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Abstract

A mathematical model describing the dynamic adsorption in columns with spherical bidisperse perfusive or
spherical bidisperse purely diffusive adsorbent particles is presented and its solution is obtained numerically. The
adsorption of bovine serum albumin on spherical anion-exchange porous particles was studied for different values
of the intraparticle Peclet number, Pe,, .. and of the microsphere diameter, d,,,. The results show a departure from
spherical symmetry of the isoconcentration profiles of the adsorbate in the porous adsorbent particle as Pe, .,
increases. This spherical asymmetry increases the adsorbate availability in the pore fluid of the macroporous region
and also increases the concentration of the adsorbate in the adsorbed phase in the upstream half of the spherical
adsorbent particle. If, for example, the concentration profiles of the adsorbate in the adsorbed phase of the porous
adsorbent particles could be determined experimentally and if these profiles show a departure from spherical
symmetry, then this result could suggest that the porous adsorbent particles may have exhibited perfusion behavior
under the conditions of operation of the column. The dynamic percentage utilization of the adsorptive capacity of
the column increases as Pe,, .. increases and d,, decreases. The percentage breakthrough to be selected for column
switching is influenced by the magnitude of Pe,, ., because of its effect on the dynamic percentage utilization of the
adsorptive capacity of the column.

1. Introduction cations [2-5], we define “perfusion chromatog-
raphy” as referring to any chromatographic
system in which the intraparticle convective
velocity, v, is non-zero [1-5].

Liapis and McCoy [4] considered that the

perfusive adsorbent particles with a bidisperse

The separation process that involves the flow
of a liquid phase through the through-pores of
porous chromatographic particles packed in a
column [1-5] has been called by Afeyan et al. [1]

“perfusion chromatography™. This term *‘perfu-
sion chromatography™ is often not defined with
precision. In this work. as in previous publi-

* Corresponding author.

|4] porous structure have a macroporous region
made by the through-pores [1,2,4,5] in which
intraparticle convection and pore diffusion
occur, and a microporous [4] region made by
spherical microparticles (microspheres [1]) that
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are taken to be purely diffusive. In this work, a
mathematical model that could describe adsorp-
tion in columns having spherical perfusive ad-
sorbent particles with a bidisperse porous struc-
ture is presented. The model is then solved and
used to study the dynamic behavior of a column
system involving the adsorption of bovine serum
albumin (BSA) on spherical anion-exchange
porous particles.

2. Mathematical model

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 [2-4]

aC, 3Cy V4G, (1-g) 3C,

Y

at Lo ax? £ ox £ at
(h

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

atr=0: C;=0, O=sx=<L (2)
V. oC
atx - C, - D, Fr
| 78 ;
= —Cyin- >0 (3)
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The value of C, ;, may be constant or it may vary
with time. An expression for estimating [, was
presented by Arnold et al. [6], 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 [6,7].
When the axial dispersion coefficient is set equal
to zero, Eq. 3 (with D; =0) becomes as follows:

atx=0:. C,=C,,,, t>0 (5)

The spherical perfusive adsorbent particles
with a bidisperse [4] porous structure are consid-
ered to have a microporous [4] region made by
spherical microparticles (microspheres [1]) that
are taken to be purely diffusive, and a macro-
porous [4] region made by the through-pores
[1,2,4,5] in which intraparticle convention and
pore diffusion occur. Liapis and McCoy [4] were
first in proposing the above representation for
the bidisperse perfusive adsorbent particles and
in modeling the mass transfer mechanisms in the
macroporous and microporous regions of the
bidisperse perfusive adsorbent particles. The
mass transfer mechanisms in the macroporous
and microporous regions are presented on p. 86
of Ref. [4]. In Fig. 1, a diagram of a spherical
perfusive adsorbent particle with a bidisperse
porous structure is shown; x, represents the axial
coordinate for the spherical perfusive 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

Microsphere
r

Fig. 1. Spherical perfusive adsorbent particle with a bidis-
perse porous structure (the arrows indicate the direction of
fluid flow). R, = Radius of perfusive particle: r,, = radius of
microsphere.
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The variables v, and v, represent the in-
traparticle velocity components along the R and
6 directions, respectively. Neale et al. [8] ob-
tained analytical expressions for the stream func-
tions outside and inside the permeable spheres.
By using the expression of Neale et al. [8] for the
stream function inside the particle, the following
equations for v, and v, are obtained:

+(1-¢,)

wtiesel - () come)] o
= Vg - (L] [ s
sinh ¢ | (8)

