent diffu-
sion time constants in pellets of two different sizes in
Fig. 3(a), this range of y implied micropore diffusion
control.

As the pressure increased, the micropore diffusion
time constant increased slightly according to Darken
equation and the macropore diffusion time constant in-
creased moderately due to the Poiseuille flow. How-
ever, o showed a steep increase with an increase
of pressure, especially at the low pressure region,
due to the very strong favorable isotherm of CO,
adsorption in the zeolite 4A. Therefore, after the y

Time [sec]

(a) Experimental uptake curves of CO; in zeolite CaX at different pressures and 273 K and the predicted transient uptake using

showed a steep decrease with an increase of pres-
sure at the low pressure range, it decreased gradu-
ally with an increase of pressure. Also, the increase
of y with an increase of temperature could be ex-
plained by the decrease in the slope of the isotherm with
temperature.

However, in Fig. 9, the o) in the CO,/CaX sys-
tem increased smoothly with an increase of pressure
compared with that in the CO,/4A system. As a re-
sult, the decrease of y with an increase of pressure in
the CO,/CaX system was smoother than that in the
CO,/4A system. The value of y varied from a lit-
tle higher than 10 at very low pressure to the order
of 1 at about 0.8 atm. This range of y indicated that
both macropore and micropore diffusions contributed
to the overall diffusion rate according to the result in
Fig. 3(b). This result agreed well to Do’s suggestion
(1998) that y =~ 1 meant the contribution of both
diffusions.
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Activation Energy of Micropore Diffusion

Figure 10 shows Arrhenius plots for both the cor-
rected micropore diffusion time constant and the mi-
cropore diffusivity obtained from Darken equation. The
pre-exponential factor, Do,/ R?, and the activation en-
ergy of micropore diffusion, E, were estimated from the
Arrhenius plot in Fig. 10(a) and the values are listed
in Table 3. The activation energy of the micropore dif-
fusion was lower in the CO,/CaX system than in the
CO,/4A system. This difference between the activation
energies of two systems coincided with the result that
the micropore diffusion rate in the CO,/CaX system
was faster than that in the CO,/4A system. And the
difference in the activation energy seemed to be asso-
ciated with the difference of the micropore size of two
adsorbents. Also, the activation energy in the CO,/4A
system was estimated to be similar to its heat of ad-

sorption because the micropore diffusion played a key
role in the overall diffusion mechanism in the CO,/4A
system.

The corrected micropore diffusivity was calculated
from the corrected micropore diffusion time con-
stant assuming the crystal radius of UOP 4A pellet
would be approximately 1.95 pum (Ruthven, 2001).
The corrected micropore diffusivity was in the order
of 107!% cm?/s in the experimental range of temper-
ature. In Fig. 10(b), the corrected micropore diffusiv-
ity of CO, on UOP 4A pellet was slightly less than
that on Synthesized 4A crystal and greater than that on
Linde 4A pellet (Yucel and Ruthven, 1980b; Haq and
Ruthven, 1986a). Furthermore, the activation energy
of CO, on UOP 4A pellet was estimated to be about
24.57 kJ/mol, which was very similar to 20.5 kJ/mol
for Linde 4A pellet and 23 kJ/mol for Synthesized 4A
crystal.
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Conclusion

In this study, the diffusion mechanisms of CO, on
commercial zeolite 4A and CaX pellets were theoreti-
cally and experimentally compared in the range of 0.0—
0.8 atm and 273-313 K.

The apparent diffusion time constant was ob-
tained by matching experimental uptake curve to non-
isothermal monodisperse diffusion model (NMDM).
However, it could not be determined to be either
macropore or micropore diffusion before examin-
ing which diffusion mechanism dominates the over-
all diffusion rate. The dominant diffusion mecha-
nism was determined by comparing the apparent
diffusion time constants in pellets of two different
sizes. Within the experimental pressure and temper-
ature ranges in this study, the CO, diffusion in ze-
olite 4A pellet was controlled by the micropore dif-
fusion and in case of the CO, diffusion in the ze-
olite CaX pellet, however, the overall diffusion rate
was affected by both micropore and macropore dif-
fusions. Therefore, the CO, diffusion in the zeo-
lite CaX pellet should be studied using nonisother-
mal bidisperse diffusion model (NBDM) in which
the coupled partial differential equations were nu-
merically solved using the orthogonal collocation
technique.

The micropore diffusion time constant in the
CO,/CaX system was approximately 100 times greater
than that in the CO,/4A system. Furthermore, the dif-
fusion rates in the CO,/4A and CO,/CaX systems be-
came faster with an increase of pressure owing to its
strong favorable isotherm and they showed increasing
tendency with an increase of temperature.

The modified dimensionless parameter, y, consid-
ering non-zero coverage as an initial condition, gave
the criterion for the relative importance of the micro-
pore diffusion and the effective macropore diffusion
in zeolite pellet. The dominant diffusion mechanism
of overall diffusion rate could be determined accord-
ing to the value of modified y. y over around 100
implies that macropore diffusion is dominant, and y
less than around 0.1 indicates the micropore diffu-
sion control. In addition, y between 100 and 0.1 is
the realm in which both macropore and micropore dif-
fusions contribute to overall diffusion rate. Finally, the
activation energy of micropore diffusion was smaller
in the CO,/CaX system than in the CO,/4A system
because of the difference of micropore size of two
adsorbents.

