JOURNAL OF
CHROMATOGRAPHY A

Journal of Chromatography A. 711 (1995) 3-21

Perfusion chromatography: performance of periodic
countercurrent column operation and its comparison with
fixed-bed operation

G.A. Heeter, A.l. Liapis*

Department of Chemical Engineering and Biochemical Processing Institute. University of Missouri-Rolla, Rolla,
MO 65401-0249, USA

Abstract

Simulation studies using mathematical models that describe the single-component adsorption of bovine serum
albumin into spherical bidisperse perfusive and spherical bidisperse purely diffusive anion-exchange porous
adsorbent particles in a single-column fixed-bed system and in a two-column periodic countercurrent system in
which the adsorbent is equally distributed over two beds are presented. The total length of the two-column periodic
countercurrent system is equal to the length of the single-column fixed-bed system, and studies are performed for
different values of the intraparticle Peclet number, Pe,, .. and of the microsphere diameter, d_. In the
single-column fixed-bed system, the percentage utilization of the adsorptive capacity of the adsorbent increases as
d,, decreases and Pe,, . increases. The results indicate that the two-column system under periodic countercurrent
operation provides higher values for the percentage utilization of the adsorptive capacity of the adsorbent than all
the values of the percentage utilization of the adsorptive capacity of the adsorbent obtained from the single-column
fixed-bed system for all values of d_, and Pe_, , examined in this work. It is an interesting result that the percentage
utilization of the adsorptive capacity obtained from a two-column periodic counter-current system having purely
diffusive (Pe,,,., = 0) adsorbent particles with the largest microsphere size, d,,. studied in this work is found to be
higher than the percentage utilization of the adsorptive capacity obtained from a single-column system that uses
perfusive adsorbent particles with the smallest microsphere size. d,, . and the largest intraparticle Peclet number,
Pe, .., studied in this work. The simulation studies with the two-column periodic countercurrent system also
provide the following interesting result: the factors of economic significance in the two-column system under
periodic countercurrent operation, namely the time between column switches and the degree of saturation of the
column removed, are nearly independent of the values of the microsphere diameter, d_, and the intraparticle
Peclet number, Pe,
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1. Introduction intraparticle convective velocity, v, is non-zero
| 1-8].

In this work, as in previous publications [1-6], Liapis and McCoy [4] and Liapis et al. [5] have

we define “‘perfusion chromatography™ to refer considered that the perfusive adsorbent particles

to any chromatographic system in which the with a bidisperse [4,5] porous structure have a

macroporous region, made by the through-pores
e [1,3-5.7] in which intraparticle convection and
* Corresponding author. pore diffusion occur, and a microporous [4,5]
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region, made by spherical microparticles (micro-
spheres [4,5,7]) that are taken to be purely
diffusive. In this work, the mathematical model
constructed by Liapis et al. [5], which could
describe adsorption in columns having spherical
perfusive adsorbent particles with a bidisperse
porous structure, is solved and used to study the
behavior of periodic countercurrent and fixed-
bed systems involving the adsorption of bovine
serum albumin (BSA) into spherical anion-ex-
change porous particles. The performance of
chromatographic columns, as measured by the
percentage utilization of the capacity of the
adsorbent in the column and the time between
bed switches for periodic countercurrent systems
or the period of the operating cycle for single-
column fixed bed systems, is compared for both
single-column fixed-bed and two-column periodic
countercurrent systems for different values of the
microsphere diameter, d_, and the intraparticle
Peclet number, Pe,,,,. The total length of the
two-column periodic countercurrent system is
equal to the length of the single-column fixed-
bed system.

2. Periodic countercurrent operation

The employment of affinity adsorption chro-
matography as an efficient and competitive sepa-
ration process, when compared to other sepa-
ration methods, requires the effective use of the
active sites of the adsorbent particles. It has been
shown [9,10] that the utilization of the active
sites of purely diffusive adsorbent particles could
be substantially increased if periodic countercur-
rent operation is employed in the adsorption
process. The most efficient mode of operation
would theoretically be the continuous [9] coun-
tercurrent operation where the adsorbent par-
ticles move in a direction opposite to the direc-
tion of motion of the flowing fluid stream;
however, this mode of operation would have
practical problems because of mechanical com-
plexity of the equipment, gradual attrition of the
solid adsorbent, and channeling (non-uniform
flow) of either fluid or solid. Therefore, it could
be easier to use a periodic countercurrent mode

of operation since, if a column is divided into an
infinite number of infinitesimal-in-size beds
operating in a periodic countercurrent mode, this
would give the same results as the continuous
countercurrent mode of operation.

In practice one has to deal with finite bed sizes
and, therefore, the original column is subdivided
into a number of smaller-in-size columns that
operate in a periodic countercurrent mode. In
Fig. 1 a column of length L has been divided
into two columns, each of length L/2, that
operate in a periodic countercurrent mode dur-
ing the adsorption stage. Three columns, each of
length L/2, are shown in the system of Fig. 1
since one column of length L/2 is always under
regeneration. In a periodic countercurrent oper-
ation a column switch occurs, as in the case of
fixed-bed operation, when the outlet concen-
tration of the adsorbate reaches a certain per-
centage of its inlet value.

