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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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adsorbatelp(t)] and the adsorbent temperatufig{)]
attimet. The model assumes that the adsorbent particle
temperature is uniform (does not vary with radius) at all

cesses such as pressure swing adsorption or thermatimes. The variabl&, is called the effective LDF mass

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 patrticle is given by:

dC(t)

— =kIC'®m - Cw)

1)
where C(t) is the average adsorbate concentration
(moles per unit volume) in the adsorbent particle at
timet, andC*(t) is the adsorbate concentration in the
particle that would be in equilibrium with the instanta-

transfer coefficient at adsorbate loading®§ and tem-
peratureT). The average adsorbate loading (moles per
unit weight) at timet is given byf(t) = C(t)/pp,
wherepp 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), the CPDF model yields:

{u(r, t)/RgT}} @)
t

ar
where J(r, t) is the flux of a pure adsorbate (moles
per unit area per time) at radiugd < r < R) of the
adsorbent particle at timewhere the instantaneous
local adsorbate concentrationGsr, t) and the instan-
taneous local temperatureTsr, t). The variableB is

Jr,t) = —B-C(r,t)[

neous superincumbent gas phase partial pressure of thealled the mobility of the adsorbate @tand T, and

*Author to whom correspondence should be addressed.

Ry is the gas constant. The instantaneous local chem-
ical potential Ju(r, t)] of the pure adsorbate inside the
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adsorbent at andt is given by:

p(rt) = p*(T) + RgT InP(r, 1) (3)

whereD%(=B) is the Henry’s law region diffusivity for
pure gas adsorption aidis the Henry’s law constant.

It is generally assumed th&?° is a function of T
only. Thus, the localisothermal adsorbate mass balance

wherep*(T) is the standard state gas phase chemical within the adsorbent particle at radiuand timet can

potential of the pure adsorbate at temperaiufpres-
sure= one atmosphere), and(r, t) is the pure gas
partial pressure which will be in equilibrium with the
particle adsorbate concentration®f, t).

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

J(rr,t)y=-D- (%) constanfT 4
t
dinP
b= B[d InCL ®)

Equation (4) is the well-known isothermal Fickian
diffusion (FD) model for isothermal pure gas
ad(de)sorption. The parameteris called the Fickian
diffusivity. Equation (5) is known as the “Darken cor-
rection” (Karger and Ruthven, 1992), which relates the
parameterd and D. The quantity %]T in Eq. (5)
is the inverse of the slope of the equilibrium adsorption
isotherm of the pure gas (plotted agdrvs. InP).

For the special case of isothermal adsorption at low

gas pressures (Henry’s law region), where the adsorp-

tion isotherms are linearJ = K P], the FD model
further simplifies to

J(r,t):-D°-<§>
t

o (6)

Table 1 Analytical batch uptake curves.

be written as:

Ac(r, t)
at

D% 3

rz or

|-%3(2)] o

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

- 3 (R,

Ci) = %/o r<C(,t)dr (8)
Many analytical solutions for Egs. (7) and (8) have
been generated [isothermal ad(de)sorption with con-
stantDY] 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 adsorbatd [t)] as functions of the dimen-
sionless timegr = D% /R?], which is defined by:

C)—-CO
f)= ————
®) Gx &0

whereC® andC* 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 @8 and P>, respectively.
Table 1 reproduces the analytical expressions for
f (t) obtained under isothermal, constant volume and
constant pressure experiments for the FD model. The

Models Constant pressure experiment Constant volume experiment
> 6 ® By(l ~[Da2t/R?]
Fickian Diffusion (FD) f)=1-) — e PR fH=1-3" Sad+aje 7 7
hi () = (9+9% +02?)
30n
tangn = 3t ad
Linear Driving Force (LDF) f(t)y=1—ekt fH)=1—e" Skt
Quadratic Driving Force (QDF)  In[+ f(t)] + In[l-i- f ] =—kot In[l-f®)]+ @+D In [14— f]
g aA+2p] " ° (@—1) s
co 1+a)
= — = —— Kot
F=e—o a 9
_ (A+a+2ap)
T @-D

