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Why Does the Linear Driving Force Model for Adsorption Kinetics Work?
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Abstract. The Linear Driving Force (LDF) model for gas adsorption kinetics is frequently and successfully used
for analysis of adsorption column dynamic data and for adsorptive process designs because it is simple, analytic,
and physically consistent. Yet, there is a substantial difference in the characteristics of isothermal batch uptake
curves on adsorbent particles by the LDF and the more rigorous Fickian Diffusion (FD) model. It is demonstrated
by using simple model systems that the characteristics of the adsorption kinetics at the single pore or the adsorbent
particle level are lost in (a) evaluating overall uptake on a heterogeneous porous solid, (b) calculating breakthrough
curves from a packed adsorbent column, and (c) establishing the efficiency of separation by an adsorptive process
due to repeated averaging of the base kinetic property. That is why the LDF model works in practice.
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Introduction

Mathematical simulation of cyclic gas separation pro-
cesses such as pressure swing adsorption or thermal
swing adsorption (PSA or TSA) requires models for
describing adsorption kinetics. The linear driving force
(LDF) model, which was originally proposed by
Gleuckauf and Coates (1947) for adsorption chro-
matography, is frequently used for this purpose
because it is analytical, simple, and physically consist-
ent (Hartzog and Sircar, 1995; Gemmingen, 1993;
Raghavan et al., 1986; Chihara and Suzuki, 1983).

According to the LDF model, the rate of adsorption
of a single adsorbate (pure gas or mixture with an inert
gas) into an adsorbent particle is given by:

dC̄(t)

dt
= kL[C̄∗(t)− C̄(t)] (1)

where C̄(t) is the average adsorbate concentration
(moles per unit volume) in the adsorbent particle at
time t , andC̄∗(t) is the adsorbate concentration in the
particle that would be in equilibrium with the instanta-
neous superincumbent gas phase partial pressure of the
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adsorbate [P(t)] and the adsorbent temperature [T(t)]
at timet . The model assumes that the adsorbent particle
temperature is uniform (does not vary with radius) at all
times. The variablekL is called the effective LDF mass
transfer coefficient at adsorbate loading of(C̄)and tem-
perature (T). The average adsorbate loading (moles per
unit weight) at timet is given by n̄(t) = C̄(t)/ρP,
whereρP is the adsorbent particle density.

The most rigorous formulation to describe adsorbate
transport inside the adsorbent particle is the chemical
potential driving force (CPDF) model which originates
from the irreversible thermodynamics (Barrer, 1971).
For pure gas ad(de)sorption into (from) a spherical ad-
sorbent particle of radius (R), the CPDF model yields:

J(r, t) = −B ·C(r, t)
[
∂{µ(r, t)/RgT}

∂r

]
t

(2)

where J(r, t) is the flux of a pure adsorbate (moles
per unit area per time) at radiusr (0 ≤ r < R) of the
adsorbent particle at timet where the instantaneous
local adsorbate concentration isC(r, t) and the instan-
taneous local temperature isT(r, t). The variableB is
called the mobility of the adsorbate atC andT , and
Rg is the gas constant. The instantaneous local chem-
ical potential [µ(r, t)] of the pure adsorbate inside the
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adsorbent atr andt is given by:

µ(r, t) = µ∗(T)+ RgT ln P(r, t) (3)

whereµ∗(T) is the standard state gas phase chemical
potential of the pure adsorbate at temperatureT (pres-
sure= one atmosphere), andP(r, t) is the pure gas
partial pressure which will be in equilibrium with the
particle adsorbate concentration ofC(r, t).

For the special case of isothermal ad(de)sorption
process at temperatureT , Eqs. (2) and (3) can be com-
bined to obtain:

J(r, t) = −D ·
(
∂C

∂r

)
t

constantT (4)

D = B

[
d ln P

d ln C

]
T

(5)

Equation (4) is the well-known isothermal Fickian
diffusion (FD) model for isothermal pure gas
ad(de)sorption. The parameterD is called the Fickian
diffusivity. Equation (5) is known as the “Darken cor-
rection” (Karger and Ruthven, 1992), which relates the
parametersB and D. The quantity [d ln P

d ln C ]T in Eq. (5)
is the inverse of the slope of the equilibrium adsorption
isotherm of the pure gas (plotted as lnC vs. lnP).