In this work, the performance of the adsorp-
tion of BSA into spherical anion-exchange bidis-
perse porous particles packed in a column
operating under the periodic countercurrent
mode of operation is studied for different values
of the intraparticle Peclet [S] number, Pe,..,
and of the microsphere [5] diameter, d_,. The
results are compared with those obtained when
the column is operating under the fixed-bed
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| COLUMN 3 COLUMN 1 p—-
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-~ L2 L2
0 L

Fig. 1. Principal arrangement of two columns, each of length
L/2, in a periodic countercurrent operation where L is the
total operating length. The syst¢em employs three columns,
but one is always under regeneration.
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mode of operation. It is appropriate to mention
at this point that the adsorbent particles are
considered to be purely diffusive when the in-
traparticle Peclet number is equal to zero, while
the adsorbent particles are considered to be
perfusive when the intraparticle Peclet number is
greater than zero.

3. Mathematical model for fixed bed

Adsorption is considered to take place from a
flowing liquid stream in a fixed bed of spherical
perfusive adsorbent particles of bidisperse po-
rous structure under isothermal conditions. The
differential mass balance for the adsorbate in the
flowing fluid stream gives [1,2.4-6]
aC, a’C, 'V, aC, (1-¢) dC

t ps
- St =
at D, x> £ ox £ ot (1)

The initial and boundary conditions of Eq. 1 are
as follows:

ati=0,C,=0.0<x<L (2)
i,V
Va0 Loax L, e Cain
>0 (3)
ey 2S| ,
atx =  Tox rL—().t>() (4)

The value of C,; may be constant or it may vary
with time. An expression for estimating D, was
presented by Arnold et al. [L1], but in certain
systems the axial dispersion is so low that by
setting its value equal to zero the error intro-
duced in the prediction of the behavior of an
affinity adsorption system is not significant
[11,12]. When the axial dispersion coefficient is
set equal to zero. Eq. 3 (with D, =0) becomes
as follows:

atx=0,C,=C,,,.1>0 (5)

The spherical perfusive adsorbent particles
with a bidisperse [4.5] porous structure are
considered to have a microporous {4,5] region
made by spherical microparticles (microspheres
[4,5.7]) that are taken to be purely diffusive. and
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SPHERICAL BIDISPERSE PERFUSIVE PARTICLE

Rp- Radius of Perfusive Particle

Microsphere

w= Radius of Microsphere

Fig. 2. Spherical perfusive adsorbent particle with a bidis-
persc porous structure (the arrows indicate the direction of
fluid flow).

a macroporous [4,5] region made by the through-
pores [1,3~5,7] in which intraparticle convection
and pore diffusion occur. In Fig. 2, a diagram of
a spherical perfusive adsorbent particle with a
bidisperse porous structure is shown; x, repre-
sents the axial coordinate for the spherical perfu-
sive adsorbent particle and is parallel to the axial
coordinate x of the column.

The differential mass balance for the adsor-
bate in the macroporous region of a perfusive
adsorbent particle of spherical geometry is given
by

oC aC 1\ oC
e —"+ e p+sv (E) 5

Poar P PR gR 00
€, _ [ )1( )
+(1,£p) i —EPD 3R 3R
o)
+ (= 6
(R sin @ 60 ©)

The variables v,z and v, represent the in-
traparticle velocity components along the R and
6 directions, respectively. Neale et al. [13] have
obtained analytical expressions for the stream
functions outside and inside the permeable
spheres. By using the expression of Neale et al.
[13] for the stream function inside the particle,
the following equations for v, and v, are
obtained:
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K=V COSG[F— (?)(Smgh € _ cosh g)] (7)

o = —stin()[F— <2_H§)<(f cosh §§2—sinh §>

— sinh §>] (8)

The expressions for ¢, F, and H are presented in
Refs. [5] and [13] and will not be reported again
here. The axial component of the intraparticle
velocity, Upe,» Which is parallel to the flowing
fluid stream along the axis of the column, is
given by

Upy, = Upr €OS O — v, Sin 6 (9)
Liapis et al. [5] have indicated that the value of
v,,, becomes independent of the values of R and
# when H =0in Eqs. 7 and 8. It has been found
[5,14] from numerous parametric calculations
that for various adsorption systems the value of
H in Eqgs. 7 and 8 is essentially equal to zero.
When H is taken to be approximately equal to

zero (H=0) in Eqs. 7 and 8, the following

expressions for v g.v,,, and v, are obtained:
Uor = FV;cos o (10)
Uy = —FV;siné (11)
Voo, = FV; (12)
If the intraparticie Peclet number, Pe, .. is
defined by Eq. 13
Ups a’p
Peimra:Tl (13)

p

then by using the expression for v, ., given in Eq.

12 the following expression for Pem[rd i1s ob-
tained:

Up, dp (FV,)d
Peinlra = l)l D (]4)

p p

For purely diffusive adsorbent particles Pe, .. =
0. while for adsorbent particles with non-zero
intraparticle fluid flow Pe,, , > 0. The value of H
for the adsorption system considered in this work
is approximately equal to zero, and therefore,

the values of v g, Uy, U, , and Pe,, are
obtained from Egs. 10, 11, 12, and 14, respec-
tively.