Neale et al. [8] reported the expressions for &£, F
and H, which are as follows:

R
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The value of the particle permeability, K, in
Eqgs. 9 and 12 depends on the diameter of the
microspheres, d_ ., the porosity of the macro-
porous region, £,, and on the pore-size dis-
tribution of the macroporous region. The pore-
size distribution of the macroporous region de-
pends on the process employed to aggregate the
microspheres to construct the spherical perfusive
particle. As a first approximation, the value of
K, could be estimated from the expressions for
K, reported in Refs. [9-11]. The axial com-
ponent of the intraparticle velocity, v, , which is
parallel to the flowing fluid stream along the axis
of the column, is given by

Uy, = Upg COSO — U, sin B (18)

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

att=0. €, =0, O0sR<R, (19)
atR=R_: C,=C;, >0, O0sosm (20)
atR=0: C, =finite, >0, 0sb=mw (21)
d P
at =0 ——L - <R<
atd =(: 30 o =0, 0=R=R, (22)
aC, ”
= — = <R<
atg=m:. —g ) 0, 0=R<R, (23)

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

_aCPm+( 1 )aqm

Fom "ot 1—¢,/ &
FC . 2 AC,,
_ pm <. pm
- Emepm( arl + y ar ) (24)

The accumulation term, aC, /dr, 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 dC,, /¢
could be of the form

a(_:'Sl'l’l -
o = f(Cpryr Co K) (25)

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. 25 for

k
single-component adsorption (A + S = AS) is as

follows [2,4,12]: “
aCsm ~
ot :klcpm(CT - (’xm) —kZCsm (26)

The term dC,,/or in Eq. 24 could now be
replaced by the right-hand side of Eq. 26. The
initial and boundary conditions of Eqgs. 24 and 25
(and also of Eq. 26) are considered to be as
follows:

atr=0: C,. =0, 0Osr<r, (27)
att=0: C,_ =0, Osr<r_ (28)
atr=r_: Cpm:Cp(t,R,H), t>0 (29)
at r =0 Com =0. >0 (30)

ar |,-q ’

The variable C, in Eq. 6 could be calculated
from the following expression:

_ 3 "m
Cs:—zU £, Copt” dr
(

) pm ' pm

rm

+er (1 -15 )Csmrz dr] (31)

p

The accumulation term 3C,/dt in Eq. 6 is ob-
tained by differentiating Eq. 31 with respect to
time, and hence

e[ )
Py —r:] ar \J, smepmr dr

+%U0'"' (5 _1%)(75,nr2 dr]} (32)

For a given pair of values of R and 6, the average
concentration of the adsorbate in the adsorbed
phase, C,,, is obtained from the following ex-
pression:

Csaz(l—sp)r—z[form(l_ls )Csmrzdr] (33)

p

Finally, the term aC,,/dt in Eq. 1 is given by

adt 11 (j” J’RP )
ps 2 .
Fyae 2Ri { A\, spCPR sin @ dR dé

M % UOW LRP (1-¢,)C,Rsin g dR do]}
(34)

since

3
C""~2R§

] e

+(1~¢,)C,|Rsin6 dR de} (35)

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,
24 and 25. It should be noted that Eq. 26 could
be used for Eq. 25 with the understanding that
Eq. 26 represents only one possible form of Eq.
25.

It should be mentioned that if the intraparticle
velocity is zero (v, = v,, = 0), then the spherical
adsorbent particles are considered to be purely
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diffusive. In this case, the concentration C, is
considered to be independent of 6, and thus the
term dC,/06 in Eq. 6 is taken to be equal to
zero. Further, the boundary conditions given by
Eqgs. 22 and 23 are not needed, and the bound-
ary condition at R =0 becomes (9C,/dR)|5_, =
0.

2.1. Numerical solution

The solution of the equations of the mathe-
matical model presented in this work was ob-
tained by employing (a) the method of orthogon-
al collocation [4,9,13,14] on the space variable r
of the continuity equation of the adsorbate in the
microparticle, (b) the double collocation [13,15]
method on the space variables R and 6 of the
continuity equation of the adsorbate in the
macroporous region (through-pores) and (c) the
method of orthogonal collocation on finite ele-
ments [4.9,13] on the space variable x of the
continuity equation of the adsorbate in the
flowing fluid stream in the column; the resulting
non-linear ordinary differential equations were
integrated by using Gear's method [14], which is
employed in the LSODES component of the
ODEPACK [16] software package.

