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A theoretical model comprising the processes of micropore, macropore and surface
diffusion was derived and applied to the dynamics of adsorption of CO, on a single
activated-carbon particle. The effects of a nonlinear isotherm (Langmuir), particle
nonisothermality and concentration dependence of the surface diffusivity were also
incorporated. The theoretical model was fitted to a preliminary set of adsorption
experimental data (two particle sizes, and various temperatures and concentrations)
to determine the diffusion coefficients. The validity of the theoretical model was
checked by using the model, with fitted diffusivities, to simulate dynamic adsorption
curves at conditions different from those of the preliminary fitting data set. These
model simulations were found to predict the experimental data in a satisfactory

manner.

Introduction

Knowledge of the adsorption of CO, on activated carbon is
of importance to the design and operation of current and
potential future processes. Many gas streams in oil refining,
iron/steel and natural gas industries contain significant
amounts of CO, that needs to be extracted economically. Con-
versely, in such applications as removal of SO, and NO, from
stack gases, CO, present in the flue gas can degrade the ability
of an adsorbent to remove the toxic species. In both of these
cases, where adsorption of CQ, is either desirable or undesir-
able, it is necessary to understand the fundamental interactions
occurring between CO, and the adsorbent. The objective of
this work is to describe effectively the dynamics of CO, sorp-
tion on activated carbon.

There has been extensive research on equilibrium adsorption
of CO, on activated carbon and coal (Gregg and Sing, 1982)
for the purpose of elucidating pore structure and surface area.
Very little quantitative information on the dynamics of CO,
adsorption on carbon particles, however, had been available
prior to the work of Andrieu and Smith (1980), who used a
bidisperse model of the carbon pore structure, allowing for
diffusional transport in the macropore and micropore regions,
which was coupled to the equations for a chromatographic
column. By using the moments technique, they matched their
model to experimentally-determined sorption of CO, on BPL
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activated carbon, thus extracting the macropore and micropore
diffusion coefficients and equilibrium constants over a range
of temperatures.

The model used by Andrieu and Smith assumed isothermal
adsorption conditions. However, it has been shown by Sircar
(1981) that, in such systems, sorption dynamics can be highly
nonisothermal under certain experimental conditions, partic-
ularly when adsorption is fast and heat transfer away from
the carbon particles is poor. The experimental arrangement
used by Sircar consisted of a bundle of carbon particles (BPL
and MSC V) suspended inside a volumetric apparatus, with
thermocouples embedded at different positions within the ad-
sorbent pile to measure the carbon temperature. This config-
uration was found to give adsorption dynamics that were totally
controlled by heat transfer through the particle external stag-
nant film, and attempting to model the data with an isothermal
pore diffusion mechanism gave misleading diffusion coeffi-
cients. Heat transfer resistance has also been found to affect
the values of diffusivities extracted with an isothermal model
for the system of CO, in 4A and 5A zeolite crystals, measured
in a vacuum gravimetric apparatus (Yucel and Ruthven, 1980).

In addition to the sorbate transport through the macropore
and micropore regions of activated carbon, it is possible for
gases that adsorb significantly to have an additional flux in
the sorbed or ‘‘surface’ phase that is in parallel with the
macropore void diffusion mechanism (Yang, 1987). While mo-
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bility of molecules in the sorbed phase is smaller than that in
the macropore void phase, their concentration is much higher,
so that significant surface fluxes are possible. Given that most
microporous sorbents necessarily promote large sorbed-phase
concentrations, it is often important to include a surface dif-
fusion mechanism in theoretical models of sorption dynamics.
This was highlighted by Doong and Yang (1986) in their study
of the PSA separation of a mixture of CO,/H,/CH,, where
they found that surface diffusion contributed as much as 50%
of the total flux in the pores of their activated-carbon sorbent.
The surface flow of carbon dioxide on microporous carbons
has also been measured by Carman and Raal (1951), Ash et
al. (1963), and Popielawski (1967).

The objective of this article is to develop a useful single-
particle model to describe and predict adsorption dynamics of
CO, on activated carbon. The model includes the mechanisms
of macropore, micropore and surface diffusion with a non-
linear isotherm, together with the effects of nonisothermality
and surface coverage on particle uptake dynamics. The validity
of the model is established by fitting to CO,/activated-carbon
dynamic data obtained by a microbalance technique.

