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Abstract

A mathematical model of multi-component dynamic adsorption in columns with spherical perfusive and spherical
purely diffusive adsorbent particles with a bidisperse porous structure is constructed, solved, and used to study the
performance of a binary adsorption system in a single-column fixed-bed process and in a two-column periodic counter-
current process in which the adsorbent is equally distributed over two beds. The total length of the two-column periodic
counter-current system is equal to the length of the single-column fixed-bed system. The performance of fixed-bed and
periodic counter-current systems with both perfusive and purely diffusive adsorbent particles is examined for different values
of the macropore void fraction, €,, the particle diameter, d,, the inlet concentration of the least preferentially adsorbed
component 2, C, .., and the superficial velocity, V,. For the binary adsorption system studied in this work, the results show
that the adsorption column must be operated in the periodic counter-current mode at low values of the superficial velocity, V,,
in order to achieve high relative separation efficiency. Under these conditions, the performance of the adsorption column
does not depend upon €, or d,,. The relative separation efficiency decreases somewhat and is no longer independent of €, and
d, when V, is increased moderately. At high values of V,, the relative separation efficiency is unsatisfactory for all cases. The
performance of systems with perfusive adsorbent particles is slightly better than the performance of systems with purely
diffusive adsorbent particles for some values of V..

Keywords: Perfusion chromatography; Periodic counter-current system; Adsorption; Multi-component adsorption; Mathe-
matical models

1. Introduction 5,7-9] in which intraparticle convection and pore
diffusion occur, and a microporous [4,5,7,8] region

In this work, as in previous publications [1-8], we made by spherical microparticles (microspheres

define “‘perfusion chromatography” to refer to any
chromatographic system in which the intraparticle
velocity, v, is non-zero [1-10].

Liapis and McCoy [4], Liapis et al. {5], Heeter and
Liapis [7], and Xu and Liapis [8] have considered
that the perfusive adsorbent particles with a bidis-
perse [4,5,7,8] porous structure have a macroporous
region made by the through-pores (macropores) [1,3—

*Corresponding author.

[4,5,7,8]) that are taken to be purely diffusive. Liapis
et al. [5] and Xu and Liapis [8] studied the per-
formance of the adsorption and elution stages of
single-component adsorption in columns packed with
spherical perfusive and spherical purely diffusive
adsorbent particles with a bidisperse porous struc-
ture. Heeter and Liapis [7] studied the performance
of the adsorption stage of systems involving single-
component adsorption of bovine serum albumin
(BSA) into spherical bidisperse perfusive and spheri-
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cal bidisperse purely diffusive anion exchange po-
rous adsorbent particles in a single-column fixed-bed
system and in a two-column periodic counter-current
system in which the adsorbent is equally distributed
over two beds; the total length of the two-column
periodic counter-current system was equal to the
length of the single-column fixed-bed system.

McCoy et al. [2] examined the performance of the
adsorption stage of a single-column fixed-bed system
involving the adsorption of a binary system (com-
petitive adsorption involving two components) in
perfusive and purely diffusive porous adsorbent
particles of slab geometry. In this work, a mathe-
matical model for the adsorption stage of multi-
component adsorption in columns packed with
spherical perfusive and spherical purely diffusive
adsorbent particles with a bidisperse porous structure
is presented, and used to study the performance of a
binary adsorption system in a single-column fixed-
bed process and in a two-column periodic counter-
current process in which the adsorbent is equally
distributed over two beds; the total length of the
two-column periodic counter-current system is taken
to be equal to the length of the single-column fixed-
bed system.

2. Mathematical Model

Adsorption is considered to take place from a
flowing liquid stream in a single-column fixed-bed
system of spherical perfusive adsorbent particles
having a bidisperse porous structure [1,4,5,7-9],
under isothermal conditions. The concentration gra-
dients in the radial direction of the bed are consid-
ered to be not significant [11-13]. The feed solution
to the bed is considered to contain » components,
and m (m <n) solutes may compete for the available
active sites for specific adsorption; also, m + 1 =i <
[ ({ <n) solutes may be non-specifically adsorbed,
and / +1=i=n solutes are simply transported by
intraparticle convection and diffusion into the pores
of the particles without interacting with the adsorbent
[11,14]. A differential mass balance for each com-
ponent in the flowing fluid stream gives

ICy D 8’C,, VG, (- 9C,,
at Logx? € ox € at (1)
i=12,....n

In Eq. 1, the superficial velocity of the fluid
stream, V;, is taken to be independent of the space
variable x, because the liquid solutions encountered
in many chromatographic systems are most often
very dilute and the main component of the solution is
the carrier fluid. For non-dilute solutions, a material
balance, as shown by Harwell et al. [15], would
provide the expression for 8V,/dx. The pressure drop
through the fixed-bed, which is important in the
design of an adsorption fixed-bed system, can be
determined by the methods reported in Refs. [16]
and [17]. The initial and boundary conditions of Eq.
1 are as follows:

C,=0atr=0,0=x<L,i=12,...n, (2)
V. aC,. V,

_‘Cd'_ Li & __de i

€ T oox e duin (3)

at x=0,t>0,i=1.2,...,n,

ICy; :

WZO at x=L,t>0,i=12,...,n (4)
The value of C,,;, may be constant or it may vary
with time. Expressions for estimating D,; were
presented by Arnold et al. [18] and Gunn [19,20],
but in certain systems the axial dispersion is so low
that by setting its value equal to zero, the error
introduced in the prediction of the behavior of an
affinity adsorption system is not significant [13,18].
When the axial dispersion coefficient is set equal to
zero, Eqs. 1 and 3 (with D;, = 0) become

IC,, n E aCy; _ _(d-e¢ aC;m
ot € ox € ar (1a)
i=12,....n,

C,i=Cyqin at x=0,t>0,i=12,... 1 (3a)

The spherical perfusive adsorbent particles with a
bidisperse [4,5,7,8] porous structure are considered
to have a microporous [4,5,7,8] region made by
spherical microparticles (microspheres {4,5,7-9])
that are taken to be purely diffusive, and a macro-
porous [4,5,7,8] region made by the through-pores
[1,3-5,7-9] in which intraparticle convection and
pore diffusion occur. In Fig. 1 of Ref. [5], a diagram
of a spherical perfusive adsorbent particle with a
bidisperse porous structure is presented; the coordi-
nate system of the spherical perfusive adsorbent
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particle shown in Fig. 1 of Ref. [5] is also used in
this work, and x, again represents the axial coordi-
nate for the spherical perfusive adsorbent particle
and is parallel to the axial coordinate x of the
column. The adsorption process is considered to be
isothermal, as the heats of adsorption apparently do
not change the temperature [1,12] of the liquid phase
even in large-scale systems; this occurs because the
total amount of adsorbed material is small and the
heat capacity of the liquid phase is high.