Special cas@ = 0

f2t) = 1— e kat

p=Co(C>-CY
Special casg — oo

f)=1— G o

e T«
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gas phase pressure is instantaneously changed fromthe overall process. Since all practical adsorbers oper-
PO to P** att =0, and then it gradually approaches ate under non-isothermal and non-isobaric conditions,
P (t — o0) during the constant volume experiment the above described integrations must be carried out by
(volumetric apparatus). The gas phase pressure iscoupling the solutions of simultaneous mass, heat, and
instantaneously changed froRf to P> att =0, and momentum balance equations at the particle, column,
then it is held constant at that value during the con- and steady state cyclic operation levels. As a result, the
stant pressure experiment (gravimetric apparatus). An FD model will generally require impractically large
additional parameter) is needed to describe the up- computational times for process simulation under real-
take by the constant volume experiment. The quantity istic conditions. The authors are not aware of any pub-
[1/(1+ «)] represents the fraction of moles of adsor- lication that uses such a model for adsorptive process
bate introduced (removed) into (from) the gas phase design. On the other hand, the mathematically simple
of the ad(de)sorption systemtat O (in order to raise LDF model eliminates the integration step at the parti-
(lower) the gas phase pressure fr@ito P**) that is cle level and it significantly reduces the computational
ad(de)sorbed during the process. The constant pressuréimes required for realistic process simulations.
experiment represents a special case of the constant The purpose of the present work is to demonstrate
volume experiment where — oc. that the LDF model is adequate for process simulation
The solutions of Table 1 are frequently used to because the detailed characteristics of a local adsorp-
obtain D from the experimental volumetric or gravi- tion kinetic model are lost during repeated integrations
metric uptake data. It should, however, be emphasized (averaging) of its properties needed to obtain the final
that these solutions are rigorously applicable only for process performance.
isothermal uptakes and for the case wheras not
a function ofC. Otherwise, the calculated values of
diffusivity will be erroneous even though the model Comparison Between Batch Uptakes by FD
may fit the data fairly well. Recently conducted uptake and LDF models
studies using the isotope exchange technique (Rynders
et al., 1997; Mohr et al., 1999), where the process Table 1 gives the analytical expressions for isothermal
is truly isothermal and the effective adsorption fractional uptakes {(t)] by the LDF kinetic model
isotherms for the isotopes are linear, showed that the using the batch constant volume and the constant pres-
FD models describe the process very well for diffusion sure experiments. The dimensionless time for the LDF
of simple gases in zeolites. Other non-isothermal FD model is defined by (=k_t).
models, which simultaneously solve mass and heatbal-  Curve (a) of Fig. 1 shows the characteristics of di-
ance equations for the differential uptake process have mensionless uptake by the FD model for a constant
also been used to demonstrate the validity of the FD pressure experiment. The best least square fit of curve
model (Yucel and Ruthven, 1980; Ruthvenetal., 1980).
It is generally assumed that the FD model is funda- [
mentally adequate to describe pure gas ad(de)sorptiot
kinetics. However, the model imposes formidable og[

I a) Fickian;

mathematical hurdles in adsorptive process design be- L aoF (30)

cause (a) Egs. (4) and (5) have to be integrated at the [ )

adsorbent particle level under the local operating con-  *°[ )Y/

ditions of the process in order to obtain the distributed g | Q/‘EDF QbF (o)

adsorbate loading8(t, z)] as functions of timét) and 0.4 /2 : i

adsorbent particle positigi) within a packed-column /i o qOF (p=0.075)

adsorber during each cyclic step of the process, (b) the _, d) QDF (B=0.4)

n(t, z) profiles must then be integrated over the column

length (L) and step cycle time$®) in order to obtain the /

average column adsorbate loadings at the start and the 29 = oo oo ots Py e 030

end of various cyclic steps of the process, and finally
(c) the above integration protocols must be repeated

over many 9y0|es of operation in Ql’del’ to establish Figure1 Comparative batch kinetic uptakes by FD, LDF, and QDF
the final cyclic-steady-state separation performance of models (constant pressure experiment).

© (DUR% k., k)
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Figure 2 Best fit relationship betweeky and O/R?) 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 ¢f) by
the FD model at lower values bfand overpredicts the
f (r) value at higher values of However, the general
shapes of the uptake curvek ys t) by both models
are similar.

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[C(t)]  ko[{C*()}? — {C(1)}?]
dt 2{C(t)}

(9)

wherekq is the effective QDF mass transfer coefficient
at adsorbate loading @(t) and temperaturé.
Table 1 gives the analytical solutions for the uptake

The best fit relationship between the time constants curves generated by the QDF model. An additional

for the adsorbate uptakes by the ED(R?) and the

parameter calleg [=C°/(C>® — C9] is required to

LDF (k. ) models for the constant pressure experi- describe these solutions.

ment of Fig. 1 is given by, =k_/(D/R? =16.2].