The initial and boundary conditions of Eq. 6
are as follows:

att=0,C,=0,0sR=<R, (15)
atR=R_,C,=Cy,t>0,0<0=<m (16)
atR=0,C, =finite,t>0,0<0 <= (17
aC,
= < =<
a(} "o 0,0sR=R, (18)
aC,
dlB—ﬂ‘—‘ —O,O:aRsRp (19)

The differential mass balance for the adsor-
bate in a purely diffusive spherical microparticle
(microsphere) is given by [4,5]

3C o ( 1 ‘)acsm

£

mar  \1—g,) ot
a*C 2 9C,
_ pm “~ pm
_EP"‘D""‘( ar? Y Tor ) (20)

The accumulation term, oC,,/dt, of the ad-
sorbed species can be quantified if a thermo-
dynamically consistent mathematical model
could be constructed that could describe the
mechanism of adsorption for the adsorbate. For
isothermal adsorption systems, the term aC, /¢t
could be of the form

aC,,,
ot

=£(C,,, Cor k) 1)

pm> ~sm?

where f represents the functional form of the
dynamic adsorption mechanism for the adsor-
bate, and k represents the vector of the rate
constants that characterize the interaction kinet-
ics between the adsorbate molecules and the
active sites. One well known form of Eq 21 for

single-component adsorption (A + S<—AS) is as
follows [1,4-6]:

0C .
ot
The term oC_ /ot in Eq. 20 could now be
replaced by the right-hand-side of Eq. 22. The

Cpm(CT - Csm) - kZCsm (22)
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initial and boundary conditions of Eqgs. 20 and 21
(as well as of Eq. 22) are considered to be as
follows:

atr=0,C,,=0,0sr=r (23)
att=0,C,=0,0<sr<r (24)
atr=r ,C,.=C(,R.8),1>0 (25)
oCym
atr =0, 3 =0,t>0 (26)
F dr=0

The accumulation term 9C /3t in Eq. 6 is
given (5] by Eq. 27

— "m

¢, 3 ﬁ( . )
ar 3 Lo EpmCpm? ™ dr

+§7(f (1—lsp)(“*"‘r: dr” (27)

0

The term aC_ps/at in Eq. 1 is obtained [5] from
Eq. 28:

R

acps_s[a'”" L \
3 _ZRS, 5( epCpR sin # deB/)

0 0

rRP
+—a—<ff 1 C.R’sing dRd )J
Y (1-¢,)CR sinod 9/

0 0

(28)

Finally, for a given pair of values of R and ¢
the average concentration of the adsorbate in the
adsorbed phase, C,,, is obtained [5] from the
following expression:

C‘sa:(l—%)%u (1Js

D
0 !

Jer dr} (29)

The dynamic behavior of a column adsorption
system involving spherical perfusive adsorbent
particles with a bidisperse porous structure could
be obtained by solving simultaneously Egs. 1, 6,
20, and 21. It should be noted that Eq. 22 could
be used for Eq. 21 with the understanding that
Eq. 22 represents only one possible form of Eq.
21. If the intraparticle velocity is zero (v, =

v, = 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 term 8C,/960 in
Eq. 6 is taken to be equal to zero; furthermore,
the boundary conditions given by Eqs. 18 and 19
are not needed, and the boundary condition at
R =0 becomes (9C,/IR)|g_, = 0.

The solution of Eqgs. 1, 6, 20, and 22 was
obtained by using the numerical solution pro-
cedure reported in Ref. [5].

4. Mathematical model for periodic
countercurrent operation

The mathematical model that describes pe-
riodic countercurrent adsorption is the same as
that of a fixed bed. The solution procedure for
the single-column case can easily be adapted to
the multicolumn problem. After a column has
been removed from the end of the sequence of
columns corresponding 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. That part of the
profile is deleted which corresponds to the col-
umn that has been removed. The profile of the
remaining columns is shifted, and the profile of
the newly regenerated column is 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. Results and discussion

In this work, the efficiency with which anion-
exchange porous adsorbent particles are utilized
by the adsorption of BSA is compared for a
single fixed-bed and a periodic countercurrent
system in which the absorbent is equally distrib-
uted over two beds (as shown in Fig. 1). The
comparison is made for different values of the
intraparticle Peclet number, Pe,,,,, and of the
microparticle (microsphere) diameter, d,,. The
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diameter of the adsorbent particles, dp, is taken
to be 1.5-10"° m, while three different values
for the diameter of the microparticles, d,,, were
employed in the studies of this work: (a) 4, =
7.0-10 °m; (b) d_,=7.0-10"" m; and (c) d,, =
7.0-10"° m. The value of H (Eqgs. 7 and 8) for
the adsorption system considered in this work is
approximately equal to zero and, therefore, the
values of Uprs Upgs U and Pe. are obtained

px* mntra
from Eqs. 10, 11, 12 and 14, respectively. For
purely diffusive adsorbent particles Pe,,,, = 0.

while for adsorbent particles with non-zero in-
traparticle fluid flow Pe . >0. In this work, the
Pe, ... given by Eq. 14 was varied between 0 and
100 (0= P, < 100); in the simulation studies of
this work the values of 4, V;, and D, were kept
constant and, therefore, the value of Pe, ,,, was
varied between 0 and 100 by appropriately
changing the value of F in Eq. 14. In Table 1,
the values of the parameters used for the simula-
tions of the adsorption system studied in this
work are presented. The value of C* in Table 1
is obtained from the following expression:

(jT‘ﬁ:(jd in
. .

= 1+KCy ;. (30)
The value of C7 represents the equilibrium value
of the concentration of the adsorbate in the
adsorbed phase when the equilibrium value of
the concentration of the adsorbate in the fluid
phase is equal to C, ,,. Furthermore, the value of
Cyin=0.1 kg/m" in Table 1 indicates that the
value of the inlet concentration of the adsorbate
in the flowing fluid stream remains constant for
all times of the adsorption stage, and this indi-
cates that the simulation studies of this work
examine systems of frontal analysis.