The differential mass balance for each component
i in the macroporous region of a perfusive adsorbent
particle of spherical geometry is given by

ac.,
&t T Sl aR

o[ (5) (2w f”Cw)
“Ep[(#) 23R \K Do g
1 ” a ) anj)
(Rz sin 0)(%55(5“1 ?Poi50 ’

i=12,....n

T si

at

+ epvp,,

&)

In Eq. S, surface diffusion (1,12] of the adsorbed
species on the surface of the macropores is not
considered, because the contribution of the surface
diffusion mass flux to the overall mass flux is taken
to be negligible relative to the contributions of the
pore diffusion mass flux and of the intraparticle
convection; the contribution of the surface diffusion
mass flux is considered to be negligible because (i)
the surface area of the macroporous region is often
significantly smaller than the surface area of the
microporous region (most of the adsorptive capacity
of the perfusive adsorbent particle is in the micropor-
ous region), and (i) in many systems involving
mixtures of biological macromolecules the interac-
tion between the adsorbate(s) and the active sites on
the surface of the macropores could be strong [1,12],
and therefore surface diffusion could be insignificant.
The variables v, and v, represent the intraparticle
velocity components along the R and @ directions,
respectively. The expressions for v , and v, are
given in Egs. 7 and 8 of Ref. [5]. For the multi-
component system studied in this work, the value of
the parameter H in Eqs. 7 and 8 of Ref. [5] is
essentially equal to zero. When the value of H is set

equal to zero in Eqs. 7 and 8 of Ref. [5], the
following expressions for v g, vy and v, (U, is
the axial component of the intraparticle velocity
which is parallel to the flowing fluid stream along the
axis of the column, and its expression is given in Eq.

18 of Ref. [5]) are obtained:

U,g = FV, cos 6, (6)
Ve = — FV;sin, (7
v, =FV,. (8)

Pty

The mixtures of components to be separated by
chromatographic systems are usually dilute (this is
most often the case for mixtures of biological
macromolecules), especially with respect to the
component(s) of interest, and therefore it may be
possible to set the off-diagonal (D, i # j) elements
of the effective pore diffusivity matrix, Dp, equal to
zero [1,12,21,22]. In this case, Eq. 5 would take the
following form:

pi

1\4C,, ac,
% ar * &V aR +€PU"“< ) a8 T -e) ot
1 a( 2an,-)
GPDP"[(Rz)aR R R
1 a( an,)]
1 Y.
(stinﬂ)ao a0 ’

i=12,...,n

aC ac,
€V

(5a)

In Eq. 5a, D, represent the diagonal terms (D,
i=j) of the effective pore diffusivity matrix, D,.
Also, in Egs. 5 and 5a, the term 9C,,/df becomes
equal to zero for species that do not bind by specific
or non-specific adsorption.

If the intraparticle Péclet number of component i,

Pe, ... 1s defined by the expression
v, d
px,;7p .
Peinlra,i = D . i=1.2,... >, (9)

pii

then, by using the expression for v,
the following expression for Pe,

given in Eq. 8,
1s obtained:

intra,i

Vou,dp _ (FV),
Peinlra: - D D.

pit pit

i=12,...n (10)
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For purely diffusive adsorbent particles, Pe; ., ;=0
for i =1,2,...,n, while for adsorbent particles with
non-zero mtrapamc]e fluid flow, Pe,  .>0 for i =
1,2,...,n

The initial and boundary conditions of Eqs. 5 and
Sa are as follows:

intra.i

att=0, C,=0, 0=R=R,

(1)
i=12,....n,
atRZRP, Cp,.=Cd,», t>0, i=12,....n
(12)
atR =0, CpiZﬁnite, t>0, i=12, ... n,
(13)
c’)Cp,-
atd =0, =0, 0=R=R_,
08 P (14)
i=12,....n
aC,,
at0 77', :0, OSRSR’
36 o= P (15)
i=12, N7

Eq. 12 was obtained from the assumption that the
external mass transfer resistance (the mass transfer
resistance in a liquid film that may be located on the
external particle surface) is not significant. Detailed
calculations [11,23,24] have shown that the in-
traparticle mass transfer resistance is significantly
larger than the external mass transfer resistance; for
this reason, the external mass transfer resistance is
taken to be negligible.

The differential mass balance for each component
i in a purely diffusive spherical microparticle (micro-
sphere) is given by

aCPmi l aC‘smi
om gy * l—¢,) ot
1 n a ( 7 acpmj>
=— 2 \rD _.———
’ [E’“(Z or\" Semior (16)
z ( aCst)
1— € smij or »

i=12,...,n

The mixtures of components to be separated by
chromatographic systems are usually dilute, and
therefore it may be possible to set the off-diagonal
(Dpmijp i #J5 Diy» 17 j) elements of the effective
pore diffusivity matrix, D, and of the surface
diffusivity matrix, D, equal to zero [1,12,21,22]. If
the interaction between the adsorbate(s) and the
active sites on the surface of the pores is strong
[1,12], then the surface diffusion may, in certain
systems, be neglected. If the contribution of surface
diffusion to mass transfer is insignificant and if the
mixtures of the components to be separated are
dilute, then Ec,. 16 would become

8CPmi 1 aC'smi
o \1-e ) ot

achmi 2 a(jpmi (163)
Epml)pmu arl + 7 or ?
i=12,...,n
In Eq. 16a, D, represent the diagonal terms
(D 1 = J) of the effective pore diffusivity matrix,

D,.. Also, in Egs. 16 and 16a the terms 0C, /9t
and ac ;/ dr become equal to zero for species which
do not bmd by specific or non-specific adsorption.

It is clear that Eq. 16a cannot be solved if an
appropriate expression for the term aC, _,/dt is not
available. This term represents the accumulation of
the adsorbed species i on the surface of the pores of
the microsphere, and it can be quantified if a
thermodynamically consistent mathematical model
could be constructed that could describe the mecha-
nism of adsorption for component i. For isothermal
adsorption systems, the term 9C,, /0t could be of
the form

aC““‘"—fc C,_ .k
at ( pm?® ™~ sm? ) (17)
i=12,....mm+1,....,]

where f; represents the functional form of the dy-
namic adsorption mechanism for component i; C_
represents the concentration vector of the adsorbates
in the pore fluid, C,, =(C,.;,.Comnr - Comm
Comma1s -+ Com)i €y, denotes the concentration
vector of the adsorbates in the adsorbed phase,

VCanmC. C..); and k

( sml? sm2"' smm? ™~ smm+ 10" 00
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represents the vector of the rate constants that
characterize the interaction kinetics between the
adsorbates and the active sites. For certain multi-
component adsorption systems, dynamic adsorption
models of the form given in Eq. 17 have been
constructed and presented in the literature {12,14,25-
27].

In some adsorption systems, the rates of inter-
action between the adsorbates and the active sites
may be much higher than the intraparticle convection
and diffusional rates, and in such systems it may be
possible to assume that equilibrium exists between
the adsorbates in the pore fluid and in the adsorbed
phase at each point in the pores. The term 9C,,/dt
in Eq. 16a, for systems where adsorption equilibrium
may be assumed between the adsorbates in the pore
fluid and in the adsorbed phase at each point in the
pores, is then given by

6(:smi _2 ag: (acpmj>
a (acmj) or /7 (18)

i=12,....mm+1 A
where
Csmi = gi(cpm’ )’

(19
i=12,....mm+1,....L

The functions g, represent the equilibrium adsorption
isotherms [23,25] for the adsorbates that may com-
pete for the available (accessible) active sites on the
surface of the pores. K represents the vector of the
equilibrium constants that characterize the equilib-
rium interactions between the adsorbates and the
active sites.