Figure 1 shows that the uptake curve by the QDF

Similar best fit relationships can be generated to obtain model for a constant pressure experiméat> oo)
Q for constant volume experiments as functions of very closely traces that by the FD model when
the paramete®. Figure 2 shows the results. It may be 8 =0(C°=0, adsorbent is initially free of adsorbate)

seen thaf2,_ is practically independent ef for larger
values ofx(>5) and itincreaseé>16) asa decreases.

even though the instantaneous rate of adsorption at the
limit of t =0 is undefined [Eq. (9)] by the model un-

The general discrepancies between the uptake curvesder that condition. This limiting singularity vanishes
for FD and LDF models obtained for constant volume for finite values ofg but the difference between the

experiments (finiter) are very similar (not shown) to
those for the constant pressure experiments.

uptake curves by the FD and the QDF models becomes
more pronounced g8 increases (Fig. 1). The uptake

It may be interesting to note that Glueckauf (1955) curves forthe QDF and the LDF models coincide when

obtained a ratio of 15 fa2, by comparing theoretical

chromatograms by the two models. It will be shown

later that other relationships féx_ can be obtained by

B — oo (a differential uptake test whe@>® ~ C9).
Figure 3 compares the uptake curves for the FD and
QDF models for a constant volume experiment(

matching the net adsorbate flux into the adsorbent parti- finite) with 8 = 0. It shows that these two models are
cle by the two models and assuming different adsorbate practically indistinguishable over a very large value of
concentration profiles within the particle (same aver- « (1 < « <10,000) under this condition. The ratio of
age concentration) for the LDF model. A special case the least square best fit valueslef and (D/R?) is

of this latter approach, which assumes an intraparticle given by 9.14=Qq) whene is large. The differences
quadratic adsorbate concentration profile (Liaw et al., betweenthese two models, however, become more pro-

1979), yields a value of 15 fae_ which is commonly
recommended for process design (Ruthven, 1984).

nounced (as in Fig. 1) whetis large (not shown).
Thus, it may be concluded that the QDF model is a

The lack of quantitative fit between the batch kinetic good proxy for describing isothermal Fickian uptake of
uptake curves of Fig. 1 by the FD and the LDF models a pure gas by an adsorbent particle when the initial ad-
has led many workers to empirically modify the form sorbate loading is small. We will utilize this character-

of Eq. (1) in order to obtain better match with the FD

istic of the QDF model to analytically represent Fickian

uptake (Do and Rice, 1986; Do and Mayfield, 1987; mass transfer in adsorption columns in this paper.
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whereHpg is given by the value of@] atr = R.
Equation (14) provides a very general relationship

betweerk, and(D/R?) 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 6f, depends on the choice

of the functionF (r). The commonly used value of 15

is true only for the special case where

f(t)

02 C(r,t) =C® —b(t)[R?—r?] (15)

Fickian:  solid line 1
QDF B=0: dashed line . - .
ool . A Equation (15) was originally proposed by Liaw et al.

0.0 0.1 0.2 0.3 (1979)

7 (DR, K )

Figure 3 Comparative batch kinetic uptakes by FD and QDF mod-  Effect of Adsorbent Heterogeneity

els (constant volume experiment).

The above discussions are based on the assumption that
the adsorbent particle is physico-chemically homoge-
nous so that a single value @D/ R?) or k. character-
Even though the rate equation for the LDF model izes the mass transfer into the adsorbent. Most prac-
Eg. (1) deals with the average adsorbate concentra-tical amorphous and bounded crystalline adsorbents
tions within the adsorbent particle, it has been shown are, however, heterogeneous consisting of a network
(Sircar and Hufton, 2000) that the following very of interconnected pores of different sizes and shapes
general intraparticle adsorbate concentration profile is and different surface chemistry. Quantitative estima-
compatible with that rate equation for a constant pres- tion of such heterogeneity is not practically possible by

Intraparticle Concentration Profile for LDF Model

sure experiment:

Cr,t) =C¥—bt)-[Fr— F()]  (10)

today’s technology. Consequently, the experimentally
measured uptake profiles on these materials already
reflect the average rate of adsorption by the composite