Table 1

In Fig. 3, the breakthrough curves of the
single fixed bed are presented for two different
microsphere sizes and three different intraparti-
cle Peclet numbers. The breakthrough curves for
the system with d_=7.0-10"" m are not shown
in Fig. 3; however, for the same values of Pe; .,
the breakthrough curve obtained from the sys-
tem having d,, =7.0-10"% m was found to be
almost identical to the breakthrough curve ob-
tained from the system having d,, =7.0-107" m.
The results in Fig. 3 indicate that as the micro-
sphere size, d,,, decreases and the intraparticle
Peclet number, Pe, ., increases the break-
through curve becomes steeper and the time at
which breakthrough starts is increased. Thus, the
utilization of the capacity of the adsorbent par-
ticles of the single fixed bed is increased as d, is
decreased and Pe, ., is increased; these results
are in agreement with those obtained by Liapis
et al. [5].

In Figs. 4a-7a, the dimensionless isoconcen-
tration profiles of the adsorbate in the pore fluid
of the pores of the macroporous region of the
adsorbent particle are presented, while in Figs.
4b-7b the dimensionless isoconcentration pro-
files in the adsorbed phase of the adsorbent
particles are shown, at position x=0.25L =
0.025 m of the single fixed bed and at time r = 36
min. In Figs. 4-7 the outermost contours repre-
sent the isoconcentrations at the surface (R=
R,) of the particle, and the data in Figs. 4-7
have been obtained with d,, =7.0-10"7 m. The
effect of increasing Pe, ., is clearly shown
through the change in the symmetry of the
isoconcentration profiles of the adsorbate in the
adsorbent particle. Examination of the concen-
tration contours of Fig. 4 and Fig. 6, for Pe, .. =

intra
0 and Pe = 10, respectively, shows that there

intra

Values of the parameters of the column systems involving the adsorption of BSA into spherical bidisperse anion-exchange porous

adsorbent particles

R

L=01m, V,=2778-10 "m/s. d,=15-10 " m,
£=035¢,=045 ¢, =050, T=296 K.
D, =0,D =1327-10 " m’/s. D, =7.08-10 " m7/s,

pm

Cyn=0.1kg/m*, C; =783 kg/m" particle. C*=34.8 kg/m" particle,

k,=1.05m/kg-s, k,=0.131 s '. K=8.015 m"/kg
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Fig. 3. Breakthrough curves obtained from the single-column fixed-bed system for different values of the microsphere diameter,
d,. . and intraparticle Peclet number. Pe

mntea”

Pe,

intra

=0

Zero Intraparticle Flow Zero Intraparticle Flow

(a) (b)

Fig. 4. Isoconcentration contours of the concentration of the adsorbate in the pore fluid of the macroporous region and in the
adsorbed phase of the porous adsorbent particle when ,, =7.0-10 "mand Pe,,, =0.atx=0.25 L and ¢ =36 min. (a) C,/C, ;,;
(b) C,/CT. '
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Peintra = 2

Flow Direction sy

(a)

Flow Direction sy

(b)

Fig. 5. Isoconcentration contours of the concentration of the adsorbate in the pore fluid of the macroporous region and in the

adsorbed phase of the porous adsorbent particle when d,, = 7.0- 10 7 m and Pe

(b) C_/C*.

is a departure from spherical symmetry of the
concentration profiles of the adsorbate as Pe, .,
increases. As Pe, ., increases, the smallest con-
centration moves downstream and, thus, there is
a higher adsorbate availability in the pore fluid
of the macroporous region and a higher con-
centration of adsorbate in the adsorbed phase in
the upstream half of the sphere than the down-
stream. This is due to the intraparticle fluid flow
mechanism operating in the same direction as
pore diffusion in the upstrcam part of the ad-
sorbent particle but opposite to the pore diffu-
sion mechanism downstream. Furthermore, the
fluid moving by intraparticle convection to the
downstream part of the adsorbent particle has
limited adsorbate content since most of the
adsorbate was already adsorbed upstream. The
results in Figs. 4-7 also show that the magnitude
of the departure from spherical symmetry of the
concentration profiles of the adsorbate increases
as the magnitude of the Pe, ., increases. Liapis
et al. [S] have suggested that if the intraparticle

=2,atx=0.25L and =36 min. (a) C,/C, ;;

intra

convective velocity could not be measured ex-
perimentally for a given kind of chromatographic
porous adsorbent particles, then the behavior of
the results in Figs. 4-7 could be considered to
provide an indirect test for determining if a given
kind of chromatographic adsorbent could exhibit
perfusion behavior when the column is operated
under conditions of interest to the user. If, for
example, the concentration profiles of the adsor-
bate molecules in the adsorbed phase of the
porous adsorbent particles could be determined
experimentally, and if the experimentally de-
termined concentration profiles show a departure
from spherical symmetry, then this result could
suggest that (considering that the adsorption sites
on the surface of the pores were distributed
evenly throughout the interior of the adsorbent
particles) the porous adsorbent particles of the
column may have exhibited perfusion behavior
under the conditions of operation of the column.
It should also be mentioned that model simula-
tions using the values of the parameters in Table
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Peintra = 10

Flow Direction sy

(a)

Flow Direction wessp-

(b)

Fig. 6. Isoconcentration contours of the concentration of the adsorbate in the pore fluid of the macroporous region and in the

adsorbed phase of the porous adsorbent particte when d_=7.0-10"" m and Pe

C,/Cy 0 (b) C/CE.

1, the values of the intraparticle Peclet numbers
reported in Figs. 4-7, and considering the size of
the microspheres to be either d,,=7.0-10"* m
or d,=7.0-10"° m, provided isoconcentration
profiles whose behavior was similar to the be-
havior of the isoconcentration profiles presented
in Figs. 4-7, as the value of Pe, , was being
increased.