The initial and boundary conditions for Eq. 16a
and the initial condition for Eq. 17 are as follows:

atr=0, C,,,=0 for 0=r=r_,

(20
i=12,....n,
att=0, C,,=0 for O=r=<r,,
(@n
i=12,....mm+1,....1,
atr=r,, C,.,=C,tRE), 1>0,
(22)

i=12,....n,

0C i
atr=0, =0, >0,
ar l,=o (23)
=102, n.

At this point, it should be mentioned that the
effective pore diffusivities D, and D, in Egs. 5a
and 16a, respectively, could be determined by using
a network model approach for bidisperse porous
adsorbents, as indicated in Ref. [28]. Furthermore,
the phenomena of restricted pore diffusion and
percolation threshold could be treated by the theoret-
ical approach presented in Ref. [29]. The network
model theories presented in Refs. [28] and [29]
require the pore-size distributions of the macropor-
ous and microporous regions of the bidisperse porous
adsorbent particle, the pore connectivities of the
macropores and micropores, as well as the sizes of
the molecules of the adsorbates and of the active
sites.

The accumulation term dC,;/9¢ in Eqgs. 5 and 5a is
given [5,7] by the expression

aC, 31 a J’ c ~d
t - r3 ot epm pmir r
m 0
"m 24
L9 j ! C._rd o
ot 1 - €, smil” GF ’
1]
i=12,....n

The term 8C,,,, /0t in Egs. 1 and la is obtained [5,7]
from

ﬂRP
acpsi 3 d 2 .
= — € C .R"sin § dR d@
ot
00

ot R} ppi

P
WRP (25)
9 ~ 2 .
+E ff(l _GP)CN‘R sinf# dRd0 | |,
00
= L29”v,n,

where
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~ —_3- 2 l 2
C,= , emepm,.r dr + =< Cir dr |,
0

(26)

Finally, for a given pair of values of R and 6, the
average concentration of component { in the ad-
sorbed phase, C,,,, is obtained [5,7] from the follow-
ing expression:

“m

Co=(1— &) f : :
sar —( Ep)rB 1_ Gp Csmlr dr * (27)

mL o

i=12,....mm+1,...,L

For a given position x in the column, the average
concentration of component i in the adsorbed phase,

C..,» is given by
ﬂRP
3 A~ 2
Co.=7=]]C.R sin 8 dR dé,
tO2RS T (28)
00
i=12,....mm+1,... L

The average concentration of component i in the
adsorbed phase of the packed bed in the column of
length L, is determined from the following expres-
sion:

(29)

i=12,....omm+1,....L

The dynamic behavior of a column adsorption
system involving multi-component adsorption in
spherical perfusive adsorbent particles with a bidis-
perse porous structure could be obtained by solving
simultaneously Egs. 1 (or 1a), 5 (or 5a), 16 (or 16a),
and 17. If the intraparticle velocity is zero (v, =
Upe = 0), then the spherical adsorbent particles are
considered to be purely diffusive. In this case, the
concentration C,,; is considered to be independent of
6, and thus, the terms anj/GB (j=12,...,n)in Eq.
5and 9C,, /36 (i =1,2,...,n) in Eq. 5a are taken to
be equal to zero; furthermore, the boundary con-
ditions given by Egs. 14 and 15 are not needed, and

the boundary condition at R=0 becomes (3C,/
R)g_o=0fori=12,...,n

The solution of Eqs. la, 5a, 16a, and 17 for the
binary adsorption system studied in this work, was
obtained by adapting the numerical solution pro-
cedure reported in Ref. [5] to a system involving
binary adsorption. It should be noted at this point
that the numerical solution procedure reported in
Ref. [5] could be adapted to obtain the solution of
the equations of a multi-component adsorption sys-
tem with n=2.

The mathematical model that describes periodic
counter-current adsorption is the same as that of a
fixed-bed. The solution procedure for the single-
column case can easily be adapted to the multi-
column problem. After a column has been removed
from the end of the sequence of columns corre-
sponding to the fluid input and replaced by a fresh
column at the other end, the initial conditions must
be adjusted for the start of the new operating period.
Those parts of the concentration profiles are deleted
which correspond to the column that has been
removed. The concentration profiles of the remaining
columns are shifted, and the concentration profiles of
the newly regenerated column are added at the other
end.

The criterion for when to remove the bed at the
upstream fluid end and to introduce a fresh bed at the
other end can be based on the outlet concentration of
the adsorbate(s).

3. Results and discussion

The mathematical model of multi-component
perfusion chromatography presented in this work
was used to study the dynamic behavior of a binary
adsorption system. The expressions that describe the
mass transfer step involving the dynamic adsorption
mechanisms for components 1 and 2, for the system
studied in this work, are as follows:

aC‘sml :
Jt =kll(jpml C‘Tl —Zlcsmj _kZICsml’ (30)
j=

acst :
at =k,Come CTZ_ECsmj ~ k2 Cina- (31)

=1
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Table 1
Values of the fixed parameters of the binary perfusion chromatog-
raphy system

Parameter Value

Coiin 0.10 kg/m’

2.20 kg/m’ particle
2.20 kg/m’ particle
0

0

70X1077 m

i 1 374%x107"7 m’/s
9.69 X 107"* m*/s
0235 m'/kg - s
0.4108 m*/kg-s
517x107° 7"
2222%x 107 s
4545 m’/kg

18.49 m*/kg

0.1 m

296 K

0.35

0.50

=

=5
IS

SISES RN

3

oo

pm22

3

o oxe A A
ST S

N
o

w1 =k Tk,
a2 = kialky,

m oS N

ﬂ"\
3

Eqgs. 30 and 31 represent one possible functional
form of the generalized form in Eq. 17. Parameter
values of the binary perfusion chromatography sys-
tem are listed in Tables 1 and 2. Table 1 lists the
parameters that were not changed and Table 2 lists
the parameters that were varied from case to case.
The cases presented in Table 2 represent three
different values for the macropore void fraction, €,
two different values for the particle diameter, d . and
three different values for the inlet concentration of
component 2, C, ;,, examined in this work. For each
case in Table 2, the superficial velocity, V,, was

varied over a range of values from 100—1000 cm/h,
for both a single-column fixed-bed process and a
two-column periodic counter-current process. For the
cases with perfusive adsorbent particles, the value of
F in Table 2 was calculated from Eq. 10 of Ref. [5]
and, thus, the value of F is different for different
values of €, and d,. In the cases with F =0, the
adsorbent particles are considered to be purely
diffusive. The values of D, and D,,, in Table 2
vary from case to case due to the dependence of the
diffusivity upon €,. The values of C¥ and CJ in
Table 2 were obtained from the following equilib-
rium isotherm expressions, which are derived from

Eqgs. 30 and 31 by setting aC,,,, /9t =dC, ,/dt=0,
Com = Ca1in and €5 = Cyy i
* C iKa iC i.in
Cl=—T =2 (32)
I+ _lKa.dej.in

J

C., and C :2 are the equilibrium concentrations of
species 1 and 2 in the adsorbed phase when the
equilibrium concentrations of species 1 and 2 in the
fluid phase are the inlet concentrations, Cy, ;, and
Cyirin- The values of the inlet concentration of
species 1 and 2 in the flowing fluid stream remain
constant for all times of the adsorption stage, indicat-
ing that the simulation studies of this work examine
systems of frontal analysis.