[E® — O pore structure of the adsorbent.
b(t) = ﬁe*k“ (11) We evaluated the effect of this averaging by assum-
R™ R ing that the model heterogeneous adsorbent consists of
3 (R, a collection of parallel pores, each having a diffelgnt
Gr= — r<F(r)dr (12) . O .
R2 J, or D value. A normalized gamma distribution function

was assumed to represent the adsorbent heterogeneity.

whereF (r) is any monotonic and continuous function  Thus, the average fractional uptake(f)] at timet

of r in the domain(0 < r < R) which satisfies the
boundary conditionf[% =0 atr =0]. The value of

the functionF(r) atr = Ris Fg.

The net instantaneous adsorbate flux into the adsor-
bent particle for the FD and LDF models can be written

(constant pressure experiment) as:

by the heterogeneous adsorbent for a constant pressure
experiment is given by

F(t) = /oo f(t) - A(x) dx (16)
0

where f (t) is the local fractional uptake at timeby

dc S0 _ A 3D [aC(r,t) a pore characterized by the propextyk_ or D). The

dt — klem-cnl= R [ ar } functioni(x) is the probability density function for the
r:?13) distribution of the propertx in the adsorbents
a(P+D
! - A = . p . aax 17
It follows from Eqgs. (10)—(13) that (X) FoET x)P e 17)
3D Hg 3RHg /oo
- R [FrR—GRg]’ L [Fr — GRr] (14) A (x) (18)
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1.0

whererl is the gamma function. The variablesind p

are two adjustable parameters of the gamma distribu-
tion. The meany) and the variancex) of the gamma
distribution are given by

0.8

_(p+ D).
- °*D,

o’ =

(19)

(p+D
2

0.6
One can now integrate Eq. (16) using the local uptake

characteristics {(t)] for the FD or LDF model de- .
scribed by Table 1 (constant pressure experiments) in &
conjunction with Egs. (17)—(19) to obtain

0.4
FD Modet
1 @/x) 0.2
Ft)=1- (20) Qe
Z (nﬂ )2 (/—z)nzﬂ X Heterogeneous Fickian:  solid line
Heterogeneous LDF: dashed line
LDF Modet 0.0 L~ L L
0.0 0.1 0.2 0.3 0.4 0.5
a/x) T
Ft)y=1- |: :| (22)
1+ pxt Figure 4 Comparative batch kinetic uptakes on model heteroge-

neous adsorbent by FD and LDF models (constant pressure experi-

where x is defined by(o/u)2. The variabley isa ™"

measure of the degree of heterogeneity of the adsor-
bent. The adsorbent is homogeneous when0. Both
Egs. (20) and (21) reduce to the uptake expressions for
homogeneous system given in Table 1 under the limit
of[x > 0,0 — 0] :
We compared the average uptakes on the above de-g
scribed heterogeneous adsorbent by the FD and LDF 2
kinetic models. A set of FD uptake curves was gen-
erated using different values gf and then they were
fitted by the LDF model using differegtandu values.
Figure 4 shows the results. The functibrit) is plot-
ted against the dimensionless time=ut) for different
values ofy. It may be seen that the difference between
the uptake curves by FD and LDF model nearly vanish Figures Heterogeneity distribution functions corresponding to the
when the degree of adsorbent heterogeneity is mod- cases of Fig. 4.
erate to larg€ xy > 1). Even for a small heterogeneity
(x =0.25), the difference between the two models is
much less than that in the case of ahomogeneous adsorheterogeneous adsorbent having a large variety of sym-
bent (Fig. 1). An interesting characteristic of the LDF metric and asymmetric distribution characteristics. The
uptake curves of Fig. 4 is that they intersect the FD homogeneous adsorbent can be described by a Dirac-
uptake curves at two different points. delta function atx/u = 1) in Fig. 5.