Appendix

The dimensionless variables and parameters were de-
fined as

C,—C,i C, — Cy;
A=t P g, = 2 P
Cpg - C[,l‘ Cpe - Cpi (A])
A= CemCa 5 _C=Ca
Cce - Cci Cce - Cci
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Py TP TR
Xe = R_C’ A= bicpi
D)t
_— (eDpi) ; (A3)
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r= D, R2
Dci/Rg Dct/Rcz
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(A10)

Using the dimensionless groups and parameters, the
mass balance in the crystal was converted into the fol-
lowing equation:

0Ac _ 1 8 (504 AlD
e _ ,p_ w2 2e
P x29x. \U“ Ox,

with the following boundary conditions:

IA.
-0 (A12)

x. = 0;
0x,
1+A)BA
Ye=1; A.= (d+M1B4, (A13)
(1+1BA,)
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The mass balance in the pellet became

04, 9A. ol (2 am
o— +o =0— X, —
Yor T ot x28x, \" " dx,

with boundary conditions:

A dA,
x, =0, —L= =0 (A15)
0x, 0xp
9A
x, =1; QWP = Bi(A, — Apl1)  (A16)
p i1

and the heat balance in the pellet was reformed in the
dimensionless form as follows:

do, .
UIE +3LeBiyf, —o1(s + 1)

)x%zx,, =0 (A17)

Ap=1, 0,=0 (Al8)
Applying the x> = u to Eq. (A11), it was converted
into the following form:

94 6 PaA” +4yP A (A19)
= u
ot VT TV

Equation (10) was changed into the following dimen-
sionless form:

_ 3 !
A== / u'?A.du (A20)
2 Jo

where one extra interpolation point was added (say,
upy+1 =1). Therefore, o and B in the Jacobi polynomial
were determined to be 1 and 0.5, respectively. Also, the
numbers of the collocation point (N) for the crystal and
pellet were 5 and 11 except the boundary point. The
collocation point was determined by the position on
the x-axis where the Jacobi polynomial was zero. The
Lagrange interpolation polynomial passing through all
(N + 1) points was constructed as follows:

N+1

) =Y yilix) (A21)
i=1

The first and second derivatives of interpolation poly-
nomial were expressed as follows:

y"=Bm-y forcrystal (A22)
y"=Bp-y forpellet (A23)

y'=Am-y,
y'=Ap-y.
The mass balance in the crystal became:

A1)
ot

5
= 6yP(Z Am(i, )A()) + Am(, 6>Ac<6>>
-

5
+4y Pu(l’)(ZBm(i, DA)) + Bm(i, 6)Ac(6))

j=1

fori=1,2,...,5 (A24)

where the boundary condition was

(14+1)BA,

A(6) =
©="T7%Ba,

(A25)
Similarly, applying xi = v to Eq. (A14), the mass
balance in the pellet became

A1)
at

11
=60 ( Z Ap(i, DA(J) + Ap(, 12)Ap(12)>

o1

J=1

11
+ 4Qv(i)(ZBP(i, DAL+ Bp(, 12)Ap(12)>

j=1

6
—30y Py Am(6, A.(6) fori=1,2,.... 11

j=1
(A26)
where the boundary condition was
Bi(v(12) —v(11)Ap +20A (11
4,(12) = i(v(12) —v(1)Ap, +20A,(1) (A27)

20+ Bi(v(12) — v(11))

In summary, the coupled PDEs were reduced to sets
of ODEs by the orthogonal collocation method. The
resulting ODEs were integrated by the LSODE integra-
tion algorithm. The average values of transient concen-
tration obtained at the collocation point in both crystal
and pellet were calculated by the Radau quadrature.



Diffusion Mechanism of Carbon Dioxide in Zeolite 4A and CaX Pellets 127

Nomenclature

a External surface area per unit volume of the
zeolite pellet (1/cm)

b Isotherm parameter (1/atm)

Cyp Bulk gas phase concentration (mol/kg)

C. Micropore concentration (mol/kg)

C. Average concentration in the crystal
(mol/kg)

c, Macropore concentration (mol/kg)

Cps Heat capacity of the zeolite (kJ/g-K)

D Diffusivity (cm?/sec)

D/R? Diffusion time constant (1/sec)

D, Micropore diffusivity (cm?/sec)

D./R. Corrected micropore diffusion time con-
stant (1/sec)

D, Effective macropore diffusivity (cm?/sec)

Dk Knudsen diffusivity (cm?/sec)

Drpgiseune  Poiseuille diffusivity (cm?/sec)

D, Macropore diffusivity (cm?/sec)

Dy / RZ Pre-exponential factor (1/sec)

E Activation energy of micropore diffusion
(kJ/mol)

h External film heat transfer coefficient
(kJ/em?-sec-K)

K Henry constant, —

Koy Parameter in Eq. (20), —

ki External film mass transfer coefficient
(cm/s)

M Molecular weight (kg/mol)

n Isotherm parameter, —

P Pressure (atm)

q Adsorbed amount (mol/kg)

qs Saturated adsorbed amount (mol/kg)
re Radial distance of crystal (cm)

p Radial distance of pellet (cm)

R Gas constant (kJ/mol-K)
R, Crystal radius (cm)

R, Pellet radius (cm)

t Time (sec)

T, Pellet temperature (K)

—naH Isosteric heat of adsorption (kJ/mol)

Greek Letters

Dimensionless parameter defined by Eq. (4), —
Dimensionless parameter defined by Eq. (4). —
Macropore porosity, —

Macropore diameter (cm)

Gas viscosity (atm-sec)

SR ® ™K

6  Fractional coverage, —
p, Pellet density (g/cm?)
t  Tortuosity factor, —

Subscripts

e Equilibrium state
i Initial state
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