For the binary system in this work, species 1
represents the most preferentially adsorbed compo-
nent while species 2 is the least strongly adsorbed
component. Component 1 is considered to be the

Table 2
Parameters of the binary perfusion chromatography system that were varied
Case
1 2 3 4 5 6 7 8
€, 0.45 0.45 0.45 0.45 0.30 0.15 0.45 0.45
d, (m) L5X107°  15%107°  15x107°  1.5X107°  15%107°  15x1077  30x107°  30X107°
F 7236 X 1077 7.236 X107 7.236x 107" 0 1398x 107" 1218x 107" 1.898x 107" 0
Cyyin (kg/m*) 0.10 0.01 0 0.10 0.10 0.10 0.10 0.10
C* (kg/m") 2.186 2.194 2.195 2.186 2.186 2.186 2.186 2.186

C*% (kg/m’) 8892x107% 8925x10™* 0 8.892x 1071 8892x 10" 8.892x107° 8.892x10° 8.892%107°
D, (m’/s) 7.02X1077 7.02x107"7 7.02x107"% 7.02x 107" 4.68x107"7 234x107"7 7.02x107"" 7.02x 107"
D,,, (m*/s)  18.19% 107" 18.19% 107" n/a 18.19X 1072 123X 1072 606X 107" 18.19% 107" 18.19%x 107"

n/a: not applicable.
Values of F are calculated from Eq. 10 of Ref. [5].



112 G.A. Heeter, A.l. Liapis | J. Chromatogr. A 734 (1996) 105-123

desired product and component 2 an undesired
species (e.g., a contaminant). Therefore, increases in
the concentration of component 1 and decreases in
the concentration of component 2 in the adsorbed
phase of a column to be regenerated are considered
improvements in performance.

In the single-column fixed-bed system, the entire
bed of adsorbent particles is regenerated when the
concentration of component 1 in the exit stream is
equal to 5% of the inlet concentration of component
1 (Cy,(t,.L) = 0.05C,, ;,). In the two-column periodic
counter-current system studied in this work, the
column of length L=0.1 m is divided into two
columns each of length L/2 = 0.05 m and then these
two columns are operated in periodic counter-current
mode. The criterion used for when to switch columns
under periodic counter-current operation is when the
concentration of component 1 in the effluent is equal
to 5% of the inlet concentration of component 1
(Cq,@,L) = 0.05C,, ;). The total length of the two-
column periodic counter-current system is equal to
the length of the single-column fixed-bed system.
The first column of the periodic counter-current
system is equivalent to the first half of the column of
the fixed-bed system and the second column of the
periodic counter-current system is equivalent to the
second half of the column of the fixed-bed system.

In Figs. 1-3, the dimensionless concentration
profiles of components 1 and 2 in the flowing fluid
stream and in the adsorbed phase are presented for
several times during the operation of a single fixed-
bed at superficial velocities of 100, 500, and 1000
cm/h for the parameter values of case 1 of Table 2.
The results for component 1 are represented by solid
curves while those of component 2 are denoted by
dashed curves. The last set of curves in each figure
represents the concentration profiles at the end of an
adsorption cycle, when 5% breakthrough of com-
ponent 1 (C,,(z,L) =0.05C,, ;) occurs.

The portion of the column in which adsorption of
a species occurs is referred to in this work by the
terms mass transfer zone, adsorption zone, and
adsorption front, synonymously. For the binary
system of this work, there will be two mass transfer
zones, one for each of the two components. When
flow to the column is initiated, the two adsorption
fronts will coincide, but component 1, since it is
most preferentially adsorbed, will propagate through

0.050

X {m)

Fig. 1. Concentration profiles of component 1 and component 2 of
the binary system (the solid curves are for component 1 and the
dashed curves are for component 2) in the flowing fluid stream
and in the adsorbed phase along the x-axis obtained from the
single-column fixed-bed system with parameters of case 1 and
V, = 100 cm/h at different times. (A) 10 min; (B) 20 min; (C) 40
min; (D) 60 min; (E) 81 min. (a) C,,/C,, ;, and C,,/C,, ;, versus
x; (b) C,.,/C., and C, ,/C., versus x.

as. i as.2
the column slower than component 2. Thus the
adsorption fronts of the two species will tend to
separate. The results in Fig. la and b show that, at a
superficial velocity of 100 cm/h, the mass transfer
zones of the two species are completely separated by
t =20 min. When the adsorption zones of the two
species are completely separated, component 2, in its
mass transfer zone, will see a column free of
component 1 and will adsorb to a concentration
approaching its single-component equilibrium, which
exceeds its binary equilibrium concentration. As the

adsorption front of component 1 travels through the
column, species 1 will adsorb and displace the
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Fig. 2. Concentration profiles of component 1 and component 2 of
the binary system (the solid curves are for component 1 and the
dashed curves are for component 2) in the flowing fluid stream
and in the adsorbed phase along the x-axis obtained from the
single-column fixed-bed system with parameters of case | and
V, =500 cm/h at different times. Curve: (A) 1 min; (B) 3 min;
(C) 5 min; (D) 7 min; (E) 9.1 min. (a) C,,/C,,,, and C,/C,,
versus x; (b) CM_,/C:I and C, ,/C., versus x.
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adsorbed species 2, which reenters the flowing fluid
stream and increases the concentration of component
2 in the flowing fluid stream. This, in turn, further
increases the adsorbed concentration of component 2
in its adsorption front. The net effect can be seen in
the curves at 7=40 min in Fig. la and b. The
concentrations of component 2 in the flowing fluid
stream and in the adsorbed phase reach a peak
between the two adsorption zones at values of about
1.8 and 190 times their respective equilibrium val-
ues. By r=81 min, when 5% breakthrough of
component 1 occurs, the mass transfer zone of
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Fig. 3. Concentration profiles of component 1 and component 2 of
the binary system (the solid curves are for component 1 and the
dashed curves are for component 2) in the flowing fluid stream
and in the adsorbed phase along the x-axis obtained from the
single-column fixed-bed system with parameters of case 1 and
V,=1000 cm/h at different times. Curve: (A) 1 min; (B) 2 min;
(C) 3 min; (D) 3.65 min. (@) C,,/Cy, ;, and Cy,/Cy,;, versus x;
(b) C,,,/C’, and C, ,/C., versus x.

as. | as.2

component 2 and most of the concentration peak of
component 2 have passed from the column.