25

20

15

(ol

1.0

Distribu

—o—0.04
-@-0.25
ek |

e

10 2.0

3.0 40 5.0

Xfp

Figure 5 shows the dimensionless distribution func-
tions [A(x) against(x/u)] 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

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, be combined with Egs. (22) and (23) to obtain the gas
a similar conclusion was reached (Sircar and Myers, phase adsorbate concentration profiles in the break-
1988) in the past, when describing the overall ad- through curves from the column:
sorption equilibria on a heterogeneous adsorbent by

integrating the independent contributions of adsorp- LDF Model

tion equilibria from a distribution of adsorption sites of

various energies (patchwise homogeneous model). The 1+bP) (t —tp)

overall experimentally measured adsorption isotherm bP

on the heterogeneous solid could be described by var- _(1-69 In o 1 In 1-9¢
ious combination of energy distribution functions and 0 1—¢) 6° ¢
local adsorption isotherms as long as the mean of the

energy distributions were the same. Thus, the detailed QDF Modet

characteristics of the local adsorption isotherms and

| e

the energy distributions were lost due to the averaging Ko (1+bP) (t; — t)
process. bP

_21-69 u—e%ln ¢

- — 90y 0 _
Column Dynamics 2-6% 0 =9

1 | [1—¢}

We consider the isothermal and isobaric adsorption of 0° ¢
a single trace adsorbate from an inert gas in a clean 1 | 2—(1—¢)o° o5
adsorbent column at pressuReand temperaturd . - (2 — 09) 2— (¢)6° (25)

The column is initially pressurized with the pure in-

ert gas alP_ andT. The fged gas.having an gdsorbate whereg (=y/yP) is the dimensionless gas phase adsor-
mole fraction ofy%(«1) is then introduced into the  bate concentratiotty andt; are, respectively, the times
column. A single mass transfer zone (MTZ) is formed  at which the effluent gas dimensionless concentrations
which propagates through the column as more feed gasare¢ and (1 — ¢), andé°(=n°/m) is the equilibrium

is passed and finally the zone exits the column (break- fractional surface coverage by the adsorbate at feed gas
through curve) when the column is equilibrated (ad- conditions.

sorbate loading= n° with the adsorbate at feed gas  Figure 6 shows three examples of dimensionless
conditions @, T, andy®). We assume that the equilib-  column breakthrough curves féf values of 0.039,
rium adsorption isotherm for the adsorbate is described 0.181, and 0.997. The variahpds plotted against a di-

by the Langmuir model mensionless time defined big(fL +bP)/(bp)][t — ts]

wherets is the time at Which¢0=0.5 [stoichiomet-

0__ mbPy 22) ric breakthrough timgts = G%—yo) for the case of
1+ bPy
whereb is the Langmuirian gas-solid interaction pa- ;: L T
rameter for the adsorbate &tandm is the saturation ' oo /T seommt ||
adsorption capacity of the adsorbate. :: AT A
We further assume that a constant pattern MTZ is o's /
formed (Sircar and Kumar, 1983) which dictates that 0:5
n(l _ y) B nO(l _ yO) (23) :': w|k_q.,F/;m;=o.sa < /
y B yO 02 | // / m‘ﬁ
/
. 0.1
wheren andy are, respectively, the adsorbate load- 4

ing and the gas phase adsorbate mole fraction at any Gmo w0 w00 400 e 00 mo 40 0 w0 100
positionz within the MTZ at any time. Pimensionless Time

The local rates of adsorption given by Egs. (1) and Figure 6 Comparative column breakthrough curves by LDF and
(9), respectively, for the LDF and the QDF models can QDF models.
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infinitely fast adsorption of a trace adsorbate;~> oo; 1000 e T
kg — oo]. The variableG? is the molar flow rate of the A N Nakao and Suzuki
feed gas per unit amount of adsorbent. The plots of [ ——— This work

Fig. 6 (symbols) were generated using Eq. (24). They

were then refitted (solid lines) by Eqg. (25). The results

show that the breakthrough curves can be described al-
most quantitatively by either the LDF or the QDF mod- 100 f—
els for local adsorption kinetics. The ratios of the mass ‘“; :
transfer coefficients for the two modélg,/ k. ) for the é
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 10 | \
breakthrough curve by the above described integration ]
process.