In Fig. 8a, the dimensionless concentration
profile of the adsorbate in the pore fluid of the
pores of the macroporous region along the x,-
axis (x; = Rcos @) is presented, while in Fig. 8b
the dimensionless concentration profile of the
adsorbate in the adsorbed phase of the adsorbent
particle along the x,-axis is shown. In Fig. 8,
results are presented for two different micro-
sphere sizes and three different intraparticle
Peclet numbers at position x =0.25L =0.025 m
of the single fixed bed and at time ¢ =36 min.
The results for the system with d_ =7.0-10"* m
are not shown in Fig. 8; however, for the same
value of Pe, . the results obtained from the

=10, at x=0.25 L and t=36 min. (a)

intra

system having d, =7.0- 10~ m were found to be
almost identical to the results obtained from the
system having d,_ =7.0-10"" m. In Fig. 8, it can
be observed that when Pe, , , =0 (purely diffu-
sive adsorbent particle) the concentration pro-
files are symmetrical, as expected, and the point
of symmetry (concentration minimum) is located
at the center of the particle where x,/R,=0.
When Pe,, ., >0 (perfusive adsorbent particle)
the concentration profiles are not symmetrical
and as Pe, , increases the adsorbate concentra-
tion minimum moves downstream (0 < (x,/R,) <
1.0) while the overall adsorbate content of the
spherical adsorbent particle increases. Further-
more, while the microsphere size, d,,, affects the
values of Cp,(,_‘sa, and the values of the con-
centration minima, the results in Fig. 8 appear to
indicate that the location of the concentration
minima along the x,-axis of perfusive adsorbent
particles (Pe;,,,, > 0) depends only on the value
of the non-zero intraparticle Peclet number.

In Figs. 9 and 10, the dimensionless concen-
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Peinlra

Flow Direction -

(@)

50

Flow Direction sy

(b)

Fig. 7. Isoconcentration contours of the concentration of the adsorbate in the pore fluid of the macroporous region and in the

adsorbed phase of the porous adsorbent particle when d,, =7.0-10"" m and Pe

C,/Cyins (b) C,,/Cr.

tration profiles of the adsorbate in the flowing
stream and in the adsorbed phase are presented,
respectively, for two different microsphere sizes
and three different intraparticle Peclet numbers;
the data in Figs. 9 and 10 have been obtained
from the single fixed bed (L =0.1 m) at time ¢
when 1% breakthrough of the adsorbate
[Calt, L) =0.01C, ;] occurs. The results for the
system with d_, =7.0-10"" m are not shown in
Figs. 9 and 10; however, for the same value of
Pe, .. the results obtained from the system
having d_, =7.0-10"° m were found to be almost
identical to the results obtained from the system
having d,, =7.0-10"" m. The results in Figs. 9
and 10 indicate that for the systems with d =
7.0-107" m the values of C,/C,,, and C,,/C*
are equal to 1 for at least to x =0.05 m, and this
is the case when purely diffusive (Pe,,,,, =0) or
perfusive (Pe,,., >0) adsorbent particles are
used; of course it can be observed that the length
x for which bed saturation has occurred is
increased as the value of Pe,,,, is increased. This

mntra

=50, at x=0.25 L and t=36 min. (a)

intra

result indicates that it would be interesting to
investigate the performance of the system with
respect to the utilization of the adsorptive
capacity of the particles in the bed, by dividing
the column of length L = 0.1 m into two columns
each of length L/2=0.05 m and operating these
two columns in a periodic countercurrent mode.
For the systems with d,=7.0-10"° m, the
values of C,/C, ,, and C,,/C* are equal to 1 for
at least to x = 0.05 m when perfusive adsorbent
particles having Pe,, ., = 50 are employed, while
for the cases where Pe, =0 and Pe; . =10
the results indicate that the values of C,/C,
and C,_/C* are equal to 1 at least to about
x =0.035 m; of course, it can be observed again
that the length x for which bed saturation has
occurred is increased as the value of Pe, ., is
increased. The results in Figs. 9 and 10 for the
systems with d,=7.0-10"" m indicate that it
would be interesting to investigate the perform-
ance of the system with respect to the utilization
of the adsorptive capacity of the particles in the
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Fig. 8. Concentration profiles of the adsorbate in the pore fluid of the macroporous region and in the adsorbed phase of the
porous adsorbent particle along the x,-axis of the particle for different values of the microsphere diameter, d,,, and intraparticle
Peclet number, Pe,, . at x=0.25 L and =36 min. (a) C,/C, (D) C. i
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Fig. 9. Concentration profile of the adsorbate in the flowing Huid stream along the x-axis obtained from the single-column
fixed-bed system at 1% breakthrough for different values of ¢ and Pe

intra”



14

G.A. Heeter. A.l. Liapis ¢/ J. Chromatogr. A 711 (1995) 3-21

—> FIXED BED COLUMN r—
X x=0.1m
I | v i N
1.00 =TT
1
o7s b Curve d, Pe,, 2 N
1 7.0x10* m 0
-Ow 2 7.0x10*m | 10
B 3 7.0x10®*m | 50
Q080 4 |70x10'm | o
5 [7.0x10"m | 10
L 6 |7.0x10"m | 50
0.25 +
1 |
0.000 0.025 0.050 0.075 0.100
x (m)

Fig. 10. Concentration profile of the adsorbate in the adsorbed phase along the x-axis obtained from the single-column fixed-bed

system at 1% breakthrough for different values of d,, and Pe

bed, by dividing the column of length L =0.1 m
into three columns each of length L/3 =0.0333
m and operating these three columns in a period-
ic countercurrent mode. It should be mentioned
at this point that in this work the periodic
countercurrent mode of operation has been
studied only for the case where the column of
length L =0.1 m is divided into two columns
each of length /2 = 0.05 m, and then these two
columns are operated in a periodic countercur-
rent mode.