The concentration profiles seen during the first
cycle of periodic counter-current operation are the
same as those shown in Fig. la and b for a single
fixed bed. The curve at ¢ = 81 min in Fig. 1b shows
that the adsorbent in the first column, from x =0 to
0.05 m, is completely saturated when the first
column switch occurs. The adsorption zone of com-
ponent | is entirely in the second column, from
x =0.05 to 0.1 m, when the column switch occurs,
and therefore remains intact and is simply shifted to
the first column during the column switch. In the
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subsequent cycle, the adsorption front of component
1 propagates as before and a new adsorption front for
component 2 forms ahead of the adsorption front of
component 1.

The results in Fig. 2a and b indicate that when the
superficial velocity is increased to 500 cm/h, the
mass transfer zones of both species are lengthened,
thus decreasing the degree of separation of the zones.
The lengthened mass transfer zone of component 1
together with the decreased degree of separation of
the adsorption fronts of the two species causes less
of the component 2 concentration peak to exit the
column before 5% breakthrough of component 1
occurs, compared to a superficial velocity of 100
cm/h. Thus the adsorbed concentration of compo-
nent 1 is decreased and the adsorbed concentration of
component 2 is increased, compared to a superficial
velocity of 100 cm/h, for both fixed-bed operation
and periodic counter-current operation.

When the superficial velocity is increased to 1000
cm/h, as the results in Fig. 3a and b show, the
adsorption zones of the two species are lengthened
and the degree of separation of the adsorption fronts
is decreased to the point that the concentration peak
of component 2 remains in the column when 5%
breakthrough of component 1 occurs. When the
column is operated in periodic counter-current mode,
the concentration peak of component 2 is in the
second column at the time of the first column switch,
as shown by the curves at # = 3.65 min in Fig. 3a and
b. Therefore the peak is retained in the column, and
moved to the first column, during the switch. The
amount of component 2 that enters the column
during the subsequent cycle is greater than the
amount that leaves the column in the exit stream and
through the regeneration of the first column. Com-
ponent 2 accumulates in the column from cycle to
cycle, further lengthening the adsorption zones of the
two species, until the amount leaving the column in
the exit stream and through the regeneration of the
first column balances that entering the column during
a cycle.

In periodic counter-current operation, only the first
column is regenerated when a column switch occurs,
while in fixed-bed operation, the entire column is
regenerated at the end of an adsorption cycle. Thus,
the values of the bed average concentrations in the
adsorbed phase, C,;, and C,,,, as calculated from

Eq. 29, that are reported in Table 3 and Figs. 4-6 are
for the entire column at the time when 5% break-
through of component 1 occurs in the fixed-bed
system and just for the first column, at the end of a
cycle after a number of cycles have passed that the
system has reached periodic steady-state, in the two-
column periodic counter-current system. In Figs. 4-
6, the symbols represent simulation results; the
symbols are connected by line segments.

In Fig. 4, the relationship between the dimension-
less bed average concentration of component 1 in the
adsorbed phase for a fixed-bed system and the
superficial velocity in the column is shown for
several values of the inlet concentration of com-
ponent 2. Curves A, B, and C of Fig. 4 correspond
with cases 1, 2, and 3 of Table 2, respectively.
C‘as‘l/C:l decreases as the superficial velocity is
increased for all values of the inlet concentration of
component 2, due to the lengthening of the ad-
sorption fronts with increasing superficial velocity.
When the inlet concentration of component 2 is zero
or 0.01 kg/m’, that is, much less than the inlet
concentration of component 1, the decline in C, ,/
C., is nearly linear over the examined range of V,.
When the inlet concentration of component 2 is 0.10
kg/ms, that is, equal to the inlet concentration of
component 1, the decline in C, ,/C ., is greater than
the decline in C,,/C ;. for lower concentrations of
si)ecies 2, when V; is less than 500 cm/h. But when
the superficial velocity is increased above 500 cm/h,
the rate of decline of the bed average adsorbed phase
concentration of component 1 decreases to about the
same rate of decline as for the lower inlet con-
centrations of component 2. When the superficial
velocity is less than 500 cm/h, the adsorption zones
of the two components are completely separated
before 5% breakthrough of component 1 is reached.
When V; is greater than 500 cm/h, the two ad-
sorption zones do not separate before 5% break-
through of component 1 is reached. Thus, the
concentration of component 2 in the adsorbed phase,
which component 1 must displace in its adsorption
front, is lower at superficial velocities above 500
cm/h than at superficial velocities less than 500
cm/h.

In Figs. 5 and 6, the results for the fixed-bed
operating mode are represented by solid curves while
those for the periodic counter-current operating mode
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Table 3
Ratios of the bed average adsorbed phase concentration of component 1 to that of component 2 for fixed-bed and periodic counter-current
systems
Case Vl Pelnlr;Ll Peinlra.Z C-as,l /Cas.z
(cm/h) Fixed-bed system Periodic counter-current system
1 100 43 1.7 10.7 246
300 12.9 5.0 293 52.6
500 21.5 33 1.31 4.79
750 322 12.4 1.13 1.25
1000 43.0 16.6 1.10 1.13
2 100 43 1.7 32.6 2459
300 129 5.0 12.9 2459
500 215 8.3 11.6 511
750 322 124 11.3 S1.8
1000 43.0 16.6 11.1 20.8
3 100 43 n/a n/a n/a
300 129 n/a n/a n/a
500 215 n/a n/a n/a
750 323 n/a n/a n/a
1000 43.0 n/a n/a n/a
4 100 0 0 10.7 246
300 0 0 2.80 474
500 0 0 1.26 422
750 0 0 1.13 1.25
1000 0 0 1.09 1.11
5 100 1.2 0.5 9.48 246
300 3.7 1.4 2.40 29.6
500 6.2 24 1.19 2.77
750 9.3 3.6 1.11 1.15
1000 12.4 4.8 1.08 1.09
6 100 22 0.8 6.05 246
300 6.5 2.5 1.29 4.56
500 10.8 4.2 1.11 1.18
750 16.3 6.3 1.04 1.04
1000 217 8.4 0.979 0.985
7 100 22 0.9 8.38 246
300 6.8 2.6 1.99 17.0
500 1.3 43 1.17 1.84
750 16.9 6.5 1.10 1.15
1000 225 8.7 1.07 1.07
8 100 0 0 8.38 246
300 0 0 1.94 15.5
500 0 0 1.16 1.59
750 0 1] 1.09 1.12
1000 0 0 1.05 1.04

n/a: not applicable.

are represented by dashed curves. Fig. 5a and b show
the relationship between the dimensionless bed aver-
age adsorbed phase concentration of components !
and 2, respectively, and the superficial velocity in the
column for different values of ¢, for both fixed-bed
operation and periodic counter-current operation.
Curves A, B, and C of Fig. 5a and b correspond with

cases 1, 5, and 6 of Table 2, respectively. Fig. 5a
shows that C, ,/C ., decreases as €, is decreased.
The mass transfer resistance within the macroporous
region of the adsorption particle increases as e,
decreases and increased mass transfer resistance
lengthens the adsorption fronts, thus reducing the

bed average concentration of component 1 in the
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Fig. 4. Bed average concentration of component 1 in the adsorbed
phase versus superficial velocity obtained from the single-column
fixed-bed system for different values of the inlet concentration of
component 2, C,, ... Curve: (A) case 1, C,,,, =0.10 kg/m’; (B)
case 2, C,,, = 0.01 kg/m*; (C) case 3, C,,. =0.

d2.in

adsorbed phase. In Fig. 5b, for* each €, in the fixed-
bed operating mode, C,,,/C,, increases with in-
creasing superficial velocity to a peak, then declines
as the superficial velocity is further increased. When
the value of the superficial velocity is low, an
increase in the superficial velocity causes less of the
concentration peak of component 2 to exit the
column before component 1 breaks through, thereby
increasing the bed average adsorbed phase concen-
tration of component 2. When the superficial velocity
is high enough that the component 2 concentration
peak remains within the column when component 1
breaks through, an increase in V, causes less com-
ponent 2 to be adsorbed before component 1 breaks
through, thereby decreasing the bed average ad-
sorbed phase concentration of component 2. The
superficial velocity at which the value of C, ,/C,
peaks is lower at smaller €, due to the lengthened
adsorption fronts caused by increased mass transfer
resistance.