Theoretical Development

The assumptions necessary for formulation of the single-
particle dynamic model are:

® The activated-carbon sorbent particle is assumed to have
a bidispersed pore-size distribution comprising a microporous
solid penetrated throughout a network of larger interconnected
pores (macropores). The microporous solid phase is considered
to be composed of many minute microparticles (containing the
micropores), which can be of various shapes (slab, cylinder,
or sphere) but, for model simplicity, are usually assumed to
be spherical (Andrieu and Smith, 1980).

e The resistances controlling the sorption dynamics are due
to macropore, micropore, and surface (sorbed-phase) diffu-
sion.

e The carbon particle geometry is arbitrary (slab, cylinder,
or sphere).

e The macropore and micropore diffusivities are independ-
ent of sorbate concentration, but the surface diffusivity is
coverage-dependent.

¢ Adsorption on the macropore surface is negligible com-
pared to the total adsorption capacity.

e Sorption at the pore mouth of the micropore follows an
equilibrium isotherm (Langmuir).

e The particle temperature is allowed to vary with sorbate
uptake.

Using these assumptions, the mass balance equation for the
microsphere may be expressed as:

aC, 1 9 , 3C,
Tk —_ bt 1
ot (T r ar, (r” or, 1)
with boundary conditions,
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In formulating the mass balance for the macroscopic par-
ticle, it is necessary to take into account the sorbed-phase
concentration (coverage; 8) dependency of the surface diffu-
sivity (Dg). Thus, Dy appears within the divergence term of
the surface flux as shown in the particle mass balance below.
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where E,,. is the volume-average microsphere concentration at
particle radial position r and is given by:
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The first term on the left of Eq. 2 represents the adsorbate
accumulation in the macropore void, and the second term is
accumulation in the microporous solid phase. The two terms
on the righthand side of Eq. 2 show the diffusional flux of
the sorbate through the macropore void and microporous solid
phases.

If the sorption dynamics within a sorbent particle are very
fast, then the released heat of adsorption may not be dissipated
quickly enough and the temperature of the particle will vary.
Consequently the change in temperature will affect the sorption
equilibrium and the macropore, micropore and sorbed phase
diffusivities. Given the possibility of these nonisothermal ef-
fects, it is necessary to include a heat balance for the particle.
Heat transfer within the particle is usually much faster than
the heat loss through the external stagnant film of the particle.
Hence, we can assume that there is no radial temperature
distribution in the particle, so that a single, lumped equation
adequately describes the particle temperature (Ruthven, 1984).
Based on this principle, a heat balance over the particle gives:

dT, (s+Dh(Tp—Ty) (s+ D1 —e€n)
orCr g R TR

R =
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where the microsphere accumulation term can be equated with
the flux at the surface of the microsphere (derived from Eq.

1):
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The variables and parameters in the above equations are
defined as follows. C is the sorbate concentration in the
macropore, C, is the sorbate concentration in the microsphere,
C, is the adsorbate concentration in the bulk gas phase, ¢y is
the macropore porosity, p is the macropore diffusivity, D is
the micropore diffusivity, g is the surface diffusivity, R is
the particle radius, R, is the microsphere radius, &,, and A are
the film mass and heat transfer coefficients, pp and C; are the
particle density and heat capacity, and s is the particle-shape
factor (s=0, 1 and 2 for slab, cylinder and sphere, respectively).

We define the nondimensional variables and parameters as:
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We also define the nondimensional parameter 5 as being the
ratio of Dy at a fractional coverage of 8 to D at zero coverage.
The HIO model (Higashi et al., 1963) is often used to explain
the coverage dependence of surface diffusivity, i.e., n=1/
(1 —6). This relationship can also be derived using the Darken
equation, if the driving force is expressed in terms of chemical
potential, rather than concentration, and the equilibrium iso-
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therm is of the Langmuir form. Other functional forms of
coverage-dependent diffusivity have also been derived (Kapoor
and Yang, 1989; Bhatia and Do, 1991). Expressing Dg as a
function of both particle temperature and fractional coverage,
we have

Ds(0p,0) = Ds(0,00n8 (53)

In nondimensional form, the microsphere mass balance
equation (Eq. 1) becomes:
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with boundary conditions,
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and the particle equation (Eq. 2) becomes:
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and the particle heat equation (Eq. 4) is recast in nondimen-
sional form as:
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Where, for adsorption, the initial condition is:
7=0; A=A,=0, A,=1, 06p=0 (9a)

while for desorption, the initial condition is:

A,=0,

r=0; A=A,=1, 8,=0 (9b)

The physical significance of each of the nondimensional
parameters is as follows. The parameter o, is the nondimen-
sional macropore capacity (usualty =0 for strongly adsorbing
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systems), while o, is the nondimensional microsphere capacity
(usually = 1). Gamma () is a measure of the relative diffusion
rates in the micropore and in the macropore. Macropore dif-
fusion controls the sorption dynamics when y>> 1, while mi-
cropore diffusion controls the dynamics when y << 1. Delta
(6) is the ratio of surface to macropore diffusional fluxes, where
for a system (ignoring the effect of micropore resistance) with
macropore diffusion totally controlling the sorption dynamics
6=0, but for a surface-diffusion-controlled system &>1.
Lambda (A\) is a measure of the isotherm nonlinearity (the
isotherm is linear, nonlinear, and rectangular for A=0, A=1,
and A >> 1, respectively). Psi () is the heat released by sorption
in the particle, the Biot number (Bi) is the ratio of the mac-
ropore diffusion time to the external film diffusion time, LeBi,
(Lewis-Biot number for heat transfer) is the ratio of macropore
diffusion time to external stagnant film heat transfer time, and
Q, P, § and B are the temperature-dependent factors for mac-
ropore, micropore and surface diffusivity and the Langmuir
equilibrium constant, respectively. This nonisothermal for-
mulation is similar to the theoretical model of Sun and Meunier
(1987), except that our model allows for the additional cov-
erage-dependent surface flux and neglects the heat transfer
resistance in the interior of the particle.

Model equations (Egs. 6, 7 and 8) were reduced to ordinary
differential equations using the orthogonal collocation tech-
nique (Villadsen and Michelsen, 1978) and then numerically
integrated using an ODE (ordinary differential equation)
solver. This computer model was then used to fit the model
equations to experimental fractional uptake (mass adsorbed
at time ¢ divided by that at equilibrium) data in the time do-
main. Using 11 collocation points in the particle and five points
in the microsphere, typical computation times (depending on
the parameter values) were 60-120 seconds for an Intel 20MHz
80386/80387-based computer.

Experimental Studies

The adsorption equilibrium capacity and the adsorption dy-
namics of CO, on an Ajax commercial high-surface area car-
bon (Norit RB) were determined using an electronic
microbalance. Full details of the carbon properties and the
experimental technique were published earlier (Gray and Do,
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Figure 1. Carbon dioxide adsorption isotherms on Ajax
activated carbon.
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1989). To vary the values of the model parameters v and 6,
the sorption dynamics were measured over a range of particle
sizes (R=0.1-0.3 cm) and geometries (slab and cylinder), sor-
bate gas concentrations (2.0-50 mol % CO, in helium) and
particle temperatures (25-150°C). Cylindrica! and slab ge-
ometry particles were made by sealing appropriate sides of the
carbon extrudates with epoxy resin.

A high sorbate gas velocity was used to make the sorption
conditions during dynamic runs differential (i.e., constant sor-
bate concentration surrounding the sorbent particle, and min-
imized external mass and heat transfer resistance), thus making
C, in Eq. 2b a constant. The values of the Biot and LeBi,
numbers in Eq. 5e were calculated using the Ranz-Marshall
correlation for single particles (Wakao and Kaguei, 1982).
Under these experimental conditions typical values of the model
parameters were: A=0.1-1, y=1-10, §=0.5-1, ¢,=0(0.01),
¥ =0.05-0.1, Bi=50-100, and LeBi,= 0(0.05).

Results and Discussion
Sorbent equilibrium capacity

The experimentally-determined equilibrium capacity of car-
bon dioxide on the Ajax activated carbon is shown in Figure
1. The Langmuir equation was fitted to the data over all con-
centrations and temperatures, while keeping C,; (adsorbed-
phase saturation concentration) constant. The Langmuir iso-
therm fitted the data quite well, and the values of the constants
b and C,; in the isotherm (Eq. 1b) were obtainsd as shown in
Table 1. While any form of isotherm may be used in the
dynamic model, the Langmuir isotherm was used as it best
fitted the experimental data. The heat of adsorption (— AH)
was determined by fitting the Langmuir isotherm equilibrium
constant (b) to the van’t Hoff equation, from which the heat
of adsorption (— AH) was calculated to be 22.2 kJ/mol (5.31
kcal/mol). Andrieu and Smith (1980) determined (— AH) of
6.0 kcal/mol for CO, on BPL activated carbon, although their
value was the isosteric heat of adsorption at zero coverage.
The (— AH) extracted from our experimental capacity data
was then used to calculate the parameter .