3. Results and discussion

In this work, the dynamic behavior of a
column system involving the adsorption of
bovine serum albumin (BSA) into spherical
anion-exchange porous particles was studied, for
different values of the intraparticle Peclet num-
ber, Pe, . .. and of the microparticle (micro-
sphere) diameter, d . The diameter of the ad-
sorbent particles, d,, was taken to be 1.5-107"
m, and three different values for the diameter of
the microparticles. d.. were employed: 7.13-
107, 7.13-1077 and 7. 13-10" m. If the in-
trapartlcle Peclet number, Pe could be de-
fined as

mtra®

pxyp
Peimru = D (36)

then, from Eqgs. 7. 8 and 18. it is apparent that

the value of v, , and hence the value of Pemm,
depends on the values of R and @ considered in
the evaluation of v, . The value of v, becomes
1ndependent of the Values of R and 6 when H=0
in Egs. 7 and 8. For purely diffusive adsorbent
particles Pe; ., =0, whereas for adsorbent par-
ticles with non-zero intraparticle fluid flow
Pe, ... >0. In Table 1, the values of the parame-
ters used for the dynamic simulations of the
adsorption system studied in this work are pre-
sented. The values of other parameters are
reported in the captions of the figures. It should
be mentioned that the value of C; in Table 1
represents the largest (maximum) amount of
BSA that could be adsorbed per unit volume of
the adsorbent partlcle Further, the value of
C,.n=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 (that is, the
value of C, ;. in the boundary condition given by
Eq. S remains constant and equal to 0.1 kg/m’
for all times), and this indicates that the simula-
tion studies of this work examine systems of
frontal analysis.

The values of the parameters of the system
studied are such that the value of H in Eqs. 7
and 8 is essentially equal to zero. Thus, the
values of v,g, v,y and v, , for the adsorption
system studied, are obtained from the following
expressions:

U, = FV,cos @ (37)
Upy = —FV;sin @ (38)
v, =FV; (39)

Py

In this case, the expression for the intraparticle
Peclet number when using Eq. 36 is

Table 1

Values of the parameters of the column system involving the
adsorption of BSA on spherical anion-exchange porous
adsorbent particles

Cyn=0.1kg/m"; C; =783 kg/m’; d,=15- 107° m;
f;n% g, ;013 £, =0.48; T= 296 K;

~3m 10! /s D, =708 10 " m'ss, D, =0
K k,/k, —80”6m /kg,k =1.05 m’ /kg $;
k,=0.131s": L=01m. V,=2778-10"" m/s
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Vo dy  (FV)d
Peimru = ‘D . = Di . (40)

P P

In this work, the Pe, ., given by Eq. 40 was
varied between 0 and 150.

The numerical solution of the mathematical
model presented in the previous section allows
the determination of intraparticle concentration
profiles of the adsorbate in the pore fluid and in
the adsorbed phase, and also the determination
of transport rates and the dynamic performance
of the adsorption system for a variety of ad-
sorbent particle characteristics and operating
conditions of the column. Some sample calcula-
tions of the adsorption of BSA into spherical
anion-exchange porous particles are presented
for the purpose of illustrating certain important
features of the adsorption system in the presence
of intraparticle fluid flow.

In Figs. 2a-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, and in Figs.
2b-7b the dimensionless isoconcentration pro-
files of the adsorbate in the adsorbed phase of
the absorbent particle are shown. In Figs. 2-7
the outermost contours represent the isoconcen-
trations at the surface (R =R,) of the particle,

Zero Intraparticle Flow

(a)

Fig. 2. 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, =7.13-10 " m and Pe

C,/Cyi (b) CL1C,.

dan»

and the data in Figs. 2-7 were obtained for the
position in the column located at x = 0.125L and
at time =60 min.

The effect of increasing Pe,,,,, is clearly shown
through the change in the symmetry of the
concentration profiles of the adsorbate in the
adsorbent particle. Examination of the concen-
tration contours of Figs. 2 and 5, for Pe; ., =0
and 5, respectively, shows that there is a de-
parture from spherical symmetry of the con-
centration profiles of the adsorbate as Pe;, .,
increases. As Pe,,,,, increases, the smallest con-
centration moves downstream, and hence there
is 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 half. This is due to the intraparticle fluid
flow mechanism operating in the same direction
as pore diffusion in the upstream part of the
absorbent particle but opposite to the pore
diffusion mechanism downstream. Further, the
fluid moving by intraparticle convection to the
downstream part of the adsorbent particle has
limited adsorbate content as most of the adsor-
bate was already adsorbed upstream. The results
in Figs. 2-7 also show that the magnitude of the
departure from spherical symmetry of the con-