For the special case of isothermal adsorption at low
gas pressures (Henry’s law region), where the adsorp-
tion isotherms are linear [C = K P], the FD model
further simplifies to

J(r, t) = −D0 ·
(
∂C

∂r

)
t

(6)

Table 1. Analytical batch uptake curves.

Models Constant pressure experiment Constant volume experiment

Fickian Diffusion (FD) f (t) = 1−
∞∑

n=1

6

(nπ)2
e−[Dn2π2t/R2] f (t) = 1−

∞∑
n=1

6α(1+ α)e−[Dq2
n t/R2]

(9+ 9α + q2
nα

2)

tanqn = 3qn

3+ αq2
n

Linear Driving Force (LDF) f (t) = 1− e−kL t f (t) = 1− e−
(1+α)
α kL t

Quadratic Driving Force (QDF) ln[1− f (t)] + ln

[
1+ f

(1+ 2β)

]
= −kQt ln[1− f (t)] + (α + 1)

(α − 1)
ln

[
1+ f

δ

]
β = C̄0

(C̄∞ − C̄0)
= − (1+ α)

α
kQt

δ = (1+ α + 2αβ)

(α − 1)

β = C̄0/(C̄∞ − C̄0)

Special caseβ = 0 Special caseβ→∞
f 2(t) = 1− e−kQt f (t) = 1− e−

(1+α)
α kQt

whereD0(=B) is the Henry’s law region diffusivity for
pure gas adsorption andK is the Henry’s law constant.

It is generally assumed thatD0 is a function ofT
only. Thus, the local isothermal adsorbate mass balance
within the adsorbent particle at radiusr and timet can
be written as:[

∂C(r, t)

∂t

]
r

= D0

r 2
· ∂
∂r

[
r 2 ·

(
∂C

∂r

)
t

]
t

(7)

The average adsorbate concentration in the particle at
time t [C̄(t)] is given by

C̄(t) = 3

R3

∫ R

0
r 2C(r, t) dr (8)

Many analytical solutions for Eqs. (7) and (8) have
been generated [isothermal ad(de)sorption with con-
stantD0] by using different initial and boundary con-
ditions for the batch uptake experiments (Crank, 1956).
They are expressed in terms of the fractional uptakes
(loss) of the adsorbate [f (t)] as functions of the dimen-
sionless times(τ = D0t/R2], which is defined by:

f (t) = C̄(t)− C̄0

C̄∞ − C̄0

whereC̄0 andC̄∞ are, respectively, the initial and final
equilibrium adsorbate concentrations in the adsorbent
particle at the start and end of the batch uptake (loss) ex-
periment. The corresponding equilibrium gas phase ad-
sorbate partial pressures areP0 andP∞, respectively.

Table 1 reproduces the analytical expressions for
f (t) obtained under isothermal, constant volume and
constant pressure experiments for the FD model. The
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gas phase pressure is instantaneously changed from
P0 to P∗∗ at t = 0, and then it gradually approaches
P∞ (t→∞) during the constant volume experiment
(volumetric apparatus). The gas phase pressure is
instantaneously changed fromP0 to P∞ at t = 0, and
then it is held constant at that value during the con-
stant pressure experiment (gravimetric apparatus). An
additional parameter (α) is needed to describe the up-
take by the constant volume experiment. The quantity
[1/(1+ α)] represents the fraction of moles of adsor-
bate introduced (removed) into (from) the gas phase
of the ad(de)sorption system att = 0 (in order to raise
(lower) the gas phase pressure fromP0 to P∗∗) that is
ad(de)sorbed during the process. The constant pressure
experiment represents a special case of the constant
volume experiment whereα→∞.

The solutions of Table 1 are frequently used to
obtainD0 from the experimental volumetric or gravi-
metric uptake data. It should, however, be emphasized
that these solutions are rigorously applicable only for
isothermal uptakes and for the case whereD is not
a function ofC. Otherwise, the calculated values of
diffusivity will be erroneous even though the model
may fit the data fairly well. Recently conducted uptake
studies using the isotope exchange technique (Rynders
et al., 1997; Mohr et al., 1999), where the process
is truly isothermal and the effective adsorption
isotherms for the isotopes are linear, showed that the
FD models describe the process very well for diffusion
of simple gases in zeolites. Other non-isothermal FD
models, which simultaneously solve mass and heat bal-
ance equations for the differential uptake process have
also been used to demonstrate the validity of the FD
model (Yucel and Ruthven, 1980; Ruthven et al., 1980).