When several beds are to be used in periodic
countercurrent operation, then the criterion
must be established for when to remove the
spent bed at the upstream fluid end and to
introduce a fresh bed at the other end. In this
work, the criterion is to switch as soon as the exit
concentration is equal to 1% of the inlet con-
centration [Cy(r, L) = 0.01C, _]; this implies that
for the system studied in this work bed switching
occurs at 1% breakthrough. Thus, in the two-
column system under periodic countercurrent
operation examined in this work, when the
concentration in the effluent fluid reaches the
limit of acceptability [Cy(r. L)=0.01C, ], col-

intra*

umn switching takes place. The upstream column
which is the more highly saturated is removed.
The downstream column is moved up or
switched to take its place, and a column of
freshly regenerated anion-exchange adsorbent
particles is added to become the new down-
stream column. After the first switch, the new
upstream column will already be partly satu-
rated, and therefore, the time to the second
switch will be less than the time from start-up to
the first switch, since in the latter case both
columns initially contained fresh anion-exchange
adsorbent particles. In the single-column system
(Figs. 3-10) the whole bed of the anion-ex-
change adsorbent particles was also replaced
when the exit fluid concentration was equal to
1% of the inlet concentration [C,(t,L)=
0.01C, ]

In Figs. 11 and 12, the dimensionless con-
centration profiles of the adsorbate in the flowing
fluid stream and in the adsorbed phase are
presented, respectively, for two different micro-
sphere sizes and three different intraparticle
Peclet numbers, for the two-column system
under periodic countercurrent operation. The
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Fig. 12. Stabilized concentration profile at switching times of the adsorbate in the adsorbed phase along the x-axis, obtained from
the two-column periodic countercurrent system at 1% breakthrough for different values of d_ and Pe

x=0.1m

_ —_—
— COLUMN 1 | COLUMN 2
4
X x=0.05m
T i " o I v A M M 1 " M Ll M M j
1.00 =T

0.75 F_ [Curve [ dy Pe, ., 2
1 1 7.0x10* m 0
| 2 [7.0x10°m | 10
I 7.0x10° 5
050 | 3 0x10° m 0
| 4 7.0x1067 m 0
i 5 l7oxt07m | 10
L 6 7.0x10"m | 50
0.25
[ L N
0.000 0.025 0.050 0.075
x (m)

0.100

intra*®

15



16 G.A. Heeter, Al Liapis | J. Chromatogr. A 711 (1995) 3-21

Table 2

Switching times for BSA adsorption into spherical bidisperse anion-exchange porous adsorbent particles when d,, =7.0- 10 °m

Switch Time elapsed between column switches for systems with different values of Pe,,,,, (min)
No.

0* 1 2 S 10 20 30 50 100
1 109 109 109 110 112 115 119 123 128
2 68 68 68 68 68 68 68 68 68
3 68 68 68 68 68 68 68 68 68
4 68 68 68 68
5 68
* Pe

intra®

profiles in Figs. 11 and 12 are those obtained just
prior to the second and subsequent switches. The
results for the system with d_=7.0-10"° m are
not shown in Figs. 11 and 12; however, for the
same value of Pe, . the results obtained from
the system having d,, =7.0-10"* m were found
to be almost identical to the results obtained
from the system having d_,=7.0-10"7" m. A
comparison of the results in Figs. 9 and 11 and in
Figs. 10 and 12 indicates that the concentration
profiles just prior to the first switch (Figs. 9 and
10), which also correspond to single-column
operation, are essentially identical to the con-
centration profiles found just prior to the second
and subsequent switches (Figs. 11 and 12). Thus,
for a given set of values of d,, and Pe,,,,, one
would expect that the time interval between
successive switches after the first to be constant.
The results in Tables 2, 3, and 4 confirm that this
is the case. The time to the first switch would, of
course, be equal to the period of the operating

Table 3

cycle of the single-column system (Figs. 3-10).
At this point, it is important to define the
concept of the percentage utilization of the
adsorptive capacity of a fixed bed. The total
adsorptive capacity of a fixed bed is defined as
the total amount of adsorbate in the adsorbed
phase (in the column) at equilibrium (evaluated
with respect to the value of C,, ). The utiliza-
tion of the adsorptive capacity of a fixed bed is
defined as the ratio of the total amount of
adsorbate in the adsorbed phase of the column
when the desired breakthrough occurs (for ex-
ample, 1% breakthrough) to the total adsorptive
capacity of the column. The percentage utiliza-
tion is obtained by multiplying the utilization of
the adsorptive capacity of the column defined
above by 100.

For the two-column system, the percentage
utilization of the adsorptive capacity of the
column removed is 100% when d, =7.0-10"* m
or d_=7.0-10"" m for all values of the in-

Switching times for BSA adsorption into spherical bidisperse anion-exchange porous adsorbent particles when d, =7.0-10 " m

Switch Time elapsed between column switches for systems with different values of Pe,, . (min)
No.

0° 1 2 S 10 20 30 50 100
1 109 109 109 110 112 115 119 123 128
2 68 68 68 68 68 68 68 68 68
3 68 68 68 68 68 68 68 68 68
4 68 68
S 68 68

* Pe

intra*
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Table 4

17

Switching times for BSA adsorption into spherical bidisperse anion-exchange porous adsorbent particles when d,, =7.0-10"° m

Switch Time elapsed between column switches for systems with different values of Pe, ., (min)
No.