The value of C, ,/C,, in Fig. 5a for a periodic
counter-current system is higher than that for a
fixed-bed system for each €, at all superficial veloci-
ties. The value of C’as‘z/C:2 in Fig. 5b is lower for a
periodic counter-current system than for a fixed-bed
system for each €, at low superficial velocities. But
at higher superficial velocities, the value of C, ,/C.,
is higher for periodic counter-current operation than

1.00 ENEEEEE EEN T ——
(@) TR,
*C B VA
N AN
» N
N NI
orst B . NN ]
. N
c % o
. » ~ ‘\\
(4] . N
5 omf N S ]
e
[ — g
025 | A
0.00 e W L
o 250 500 750 1000
Superficial Velocity (cm/h)
T T a

0 250 500 750 1000
Superficial Velocity (cm/h)

Fig. 5. Bed average concentrations of components 1 and 2 in the
adsorbed phase versus superficial velocity obtained from the
single-column fixed-bed and two-column periodic counter-current
systems (the solid curves are for the fixed-bed system and the
dashed curves are for the periodic counter-current system) for
different values of the macropore void fraction, €,. Curve: (A)
case 1, €, = 0.45; (B) case 5, ¢, = 0.30; (C) case 6, €, =0.15. (a)

C, ,/C., versus V,; (b) C, ,/C., versus V..

as. 1

for fixed-bed operation, due to the cycle-to-cycle
accumulation of component 2 in periodic counter-
current operation.

Fig. 6a and b show the relationship between the
dimensionless bed average adsorbed phase concen-
tration of components 1 and 2, respectively, and the
superficial velocity in the column, for perfusive
particles and purely diffusive particles at two values
of d, for both fixed-bed operation and periodic
counter-current operation. Curves A, B, C, and D of
Fig. 6 correspond with cases 1, 4, 7, and 8 of Table
2. The results in Fig. 6a and b indicate that the
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Fig. 6. Bed average concentrations of components 1 and 2 in the
adsorbed phase versus superficial velocity obtained from the
single-column fixed-bed and two-column periodic counter-current
systems (the solid curves are for the fixed-bed system and the
dashed curves are for the periodic counter-current system) for
perfusive and purely diffusive adsorbent particles for different
values of the particle diameter, d,. Curve: (A) case I, d,=1.5X
107" m, F=7.236X10"7; (B) case 4, d,=1.5X10 " m, F=0; (C)
case 7, d,=3.0X10™" m, F=1.898%10""; (D) case 8, d,=3.0X
107° m, F=0. @) C,_,/C., versus V; (b) C, ,/C., versus V,.

performance of particles with d = 1.5 X 107° m is
better than the performance of particles with d,=
3.0X 107" m for both fixed-bed and periodic coun-
ter-current systems, due to greater mass transfer
resistance in the larger particles. For both particle
diameters, the values of C, /C., and C_'asvz/C:2 are
the same for perfusive particles and purely diffusive
particles when the superficial velocity is low and
become only slightly different as V; is increased. The
intraparticle Péclet numbers of components 1 and 2

for each case at every value of V; considered in this
work are presented in Table 3. For cases 1 and 7, the
cases in Fig. 6 with perfusive particles, both Pe, . |
and Pe, ., are less than 5 at V; =100 cm/h. Thus,
the fact that there is no difference between the
performance of perfusive particles and the perform-
ance of purely diffusive particles at that superficial
velocity agrees with the results for single-component
adsorption [5,7], where it was shown that the in-
traparticle Péclet number had to be greater than 10
for there to be a clear difference between the
performance of perfusive particles and the perform-
ance of purely diffusive particles.

In Figs. 7 and 8, the dimensionless isoconcen-
tration profiles of component 1 and component 2,
respectively, in the pore fluid of the pores of the
macroporous region of the adsorbent particle are
presented, while in Figs. 9 and 10, the dimensionless
isoconcentration profiles of component 1 and com-
ponent 2, respectively, in the adsorbed phase of the
adsorbent particle are shown, at position x = 0.25L =
0.025 m of the single fixed-bed and at three times:
t=1.0, 1.5, and 2.0 min. In Figs. 7-10, the out-
ermost contours represent the isoconcentrations at
the surface (R =R,) of the particle.

The data in Figs. 7-10 have been obtained with a
superficial velocity of 1000 cm/h and the parameter
values of case 1 of Table 2; from Table 3 it is
observed that the values of Pe, ., and Pe,,  , are
43.0 and 16.6, respectively. The isoconcentration
profiles in Figs. 7-10 exhibit spherical asymmetry,
as expected for adsorption in perfusive particles. It
should be noted at this point that the isoconcentration
profiles of components 1 and 2 in the pore fluid of
the pores of the macroporous region and in the
adsorbed phase of a purely diffusive particle repre-
sented by case 4 (Pe, ., ,=Pe, ., ,=0) of Table 2
and obtained with a superficial velocity of 1000
cm/h, exhibit spherical symmetry [30], as expected
for adsorption in purely diffusive particles.

The isoconcentration profiles of the most pref-
erentially adsorbed component 1, as shown in Figs. 7
and 9, have a shape similar to isoconcentration
profiles of adsorbate in single-component adsorption
at a similar value of the intraparticle Péclet number
[5,7]. The shape of the isoconcentration contours of
component 1 does not change with time, although
the values of the concentrations are increasing;
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Fig. 7. Isoconcentration contours of the concentration of component | in the pore fluid of the macroporous region of the porous adsorbent
particle for case 1 with ¥, = 1000 cm/h, at x =0.25L for different times. (a) + =1 min; (b) t = 1.5 min; (c) ¢ =2 min.

furthermore, the results in Figs. 7 and 9 clearly
indicate that the values of the concentrations of the
outermost contours are higher than the values of the
concentrations of all internal contours at all times.
The isoconcentration profiles of the less pref-
erentially adsorbed component 2 in the macropore
fluid, as shown in Fig. 8, have a different shape than
the isoconcentration profiles of component 1. The
isoconcentration profiles of component 2 in the
adsorbed phase, as shown in Fig. 10, have a different

shape than the isoconcentration profiles of com-
ponent 1 for #=1.0 and 1.5 min, while for t =2.0
min the shape of the isoconcentration profiles of
components | and 2 in the adsorbed phase, as shown
in Figs. 9 and 10, is similar. Furthermore, the results
in Figs. 8 and 10 indicate that for certain times, the
values of the concentrations of the outermost con-
tours are lower than the values of the concentrations
of the internal isoconcentration contours. It should be
noted that when the adsorption process starts, com-
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Fig. 8. Isoconcentration contours of the concentration of component 2 in the pore fluid of the macroporous region of the porous adsorbent
particle for case 1 with ¥, = 1000 cm/h, at x = 0.25L for different times. (a) 1 = 1 min; (b) + = 1.5 min; (c) ¢ =2 min.