It is generally assumed that the FD model is funda-
mentally adequate to describe pure gas ad(de)sorption
kinetics. However, the model imposes formidable
mathematical hurdles in adsorptive process design be-
cause (a) Eqs. (4) and (5) have to be integrated at the
adsorbent particle level under the local operating con-
ditions of the process in order to obtain the distributed
adsorbate loadings [n̄(t, z)] as functions of time(t) and
adsorbent particle position(z)within a packed-column
adsorber during each cyclic step of the process, (b) the
n̄(t, z) profiles must then be integrated over the column
length (L) and step cycle times(ts) in order to obtain the
average column adsorbate loadings at the start and the
end of various cyclic steps of the process, and finally
(c) the above integration protocols must be repeated
over many cycles of operation in order to establish
the final cyclic-steady-state separation performance of

the overall process. Since all practical adsorbers oper-
ate under non-isothermal and non-isobaric conditions,
the above described integrations must be carried out by
coupling the solutions of simultaneous mass, heat, and
momentum balance equations at the particle, column,
and steady state cyclic operation levels. As a result, the
FD model will generally require impractically large
computational times for process simulation under real-
istic conditions. The authors are not aware of any pub-
lication that uses such a model for adsorptive process
design. On the other hand, the mathematically simple
LDF model eliminates the integration step at the parti-
cle level and it significantly reduces the computational
times required for realistic process simulations.

The purpose of the present work is to demonstrate
that the LDF model is adequate for process simulation
because the detailed characteristics of a local adsorp-
tion kinetic model are lost during repeated integrations
(averaging) of its properties needed to obtain the final
process performance.

Comparison Between Batch Uptakes by FD
and LDF models

Table 1 gives the analytical expressions for isothermal
fractional uptakes [f (t)] by the LDF kinetic model
using the batch constant volume and the constant pres-
sure experiments. The dimensionless time for the LDF
model is defined byτ(=kL t).

Curve (a) of Fig. 1 shows the characteristics of di-
mensionless uptake by the FD model for a constant
pressure experiment. The best least square fit of curve

Figure 1. Comparative batch kinetic uptakes by FD, LDF, and QDF
models (constant pressure experiment).
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Figure 2. Best fit relationship betweenkL and (D/R2) for batch
kinetic uptake (constant volume experiment).

(a) by the LDF model is shown by curve (b) of the fig-
ure. The LDF model underpredicts the value off (τ )by
the FD model at lower values oft and overpredicts the
f (τ ) value at higher values oft . However, the general
shapes of the uptake curves (f vs τ ) by both models
are similar.

The best fit relationship between the time constants
for the adsorbate uptakes by the FD(D/R2) and the
LDF (kL) models for the constant pressure experi-
ment of Fig. 1 is given by [ÄL = kL/(D/R2)= 16.2].
Similar best fit relationships can be generated to obtain
ÄL for constant volume experiments as functions of
the parameterα. Figure 2 shows the results. It may be
seen thatÄL is practically independent ofα for larger
values ofα(≥5) and it increases(>16) asα decreases.
The general discrepancies between the uptake curves
for FD and LDF models obtained for constant volume
experiments (finiteα) are very similar (not shown) to
those for the constant pressure experiments.

It may be interesting to note that Glueckauf (1955)
obtained a ratio of 15 forÄL by comparing theoretical
chromatograms by the two models. It will be shown
later that other relationships forÄL can be obtained by
matching the net adsorbate flux into the adsorbent parti-
cle by the two models and assuming different adsorbate
concentration profiles within the particle (same aver-
age concentration) for the LDF model. A special case
of this latter approach, which assumes an intraparticle
quadratic adsorbate concentration profile (Liaw et al.,
1979), yields a value of 15 forÄL which is commonly
recommended for process design (Ruthven, 1984).