Isothermal PSA on a Single Adsorbent Particle

The appropriate relationship betwelenand (D /R?) 01.001 T oot o100 1.000
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 etal., 1999) Figure 7 Relationship betweek_ and(D/R?) for an ideal PSA
where the cycle times for the adsorption and the des- process on a single adsorbent pellet. Effect of cycle time.
orption steps are very smakg seconds). In that case,
the adsorbate may only partially penetrate intothe mass  Recently, it was shown that the ratio of the net ef-
of the adsorbent particle causing a very inefficient uti- fective working capacity for the adsorbai@, — fp)
lization of its total adsorption capacity. However, the to the maximum working capacity for the adsorbate
overall separation performance by the process can be(n; — nj;) obtainable under local equilibrium condi-
beneficial (very low adsorbent inventory) due to rapid tion for the above described process can be given by
cycling (Sircar and Hanley, 1995). In such a case, a spe- (Sircar and Hanley, 1995)
cial relationship §2, > 10-16] is needed for process
design. g =
Nakao and Suzuki (1983) numerically studied the (fa+ fo — fa - fo)
separation of a gas mixture (single adsorbate from an wheren, andfp are the average adsorbate loadings
inert gas) by an isothermal PSA process over a single i the particle at the end of, respectively, the adsorp-
adsorbent particle. The adsorption step was carried outtion and the desorption steps of the cycle. The variables
by contacting the adsorbent with the gas mixture at a pz andn are, respectively, the equilibrium adsorbate
pressure of, for a period of time(ta), and then the  |oadings under the conditions of adsorption and des-
adsorbate was desorbed by exposing the adsorbent toyrption. The functionsfa and fp are, respectively, the
a lower pressure oPp(=0) for a period of time(tp). fractional uptake (loss) of the adsorbate by the adsor-

The cyclic process was continued until a steady state pent during the adsorption and desorption steps:
was reached. The performance of the process was es-

timated by using both the FD and the LDF models for fa — Ap fip — Ap
adsorption kinetics and a relationship was obtained be- fa(ta) = [ } fo(to) = [m} (@7)
tweenk_ and(D/R?) in order to match the separation b

efficiency (same amounts adsorbed and desorbed byror the special case whetie= tp = {, it follows that
both models at steady state). The dotted line in Fig. 7 (f, = f, = f), and:
shows the best fit value @2, as a function of dimen-

sionless cycle timelpt/R?] for the process. The half f

cycle time for the process is given b=ty = tp). ¢ 2-f)

2

Dt/a

fa - o

(26)

———
ny — N

(28)
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We used Eq. (28) and the constant pressure fractionalmodel under the conditions of differential adsorption
uptake expressions for LDF and QDF models (Table 1) tests (Sircar, 1983).

to obtain a relationship betwedn andkg in order to
matche for the case wherg — 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 theThe Fickian Diffusion (FD) model, which is a special
adsorptiqn was very §mal|. This condition is expected 556 of the most rigorous chemical potential driving
to be satisfied whenis very small so that the adsor- ¢, 0o (cPDF) model of adsorbate transport within an
bate penetration in the particle is small. The previously 4o pent particle, is often used for analyzing isother-
obtained best fit relationship between the FD and QDF mal gas uptake by adsorbents in order to estimate a
models 2o = 9.14]for 8 > Owasthenusedtoobtain it sjivity parameter. The Linear Driving Force (LDF)
€2 as a function o Dt/ R?) in order to match the model with a lumped mass transfer coefficient, on the
values for the LPF and the FD models. Thus, the QDF other hand, is very frequently used for practical analysis
model was again used as a proxy for the FD model. ¢ co1ymn dynamic data and for adsorptive process de-
The result is shown by the solid line in Fig. 7. The - g pecauseitis simple, analytical, and physically con-
variable £, increases ag decreases as in the case gjgiont Even though the characteristics of the isother-
of Nakao-Suzuki model. In fact, the general agree- o patch kinetic uptake of a gas by these two models
ment between the tvyo results, which were Obtf"“m,:"d are substantially different, the LDF model works be-
by two completely different approaches and criteria ., ,qe the estimation of the separation performance of
for comparing separation performance, is remarkable. 5 5qsorptive process requires several sets of averaging
This demonstrates the insensitivity of the choice of ¢ yinetic properties at the particle, the column, and the

adsorption kinetics model in describing process per- e ra|| cyclic steady state levels. The characteristics of
formance. Several authors have developed correlationsi,o models describing the local rates of adsorption at

between$2, andt by analysis of various isothermal ¢ harticle level are often lost during these integra-
PSA processes using a single adsorbent particle (Alpayjo hrocesses. This work demonstrates by using sim-
and Scott, 1991; Carta, 1993) as well as a packed Col- 0 o qe| systems that (a) the overall fractional uptake
umn (Raghavan et al., 1986). These studies show that,, 5 heterogeneous porous adsorbent, consisting of a
the LDF model can be adequately used to describe the e tion of parallel pores, can be well described by
process performance exhibited by the FD model. HOW- 1y5th the FD or the LDF models characterizing the gas
ever, the value of2, depends on the design of the y.anghort into individual pores, (b) the packed-column
Process. 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
d- 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

