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A model allowing for the finite mass exchange between the two phases is proposed for
the description of adsorption kinetics in activated carbon. This model based on Do’s
earlier structural model for activated carbon involves three mass-transfer processes: pore
diffusion, adsorbed phase diffusion, and finite mass interchange between the fluid and
adsorbed phases. The solid phase is heterogeneous, which is characterized by the micro-
pore size distribution. The interaction between the adsorbate molecule and the microp-
ore is calculated from the Lennard-Jones potential theory. The model developed for
nonpolar adsorbates is tested with the experimental data of seven adsorbates (paraffin
gases, aromatics, carbon dioxide, and sulfur dioxide) on pellets of different shapes and
sizes and at various operating conditions. The finite kinetics play an important role in
the overall kinetics. Failure to account for this finite kinetics makes the model unable to
describe correctly the desorption behauvior, since under such conditions, the ability of the
particle to release adsorbed molecules is dictated mostly by the resistance at the pore

mouth of the micropore.

Introduction

Adsorption kinetics on microporous materials such as acti-
vated carbon and other carbon related materials is important
to the understanding of the rate of adsorption as well as the
selectivity in many practical processes (Yang, 1987). Because
of the combined effect of the complicated structure of acti-
vated carbon and its complex nature, the surface diffusion
which plays a very important role in the overall kinetics re-
mains a challenging problem. Modeling of surface diffusion
in activated carbon still contains a certain degree of empiri-
cism. What we can do, however, is to develop a model which
could account for the heterogeneity in surface diffusion, as
well as the pore mouth behavior of micropore, which results
in the finite mass exchange between the bulk and the ad-
sorbed phases. No matter what mathematical models are pro-
posed for describing adsorption kinetics, parameters such as
particle size, bulk concentration, and operating conditions of
pressure and temperature must be fully accounted for (Gray
and Do, 1990, 1991; Do and Hu, 1993; Hu and Do, 1993). It
is the objective of this article to develop a general model for
the description of adsorption kinetics in activated carbon
based on its structural characteristics.

Correspondence concerning this article should be addressed to D. D. Do.
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Experimental observations of adsorption kinetics

If a mathematical model is to carry its useful role in simu-
lating or predicting adsorption/desorption in activated car-
bon, it must be able to describe the following facts which
have been observed experimentally in a large number of ex-
periments (Do, 1997):

(1) When a particle is large, the adsorption time scale is
proportional to the square of the particle radius (Gray and
Do, 1990). This time scale becomes independent of the parti-
cle sjze when the particle is small.

(2) The approach to equilibrium is faster when the bulk
concentration increases.

(3) The sorption rate decreases as the temperature in-
creases, but the time to approach equilibrium is shorter due
to the lesser amount adsorbed at high temperature.

(4) The sorption rate into the particle exceeds the rate
purely described by pore diffusion, suggesting that there is an
additional transport mechanism. This additional flux is con-
tributed to by the diffusion of the adsorbed species via the
adsorbed phase.

(5) The observed surface diffusivity increases strongly with
the adsorbed concentration.

(6) Except for some adsorbates, such as low paraffins, the
adsorption equilibrium between the fluid and adsorbed
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phases cannot be described by the simple Langmuir equa-
tion.

(7) The adsorbed phase is heterogeneous as observed by
the electron microscope or by spectroscopy methods.

(8) The desorption time scale is longer than the adsorp-
tion time scale and the desorption curve exhibits a very long
tail, indicating that there exist sites of varying energy of inter-
action and high energy sites release molecules at a rate much
lower than low energy sites.

Theory

In this diffusion model, both the adsorption equilibria and
kinetics are dictated by the size distribution of the slit-shaped
channels (micropores) of activated carbon, and this distribu-
tion is considered as the main source of surface heterogene-
ity in physical adsorption. Thus in the present study, the con-
cept of micropore size distribution (MPSD) is employed in
the analysis of adsorption equilibria as well as kinetics to ac-
count for the heterogeneity.

Adsorption equilibria and MPSD

Since the diffusion mechanism in a structural model is in-
fluenced by the microporous structure, it is important to ob-
tain the reliable MPSD which characterizes the activated car-
bon. In this section, we will study the system heterogeneity in
terms of the structural heterogeneity and present the way of
obtaining this MPSD from the simultaneous utilization of ad-
sorption equilibrium data of many adsorbates collected at a
range of temperature.

Microporous Structure and Adsorption Energetic Heterogene-
ity. The general approach towards the surface heterogeneity
is to treat is as energetically patch-wise, that is, sites with the
same adsorption energy are grouped together. The overall
isotherm then can be expressed as the integral of the local
isotherm C,(E) (mol/m?) over the whole energy distribution
range (Myers, 1984), that is,

= " CUE)F(E)dE (1a)

where F(E) is the energy distribution function, and E_;, and
E .. are the lower and upper limits of the energy distribu-
tion, respectively. For adsorption of nonpolar adsorbates such
as paraffins, the interaction between the adsorbate molecule
and the pore mainly comes from the dispersive force; hence,
the energetic heterogeneity of the system arises due to the
structural heterogeneity, or the distribution of slit-shaped mi-
cropores. The equivalence of Eq. 1a written in terms of MPSD
represented by f(r), is given by