0° 1 2 5 10 20 30 50 100
1 88 8K 88 89 91 96 100 104 110
2 66 66 66 66 67 68 68 68 68
3 67 7 67 67 68 68 68 68 68
4 67 67 67 67 68 68
5 67 67 67 67
* Pe

intra*®

traparticle Peclet number examined in this work
(0= Pe,,,,, < 100); when d, is equal to 7.0-10~°
m, the percentage utilization of the adsorptive
capacity of the column removed is (a) 98.1%
when 0= Pe, . <2, (b) 98.4% when Pe,_,,, =5,
(€) 99.2% when Pe,,,,, = 10, and (d) 100% when
20 = Pe, ., <100. For the single-column system,

the percentage utilization of the adsorptive

column is removed at 1% breakthrough), de-
pends on the values of d,, and Pe,, ., and, for
the systems studied in this work, it varies be-
tween 64.4% to 93.9%, as shown by the data of
curves 1 and 2 of Fig. 13.

In Fig. 13, the relationship between the per-
centage utilization of the adsorptive capacity of
the bed and the intraparticle Peclet number,
Pe for the fixed-bed system (single-column)

intra?

Operating Mode
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Fixed Bed

Periodic Countercurrent

Periodic Countercurrent

capacity of the column at 1% breakthrough (the
Curve d,,
1 |7.0010%m
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-
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Y]] R ——
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Fig. 13. Percentage utilization of the adsorptive capacity of the adsorbent versus intraparticle Peclet number, Pe

obtained

intra’

from single-column fixed-bed and two-column periodic countercurrent systems for different values of the microsphere diameter,

d

m
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and the two-column system under periodic coun-
tercurrent operation is shown for two different
values of d_. The results for the systems with
d,=7.0-10"" m are not shown in Fig. 13.
because the results for the systems having 4, =
7.0-10"* m are almost identical to those ob-
tained from the systems with d_ =7.0-10"" m.
Curves 1 and 2 in Fig. 13 clearly show that for
the single-column system the percentage utiliza-
tion of the adsorptive capacity of the column
depends on the values of 4, and Pe, ,,,, and the
percentage utilization is increased as the value of
d. is decreased and the value of Pe,, ., Iis
increased. For the two-column system under
periodic countercurrent operation, the results on
curve 3 and line 4 indicate that this mode of
operation provides higher values for the per-
centage utilization of the adsorptive capacity
than all the values of the percentage utilization
of the adsorptive capacity obtained from the
single-column system for all values of 4, and
Pe_,.. used in this work. It is indeed a very
interesting result when purely diffusive, Pe,,,,, =
0, adsorbent particles with d_ =7.0-10"° m are
employed in a two-column system under periodic
countercurrent operation, the percentage utiliza-
tion of the adsorptive capacity obtained from
such a system is higher than the percentage
utilization obtained from a single-column system
that uses perfusive adsorbent particles with d , =
7.0-10"7 m and whose intraparticle Peclet num-
ber is equal to 100 (Pe,,., = 100). Also, the
results in Tables 2, 3, and 4 indicate that in the
two-column system the times between successive
switches for all three different values of d_, and
all nine different values of Pe,,,, examined in
this work are almost the same. This is because
the adsorptive capacity of the column removed is
almost completely saturated for all values of d,
and Pe,  , considered. Furthermore, when pure-
ly diffusive, Pe, ,, =0, or perfusive, 0 < Pe =
100, adsorbent particles with d,_, =7.0- 107 m,
or d,=7.0-10"" m, or d,=7.0-10 ° m are
employed in the two-column system under per-
iodic countercurrent operation, all the anion-
exchange adsorbent is removed about every 136
min (68 min + 68 min = 136 min), compared with
every 128 min for the most efficient singe-column

system which utilizes perfusive adsorbent par-
ticles with d_=7.0-10"° m and Pe,,,, = 100.
Finally, from the data in Figs. 11-13 and in
Tables 2, 3, and 4, the following very interesting
result can be observed for the systems studied in
this work: the factors of economic significance in
the two-column system under periodic counter-
current operation, namely, the time between
column switches and the degree of saturation of
the column removed, are nearly independent of
the values of the microsphere diameter, d, and
of the intraparticle Peclet number, Pe

intra*®

6. Conclusions and remarks

In this work, simulation studies involving the
single-component adsorption of BSA into spheri-
cal anion-exchange porous adsorbent particles in
a single-column fixed-bed system and in a two-
column periodic countercurrent system in which
the adsorbent is equally distributed over two
beds (as shown in Fig. 1) were presented. The
performance of chromatographic columns, as
measured by the percentage utilization of the
capacity of the adsorbent in the column and the
time between bed switches for periodic counter-
current systems or the period of the operating
cycle for single-column fixed-bed systems, was
compared for both single-column fixed-bed and
two-column periodic countercurrent systems for
different values of the microsphere diameter, d_,
and the intraparticle Peclet number, Pe; ... The
total length of the two-column periodic counter-
current system was equal to the length of the
single-column fixed-bed system.