G.A. Heeter, Al Liapis | J. Chromatogr. A 734 (1996) 105-123 119

Flow Direction sy

t=1.0 min
(a)

Flow Direction =e—p-

t=1.5 min

Flow Direction m=m=p-

t=2.0 min
()

Fig. 9. Isoconcentration contours of the concentration of component 1 in the adsorbed phase of the porous adsorbent particle for case 1 with
V, = 1000 cm/h, at x = 0.25L for different times. (a) t =1 min; (b) = 1.5 min; (¢) 1 =2 min.

ponents | and 2 move from the surface of the
particle by intraparticle convective flow and diffu-
sion; but, the diffusion coefficient of the less pref-
erentially adsorbed component 2 is about 2.59 times
larger than the diffusion coefficient of the most
preferentially adsorbed component 1. Thus, depend-
ing, for a given value of ¢, on (i) the distribution of
the penetration lengths of components 1 and 2 in the
particle, (ii) the values of the local rates of ad-

Flow Direction sy

t=1.0 min

(@)

Flow Direction see=p-

t=1.5 min

sorption of components 1 and 2 at different positions
along each of the penetration lengths, and (iii) the
values of the local rate of displacement of com-
ponent 2 by component 1 at different positions along
each of the penetration lengths, isoconcentration
contours could be obtained with geometries and
distribution of concentration values at different parts
of the particle as those shown in Figs. 8 and 10 for
the less preferentially adsorbed component 2.

Flow Direction w===b
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(c)

Fig. 10. Isoconcentration contours of the concentration of component 2 in the adsorbed phase of the porous adsorbent particle for case | with
V.= 1000 cm/h, at x = 0.25L for different times. (a) t = | min; (b) = 1.5 min; (c) # =2 min.



120 G.A. Heeter, Al Liapis | J. Chromatogr. A 734 (1996) 105-123

The ratio of the bed average concentration of
component | in the adsorbed phase to the bed
average concentration of component 2 in the ad-
sorbed phase for each case at every superficial
velocity considered in this work for both the fixed-
bed and the periodic counter-current operation mode
is presented in Table 3. For every case, the ratio
C,.,/C,., decreases as V, is increased in both fixed-
bed and periodic counter-current systems. Also,
comparing cases 1, 5, and 6, which differ only by the
value of €, shows that, at each value of V,, C_a&,/
C,..» decreases as €, is decreased. Comparing cases |
and 7, which differ only by the value of d,, shows

that, at each value of V,, C, ,/C,, , decreases as d, is
increased. Thus, any change that lengthens the
adsorption zones of the two species, whether increas-
ing the superficial velocity, V;, or increasing the mass
transfer resistance by decreasing €, Or increasing d

will cause the ratio C,,/C,, , to decrease. Compar-
ing cases 1 and 4 and cases 7 and 8, which differ
only in that the first case of each pair has perfusive
adsorbent particles and the second case of each pair
has purely diffusive adsorbent particles, shows that
there is little or no difference between the ratio
C,../C,., for perfusive particles and that for purely
diffusive particles at any superficial velocity in either
the fixed-bed operating mode or the periodic counter-
current operating mode. The intraparticle fluid flow
in the perfusive particles does not significantly
reduce the overall mass transfer resistance because
the rates of the interaction of the two adsorbates with
the solid surface are not infinitely fast and the finite
rates of the adsorption mechanisms contribute sig-
nificantly to the overall mass transfer resistance
within the particles.

When the superficial velocity is low, the ratio
C,.,/C,., in the periodic counter-current operating
mode is much higher than that in the fixed-bed
operating mode for every case. But, as V, is in-
creased, the difference between C, ,/C, , for fixed-
bed and periodic counter-current systems decreases,
until, at a superficial velocity of 1000 cm/h, oper-
ating in the periodic counter-current mode does not
produce a clear improvement in the ratio C,,,/C, ,
over operating in the fixed-bed mode. In fact, at a
superficial velocity of 1000 cm/h, the value of C,_,/

C,,, for periodic counter-current and fixed-bed

as,

as. 1

systems for every case is not much larger than the
ratio of the concentration of component 1 to that of
component 2 in the inlet stream (in one case, case 6,
the ratio C, ,/C, , is even less than the ratio of
Cy.in to Cy, 1), Therefore, the ratio of the amount of
the desired species to the amount of the undesired
species in the product stream obtained in the elution
stage would be little better than that in the feed
stream during the adsorption stage, indicating that
the separation efficiency of the process is rather
poor. On the other hand, at a superficial velocity of
100 cm/h, C,,/C, , for a periodic counter-current
system is its maximum possible value for every case.
The maximum possible value of C, ,/C,, is
reached when the concentrations in the adsorbed
phase are at equilibrium with the inlet concentra-
tions. The separation that can be achieved in the
periodic counter-current system operating at a super-
ficial velocity of 100 cm/h depends upon the equilib-
rium isotherms but does not depend upon the values
of €, or d, or whether the adsorbent particles are
perfusive or purely diffusive, because the column to
be regenerated is at equilibrium with the feed
composition.

4. Conclusions and remarks

A mathematical model of multi-component ad-
sorption in columns packed with spherical perfusive
and spherical purely diffusive adsorbent particles
with a bidisperse porous structure was presented and
used to study the dynamic behavior of a binary
adsorption system in a single-column fixed-bed
process and in a two-column periodic counter-current
process. The performance of chromatographic col-
umns, as measured by the concentrations of the two
species in the adsorbed phase of a column being
regenerated, was compared for both single-column
fixed-bed and two-column periodic counter-current
systems for both perfusive and purely diffusive
adsorbent particles for different values of the macro-
pore void fraction, € the particle diameter, dp, the
inlet concentration of the least preferentially ad-
sorbed component 2, C,,, . and the superficial
velocity, V,.