Summary

Experimental Evidence of LDF Mechanism

The above discussions imply that the CPDF or FD mo
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- SOMe Of these cases.
sorbent column dynamics, and for adsorptive process

design. It should be mentioned here that the uptake of Nomenclature

gases by carbon molecular sieves (CMS), where the pri-

mary transport resistance occurs at the restricted porea Parameter of gamma distribution function
mouths of the carbon, can be exactly described by the b Langmuirian gas-solid interaction parameter
LDF model. Recent experimental uptake data for ad- b(t)  Function defined by Eq. (11)

sorption of small molecules on CMS measured by the B Adsorbate mobility within adsorbent particle
isothermal isotope exchange technique (Rynders etal.,C Adsorbate concentration within adsorbent
1997) demonstrates that point. It has also been shown particle

that the non-isothermal LDF model can describe gas D Fickian diffusivity of adsorbate within

uptake on zeolites as well as the non-isothermal FD adsorbent particle
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Fickian diffusivity in Henry’s Law region
Fractional uptake at time

Fractional uptake at timeon a heterogeneous

adsorbent

Function in Eq. (10)

Value of F(r) atr = R
Function defined by Eqg. (12)
Value of (df/dr) atr = R

Flux of adsorbate inside adsorbent particle

Mass transfer coefficient for LDF model
Mass transfer coefficient for QDF model
Langmuirian saturation capacity
Adsorbate loading in adsorbent particle
Equilibrium adsorbate loading at feed
conditions

Parameter of gamma distribution function

Pressure

Initial pressure change in volumetric
experiment

Parameter defined by Table 1
Radius

Radius of adsorbent particle
time

Half cycle time

Temperature

Gas composition

Feed gas composition

k_or D asin Eg. (16)
Distance in column

Greek Letters

T 1™

,_{Qéoe X >R

™

2
kel

Parameter defined by Table 1
CO/(COO _ CO)

Variance of Gamma distribution
Gamma function

Defined by Table 1

Mean of Gamma distribution, chemical
potential

Standard state chemical potential
Defined by Egs. (16) and (17)

(0/1m)?

Fractional adsorbate capacity at feed
condition

y/y°

ko/(D/R?)

k./(D/R?)

Defined by Eq. (28)

Dimensionless timelt/R?, k. t, kqt)
Adsorbent particle density

Subscripts and Superscripts

0 Initial condition

00 Final condition

* Equilibrium condition

- Average value in adsorbent particle

A Adsorption
D Desorption
References

Alpay, E. and D.M. Scott, “The Linear Driving Force Model for Fast
Cycle Adsorption and Desorption in a Spherical Partidiyem.
Eng. Sci, 47, 499-502 (1992).

Barrer, R.M., “Intracrystalline Diffusion,” ifAdv. in Chemistry Ser
Vol. 102, R.F. Gould (Ed.), p. 1, ACS, 1971.

Buzanowski, M.A. and R.T. Yang, “Approximations for Intraparticle
Diffusion Rates in Cyclic Adsorption and Desorptio@fiem. Eng.
Sci, 46, 2589—-2598 (1991).

Carta, G., “The Linear Driving Force Approximation for Cyclic Mass
Transfer in Spherical ParticlesChem. Eng. Sci 48, 622—-625
(1993).

Chihara, K. and M. Suzuki, “Simulation of Nonisothermal Pressure
Swing Adsorption,"J. Chem. Eng. Japari6, 53-61 (1983).

Crank, J., Mathematics of Diffusion Oxford University Press,
London, 1956.

Do, D.D. and P.L.J. Mayfield, “A New Simplified Model for Adsorp-
tion in a Single Particle , AIChE J, 33, 1397-1400 (1987).

Do, D.D. and R.G. Rice, “Validity of the Parabolic Profile Assump-
tion in a Single Particle , AIChE J, 32, 149-154 (1986).

Gemmingen, U.V., “Pressure Swing Adsorption Process—Design
and Simulations,” inProceedings of IVth Int. Conf. on Funda-
mentals of Adsorptigrkyoto, Kodansha, Japan, 1993, M. Suzuki
(Ed.), pp. 703-712.