The results for the single-column system indi-
cate that as the microsphere size decreases and
the intraparticle Peclet number increases the
breakthrough curve becomes steeper and the
time at which breakthrough starts is increased.
Thus, the utilization of the capacity of the
adsorbent particles of the single-column system
is increased as d, is decreased and Pe  , is
increased. However, Pe, ,,, must be greater than
10 for the percentage utilization of the adsorp-
tive capacity of a single-column fixed-bed system
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with perfusive particles to be significantly better
than the percentage utilization of the adsorptive
capacity of a single-column fixed-bed system with
purely diffusive particles. as can be observed
from the data of curves 1 and 2 of Fig. 13.
Further, while the microsphere size affects the
values of C, C.,. and the values of the con-
centration minima, the results of this work
appear to indicate that the location of the con-
centration minima along the x,-axis of the ad-
sorbent particle depends only on the value of the
intraparticle Peclet number.

In the two-column periodic countercurrent
system studied in this work, the concentration
profiles of the adsorbatc in the flowing fluid
stream and in the adsorbed phase stabilize by the
end of the first switch. The results show that in
the two-column system. the times between suc-
cessive switches for all three different values of
d, and all nine different values of Pe,,  ex-
amined in this work are almost the same. This is
because the adsorptive capacity of the column
removed is almost completely saturated for all
values of d_ and Pe,,,, considered. For the
two-column system under periodic countercur-
rent operation, the results indicate that this
mode of operation provides higher values for the
percentage utilization of the adsorptive capacity
than all the values of the percentage utilization
of the adsorptive capacity obtained from the
single-column fixed-bed system for all values of
d, and Pe_, . used in this work. In fact, the
percentage utilization of the adsorptive capacity
obtained from a two-column periodic counter-
current system having purely diffusive (Pe ., =
0) adsorbent particles with the largest micro-
sphere size studied in this work was found to be
higher than the percentage utilization obtained
from a single-column system that uses perfusive
adsorbent particles with the smallest microsphere
size and the largest intraparticle Peclet number
studied in this work. Also, the results for the
systems studied in this work suggest that there is
no advantage in using perfusive particles instead
of purely diffusive particles in the periodic coun-
tercurrent mode of opcration when 4 =7.0-
10 * m or d_=7.0-10"" m, and only a very

small advantage when d_ =7.0-10 “ m.

Further, the following very interesting result
was obtained from the simulation studies of the
single-component adsorption system studied in
this work: the factors of economic significance in
the two-column system under periodic counter-
current operation, namely, the time between
column switches and the degree of saturation of
the column removed, are nearly independent of
the values of the microsphere diameter, d_,, and
of the intraparticle Peclet number, Pe

intra”
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Symbols

A Molecule of adsorbate

AS Adsorbate—active site complex

C, Concentration of adsorbate in
the flowing fluid stream of the
column (kg/m’ of bulk fluid)

o Concentration of adsorbate at
x<0 when D, #0, or at x=0
when D, =0 (kg/m’ of bulk
fluid)

C Concentration of adsorbate in

the fluid of the macropores
(through-pores)  (kg/m’  of
macropore volume)

C Concentration of adsorbate in
the fluid of the micropores (kg/
m” of micropore volume)

C,. Average concentration of adsor-
bate (kg/m’ of perfusive partic-
le)

cr Equilibrium concentration of ad-

sorbate in the adsorbed phase
given by Eq. 30, (kg/m’ of
perfusive particle)

C Average concentration of adsor-
) bate (kg/m” of microparticle)
C, Average concentration of adsor-

bate in the adsorbed phase de-
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pm

f(Cpm ’ sm? k)
F

H
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fined in Eq. 29 (kg/m’ of perfu-
sive particle)

Concentration of adsorbate in
the adsorbed phase of the mi-
croparticle (kg/m’ of perfusive
particle)

Maximum equilibrium concen-
tration of adsorbate in the ad-
sorbed phase of the microparti-
cle (kg/m’ of perfusive particle)
Diameter of spherical porous
adsorbent particle (dp=2Rp)
(m)

Axial dispersion coefficient of
adsorbate (m*/s)

diameter of spherical microparti-
cle (d, =2r,) (m)

Effective pore diffusion coeffi-
cient of adsorbate in the macro-
pores (through-pores) (m’/s)
Effective pore diffusion coeffi-
cient of adsorbate in the micro-
pores (m’/s)

Functional form defined after
Eq. 21
Parameter given by Eq. 10 of
Ref. [5]
Parameter given by Eq. 11 of

Ref. [5]

Vector of adsorption rate con-
stants defined after Eq. 21
Adsorptlon rate constant in A +

S AS (m’ of micropore vol-

ume/kg s)
Adsorptlon rate constant in A +

S<—AS(s h

Equ111br1um adsorption constant
of adsorbate, K = &, /k, (m’/kg)
Particle permeability (m”)
Column length (m)
Intraparticle  Peclet
[Pemtra - ( pxldp)/Dp]
Radial distance in microparticle
(m)

radius of microparticle (m)
Radial distance in perfusive par-
ticle (m)

number

R, Radius of perfusive particle (m)

S Active site

T Temperature (K)

t Time (s)

v, Intraparticle velocity vector (m/
5) .

Uk Intraparticle velocity component
along the R direction (m/s)

Vpg Intraparticle velocity component
along the @ direction (m/s)

Uy, Axial component of the in-
traparticle velocity given by Eq.
9 (m/s)

Vi Column fluid superficial velocity
(m/s)

X Axial distance in column (m)

X X5, Xy Space coordinates of perfusive

particle as shown in Fig. 2 (m)

Greek letters
Void fraction in column

£

e,  Macropore (through-pore) void fraction
€,m Micropore void fraction

0 Polar coordinate angle (radians)

13 Variable defined by Eq. (9) of Ref. [5]
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