Zero Intraparticle Flow
(b)

=0, at x=0.125L and ¢ =60 min. (a)

intra
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Flow Direction sy

(a)

Flow Direction wee

(b]

Fig. 3. 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 =7.13-10

C,/Cy (b) CLIC.

dan®

centration profiles of the adsorbate increases as
the magnitude of Pe, ., increases. Also. by
comparing the results in Figs. 2 and 3 it can be
observed that the differences in the concentra-
tion profiles are insignificant, whereas by com-
paring the results in Figs. 2 and 4 it becomes

"mand Pe, . =1.at x=0.125L and =60 min. (a)

ntra

apparent that there are some slight differences
between the concentration profiles. The data in
Figs. 2-7 indicate that the beginning of an
observable departure from spherical symmetry of
the concentration profiles of the adsorbate oc-
curs, for the adsorption system studied, for

Flow Direction -

(a)

Flow Direction sy

(b}

Fig. 4. Isoconcentration contours of the concentration of the adsorbate in the pore fluid of the macroporous region and in the

adsorbed phasc of the porous adsarbent particle when o, =713 10

C,/Cy i (b) CLiC,

dan

“m and Pe,,, =2. at x=0.125L and 1 =60 min. (a)

intia
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Flow Direction ===

(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,, =7.13-10 * m and Pe

C,/Cypi (b) C,/Cy.

values of Pe, ., = 2. It should also be mentioned
that as Pe, . increases and the adsorbate con-
centration minimum moves downstream, the
overall adsorbate content of the spherical ad-
sorbent particle increases; this was also the case
when the porous adsorbent particle had slab

[2,4] geometry. It is also worth mentioning that

Flow Direction ey

(a)

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 particle when o, =7.13-10 * m and Pe,

C,/1C, 0 (B) C../Cy.

=35, at x=0.125L and ¢=60 min. (a)

intra

model simulations using the values of the param-
eters in Table 1, the values of the intraparticle
Peclet numbers reported in the captions of Figs.
2-7 and considering the size of the microspheres
to be either d, =7.13-10"" or 7.13-107° m,
provided isoconcentration profiles whose be-
havior was similar to the behavior of the iso-

03

Flow Direction sp
(b)

=10, at x=0.125L and =60 min. (a)

intra
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Flow Direction ey

{a)

adsorbed phase of the porous adsorbent particle when d,, =7.13-10 * m and Pe

Cp/CdJni (b) C\a /Cr.

concentration profiles presented in Figs. 2-7, as
the value of the intraparticle Peclet number was
being increased.

At this point, it may be useful to suggest that
if the intraparticle convective velocity could not
be measured experimentally for a given kind of
chromatographic porous adsorbent particles.
then the behavior of the results in Figs. 2-7
could be considered to provide an indirect test
for determining if a given kind of chromato-
graphic porous adsorbent particles could exhibit
perfusion behavior when the column in which
these particles are packed is operated under
conditions of interest to the user. For instance, if
it had been determined experimentally that the
immobilized adsorption sites on the surface of
the pores of the porous adsorbent particles were
distributed evenly throughout the interior of the
particles, then it might be possible to label the
adsorbate molecules of the flowing fluid stream
and determine experimentally the concentration
profiles of the adsorbate molecules in the ad-
sorbed phase of the chromatographic porous
adsorbent particles taken from different axial
positions of the bed, after the column was
operated under conditions of interest to the user.
If the experimentally determined concentration
profiles of the adsorbate molecules in the ad-

Flow Direction — wep-

(b)

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

=50, at x=0.125L and =60 min. (a)

intra

sorbed phase of the porous adsorbent particles
show a departure from spherical symmetry, then
this result could suggest that the chromatograph-
ic porous absorbent particles of the column may
have exhibited perfusion behavior under the
conditions of operation of the column.