The lack of quantitative fit between the batch kinetic
uptake curves of Fig. 1 by the FD and the LDF models
has led many workers to empirically modify the form
of Eq. (1) in order to obtain better match with the FD
uptake (Do and Rice, 1986; Do and Mayfield, 1987;

Goto and Hirose, 1991; Buzanowski and Yang, 1991;
Yao and Tien, 1992a, 1992b). These modified models,
however, become mathematically cumbersome even
for the simple case of isothermal ad(de)sorption and
often contain several parameters which cannot be un-
ambiguously evaluated from the experimental uptake
data. Furthermore, the integrable characteristics of the
LDF model, which is a very desirable property for the
evaluation of adsorption column dynamics or process
design, is often lost.

A better fit of the FD model uptake curve under cer-
tain conditions can be achieved by the Quadratic Driv-
ing Force (QDF) model (Vermeulen, 1953). The rate of
adsorption into the adsorbent particle by this empirical
model is given by

d[C̄(t)]

dt
= kQ[{C̄∗(t)}2− {C̄(t)}2]

2{C̄(t)} (9)

wherekQ is the effective QDF mass transfer coefficient
at adsorbate loading of̄C(t) and temperatureT .

Table 1 gives the analytical solutions for the uptake
curves generated by the QDF model. An additional
parameter calledβ [=C̄0/(C̄∞ − C̄0)] is required to
describe these solutions.

Figure 1 shows that the uptake curve by the QDF
model for a constant pressure experiment(α→∞)
very closely traces that by the FD model when
β = 0(C̄0= 0, adsorbent is initially free of adsorbate)
even though the instantaneous rate of adsorption at the
limit of t = 0 is undefined [Eq. (9)] by the model un-
der that condition. This limiting singularity vanishes
for finite values ofβ but the difference between the
uptake curves by the FD and the QDF models becomes
more pronounced asβ increases (Fig. 1). The uptake
curves for the QDF and the LDF models coincide when
β→∞ (a differential uptake test wherēC∞ ≈ C̄0).

Figure 3 compares the uptake curves for the FD and
QDF models for a constant volume experiment (α=
finite) with β = 0. It shows that these two models are
practically indistinguishable over a very large value of
α (1 ≤ α≤ 10,000) under this condition. The ratio of
the least square best fit values ofkQ and (D/R2) is
given by 9.14(=ÄQ) whenα is large. The differences
between these two models, however, become more pro-
nounced (as in Fig. 1) whenβ is large (not shown).

Thus, it may be concluded that the QDF model is a
good proxy for describing isothermal Fickian uptake of
a pure gas by an adsorbent particle when the initial ad-
sorbate loading is small. We will utilize this character-
istic of the QDF model to analytically represent Fickian
mass transfer in adsorption columns in this paper.
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Figure 3. Comparative batch kinetic uptakes by FD and QDF mod-
els (constant volume experiment).

Intraparticle Concentration Profile for LDF Model

Even though the rate equation for the LDF model
Eq. (1) deals with the average adsorbate concentra-
tions within the adsorbent particle, it has been shown
(Sircar and Hufton, 2000) that the following very
general intraparticle adsorbate concentration profile is
compatible with that rate equation for a constant pres-
sure experiment:

C(r, t) = C̄∞ − b(t) · [FR− F(r )] (10)

b(t) = [C̄∞ − C̄0]

FR− GR
e−kL t (11)

GR = 3

R3

∫ R

0
r 2F(r ) dr (12)

whereF(r ) is any monotonic and continuous function
of r in the domain(0 ≤ r ≤ R) which satisfies the
boundary condition [dF(r )

dr = 0 at r = 0]. The value of
the functionF(r ) at r = R is FR.

The net instantaneous adsorbate flux into the adsor-
bent particle for the FD and LDF models can be written
(constant pressure experiment) as:

dC̄(t)

dt
= kL[C̄∞ − C̄(t)] = 3D

R
·
[
∂C(r, t)

∂r

]
r=R

(13)

It follows from Eqs. (10)–(13) that

kL = 3D

R

HR

[FR− GR]
; ÄL = 3RHR

[FR− GR]
(14)

whereHR is given by the value of [dF(r )
dr ] at r = R.

Equation (14) provides a very general relationship
betweenkL and(D/R2)which is obtained by matching
the net instantaneous adsorbate flux into the adsorbent
particles by the two models for a constant pressure ex-
periment. Thus, the value ofÄL depends on the choice
of the functionF(r ). The commonly used value of 15
is true only for the special case where

C(r, t) = C̄∞ − b(t)[R2− r 2] (15)

Equation (15) was originally proposed by Liaw et al.
(1979).