Cu= [ CUrTrar (1b)

where r, (A) is the lower limit of pore half width accessible
to the adsorbate molecule and r, is the upper limit of the
micropore range. Although Egs. 1a and 1b are mathemati-
cally equivalent, Eq. 1b is more fundamentally based. In ad-
dition, the energy distribution F(E), which is induced by the
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MPSD, may not follow any particular type of distribution
function while the pore-size distribution f(r) is controlled by
the random processes of carbonization and activation in the
manufacturing stage of activated carbon. Hence, assuming a
distribution function for f(r) is theoretically sound and more
reasonable than assuming a distribution function for F(E).
Once f(r) is known, the F(E) is related to f(r) by

fr
F(E)=m (1c)

where E(r) is the local adsorption energy, (J/mol) which is
taken as the negative of the adsorption potential minimum
inside the pores with half width r. To obtain this functional
dependence E(r), we consider two models for the slit-shaped
micropores of activated carbon. In one model, each of the
micropore walls is assumed to be a single lattice layer of infi-
nite extent, while in the other the pore walls are assumed to
be made of parallel lattice layers with sublattice layers sepa-
rated by a distance A. The potential energy of an adsorbate
molecule interacting with the micropore is given by the 10-4
potential and the 10-4-3 potential for the first model and the
second model, respectively (Steele, 1974; Jagiello, 1996)

10-4 potential

‘pk(z,r) =

afE) ) )
3 5\2r—z S5\ z 2r—z z

10-4-3 potential

oz, r) =
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o ot
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where € is given by

6
€ = 3 TnoLE,, (20)
G;: = g ‘n-psAa-le( €k (2d)

for the 10-4 potential and 10-4-3 potential, respectively. The
parameter z (A) is the distance between the adsorbate
molecule and one of the pore walls, n (atoms/nm?) is the
number of site per unit area of lattice layer (38.2 nm™2), p,
(atoms/nm?) is the number density of carbon (144 nm™3),
and A is the spacing between sublattice layers (0.335 nm)
(Steele, 1974). The parameters €, and o, are obtained from
the Lorentz-Berthelot rule
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o, + 0,
Oy = —Tﬁ ©f)

Solving Egs. 2 for minimums and taking the negative of this
minimum potential as the interaction energy between the ad-
sorbate molecule and the micropore, we will obtain the func-
tional dependence between the interaction adsorption energy
E (J/mol) and the pore half width r.

MPSD and the overall isotherm equation

We assume that the adsorbate-adsorbate interaction is not
as strong as the adsorbate-adsorbent interaction, and hence
the local isotherm in the integrand of Eq. 1b can be assumed
to follow the Langmuir equation relating the adsorbed phase
concentration in the pores with half width r to the gas phase
concentration C as follows

C.(n=c,(r)—2 (3a)
w =S TR () a

where b(r) is the local adsorption affinity, defined as

E(r)

R,T

b(r)=b,exp (3b)

The b, is the adsorption affinity at infinite temperature. For
various species, it can be represented by

b.= i (3c)

VMT

Equation 3c is derived by assuming that the rate of adsorp-
tion is related to the molecular collision rate toward the sur-
face (or specifically the micropore mouth) and this collision
rate is inversely proportional to the square root of molecular
weight and the square root of temperature (Do and Do, 1996).
The affinity parameter B is assumed to be solid specific and
independent of adsorbate. The maximum adsorption capacity
of each species C, (mol/m>) has following temperature de-
pendence

C,,(T)=C®, exp[8(T, - T)] (d)

where CJ, (mol/m®) is the maximum adsorption capacity at
reference temperature To(K), and 8(K™') is the thermal ex-

pansion coefficient. With regard to the micropore size distri-
bution, we will assume in this work that it will follow the
form of the non-negative Gamma distribution function

g e

=550 @

where g and vy are distribution parameters characterizing the
adsorbent structure. g is the Gamma distribution parameter
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(A~1). With all the functions and parameters defined, the
overall isotherm of Eq. 1b can be readily expressed as

.- e, 1)~ e,
"”f,l w TR o) Ty & 5)

where 7, is the minimum pore half width accessible to adsor-
bate molecule, which is obtained from the pore that has the
same adsorption potential energy as that of a single lattice
layer. The value of r; varies for species with different diame-
ters and it can be obtained by numerically solving Egs. 2. The
upper limit 7, is the maximum pore half width, which has no
limit in general, but is taken as 3.50,, for convenience in this
study since pores having a size larger than this will have low
interaction energy and hence low adsorption density.

Equation 5 is the general isotherm equation applicable to
all species in this study. By optimizing the model equation
with the multiple temperature isotherm data of all species
simultaneously, the intrinsic MPSD parameters ¢ and y to-
gether with the isotherm parameters can be derived. It should
be pointed out that the approach used here is theoretically
more sound than our previous study in which only the 10-4
potential is considered and the size difference between dif-
ferent adsorbates is neglected (Do and Wang, 1997).

Mass interchange between fluid and adsorbed phase

In the structural diffusion model proposed by Do (1996),
the diffusion of adsorbate molecules within the graphitic lay-
ers is accompanied by the continuous penetration into and
evaporation from these layers. These microscopic processes
can be viewed macroscopically as the lumped finite mass in-
terchange process between the fluid and adsorbed phases.
The rates of adsorption and desorption between two phases
are assumed to follow the Langmuir kinetics, that is

Ry = (k,C,.,)C = (k,C +k)C, (6)

a~us

The rate constants k, and k, are lumped parameters, lump-
ing various microprocesses, and are regarded as empirical
constants in this work. k, is the adsorption rate constant
{1/s Amol/m>)], and k, is the desorption rate constant (s~ ).
The ratio of these two constants is the adsorption affinity b,
which is determined from the equilibria studies; hence, from
the kinetics study perspective only one parameter is required
(either k, or k,) to describe the finite mass interchange proc-
ess. The form of Langmuir kinetic (Eq. 6) may not be correct
in the description of finite mass exchange between the two
phases in activated carbon, but it is more than adequate to
explain a number of kinetics observations in our laboratories.
If the finite mass exchange is governed by Eq. 6, the adsorp-
tion time constant is given by

1
0 =
s Tk C+ky X

In adsorption mode with a bulk environment of concentra-
tion C, Eq. 7 represents the adsorption time constant, which
shows that the higher the bulk concentration is the lower is
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the adsorption time, as many adsorption experiments have
shown. However, this observation can also be explained by
the model of pore diffusion with a favorable adsorption
isotherm. This means that an observation of lower adsorption
time with an increase in the bulk concentration could point
to:

(a) finite Langmuir kinetics type and/or

(b) pore and/or surface diffusion with a favorable ad-
sorption isotherm.
The delineation of these two mechanisms is possible when we
consider the desorption. Desorption curves of many adsor-
bates from activated carbon exhibit a long tail, indicating a
slower release of the molecule from the adsorbed phase. This
is attributed to the finite kinetics between the two phases
since such a slow release cannot be explained by the
pore/surface diffusion model. For the structurally heteroge-
neous adsorbent considered in this article, the rate constants
for adsorption and desorption in Eq. 6 are functions of local
pore size. Thus, for each pore size, the mass interchange ki-
netics equation is

(9C”(r)

= kads(r)c[cy.s - Cp,(r)] - kdes(r)cp.(r) (8)

The desorption rate constant follows the Arrhenius relation

kdes(r) = kdes,w €xp (9)

E(r)
" R,T

where kg .. is taken to be independent of pore size. The
pore size dependence is reflected in the desorption energy
E(r), which is the interaction energy between the adsorbate
molecule and the micropore of half width r.

Rate of Diffusion of the adsorbed species

So far, the kinetic behaviors of adsorbed phase are investi-
gated in the absence of any mobility of the adsorbate in both
free and adsorbed forms. When the adsorbed species is mo-
bile, the diffusion of the adsorbed species will contribute to
the overall mass transfer of molecules into the particle inte-
rior or out of the particle. Because the mass exchange rate
between the gas and adsorbed phases is finite, the two phases
are not in local equilibrium. By taking the chemical potential
as the driving force for surface diffusion and defining a hypo-
thetical gas phase concentration C*, which is in local equilib-
rium with the adsorbed phase

C#(r)

* =
=300, —

(10)

The overall surface phase flux {J,> (mol/m?/) can be ex-
pressed as

max

AR

Tmin

1, (rf(r)dr

Fmax C s aC (r)
- _[ DO(r) L M
v U C,—C(r) 9Z

f(rdr (1

min
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where

akE(r)

R,T

DY = DY, exp 12)

is the local surface diffusivity at zero loading, Dy, (m%/s) is
the surface diffusivity at infinite temperature, a is the ratio of
activation energy for surface diffusion to the adsorption en-
ergy (0.5), and Z (m) is the particle coordinate. The lower
and upper limits for integration (r,;, and r,,,) are defined
in the same way as r; and r,.

Gas phase diffusion flux

The flux of gas-phase diffusion in macropore or mesopore
is represented by the Fickan diffusion, that is

aC
=Dz

(13)
where D, (m?ss) is the pore diffusivity, which is calculated
from the combination of molecular and Knudsen diffusion
processes (Ruthven, 1984; Do and Hu, 1993).

Mass balance equation

Querall Mass Balance Equation. Having obtained the nec-
essary expressions of the finite mass interchange rate, gas-
phase diffusion flux, and local surface flux, the overall mass
balance equation of a particle with geometric factor s (of pel-
let: 0,1, 2, for slab, cylinder and sphere) can be expressed in
terms of MPSD as

aC 9 ( rrom
e—+-o— {[ Cﬂ(r)f(r)dr}

min

b () L
= ——— S — 1 4(1—- —_——
EstaZ( ) €

r C aC (r)
s max 0 fI%) M®
x{z jrm [D,L(r) o ez f(r)dr} (14)

This equation simply states that the accumulation of mass in
both free and adsorbed forms (LHS) is balanced by the diffu-
sion rates into the particle of the gas (first term in RHS) and
the adsorbed species. To complete this mass balance descrip-
tion, the mass balance around the adsorbed phase should be
specified.

Adsorbed Phase Mass Balance Equation. The mass bal-
ance equation of the adsorbed phase over the pores with the
half width r is

aC,(r) 1 o C,s aC,(r)
s "7 oz | C,,-C(r) 4z
b(r)C
+[k,C + k4(r)] CMTb(")E_CP'(r) (15)
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Equations 14 and 15 define the sorption kinetics in activated
carbon. Solving these equations with appropriate boundary
conditions and initial condition, we will obtain the concentra-
tion distributions for the fluid and adsorbed phases in the
particle. Knowing these distributions, the average concentra-
tions, the diffusion fluxes, and the fractional uptake can be
calculated.

Boundary Conditions of the Model Equations. The perti-
nent boundary conditions and initial conditions for the model
equations are

(16a)

max

Z=R, el,+(=e) ["I(Nf(dr =k, (C=C,) (16D)

T max b(r)CO
U T+ b(C,

Tmi

f(r)dr a7

"

t=0, C=Cy, Co=]

where C, is the bulk phase concentration (mol/m?) and C,
{mol/m?) is the initial concentration of adsorbate.

Special Cases

We have presented the general mathematical model for
sorption kinetics in activated carbon, which is based on the
structural properties of the adsorbent and allows for three
mass-transfer mechanisms coexisting in the system. In the
model development no particular assumptions are made re-
garding the adsorption energy distribution, operating condi-
tions, and so on. However, when certain criteria are met, this
model can reduce (degenerate) to many simpler models used
in the study of adsorption kinetics such as the homogeneous
model, energy bi-dispersed model, or the model for compact
solids. To save space, we show only in the following section
one of these special cases, that is the fast sorption kinetics
compared with diffusion rate.