Adsorption dynamics

The theoretical model has three dynamic fitting parameters
(Dpy, Dy and D,/R?), although for these experimental data
only two (Dg and ZDO/R';’;) were used. We did not need to use
Dp as a fitting parameter, as it was calculated a priori from
the composite diffusivity (D,,) and the previously determined
tortuosity factor for Ajax carbon of 7,,=8.0 (Gray and Do,
1990), i.e., Dp=D)/7y. Furthermore, the temperature-de-
pendency factor (8 in Eq. 5f) for Dp was determined to be

Table 1. Values of Langmuir Isotherm Constants at Various

Temperatures
Temp. (°C) b (cm’Gas/mol)  C,s {mol/cm’® Microsphere)
25 40.6 x 10° 0.00319
50 20.3x10° ’
100 6.70x 10° "
150 2.87x10° "
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Figure 2. Model adsorption uptake fitted to experimental data with various CO, concentrations on 0.1-cm radius

slab at 25°C

Parameters: 5% CO,, A=0.083, y=1.3, 6=0.80; 20% CO,, A=0.33, y=1.0, §=0.65

1.25, calculated from the temperature dependency of molecular
and Knudsen diffusion.

The experimental data for CO, adsorption, at various con-
centrations and temperatures, on 0.1- and 0.3-cm-radius car-
bon slabs were fitted with the model to determine the surface
and micropore diffusivities (Dg, and ZDO/Ri). In the first in-
stance, surface diffusivity was assumed to be independent of
coverage (y=1), and this model fits the experimental adsorp-
tion uptake curves over a range of temperatures (with con-
centration held constant) quite well. However, as shown in
Figure 2a, the simplified model does not adequately fit uptake
curves over a range of concentrations (with temperature held
constant): at the higher concentration levels (20% CO,), the
model predicts slower uptake than observed experimentally.
If the adsorption isotherm is significantly nonlinear (favora-
ble), the adsorption dynamics will accelerate as the gas-phase
concentration is increased. However, the value of A\ (Langmuir
isotherm parameter, Eq. 5b) for our datais lessthan 1 (A =0.33
for 20% CO,, 25°C), so the isotherm is not highly nonlinear,
and the nonlinearity effect can therefore account only for a
rather moderate increase in uptake rate with CO, concentra-
tion. Since the faster experimental uptake rate with 20% CO,
cannot be explained as an isotherm effect, we concluded that
the effect is probably due to an increase in surface diffusivity
with coverage.

The surface diffusivity, in the model, was therefore allowed
to vary with coverage according to the HIO model (Higashi
et al., 1963) or Darken equation, i.e., n=1/(1—0). However,
this gave only a marginal improvement in the fit. Apart from
the HIO treatment, several other models have been proposed
to explain the concentration dependence of surface diffusion.
A recent model by Bhatia and Do (1991), in which diffusion
is modeled by the random walk formulation of Bhatia (1986),
showed that surface diffusion coefficients are affected strongly
by structural heterogeneity (i.e., nonuniform pore-size distri-
bution) and increase more strongly with sorbed concentration
than would be predicted by the Darken equation. The param-
eters in this model are specific to each sorbate/sorbent system
and are obtained by integrating a pore-size-dependent Lang-
muir isotherm over the sorbent pore-size distribution.

The method of Bhatia and Do (1991) was applied to our
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CQ,/activated-carbon system to determine the coverage de-
pendency of the surface diffusion coefficient. The resulting
ratio, 040,0)/D4(0,0), is plotted against the fractional cov-
erage (f = C,o/C,,) in Figure 3. As can be seen from this figure,
the surface diffusivity (for the Bhatia and Do model) depends
more strongly on coverage than would be predicted by the
Darken equation, even at the relatively low concentrations used
in our experiments (e.g., 8 = 0.25 for 20% CO, at 25°C). Using
this stronger concentration-dependent surface diffusivity, the
dynamic adsorption uptake model was refitted to the experi-
mental data, Figure 2b, where the fit is much better than the
corresponding curves of Figure 2a (no coverage dependence).
One can apply the Darken equation to isotherms other than
the Langmuir form and obtain a stronger thermodynamic fac-
tor (coverage dependence) for surface diffusivity, e.g., the
Volmer isotherm gives n=1/(1 - 8)%. However, we found that
the model of Bhatia and Do (1991) provided the best prediction
of coverage-dependent diffusivity for our data.