Effect of Adsorbent Heterogeneity

The above discussions are based on the assumption that
the adsorbent particle is physico-chemically homoge-
nous so that a single value of(D/R2) or kL character-
izes the mass transfer into the adsorbent. Most prac-
tical amorphous and bounded crystalline adsorbents
are, however, heterogeneous consisting of a network
of interconnected pores of different sizes and shapes
and different surface chemistry. Quantitative estima-
tion of such heterogeneity is not practically possible by
today’s technology. Consequently, the experimentally
measured uptake profiles on these materials already
reflect the average rate of adsorption by the composite
pore structure of the adsorbent.

We evaluated the effect of this averaging by assum-
ing that the model heterogeneous adsorbent consists of
a collection of parallel pores, each having a differentkL

or D value. A normalized gamma distribution function
was assumed to represent the adsorbent heterogeneity.
Thus, the average fractional uptake [F(t)] at time t
by the heterogeneous adsorbent for a constant pressure
experiment is given by

F(t) =
∫ ∞

0
f (t) · λ(x) dx (16)

where f (t) is the local fractional uptake at timet by
a pore characterized by the propertyx (kL or D). The
functionλ(x) is the probability density function for the
distribution of the propertyx in the adsorbents

λ(x) = a(p+1)

0(p+ 1)
· (x)p · e−ax (17)∫ ∞

0
λ(x) dx = 1 (18)
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where0 is the gamma function. The variablesa andp
are two adjustable parameters of the gamma distribu-
tion. The mean (µ) and the variance (σ ) of the gamma
distribution are given by

µ = (p+ 1)

a
; σ 2 = (p+ 1)

a2
(19)

One can now integrate Eq. (16) using the local uptake
characteristics [f (t)] for the FD or LDF model de-
scribed by Table 1 (constant pressure experiments) in
conjunction with Eqs. (17)–(19) to obtain

FD Model:

F(t) = 1−
∞∑

n=1

6

(nπ)2
·
[

1

1+ ( µt
R2

)
n2π2χ

](1/χ)
(20)

LDF Model:

F(t) = 1−
[

1

1+ µχ t

](1/χ)
(21)

whereχ is defined by(σ/µ)2. The variableχ is a
measure of the degree of heterogeneity of the adsor-
bent. The adsorbent is homogeneous whenχ = 0. Both
Eqs. (20) and (21) reduce to the uptake expressions for
homogeneous system given in Table 1 under the limit
of [χ→ 0, σ→ 0].

We compared the average uptakes on the above de-
scribed heterogeneous adsorbent by the FD and LDF
kinetic models. A set of FD uptake curves was gen-
erated using different values ofχ and then they were
fitted by the LDF model using differentχ andµ values.
Figure 4 shows the results. The functionF(t) is plot-
ted against the dimensionless timeτ(=µt) for different
values ofχ . It may be seen that the difference between
the uptake curves by FD and LDF model nearly vanish
when the degree of adsorbent heterogeneity is mod-
erate to large(χ ≥ 1). Even for a small heterogeneity
(χ = 0.25), the difference between the two models is
much less than that in the case of a homogeneous adsor-
bent (Fig. 1). An interesting characteristic of the LDF
uptake curves of Fig. 4 is that they intersect the FD
uptake curves at two different points.

Figure 5 shows the dimensionless distribution func-
tions [λ(x) against(x/µ)] for the three cases shown
in Fig. 4. It may be seen that the FD and LDF mod-
els show remarkably comparable uptake curves for a

Figure 4. Comparative batch kinetic uptakes on model heteroge-
neous adsorbent by FD and LDF models (constant pressure experi-
ment).

Figure 5. Heterogeneity distribution functions corresponding to the
cases of Fig. 4.

heterogeneous adsorbent having a large variety of sym-
metric and asymmetric distribution characteristics. The
homogeneous adsorbent can be described by a Dirac-
delta function at(x/µ= 1) in Fig. 5.