Fast Adsorption/Desorption Kinetics Compared to Diffusions.
When local adsorption equilibrium conditions prevail, the
rates of adsorption and desorption are much faster than the
diffusion rates in the fluid as well as in the adsorbed phase.
Since the mobility of molecules into the particle interior is
low, the rate of mass interchange between the two phases is
fast enough to ensure a local equilibrium to establish. As a
result, at any point within the particle, the rate of adsorption
is the same as the rate of desorption, that is the fluid concen-
tration and the adsorbed phase concentration are related to
each other, according to

b(r)C

T 50)C (182)

C(r)=Cr=C,

With this local equilibrium, the concentration in the ad-
sorbed phase is related to that in the gas phase and so are
their respective concentration gradients, that is

&Cﬂ(r)- b(r)c,, aC
9Z  [1+b(r)C} 9Z

(18b)
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Thus, if there exists a concentration gradient in the gas phase,
there also exists a gradient in the adsorbed phase which is
algebraically related to the gradient of the gas-phase species
according to Eq. 18a. The algebraic relation between the two
concentrations in Eq. 18a means that if there is a sudden
change in the concentration of one phase, the concentration
and the gradient of the other phase will change accordingly
with no time delay. It is also noted from Eq. 18b that the
higher the gas-phase concentration, the smaller is the gradi-
ent in the adsorbed phase concentration. This suggests that
the adsorbed phase diffusion is less important at high con-
centrations.

The mass balance equation of the system is then given as
in Eq. 14, with C,() in that equation being replaced by that
described by Eq. 18. We substitute Eq. 18 into Eq. 14, and
obtain the following mass balance equation written in terms
of the gas-phase concentration

aC 1 2 aC
l[e+(1—-e)H(O)] —=— — [Z“DC(C) —02] (19)

ot  Z° éZ
where
7 max C‘“b(r)
H(C) = —————f(r)dr (20a)
F min [1+b(r)C]
r C b(r)
_ _ max O IJ.S
DAC)= €D, +(1 e)/r DN ey /(e (200

min

Equations 19 and 20 have the same mechanism as the hetero-
geneous macropore, surface, diffusion model (HMSD) pro-
posed by Do et al. (1993) for large particles. Solving this set
of equations and then comparing this result with that ob-
tained in the general case of finite adsorption kinetics, we
can gather information about the role the finite adsorption
kinetics would play in the sorption kinetics.

Solution Methodology

The model equations for the general case, Eqgs. 14 and 15,
are coupled partial differential equations. By defining the
nondimensional variables and parameters as listed in the Ap-
pendix, the model equations are cast into nondimensional
forms and then converted into ODEs by an orthogonal collo-
cation technique. The final form of the model is solved nu-
merically by the ODE solver in MATLAB.

Experiment

Adsorption equilibria data were collected using a high-ac-
curacy volumetric rig. Adsorption isotherms of seven species
on Ajax activated carbon are measured, they are: (1) ethane,
(2) propane, (3) n-butane, (4) benzene, (5) toluene, (6) car-
bon dioxide, (7) sulfur dioxide. For each species, adsorption
isotherms at several temperatures { > 3) were measured (Do
and Do, 1996). The single component adsorption/desorption
kinetics on Ajax carbon were measured on a differential ad-
sorber bed rig (DAB), under various conditions such as dif-
ferent temperatures, pellet length/geometry and bulk con-
centrations (Do, 1997). High purity nitrogen is used as the
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diluting gas in the bulk phase. The detailed setup of volumet-
ric and DAB rigs as well as their related experimental proce-
dures are also described in Do (1997).

Results and Discussion
Equilibria and MPSD

The extensive experimental isotherm data of seven species
are employed simultaneously in Eq. 5 to derive the MPSD
parameters for the carbon structure. The reference tempera-
ture for adsorption capacity C,?J is chosen as 273 K. For the
purpose of calculation, the molecular properties and experi-
mental temperatures at which equilibria data are collected
are listed in Table 1.

As a result of the fitting between the experimental data and
the theoretical model using the 10-4-3 potential, the model
fitting (solid lines) and experimental data (symbols) are shown
in Figure 1 for each species and the optimized MPSD param-
eters for the Gamma distribution are

g=169(A™ ")
y=774

B =1.001x10"* [m® mol~ (g-K/mol)"’]

and the optimized isotherm parameters for various adsor-
bates are listed in Table 2a. On the other hand, using the
10-4 potential in the theoretical equation, we obtain the fol-
lowing parameters for the Gamma distribution:

g=180 (A1)
v=82.8

B =0.894x10 3 [m* -mol ! (g-K/mol)**]

and the parameters for each adsorbate are shown in Table
2b. The model fitting is shown in Figure 1 as the dotted lines.

It is seen in Figures 1 that using either potential equation
(10-4 or 10-4-3) the overall isotherm model is able to simu-
late the adsorption equilibria of each species over a wide
temperature range. The MPSDs derived from both 10-4-3 and
10-4 potential are shown in Figure 2, and we also show the
accessibility cut off of each species in the same figure. It is
seen that the derived MPSDs from both potential equations
are strikingly similar. The average micropore width of Ajax
carbon is about 9.0 A, which falls in the range of pore size
determined by experimental methods for activated carbon
(Innes et al., 1989). With the derived MPSDs, the adsorption
energy distributions for each species are converted according
to Eq. 1c and the average adsorption energy E .., of each

Table 1. Isotherm Temperatures and Molecular Properties

Species  Ethane Propane Butane Benzene Toluene CO, SO,

M (g/moD) 30 44 58 78 92 44 64
oy (A) 39 4.3 4.3 3.7 3.82 33 3.6

T (K) 283,303 283,303 283,303 303,333 303,333 298,323 298,323
333 333 333,423 363,423 363 373 373
AIChE Journal

species is calculated and tabulated in Tables 2a and 2b for
each potential. We note in Tables 2 that, for either potential,
the minimum interactive energy of the adsorbate molecule
with single lattice layer €;(J/mol) and the average adsorption
energy E_.., increases with the carbon number for a given
class of adsorbate family (ethane, propane, butane). Aromat-
ics have higher ¢f and E__, than those of paraffins, with
toluene being the stronger adsorbing species than benzene.
We also noted in Tables 2 that the derived saturation capaci-
ties at 273 K for SO, and CO, are unreasonably high, which
is possibly due to fact that, for polar adsorbates, the disper-
sive interaction assumed in this model may not be enough to
account for the interaction between adsorbate and carbon
surface.