The effect of temperature on the nondimensional adsorption
uptake of 20% CO, on a 0.3-cm slab is shown in Figure 4a,

40

—— Random walk model
| —-— Darken eq./Langmuir isotherm

(<)
o
T

DS(O,GZ/DS(O,O)

o

0.0 0.2 0.4 0.6 0.8 1.0
Fractional Coverage (0)

Figure 3. Coverage dependence of surface diffusivity

according to random walk model (Bhatia and

Do, 1991) and Darken equation applied to
Langmuir isotherm.
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Parameters; 25°C, A=0.33, y=9.3, §=0.65; 50°C, A=0.15, y=6.4, §=0.61; 70°C, A=0.089, y=4.6, §=0.59

where the model fits the data quite well. This same dynamic
data can also be expressed as dimensional (real) uptake vs.
time as shown in Figure 4b, where it is observed that the order
of the curves is opposite to that in Figure 4a, i.e., the lower
temperature curves appear faster. However, the true effect of
temperature on the adsorption dynamics is observed by nor-
malizing the uptake curves by their respective mass adsorbed
at equilibrium (thus, removing the capacity effect), which is
how the data are expressed in Figure 4a. The values of the
diffusion coefficients extracted at each temperature are given
in Table 2.

The diffusivities shown in Table 2 were obtained using par-
ticle sizes of 0.1- and 0.3-cm radius slabs. The ability of the
model to predict the effect of varying particle size/geometry
is shown by simulations in Figure 5, in which model predictions
(using diffusivities from Table 2) are compared with the ex-
perimental data for adsorption at 25°C of 20% CO, on 0.1-
cm cylinder and 0.2-cm slab particles, as well as on the original
0.1-cm and 0.3-cm slab particles. The reasonably good fit of
the model prediction uptake curves to the experimental data
lends support to the validity of our theoretical model.

The macropore and micropore diffusivities from our data
are of the same order of magnitude to those of Andrieu and
Smith (1980), although our macropore and micropore diffu-
sivities were smaller than theirs. This discrepancy is not un-
expected, since the structural properties as well as the model
of Andrieu and Smith’s carbon (BPL) were different from
ours (they did not include a surface-diffusion mechanism). The
surface diffusivities from our data are also of the same order
as the results of Popielawski (1967). The values of f,DO/RfL and
Dy, extracted at each temperature (Table 2) were fitted to an

Table 2. CO, Macropore Diffusivities with 7,,= 8.0, and Sur-
face and Micropore Diffusivities Fitted to Adsorption Data

Temp. (°C)  Dpp (cm?/s) Dy (em?/s)  D/R; (1/5)
25 0.047 1.4x107* 0.022
50 0.052 2.5%x107* 0.029
70 0.056 4.0%107* 0.034
1032
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Arrhenius expression to give an activation energy for micro-
pore diffusivity of E,=8.4 kJ/mol (2.0 kcal/mol) and for
surface diffusivity of Eg=19.7 kJ/mol (4.7 kcal/mol). As ex-
pected, the value of Ej is similar to, but less than, the heat of
adsorption, while the value of E, is smaller than expected. In
all the dynamic adsorption curves experimentally measured in
this work, the value of ¥ was =1, indicating that the sorption
dynamics (ignoring surface diffusion effects) were controlled
by macropore resistance (y>>1) or a combination of macro-
pore and micropore resistance (y=1). As none of the adsorp-
tion curves were determined under purely micropore diffusion
control (y<< 1), the estimated values of SDO/Rii (at each tem-
perature) have some error, and consequently this error may
make the value of E, smaller than expected.