The above example of mass transfer into a het-
erogeneous adsorbent demonstrates that the detailed
characteristics of homogeneous uptake curves (FD or
LDF) is not important when the average uptake on a
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heterogeneous solid is being estimated. Incidentally,
a similar conclusion was reached (Sircar and Myers,
1988) in the past, when describing the overall ad-
sorption equilibria on a heterogeneous adsorbent by
integrating the independent contributions of adsorp-
tion equilibria from a distribution of adsorption sites of
various energies (patchwise homogeneous model). The
overall experimentally measured adsorption isotherm
on the heterogeneous solid could be described by var-
ious combination of energy distribution functions and
local adsorption isotherms as long as the mean of the
energy distributions were the same. Thus, the detailed
characteristics of the local adsorption isotherms and
the energy distributions were lost due to the averaging
process.

Column Dynamics

We consider the isothermal and isobaric adsorption of
a single trace adsorbate from an inert gas in a clean
adsorbent column at pressureP and temperatureT .
The column is initially pressurized with the pure in-
ert gas atP andT . The feed gas having an adsorbate
mole fraction ofy0(¿1) is then introduced into the
column. A single mass transfer zone (MTZ) is formed
which propagates through the column as more feed gas
is passed and finally the zone exits the column (break-
through curve) when the column is equilibrated (ad-
sorbate loading= n0) with the adsorbate at feed gas
conditions (P, T , andy0). We assume that the equilib-
rium adsorption isotherm for the adsorbate is described
by the Langmuir model

n0 = mbPy0

1+ bPy0
(22)

whereb is the Langmuirian gas-solid interaction pa-
rameter for the adsorbate atT andm is the saturation
adsorption capacity of the adsorbate.

We further assume that a constant pattern MTZ is
formed (Sircar and Kumar, 1983) which dictates that

n(1− y)

y
= n0(1− y0)

y0
(23)

wheren and y are, respectively, the adsorbate load-
ing and the gas phase adsorbate mole fraction at any
positionz within the MTZ at any timet .

The local rates of adsorption given by Eqs. (1) and
(9), respectively, for the LDF and the QDF models can

be combined with Eqs. (22) and (23) to obtain the gas
phase adsorbate concentration profiles in the break-
through curves from the column:

LDF Model:

kL
(1+ bP)

bP
(t1− t2)

= (1− θ0)

θ0
ln

φ

(1− φ) −
1

θ0
ln

[
1− φ
φ

]
(24)

QDF Model:

kQ
(1+ bP)

bP
(t1− t2)

= 2(1− θ0)

(2− θ0)
· (1− θ

0)

θ0
ln

φ

(1− φ)
− 1

θ0
ln

[
1− φ
φ

]
− 1

(2− θ0)
ln

[
2− (1− φ)θ0

2− (φ)θ0

]
(25)

whereφ(=y/y0) is the dimensionless gas phase adsor-
bate concentration,t1 andt2 are, respectively, the times
at which the effluent gas dimensionless concentrations
areφ and(1−φ), andθ0(=n0/m) is the equilibrium
fractional surface coverage by the adsorbate at feed gas
conditions.

Figure 6 shows three examples of dimensionless
column breakthrough curves forθ0 values of 0.039,
0.181, and 0.997. The variableφ is plotted against a di-
mensionless time defined by [k(1+ bP)/(bp)][ t − ts]
where ts is the time at whichφ= 0.5 [stoichiomet-
ric breakthrough time(ts = n0

G0y0 ) for the case of

Figure 6. Comparative column breakthrough curves by LDF and
QDF models.
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infinitely fast adsorption of a trace adsorbate,kL→∞;
kQ→∞]. The variableG0 is the molar flow rate of the
feed gas per unit amount of adsorbent. The plots of
Fig. 6 (symbols) were generated using Eq. (24). They
were then refitted (solid lines) by Eq. (25). The results
show that the breakthrough curves can be described al-
most quantitatively by either the LDF or the QDF mod-
els for local adsorption kinetics. The ratios of the mass
transfer coefficients for the two models(kQ/kL) for the
best fit are given in Fig. 6. This exercise demonstrates
that the individual characteristics of batch adsorption
kinetics by LDF and QDF (used as a proxy for the
FD model) models are lost in describing the column
breakthrough curve by the above described integration
process.