Figure 3 shows the optimized ¢ in Table 2a and 2b against
their theoretical values calculated from Eq. 2¢ for 10-4 po-
tential and Eq. 2d for 10-4-3 potential, respectively, by using
the parameters from Bird (1962) and Steele (1974). It is very
interesting to note that the optimal and the theoretical values
are very comparable to each other for either potential with
the results from 10-4-3 potential presenting better compati-
bility.

The isotherm parameters and MPSD parameters are then
used in the study of adsorption kinetics.

Adsorption kinetics

The adsorption kinetics experiments are carried out on the
DAB rig with the bulk gas-phase pressure being kept con-
stant at 1 atm. Extensive single component uptake curves are
measured under different operating conditions and /or pellet
sizes for each species, which are employed later to check the
model’s applicability and to ensure the reliability of the simu-
lation results. To further examine the theory and some as-
sumptions of this finite kinetics model (hereafter referred to
as FK model), the HMSD model, which is a special case of
the FK model (discussed in the Special Cases subsection) and
has been used in the past studies, is also employed in the
simulation using the same MPSD and isotherm parameters.
With the gas-phase diffusivity calculated from the combined
molecular and Knudsen diffusion process, the kinetics pa-
rameters to be optimized in the FK model are the surface
diffusivity at zero loading and infinite temperature D,?m and
the rate constant of adsorption k,. For the HMSD model,
which assumes the instant equilibrium between the fluid and
adsorbed phases, the only kinetics parameter to be optimized
is the surface diffusivity at zero loading and infinite tempera-
ture D‘?w. By comparing the simulation results in these two
models, it is possible for us to investigate the role of finite
mass exchange in the overall kinetics and to obtain some cri-
teria in model selection. This study has several improvements
compared with our previous study (Do and Wang, 1997) for
the same kinetics systems: (1) The MPSD derived takes into
account the size difference between adsorbates; (2) two con-
figurations of the silt-shaped micropores are considered; (3)
more experimental kinetics data are used in the simulation;
(4) the implications of the model and the derived kinetics
parameters are further investigated through the comparison
between the FK and HMSD models.

Ethane. We start our discussion of adsorption kinetics
with ethane adsorption on Ajax activated carbon. The kinet-
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Figure 1. isotherm fittings for the model equation:

(a) Ethane; (b) propane; (c) butane; (d) benzene; (e) toluene;
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Table 2a. Optimized Isotherm Parameters for 10-4-3 Potential

Ethane Propane Butane Benzene Toluene CO, SO,
C,, (mmol/g) 7.480 5.912 4.731 4.866 4.420 9.738 11.81
& (J/mol) 1.342x10* 1.627x10* 2.001 x 104 2.950x 10* 3.056x10* 1.309 x 10* 1.643 x 10*
& (1/K) 1.5x1073
E can (J/mol) 1.963 x 10* 2.610x 10* 3.210x 10* 3.781x 10* 4.475x10% 1.638 x 10* 2,371 x10*

Table 2b. Optimized Isotherm Parameters for 10-4 Potential

Ethane Propane Butane Benzene Toluene CO, SO,
¢ (mmol/g) 7.491 5.904 4.736 4.888 4512 9.687 122
e,f‘L (J/mol) 1.513x10* 1.823x 104 2.245%x10* 3.282x10* 3.429x 104 1.494x 10* 1.771x 10*
8 (1/K) 1.83x1077
E earn (J/mol) 2.054x 10* 2.650 x 10* 3.264 x10* 4,296 x 104 4.602x10* 1.824x10* 2.277x 104

ics data were collected with slab pellets of two different sizes:
4.4 mm and 2.6 mm full length. For larger particles, three
operating temperatures (283 K, 303 K and 333 K) were used,
while for smaller particles the experimental temperature was
kept at 303 K. The mole fraction of ethane in bulk gas are
5%, 10% and 20% for each temperature.

To extract the kinetic parameters, the optimizations are
performed for both models on the experimental data at 303
K on 4.4 mm slab particles. The optimized parameters using
10-4-3 potential are listed in the Table 3, and the simulation
results (solid line for FK model, dashed line for HMSD
model) and experimental data (dots) are plotted in Figure 4a.
It is seen that the FK model adequately describes adsorption
as well as desorption kinetics; the long tail effect is well re-
produced, because in the finite kinetics model molecules from
the high energy site desorb slowly back to the fluid phase due
to the high energy barrier. On the other hand, the HMSD
model simulates adsorption kinetics well but is inferior in
representing the desorption kinetics. Thus, the finite kinetics
term cannot be ignored in the description of overall kinetics.

0.8 — 10-4-3
10-4
06 - Accessibility cutoff
‘ — — ethane
:_5 — — propane
0.4 butane
——— benzene
02 toluene
: —— CQ,
— = 80,
00 - T

3 4 5 6 7 8

Pore half-width (A)

Figure 2. MPSD for Ajax activated carbon and pore ac-
cessibility of each species.
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It is imperative to discuss the relative importance of vari-
ous processes. During the initial stage of the adsorption up-
take, the concentration in the adsorbed phase is very low.
This will result in two effects:

(1) the surface flux is small because of the dependency of
the surface diffusivity on loading (the lower the loading, the
lower is the surface diffusivity, hence flux);

(2) the driving force for mass interchange is high due to
the large concentration difference between the two phases
[Eq. 8].

So, the mass-transfer flux is more influenced by the mass
exchange between the two phases. With the progress of ad-
sorption, the surface diffusivity increases due to an increase
in the surface loading and the driving force for mass ex-
change decreases. This results in the FK model exhibiting
slower kinetics than the HMSD model at the later stage of
the uptake.