Particle temperature rise

The temperature rise in the particle, due to the heat released
by adsorption, was determined both experimentally and from

L
[ .~ = I
% 08 PR Py
-+ ././
S_‘ /-/_/’A
X A
— 08 /'/ —— model
© —— model
g — — model
— 0.4 —— model
-
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é 0.2 Wuh / v 0.1cm Slab exp. data
m  0.2cm Slab exp. data
A 0.3cm Slab exp. data
0.0 - L L
0.0 . 1.0 1.5 2.0

Time (min.)
Figure 5. Model simulation adsorption uptake com-
pared to experimental data with various par-
ticle sizes at 25°C and 20% CO,.

Parameters: A=0.33, §=0.65; R=0.1-cm cylinder and siab,
¥=1.0; R=0.2-cm slab, y=4.1; R=0.3-cm slab, y=9.3
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Figure 6. Particle experimental temperature rise and
predicted uptake and temperature dynamics
for adsorption of 50% CO; on 0.1-cm radius
slab at 25°C.

Model parameters: A=0.83, y=0.75, 6=0.47, y=0.11

the model. To measure the particle temperature rise, a minute
type T thermocouple junction (made from 0.025-mm copper
and constantan wires) was embedded in a 0.1-cm radius slab
carbon particle. This particle was then suspended in the mi-
crobalance apparatus in the same configuration, as was used
for the sorption dynamic experiments, and contacted with 50%
CO, at 25°C. The model simulation of the particle temperature
took into account the thermal mass of epoxy resin surrounding
the carbon particle and the heat loss through the epoxy layer.
The measured temperature rise and the model simulation par-
ticle temperature and uptake dynamics are shown in Figure 6.
The experimentally-determined particle temperature variation
with time has the same shape as the theoretically-predicted
curve, but is a little smaller in magnitude. This is probably
due to: (1) imperfect contact between the thermocouple and
the carbon particle; (2) heat conduction along the thermocou-
ple leads; and (3) error in estimating the heat transfer coef-
ficient from the Ranz-Marshall correlation (low Reynolds
number). While the temperature rise for our CO,/carbon sys-
tem is not excessive, the inclusion of the energy balance (Eq.
8) makes the dynamic model generally applicable to adsorbate/
adsorbent systems where heat transfer resistance is more sig-
nificant.

Effect of experimental conditions on model parameters

Examination of the variation in the nondimensional dynamic
parameters (y and &) helps to explain what is happening in the
sorbent particle as experimental conditions are altered. The
effect of temperature on « (the ratio of macropore to micropore
diffusional resistance) can be observed in Figure 4a (20% CO,,
0.3-cm slab), where v decreases from 9.3 at 25°C to 4.6 at
70°C. The three temperature-dependent factors of v (Eq. 5d)
are C,o/Cy, D, and Dy, and of these factors C,,/C, has the
strongest temperature dependency, as the heat of adsorption
(— AH) is much greater than the micropore diffusion activation
energy (E,) or the macropore diffusion temperature coefficient
(8). As aresult, when the temperature is increased, the decrease
in C,/C, more than compensates for the increase in 0, and
Dpg, 50 that vy decreases and micropore resistance becomes
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relatively more important. The effect of particle size on v is
straightforward, with macropore resistance and +y increasing
according to particle radius squared (Eq. 5d), as shown in
Figure 5.

The ratio of surface to macropore flux is represented by é
(Eq. 5d); however, we now define two new terms to show the
fraction of the total flux contributed by the macropore and
by the surface flux. These terms are §,, the nondimensional
macropore flux, and 8,, the nondimensional surface flux. These
terms are expressed as:

6 _ €M$m - 1 .
" [esDpo+ (1 — ) DeClo/Col (3 +1)

&=1-5, (10)

The effect of temperature (at constant sorbate concentration,
20% CO,) on the fluxes can be seen in Figure 4a, where the
ratio of surface to macropore flux (6) decreases from 0.652 at
25°C to 0.588 at 70°C. Consequently, the nondimensional
surface flux (5,) decreases from 40% at 25°C to 37% at 70°C.
This trend is to be expected since, when the heat of adsorption
(— AH) is larger than the activation energy of surface diffusion
(Es), C,/C, decreases more substantially than when Dy, in-
creases with an elevated temperature.