Gleuckauf, E., “Theory of Chromatography Part 10: Formula for
Diffusion into Spheres and Their Applications in Chromatogra-
phy,” Trans. Faraday Sa¢51, 1540-1551 (1955).

Gleuckauf, E. and J.I. Coates, “The Influence of Incomplete Equi-
librium on the Front Boundary of Chromatograms and the Effec-
tiveness of Separation]. Chem. Sa¢1315-1321 (1947).

Goto, M. and T. Hirose, “Modified Parabolic Profile Approximation
of Intraparticle Concentration for Chemical Reaction and Adsorp-
tion,” J. Chem. Eng. Japa24, 538-542 (1991).

Hartzog, D.G. and S. Sircar, “Sensitivity of PSA Process Perfor-
mance to Input VariablesAdsorption 1, 133 (1995).

Karger, J. and D.M. RuthvenDiffusion in Zeolites Wiley-
Interscience, New York, 1992.

Liaw, C.H., J.S.P. Wang, R.A. Greenkorn, and K.C. Chao, “Kinet-
ics of Fixed Bed Adsorption: A New SolutionAIChE J, 25,
376-381 (1979).

Mohr, R.J., D. Vorkapic, M.B. Rao, and S. Sircar, “Pure and Binary
Gas Adsorption Equilibria and Kinetics of Methane and Nitrogen
on 4A Zeolite by Isotope Exchange Techniquadsorption 5,
145-158 (1999).

Nakao, S. and M. Suzuki, “Mass Transfer Coefficient in Cyclic
Adsorption and Desorption,). Chem. Eng. Japari6, 114-119
(1983).



Raghavan, N.S., M.M. Hassan, and D.M. Ruthven, “Numerical Sim-
ulation of a PSA System Using a Pore Diffusion Modé&fiem.
Eng. Sci, 41, 2787-2793 (1986).

Ruthven, D.M. Principles of Adsorption and Adsorption Processes
John Wiley and Sons, New York, 1984.

Ruthven, D.M., L.K. Lee, and J. Yucel, “Kinetics of Non Isother-
mal Sorption in Molecular Sieve Crystal#IChE J, 26, 16—23
(1980).

Rynders, R.M., M.B. Rao, and S. Sircar, “Isotope Exchange Tech-
nique for Measurement of Gas Adsorption Equilibria and Kinet-
ics,” AIChE J, 43, 2456-2470 (1997).

Sircar, S., “Linear Driving Force Model for Non-Isothermal Gas
Adsorption Kinetics,”J. Chem. Soc. Faraday Trans., 179,
785-796 (1983).

Sircar, S. and B.F. Hanley, “Production of Oxygen Enriched Air
by Rapid Pressure Swing Adsorptiodtsorption 1, 313-320
(1995).

Sircar, S. and J.R. Hufton, “Intraparticle Adsorbate Concentration
Profile for Linear Driving Force Model AIChE J, 46, 659-660
(2000).

Sircar, S. and R. Kumar, “Adiabatic Adsorption of Bulk Binary Gas

Linear Driving Force Model 147

Mixtures: Analysis by Constant Pattern Modéht. Eng. Chem.
Process. Des. DeM22, 271-280 (1983).

Sircar, S. and A.L. Myers, “Equilibrium Adsorption of Gases and
Liquids on Heterogeneous Adsorbents—A Practical Viewpoint,”
Surface Scien¢05 353-386 (1988).

Sircar, S., M.B. Rao, and T.C. Golden, “Fractionation of Air by
Zeolites,” inAdsorption and Its Applications in Industry and En-
vironmental ProtectionVol. 1, A. Dabrowski (Ed.), pp. 395-423,
Elsevier, 1999.

Vermeulen, T., “Theory for Irreversible and Constant Pat-
tern Solid Diffusion,” Ind. Eng. Chem 45 1664-1670
(1953).

Yao, C. and C. Tien, “Approximation of Intraparticle Mass Transfer
in Adsorption Processes—Linear Systen@em. Eng. Sci47,
457-464 (1992a).

Yao, C. and C. Tien, “Approximation of Intraparticle Mass Transfer
in Adsorption Processes—Non-Linear Syster@em. Eng. Sci
47, 465-473 (1992b).

Yucel, H. and D.M. Ruthven, “Diffusion in 5A Zeolite—Study of
the Effect of Crystal Size,J. Chem. Soc. Faraday Trans.16,
71-83 (1980).