In desorption mode, both surface diffusion and finite ki-
netics play an important role at the beginning, and thus re-

35 2
10-4 Potential

30 4 ® 10-4-3Potential o®
. toluene
% 25 benzené
£
2 s
%, 20 SO, e
i A ‘
E CO, o.-'s butane
a 15 - A A
o) e . ® Propane

10 — - ethane

1 T T T T

10 15 20 25 30 35

Theoretical value (kJ/mole)

Figure 3. ¢ for each species against their theoretical
values calculated using the parameters from
the references (Bird, 1962; Steele, 1974).
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Table 3. Kinetics Parameters for Different Adsorbates

D, (107 m%/s) D), (1077 k, (1074 DS, (1077)
Potential 283K 303K 333K m?/s L/s/[mol/m?) m?/s (HMSD) a
Ethane 10-4-3 1.51 1.68 1.96 5.10 0.52 3.06 0.5
10-4 4.85 0.64 2.81 0.5
Propane 10-4-3 1.20 1.30 1.56 3.60 1.28 2.94 0.5
Butane 10-4-3 1.08 1.14 1.36 5.83 12.6 7.32 0.5
Benzene 10-4-3 1.06 1.08 1.10 4.66 4.71 5.85 0.5
Toluene 10-4-3 0.87 0.86 0.99 4,06 5.01 8.78 0.5
cO, 10-4-3 2.35 2.60 2.80 7.26 9.85 8.20 0.5
SO, 10-4-3 1.90 2.10 2.50 371 1.16 3.85 0.5
1.0 ¢ ] 1.0 4
0.8 + (@) oth 0.8
a) ethane ]
S 06 - 4.4mm Slab, 303K §- 0.6 - (@) ethane
s ® 5% g
-.g 0.4 - / 10% 3 0.4 2.6mm Slab, 303K
® 20% =
g , * 5%
0.2 0.2 . 10%
» A 20%
0.0 # T T T T 0.0 T T T
0 300 600 900 1200 1500 0 150 300 450
Time (Second) Time (Second)
1.0 7 1.0 = .
0.8~ 0.8 (e) ethane
]
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9 =3 = 1
2 0.4 . o S 0.4 . 0%
& . 10% u & 20%
0.2 0.2 + I
4 20% \_l
: e
0.0 T T T T i 0.0 + T T T 7 i
0 300 600 900 1200 1500 0 300 600 900 1200 1500
Time (Second) Time (Second)
1.0
0.8
% Figure 4. Model fitting and experimental kinetics data of
2 06 ethane at various mole fractions and 1 atm
i (c) ethane
] K bulk pressure.
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sult in a sharp drop in desorption curve. However, as the
desorption proceeds further, the driving force for finite kinet-
ics decreases very quickly and the long tail in the desorption
curve is observed. This tail suggests the importance of the
finite kinetics between the two phases.

With the optimal parameters listed in Table 3, we use both
models (FK and HMSD) to predict the adsorption kinetics of
ethane on the same pellet but at the other two temperatures,
283 K and 303 K. The prediction results from the FK and
HMSD models are represented in Figures 4b and 4c by a
solid line and a dashed line, respectively. The fittings are ex-
cellent for both models, justifying the correct description of
temperature dependence in these models. Next, these opti-
mal parameters are employed to simulate the adsorption ki-
netics on the smaller sized pellets, the 2.6 mm slab particles.
The model predictions (solid line and dotted line) and the
experimental data (dots) are plotted in Figure 4d, which again
shows that both model predictions are in good consistency
with the experimental results but the prediction from the FK
model is more satisfactory.

As a comparison, the 10-4 potential is also employed to
simulate the adsorption kinetics of ethane at 303 K on 4.4
mm slab particles. The model] fitting is shown in Figure 4¢ as
a solid line for the FK model and a dotted line for the HMSD
model. The optimized parameters are also listed in Table 3.
It is seen that the results are comparable with those from
10-4-3 potential, which suggests that the kinetics are not sen-
sitive to the choice of the potential form. The 10-4-3 poten-
tial is then used in all subsequent simulations.

Propane. The adsorption kinetics of propane were mea-
sured on the same particles and under the same operating
conditions as those of ethane. The optimization procedures
described earlier for ethane are applied for propane. The op-
timal results obtained from the fitting of the experimental
data at 303 K on a 4.4 mm slab with the models are listed in
Table 3. Model fittings and predictions are shown in Figures
5a-5d as lines while experimental data are plotted as sym-
bols. The model fittings and the predictions are all excellent,
notably, however, the long tail effect in the desorption curve
is described slightly better by the FK model.

1.0 /.// »
087 ane
® (a) prop
(0]
8 06 - 4.4mm Slab, 303K
> * 5%
(39}
S . B 10%
0.4 - A 20%
©
w /
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0.0 # T T
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Time (Second)
0.8 - '
[}
X
]
*g’_ 06 - (b) propane
© 77 4.4 mm Siab, 283K
il 4 [T/
& 04 o 59
® /
TR 5 10%
02 A 20!%,
0.0 T T
0 1000 2000 3000
Time (Second)

1.0 o
0.8 +
©
f‘tg (c) propane
= 0.6
= 4.4 mm Slab, 333K
3]
© " 10%
w
0.2 4 20%
0.0 T T T T
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A
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Time (Second)

Figure 5. Model fitting and experimental kinetics data of propane at various mole fractions and 1 atm bulk pressure.
(a) 303 K, 4.4-mm slab; (b) 283 K, 4.4-mm slab; (c) 333 K, 4.4-mm slab; (d) 303 K, 2.6-mm slab (—FK model, --- HMSD model).
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Figure 6. Model fitting and experimental kinetics data of butane at 303 K and 1 atm bulk pressure with various mole

fractions.

(a) 1-mm slab; (b) 1/16-in. (1.6-mm) cylinder; (¢) 2-mm slab (——FK model, --- HMSD model).