In Table 2, the dynamic percentage utilization
of the adsorptive capacity of the column at 1%
and 10% breakthrough is presented. The total
adsorptive capacity of the column 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 dynamic
utilization of the adsorptive capacity of the
column is defined as the ratio of the total amount
of adsorbate in the adsorbed phase of the col-
umn when the desired breakthrough occurs to
the total adsorptive capacity of the column. The
dynamic percentage utilization of the adsorptive
capacity of the column is obtained by multiplying
the dynamic utilization of the adsorptive capacity
of the column (defined above) by 100. The
results in Table 2 show that for a given value of
d,,, the dynamic percentage utilization of the
adsorptive capacity of the column increases as
the value of Pe,, , increases. Further, for a given
value of Pe, . the dynamic percentage utiliza-
tion of the adsorptive capacity of the column
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Table 2

Dynamic percentage utilization of the adsorptive capacity of the column at 1% [(C,(t, L)/Cy )+ 100 =1%]) and 10% [(C,(t, L)/

C,..) 100 = 10%)] breakthrough

d, d, Pe,ia Time at which 1% Time at which 10% Percentage Percentage
(m) (m) (see breakthrough occurs breakthrough occurs utilization at 1% utilization at 10%
Eq. 40) (min) (min) breakthrough breakthrough
1.5-10 ° 7.13-107° 0.0 25.2 48.0 18.440 34.380
0.035 25.2 48.0 18.440 34.380
0.1 25.2 48.0 18.440 34,380
1.0 25.2 48.3 18.440 34.579
2.0 25.2 48.3 18.440 34.581
5.0 252 48.6 18.441 34.793
10.0 25.5 50.1 18.661 35.835
20.0 26.4 56.7 19.322 40.439
30.0 27.9 71.1 20.425 50.514
40.0 30.6 80.4 22.407 57.344
50.0 36.9 87.3 27.011 62.471
100.0 69.0 106.2 50.546 76.727
109.0 72.3 108.3 52.966 78.305
150.0 84.9 114.6 62.224 83.153
1.5-10 ° 7.13-1077 0.0 25.2 48.0 18.439 34.376
0.035 25.2 48.0 18.439 34.376
0.1 252 48.0 18.439 34.376
1.0 25.2 48.0 18.439 34.377
2.0 25.2 48.3 18.440 34.577
5.0 25.2 48.6 18.440 34.789
10.0 25.5 49.8 18.660 35.633
20.0 26.1 56.7 19.103 40.437
30.0 27.9 71.1 20.425 50.511
40.0 30.6 80.4 22.406 57.340
50.0 36.6 87.3 26.791 62.467
100.0 68.4 106.2 50.104 76.719
109.0 72.0 108.3 52.747 78.300
150.0 84.9 114.6 62.223 83.148
1.5-107° 7.13-107° 0.0 18.6 45.3 13.591 32.368
0.035 18.6 45.3 13.591 32.268
0.1 18.6 5.3 13.591 32.268
1.0 18.6 453 13.591 32.269
2.0 18.6 45.6 13.592 32.470
5.0 18.6 45.9 13.592 32.685
10.0 18.9 47.4 13.812 33.739
20.0 20.1 54.9 14.692 38.984
30.0 22.5 67.2 16.451 47.668
40.0 26.4 76.5 19.309 54.442
50.0 33.0 83.1 24.139 59.340
100.0 60.6 101.1 44.378 72.873
109.0 63.6 102.9 46.582 74.240
150.0 75.0 109.2 54.955 79.029

increases as the value of d,, decreases; a signifi-
cant change occurs as d,, increases from 7.13-
10 % to 7.13-10"° m. However, it should also be
noted by examining the data in Table 2 that the
ratios of the dynamic percentage utilizations
obtained from increasing values of d, decrease
as Pe, . increases. Consideration of the above

intra

observations suggests that the decreases in the

dynamic percentage utilization with increasing
values of d_ could be reduced by increasing the
value of Pe,,,,. In Fig. 8, the dynamic per-
centage utilization of the adsorptive capacity of
the column at 1% and 10% breakthrough for
values of Pe, ., from 0 to 150 are presented for

d, =7.13-10 ° and 7.13-10"° m. The results in
Fig. 8 indicate that at 1% breakthrough the
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DYNAMIC PERCENTAGE UTILIZATION
OF THE ADSORPTIVE CAPACITY OF COLUMN
EN o)} [0}
.O (@] (e}
oL \
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90 120 150

INTRAPARTICLE PECLET NUMBER, Pejr,
Fig. 8. Dynamic percentage utilization of the adsorptive capacity of column at 1% and 10% breakthrough as a function of

intraparticle Peclet number, Pe

mnteat m

ford, =7.13-10"" and 7.13-10 “ m. (1) 1% breakthrough when d,, =7.13-10"" m; (2) 1%

breakthrough when d,, = 7.13- 10 " m: (3) 10% breakthrough when d_ = 7.13-10"" m; (4) 10% breakthrough when d,, =7.13-

10°° m.

dynamic percentage utilization. for a given d_
value, is similar for Pe, ,,, from 0 to about 20,
whereas at 10% breakthrough the dynamic per-
centage utilization, for a given d, value, is
similar for Pe, . from 0 to about 10. These
results suggest that if onc plans to switch the
column at 1% breakthrough. then a higher
dynamic percentage utilization of the adsorptive
capacity than that obtained with purely diffusive
particles requires that the value of Pe , of the
adsorbent particles should be =20, and if one
plans to switch the column at 10% breakthrough.
then the value of Pe, of the adsorbent par-

mntra
ticles should be =10.