The performance that is achieved by a chromato-
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graphic system depends upon the length of the
adsorption zones of the two species and the degree of
separation of those zones at the time the most
preferentially adsorbed component 1 breaks through.
When the system parameters are such that the two
mass transfer zones are short and completely sepa-
rated at breakthrough, then the ratio of the bed
average concentration of component | in the ad-
sorbed phase to that of component 2 can be many
times greater than the ratio of the concentration of
component 1 to that of component 2 in the feed, and
the relative separation efficiency is high. When the
system parameters are changed such that the ad-
sorption fronts are lengthened and overlap, the
performance can deteriorate until the ratio of the bed
average adsorbed phase concentration of component
1 to that of the component 2 is no better than the
ratio of the concentration of component 1 to that of
component 2 in the feed and no separation is taking
place. Either increasing the superficial velocity, V;, or
increasing the mass transfer resistance by decreasing
€, or increasing d, will lengthen the adsorption
zones and thus result in poorer performance. How-
ever, the performance of systems with perfusive
adsorbent particles is only slightly better than the
performance of systems with purely diffusive ad-
sorbent particles, because the intraparticle fluid flow
in the perfusive particles does not significantly
reduce the overall mass transfer resistance because
the finite rates of the adsorption mechanisms contrib-
ute significantly to the overall mass transfer resist-
ance within the particles.

The isoconcentration profiles of the most pref-
erentially adsorbed component | inside a perfusive
adsorbent particle exhibit the same asymmetric shape
as the isoconcentration profiles of adsorbate in
single-component adsorption. However, the isocon-
centration profiles of the least preferentially adsorbed
component 2 can, for certain times, have distinctly
different shapes. The shape of the isoconcentration
contours of component 2 depends upon the dis-
tribution of the penetration lengths of components 1
and 2 in the particle and the values of the local rates
of adsorption of components 1 and 2 and of the
displacement of component 2 by component | at
different positions along each of the penetration
lengths.

At low superficial velocity, V,, the performance of

the two-column periodic counter-current system is
much better than the performance of the single-
column fixed-bed system, but the advantage of
periodic counter-current operation over fixed-bed
operation disappears as V; is increased. For all cases
considered in this work, the best possible perform-
ance is achieved in the periodic counter-current
operating mode at a superficial velocity of 100 cm/h.
Changes in the values of €, and 4 of the adsorbent
particle have no effect on the performance of sys-
tems operating in the periodic counter-current mode,
as long as the superficial velocity is low enough that
the adsorption front of component 1 is entirely
within the second column at the time at which
column switch occurs. Increasing the overall length
of the column could allow the superficial velocity to
be increased yet keep the adsorption front of com-
ponent 1 entirely within the second column at the
time at which column switch occurs, thus maintain-
ing high relative separation efficiency. Dividing the
column into more than two beds for periodic coun-
ter-current operation could also allow the superficial
velocity, V,, to be increased and still maintain high
relative separation efficiency. The product purity is
determined by the ratio of the desired component 1
to the unwanted component 2 in the adsorbed phase
of the column to be regenerated. If a higher purity is
required, it could be achieved by using a multi-
column adsorption—elution system in which the
effluent obtained from a periodic counter-current
adsorption bed during the elution stage becomes the
feed to another periodic counter-current adsorption
column system during the adsorption stage; this
mode of operation could multiply the chromato-
graphic effect of the relative separation between
species 1 and 2.

5. Symbols

Coo average concentration of compo-
nent / in the adsorbed phase defined
in Eq. 28 (kg/m’ of adsorbent
particle),

C,.. bed average concentration of com-

ponent i in the adsorbed phase
defined in Eq. 29 (kg/m’ of ad-
sorbent particle),
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concentration of component i in the
flowing fluid stream of the column
(kg/m” of bulk fluid),
concentration of component i at
x<0 when D, #0, or at x=0
when D,,=0 (kg/m’ of bulk
fluid),

concentration of component i in the
fluid of the macropores (through-
pores) (kg/m’ of macropore vol-
ume),

vector of the concentrations of the
adsorbates in the micropore fluid,
defined after Eq. 17,

concentration of component i in the
fluid of the micropores (kg/m” of
micropore volume),

average concentration of compo-
nent i in the adsorbent particle (kg/
m’ of adsorbent particle),

average concentration of compo-
nent i in the adsorbed phase defined
in Eq. 27 (kg/m’ of adsorbent
particle),

average concentration of compo-
nent ;i defined in Eq. 26 (kg/m’ of
microparticle),

equilibrium concentration of com-
ponent i in the adsorbed phase
given by Eq. 32 (kg/m3 of ad-
sorbent particle),

vector of the concentrations of the
adsorbates in the adsorbed phase,
defined after Eq. 17,

concentration of component i in the
adsorbed phase of the microparticle
(kg/ m® of adsorbent particle),
maximum equilibrium concentra-
tion of component i in the adsorbed
phase of the microparticle (kg/ m’
of adsorbent particle),

diameter of spherical microparticie
@, =2r,) (m),

diameter of spherical porous adsor-
bent particle (dp = 2Rp) (m),

axial dispersion coefficient of com-
ponent i (mzl s),

effective pore diffusivity matrix in
the macropores,

DPU
pm

pmij

sm

smij

F(C € )
F

gi(Cpm9K)

effective pore diffusion coefficients
in the macropores (elements of the
effective pore diffusivity matrix D,
in the macropores) (m*/ s),
effective pore diffusivity matrix in
the micropores,

effective pore diffusion coefficients
in the micropores (elements of the
effective pore diffusivity matrix
D, in the micropores) (m?*/s),
surface diffusivity matrix in the
microspheres (microparticles),
surface diffusion coefficients in the
microspheres (microparticles) (ele-
ments of the surface diffusivity
matrix D in the microspheres
(microparticles)) (m?/s),

functional form defined after Eq.
17,

parameter given by Eq. 10 of Ref.
(51,

functional form defined after Eq.
19,

parameter given by Eq. 11 of Ref.
(51,

vector of adsorption rate constants
defined after Eq. 17,

adsorption rate constant for com-
ponent 1 in Eq. 30 (m’ of micro-
pore volume/kg-s),

adsorption rate constant for com-
ponent 2 in Eg. 31 (m’ of micro-
pore volume/kg-s),

adsorption rate constant for com-
ponent 1 in Eq. 30 (s "),
adsorption rate constant for com-
ponent 2 in Eq. 31 (s,

vector of the equilibrium adsorption
constants defined after Eq. 19,
equilibrium adsorption constant of
component i, K, =k, /k,, (m* of
micropore volume/kg),

total number of components ad-
sorbed by specific and non-specific
adsorption,

column length (m),

total number of components ad-
sorbed by specific adsorption,

total number of components,
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Pe, intraparticle Péclet number of com-
ponent i defined in Eq. 9 (dimen-
sionless),
radial distance in microparticle (m),
radius of microparticle (m),
radial distance in adsorbent particle
(m),
radius of adsorbent particle (m),
time (s),
temperature (K),
intraparticle velocity vector (m/s),

oR intraparticle velocity component

along the R direction (m/s),

v axial component of the intraparticle
velocity given by Eq. 18 of Ref. [5]
(m/s),

Vo intraparticle velocity component
along the 6 direction (m/s),

Vi column fluid superficial velocity
(m/s),

x axial distance in column (m),

X, axial coordinate of adsorbent par-
ticle as shown in Fig. 1 of Ref. [5]

(m).

S T T
e

< @

5.1. Greek letters

€ void fraction in column,

€ macropore (through-pore) void fraction,
€m  micropore void fraction,

(7] polar coordinate angle (rad).
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