Butane. The adsorption kinetics experiments of n-butane
are carried out at the same temperature: 303 K, but on parti-
cles with different sizes: 2-mm siab; 4-mm slab; and 1/16-in.
(1.6 mm) cylinder. The fitting is carried out with the experi-
mental data of the 2-mm slab with three bulk mole fractions
(12.9%, 20.6% and 31.6%). The fitting results are shown in
Figure 6a and the optimized kinetics parameters are shown
in Table 3.

With the kinetics parameters in Table 3, we use both
mathematical models to predict the adsorption kinetics on a
1/16-in. (1.6-mm) cylinder and 4-mm slab particles (Figures
6b and 6¢). Here we see that the adsorption kinetics pre-
dicted by the FK model is superior to that of the HMSD
model, suggesting the great significance of the finite mass in-
terchange on the 1/16-in. (1.6-mm) cylinder. For larger size

pellets (4 mm), both models are adequate but the FK model
shows its superiority in model prediction.

Benzene and Toluene. To further examine the model’s ap-
plicability and predictability, the kinetics data of the other
class of hydrocarbon, the aromatics, are also employed in our
study. The adsorption temperatures are 303 K and 333 K for
benzene and 303 K for toluene. The bulk mole fraction are
0.415% and 0.912% for each species. The adsorption kinetics
of benzene are collected using the 2-mm full length slab par-
ticles while the kinetics of toluene are collected using the
2-mm slab and 1/16 in. (1.6-mm) cylinder. The fittings are
shown in Figure 7 for benzene and Figure 8 for toluene. The
fittings are excellent for both species, and the optimized pa-
rameters are listed in Table 3.

CO,. The adsorption as well as desorption kinetics of CO,
were studied on the 6 mm full length slab particle at three

1.0 )
| 1.0 R - |
0.8 | e
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é Q ,//’/
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= benceie, 24 mm Slab | =
2 | _ i 303K
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S 04 " e 0912% | 2 |
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0.2 —— 333K | -
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1/16 Cylinder |
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) 0 1000 2000 3000 4000
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Figure 7. Model fitting and experimental kinetic data of Time (Second)
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benzene on 2.4-mm slab at different tempera-
tures and mole fractions.
Total gas-phase pressure is 1 atm.
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Figure 8. Model fitting and experimental kinetics data of
toluene at 303 K on different sized pellets.
Total gas-phase pressure is 1 atm.

AIChE Journal



temperatures: 298 K, 323 K and 343 K (Gray and Do, 1991).
In the adsorption experiment, the particles are exposed to a
constant bulk condition of 20% mole fraction of CO, and 1
atm total pressure, while in the desorption experiment the
particles preequilibrated with the same CO, concentration
are desorbed in the stream of inert gas. The adsorption kinet-
ics data of CO, at three temperatures are chosen for fitting
with the mathematical models and extracting the optimized
kinetics parameters. The fitting is shown in Figure 9a, and
the optimal parameters are listed in Table 3. Again, those
optimized results are employed to predict the desorption ki-
netics on the same particles. We can see in Figure 9b that
both models can adequately simulate the adsorption data with
the FK model being a better model.

SO,. To finally test the applicability of the mathematical
model, we use the experimental data of SO, on Ajax acti-
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X
2 0.6
[« R 0 -
3
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2 04 - " 343K
O
©
w
0.2 A
®
0.0
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Time (Second)
Figure 9. Model fitting and experimental kinetics data of

CO, on 6-mm slab particle at different tem-
peratures.

Total gas-phase pressure is 1 atm. (a) Adsorption; (b) des-
orption (—FK model, -+ HMSD Modeb.
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vated carbon (Gray and Do, 1990). The pellets used in the
experiment are the 4-mm full-length slab particle and the ex-
periments are carried out at three different temperatures (298
K, 323 K and 373 K) with the bulk mole fraction being 0.5%,
2% and 5% for each temperature. The optimizations are first
performed for the desorption data at 298 K with the three
bulk mole fractions. The fittings are shown graphically in Fig-
ure 10a and the optimized parameters are listed in Table 3.
The fittings from both models are seen to be good.

The optimized parameters are then used to predict the
desorption kinetics at two other temperatures: 283 K and 373
K. The predictions from both models are shown in Figure
10b, where we can see the excellent prediction of the long
tail phenomenon is presented by the FK model. The HMSD
model, on the other hand, predicts faster desorption kinetics
at either temperature than this model does. Thus, the superi-
ority of this model is again demonstrated. Finally, the param-
eters are employed to simulate the adsorption kinetics at
three different temperatures (Figure 10c). The model predic-
tions from both models are reasonably good.

Discussion of the Optimized Parameters. The mathematical
model has been tested successfully with the extensive adsorp-
tion kinetics data of seven adsorbates on activated carbon.
For the FK model, the two kinetics parameters extracted from
the optimization are the surface diffusivity at zero loading
and infinite temperature D, (m?/s) and the adsorption rate
constant k, [1/s(mol/m?)]. It is important that we discuss
these extracted parameters in this section.

Surface Diffusivity at Zero Loading and Infinite Temperature
DJ.. The parameter Dy, represents the mobility of the ad-
sorbate molecule on the surface at zero loading condition and
at infinite temperature. Because it represents the mobility of
the molecule at infinite temperature and at zero loading, it is
reasonable to expect that this parameter is associated with
the solid surface properties. The extracted values of D,?m of
seven adsorbates from the FK model are plotted in Figure 11
(squares), and we note that within experimental error these
values are of the same order of magnitude with an average of
4.9x1077 m%A, except the value of DY, for CO, is a bit
larger than the average. This seems to support our con-
tention that D,?w is intrinsic and only specific to the adsor-
bent concerned. It may have a weak dependence on the
molecular weight. Further fundamental work is needed to test
this hypothesis. Compared with the value of the same vari-
able (the average DJ.=9Xx1077 m?/s) obtained from our
previous study (Do and Wang, 1997), the results in this study
are a bit smaller. This is mainly attributed to the way we
drive the MPSD in which the size difference is taken into
account, and the choice of 10-4-3 potential. The optimized
values of fox of seven species from the HMSD model are
also plotted in Figure 11 (circles), and one can see that these
values are more scattered than the values from the FK model,
the average value of which is 5.38X 1077 m®/. The more
scattering of the diffusivities of the HMSD model may point
to the FK model being a better model.