Isothermal PSA on a Single Adsorbent Particle

The appropriate relationship betweenkL and(D/R2)

that can be used for the design of a PSA process is an
often-asked question. In particular, a very interesting
situation is the case of a rapid PSA (Sircar et al., 1999)
where the cycle times for the adsorption and the des-
orption steps are very small (<5 seconds). In that case,
the adsorbate may only partially penetrate into the mass
of the adsorbent particle causing a very inefficient uti-
lization of its total adsorption capacity. However, the
overall separation performance by the process can be
beneficial (very low adsorbent inventory) due to rapid
cycling (Sircar and Hanley, 1995). In such a case, a spe-
cial relationship [ÄL À 10–16] is needed for process
design.

Nakao and Suzuki (1983) numerically studied the
separation of a gas mixture (single adsorbate from an
inert gas) by an isothermal PSA process over a single
adsorbent particle. The adsorption step was carried out
by contacting the adsorbent with the gas mixture at a
pressure ofPA for a period of time(tA), and then the
adsorbate was desorbed by exposing the adsorbent to
a lower pressure ofPD(=0) for a period of time(tD).
The cyclic process was continued until a steady state
was reached. The performance of the process was es-
timated by using both the FD and the LDF models for
adsorption kinetics and a relationship was obtained be-
tweenkL and(D/R2) in order to match the separation
efficiency (same amounts adsorbed and desorbed by
both models at steady state). The dotted line in Fig. 7
shows the best fit value ofÄL as a function of dimen-
sionless cycle time [Dt̄/R2] for the process. The half
cycle time for the process is given byt̄(=tA = tD).

Figure 7. Relationship betweenkL and(D/R2) for an ideal PSA
process on a single adsorbent pellet. Effect of cycle time.

Recently, it was shown that the ratio of the net ef-
fective working capacity for the adsorbate(n̄A − n̄D)

to the maximum working capacity for the adsorbate
(n̄∗A − n̄∗D) obtainable under local equilibrium condi-
tion for the above described process can be given by
(Sircar and Hanley, 1995)

ε = fA · fD

( fA + fD − fA · fD)
(26)

wheren̄A and n̄D are the average adsorbate loadings
in the particle at the end of, respectively, the adsorp-
tion and the desorption steps of the cycle. The variables
n̄∗A andn̄∗D are, respectively, the equilibrium adsorbate
loadings under the conditions of adsorption and des-
orption. The functionsfA and fD are, respectively, the
fractional uptake (loss) of the adsorbate by the adsor-
bent during the adsorption and desorption steps:

fA(tA) =
[

n̄A − n̄D

n̄∗A − n̄D

]
; fD(tD) =

[
n̄D − n̄A

n̄∗D − n̄A

]
(27)

For the special case wheretA = tD = t̄ , it follows that
( fA = fD = f ), and:

ε = f

(2− f )
(28)
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We used Eq. (28) and the constant pressure fractional
uptake expressions for LDF and QDF models (Table 1)
to obtain a relationship betweenkL andkQ in order to
matchε for the case whereβ→ 0. In other words, the
conditions of the PSA process were such that the aver-
age adsorbate loading in the adsorbent at the start of the
adsorption was very small. This condition is expected
to be satisfied when̄t is very small so that the adsor-
bate penetration in the particle is small. The previously
obtained best fit relationship between the FD and QDF
models [ÄQ = 9.14] forβ = 0 was then used to obtain
ÄL as a function of(Dt̄/R2) in order to match theε
values for the LDF and the FD models. Thus, the QDF
model was again used as a proxy for the FD model.

The result is shown by the solid line in Fig. 7. The
variableÄL increases as̄t decreases as in the case
of Nakao-Suzuki model. In fact, the general agree-
ment between the two results, which were obtained
by two completely different approaches and criteria
for comparing separation performance, is remarkable.
This demonstrates the insensitivity of the choice of
adsorption kinetics model in describing process per-
formance. Several authors have developed correlations
betweenÄL and t̄ by analysis of various isothermal
PSA processes using a single adsorbent particle (Alpay
and Scott, 1991; Carta, 1993) as well as a packed col-
umn (Raghavan et al., 1986). These studies show that
the LDF model can be adequately used to describe the
process performance exhibited by the FD model. How-
ever, the value ofÄL depends on the design of the
process.