Conclusions

The single-particle theoretical model in this article describes
the adsorption dynamics of CO, on the activated carbon based
on the mechanisms of macropore, micropore and surface dif-
fusion. The adsorption equilibrium was described by a Lang-
muir isotherm, and the effects of particle nonisothermality and
coverage dependence of the surface diffusivity were also in-
cluded. Using a particle tortuosity factor of 7,,=8.0 (deter-
mined in a previous work), the macropore diffusivity was
calculated to be 0.047 cm?/s at 25°C. Fitting the model to
gravimetrically-measured data gave surface and micropore dif-
fusivities of 1.4 x 107* cm?/s and 0.022 s~ !, respectively, at
25°C. These diffusivities are of the same order as values de-
termined by other workers for CO, on the activated carbon.
The heat of adsorption and activation energies for micropore
and surface diffusivity were 22.2, 8.4 and 19.7 kJ/mol, re-
spectively. While the heat of adsorption and the surface dif-
fusivity activation energy obtained were reasonable values, the
value of the micropore diffusivity activation energy was lower
than expected.

Apart from the diffusion mechanisms, two other effects were
found to be involved: coverage dependence of the surface
diffusivity and temperature rise of the particle. The surface
diffusivity was found to depend more strongly on coverage
than was predicted by applying the Darken equation to the
Langmuir isotherm. However, a model with surface diffusion
coefficients strongly affected by sorbent structural heteroge-
neity (Bhatia and Do, 1991) predicted adequately the coverage
dependency of our data. The temperature rise of the particle
due to heat released by adsorption was measured experimen-
tally and predicted by the model. Although the particle was
nonisothermal, the increase in temperature was not excessive.
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Notation
A = dimensionless macropore concentration=C/C,
A, = dimensionless microsphere concentration=C,/C,o
71—; = dimensionless average microsphere conceniration=C,/C,
A, = ratio of bulk concentration to initial concentration = C,/C,
B = parameter in dimensionless Langmuir isotherm
Bi = Biot number
b = constant in Langmuir isotherm, cm*/mol
C = macropore concentration, mol/cm’ gas
C, = initial macropore concentration, mol/cm’ gas
C, = bulk gas phase concentration, mol/cm® gas
C, = microsphere concentration, mol/cm® microsphere
ﬁ = average microsphere concentration, mol/cm’® microsphere
C,, = sorbed concentration in equilibrium with Co, mol/cm® mi-
crosphere
C,s = maximum sorbed phase concentration in Langmuir isotherm
Cp» = particle heat capacity, J/g-K
D,, = molecular diffusivity (gas-phase), cm”/s
D, = effective diffusivity, cm?/s
Dy = Knudsen diffusivity, cm?/s
D, = composite molecular diffusivity =(1/D 5+ /D)™, cm?/s
D, = particle macropore diffusivity = D,/¢, cm®/s
Dy = surface diffusivity, cm?/s
D = micropore diffusivity, cm?/s
E; = surface diffusivity activation energy, kJ/mol
E, = micropore diffusivity activation energy, kJ/mol
h = particle external film heat transfer coefficient, W/cm?-K
—AH = heat of adsorption, kJ/mol
k,, = particle external film mass transfer coefficient, cm/s
LeBi, = Lewis X Biot (heat) number
P = micropore diffusivity temperature dependency factor
Q = macropore diffusivity temperature dependency factor
r = particle radial coordinate
r, = microsphere radial coordinate
R = radius of particle, cm
R, = radius of microsphere, cm
R, = gas constant, J/mol-K
s = particle shape factor (0=slab, 1 =cylinder, 2 =sphere)
S = surface diffusivity temperature dependency factor
Tp = particle temperature, K
t = real time coordinate
x = dimensionless particle radial coordinate=r/R
x, = dimensionless microsphere radial coordinate=r,/R,

Greek letters

Ay
ag
B
8
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nondimensional micropore diffusion activation energy
nondimensional surface diffusion activation energy
temperature coefficient of macropore diffusivity

ratio of sorbed phase to macropore flux

macropore porosity

coverage dependency factor of surface diffusion

ratio of macropore to micropore diffusional resistance
Langmuir isotherm nonlinearity parameter
nondimensional heat of adsorption

particle density, g/cm?

nondimensional heat released by adsorption
nondimensional macropore capacity

nondimensional microsphere capacity

0, lumped particle temperature

6 = fractional coverage= C,/C,; for a Langmuir isotherm
7 = nondimensional time
Ty = macropore tortuosity factor =¢,D,,/D, =0,/ Dp
Subscripts
0 = initial or equilibrium condition
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