k,. The rate constant for adsorption k, measures the fi-
nite mass interchange between gas and adsorbed phase in the
overall uptake. The larger this parameter, the faster the gas
and adsorbed phase will reach equilibrium. As shown in pre-
vious analysis and simulations, it is an important factor in
describing the sorption kinetics in activated carbon. Gener-
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Figure 10. Model fitting and experimental kinetics data of SO, on 4-mm slab particle at different temperatures.
Total gas-phase pressure is 1 atm. (a) Desorption; (b) desorption (¢) adsorption. (—FK model, -~ HMSD model).

ally speaking, the mass interchange plays a more important
role at the initial stage of uptake processes, because the driv-
ing force for mass transfer is the largest at this stage of up-
take. The simulation results also suggest that, for adsorbates
of the same family, this parameter increases with the increase
of isotherm curvature (adsorption affinity). For adsorbates of
different families, however, this trend is not so obvious. Com-
pared with ng, the optimized values of k, for each species
are more scattered, but they are in the order of 10~
[1/s Amol/m?)], showing a general trend of increase with the
increase of the interaction energy between adsorbate and
solid, except some deviation is observed for that of CO,. This
abnormality is understandable since our model is strictly de-
veloped for nonpolar adsorbates like hydrocarbons, and it is
possible that the other adsorbate-surface interactions in-
duced by the polarity also play some role in the overall ad-
sorption kinetics.

Optimization Procedure. Although the FK model has two
kinetics parameters to be optimized, its convergence is gener-
ally good. However, if we perform optimization for the ad-
sorption kinetics data at one temperature with several bulk
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Figure 11. Surface diffusivity at zero loading and infi-
nite temperature D,fx of each species.
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gas concentrations, special attention is needed to locate the
optimal values as the goodness of fit only improves marginally
even though the set of parameter wa and k, may change
significantly. This constitutes some difficulties since different
combinations of wa and &, can simulate the data within the
experimental error. To overcome this problem, it is recom-
mended that optimization be performed for adsorption data
and desorption data simultaneously, or in case the desorption
data is unavailable, the adsorption data on different sized
pellets or at different temperatures are optimized together.
In either case, the final convergence is ensured.

Conclusion

We have proposed and tested a new mathematical model
for adsorption kinetics, which is based on the structural char-
acteristics of activated carbon. This model incorpates three
mass-transfer processes in the overall sorption kinetics: pore
diffusion, surface diffusion, and the finite mass interchange
between the gas and adsorbed phases. The driving force for
surface diffusion is chemical potential gradient and the mass
interchange rate is described by the Langmuir kinetics. The
pore-size distribution of the slit-shaped micropores is consid-
ered as the main source of heterogeneity which governs the
adsorption equilibria and kinetics through the dispersive force
represented by the Lennard-Jones potential theory. This dis-
tribution is obtained by fitting the multiple-temperatured
isotherm data of many adsorbates simultaneously and is em-
ployed to study the sorption kinetics of ethane, propane, bu-
tane, benzene, toluene, carbon dioxide, and sulfur dioxide
over a range of operating conditions and parameters. The
model fittings and predictions are found to be excellent in
general, and in particular the model is able to predict the
long tail behavior observed in desorption mode. Such long
tail behavior has been unable to be accounted for by any pre-
vious models, and this has testified for the potential applica-
bility of the model proposed in this article.

The implications of the model are also discussed. One of
the special cases for this model, the HMSD model proposed
by Do and Hu (1993), is also employed in the simulation as a
reference to study the role of the finite kinetics in the overall
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adsorption process. It is found that finite kinetics play an im-
portant role in the overall kinetics, especially at the initial
stage of adsorption process, and it cannot be neglected in the
description of the sorption kinetics on activated carbon.
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Notation

b, = adsorption affinity at zero energy level, 1/ (mol/m3)
C* =hypothetical gas-phase concentration, (mol/m )
D = surface dxffusmty, m?/s
=pore flux, mol/m?/s
kd .. =desorption rate constant at zero energy level, s
k,, =film mass-transfer coefficient, m~
L(r) = mobility at pore with half width r
M =molecular weight
R, = gas constant
t =time, (s)
X =reduced particle coordinate
Y =dimensionless gas-phase concentration
¥, = dimensionless adsorbed -phase concentration
B = affinity parameter, m> mol~! (g-K/mol)"?
€ = particle porosity
o, =collision djameter between the solid and the fluid
molecules, A
€, =Cross interaction energy minimum, J/mol
¢(z,r) =potential at distance z in pore with radius r, J/mol
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Appendix

The nondimensional model equations for Eqgs. 14 and 15
are

Y J max 1 ad Y
og— +og b_{f Y(x)f(x)dx} T]}(—SE{X ﬁ}

T X min
1 (9 max CR aY (-x)
+ 86— — H £
X° X { fxmm @ ey Tax O*

(A1)

Table Al. Nondimensional Groups and Parameters
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w u X =1, naX+5 j;mm H(x) Cam Y5 X f(x)dx
1 4 [ Cy Y, (x)
"% 3x x Cr-Y,(x) X =Bi(Y,~Y)

X i Y, )\(x)
A(x)Y = = me 07

+[yY+¢ xHK(x)]{CR _——1+;(x)Y—Y“(X)} (A2) =0, Y, =Cg - 1+Y(])‘(x)f(x)dx (A3)

The corresponding nondimensional groups and parameters

are listed in Table Al.
The corresponding boundary conditions for above equations

are Manuscript received June 12, 1997, and revision received Sept. 18, 1997.
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