Experimental Evidence of LDF Mechanism

The above discussions imply that the CPDF or FD mod-
els of gas transport in adsorbent particles provide a
more realistic mechanism, but the LDF model can be
used as a practical tool for describing the adsorption
kinetics on heterogeneous solids, for evaluating ad-
sorbent column dynamics, and for adsorptive process
design. It should be mentioned here that the uptake of
gases by carbon molecular sieves (CMS), where the pri-
mary transport resistance occurs at the restricted pore
mouths of the carbon, can be exactly described by the
LDF model. Recent experimental uptake data for ad-
sorption of small molecules on CMS measured by the
isothermal isotope exchange technique (Rynders et al.,
1997) demonstrates that point. It has also been shown
that the non-isothermal LDF model can describe gas
uptake on zeolites as well as the non-isothermal FD

model under the conditions of differential adsorption
tests (Sircar, 1983).

Summary

The Fickian Diffusion (FD) model, which is a special
case of the most rigorous chemical potential driving
force (CPDF) model of adsorbate transport within an
adsorbent particle, is often used for analyzing isother-
mal gas uptake by adsorbents in order to estimate a
diffusivity parameter. The Linear Driving Force (LDF)
model with a lumped mass transfer coefficient, on the
other hand, is very frequently used for practical analysis
of column dynamic data and for adsorptive process de-
sign because it is simple, analytical, and physically con-
sistent. Even though the characteristics of the isother-
mal batch kinetic uptake of a gas by these two models
are substantially different, the LDF model works be-
cause the estimation of the separation performance of
an adsorptive process requires several sets of averaging
of kinetic properties at the particle, the column, and the
overall cyclic steady state levels. The characteristics of
the models describing the local rates of adsorption at
the particle level are often lost during these integra-
tion processes. This work demonstrates by using sim-
ple model systems that (a) the overall fractional uptake
by a heterogeneous porous adsorbent, consisting of a
collection of parallel pores, can be well described by
both the FD or the LDF models characterizing the gas
transport into individual pores, (b) the packed-column
breakthrough curve for adsorption of a single adsorbate
from an inert gas can be well described by both the FD
and the LDF models representing adsorption kinetics
at the particle level, and (c) the separation efficiency
of a simple PSA cycle on a single adsorbent particle
is insensitive to the choice of mechanism for the lo-
cal rates of adsorption. The Quadratic Driving Force
(QDF) model is used as a proxy for the FD model in
some of these cases.

Nomenclature

a Parameter of gamma distribution function
b Langmuirian gas-solid interaction parameter
b(t) Function defined by Eq. (11)
B Adsorbate mobility within adsorbent particle
C Adsorbate concentration within adsorbent

particle
D Fickian diffusivity of adsorbate within

adsorbent particle
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D0 Fickian diffusivity in Henry’s Law region
f (t) Fractional uptake at timet
F(t) Fractional uptake at timet on a heterogeneous

adsorbent
F(r ) Function in Eq. (10)
FR Value of F(r ) at r = R
GR Function defined by Eq. (12)
HR Value of(d f/dr) at r = R
J Flux of adsorbate inside adsorbent particle
kL Mass transfer coefficient for LDF model
kQ Mass transfer coefficient for QDF model
m Langmuirian saturation capacity
n Adsorbate loading in adsorbent particle
n0 Equilibrium adsorbate loading at feed

conditions
p Parameter of gamma distribution function
P Pressure
P∗∗ Initial pressure change in volumetric

experiment
qn Parameter defined by Table 1
r Radius
R Radius of adsorbent particle
t time
t̄ Half cycle time
T Temperature
y Gas composition
y0 Feed gas composition
x kL or D as in Eq. (16)
z Distance in column

Greek Letters

α Parameter defined by Table 1
β C̄0/(C̄∞ − C̄0)

σ Variance of Gamma distribution
0 Gamma function
δ Defined by Table 1
µ Mean of Gamma distribution, chemical

potential
µ∗ Standard state chemical potential
λ Defined by Eqs. (16) and (17)
χ (σ/µ)2

θ0 Fractional adsorbate capacity at feed
condition

φ y/y0

ÄQ kQ/(D/R2)

ÄL kL/(D/R2)

ε Defined by Eq. (28)
τ Dimensionless time (Dt/R2, kL t , kQt)
ρp Adsorbent particle density

Subscripts and Superscripts

0 Initial condition
∞ Final condition
∗ Equilibrium condition
¯ Average value in adsorbent particle
A Adsorption
D Desorption
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