4. Conclusions

A mathematical model that could be used to
describe adsorption in columns with spherical
bidisperse perfusive or spherical bidisperse pure-
ly diffusive adsorbent particles was constructed
and presented. A numerical solution procedure
was also developed and used to solve the un-
steady-state spatially multi-dimensional non-

linear partial differential equations of the model.
The numerical solution of the mathematical
model allows the determination of intraparticle
concentration profiles of the adsorbate in the
pore fluid and in the adsorbed phase of the
spherical bidisperse porous adsorbent particles,
the transport rates for a variety of adsorbent
particle characteristics and operating conditions
of the column and the determination of the
concentration of the adsorbate in the flowing
fluid stream everywhere in the column including
its exit, for intraparticle Peclet numbers =0.
The dynamic adsorption of BSA on spherical
anion-exchange porous particles packed in a
column was studied for different values of the
intraparticle Peclet number, Pe, ., and of the
microparticle diameter, d. It was found that the
spherical symmetry of the isoconcentration pro-
files during adsorption inside a porous adsorbent
particle, characteristic of purely diffusive porous
adsorbent particles, is significantly altered as the
magnitude of Pe, ., is increased above 2 for the
system studied. As Pe,,,,, increases, the smallest
concentration of the adsorbate moves down-
stream, and hence there is higher adsorbate
availability in the pore fluid of the macroporous
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region and a higher concentration of adsorbate
in the adsorbed phase in the upstream than the
downstream half of the sphere. Further, as
Pe,, .., increases and the adsorbate concentration
minimum moves downstream, the overall adsor-
bate content of the spherical adsorbent particle
increases, and this increases the driving force for
mass transfer into the microspheres (microparti-
cles).

It was suggested that if the intraparticle con-
vective velocity could not be measured ex-
perimentally for a given kind of chromatographic
porous adsorbent particles, then the behavior of
the results in Figs. 2-7 could be considered to
provide an indirect test for determining if a given
kind of chromatographic adsorbent particles
could exhibit perfusion behavior when the col-
umn is operated under conditions of interest to
the user. If, for example, the concentration
profiles of the adsorbate molecules in the ad-
sorbed phase of the porous adsorbent particles
could be determined experimentally, and if the
experimentally determined 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 ope-
ration of the column.

The dynamic percentage utilization of the
adsorptive capacity of the column, for a given
value of d,, increases as Pe,, , increases. Fur-
ther, for a given value of Pe,, the dynamic
percentage ufilization of the adsorptive capacity
of the column increases as the value of d
decreases. The dynamic percentage utilizations
of the adsorptive capacity of the column at 1%
and 10% breakthrough, for the system studied
here, are increased above that obtained from
purely diffusive porous adsorbent particles by
increasing Pe, . . above 20 and 10, respectively.

Finally, the percentage breakthrough to be
selected for column switching is influenced by
the value of Pe,, ., because of its effect on the
dynamic percentage utilization of the adsorptive
capacity of the column.

Symbols

A
AS
C

d

pm

molecule of adsorbate
adsorbate—active site complex
concentration of adsorbate in
the flowing fluid stream of the
column (kg/m> of bulk fluid)
concentration of adsorbate at
x<0 when D _#0, or at x=0
when D, =0 (kg/m’ of bulk
fluid)

concentration of adsorbate in
the fluid of the macropores
(through-pores)  (kg/m®>  of
macropore volume)
concentration of adsorbate in
the fluid of the micropores (kg/
m” of micropore volume)
average concentration of adsor-
bate defined in Eq. 35 (kg/m”’ of
perfusive particle)

average concentration of adsor-
bate defined in Eq. 31 (kg/m’ of
microparticle)

average concentration of adsor-
bate in the adsorbed phase de-
fined in Eq. 33 (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 ad-
sorbent particle, (d, = 2R,) (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)
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Greek letters
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functional form defined after

Eq. 25

parameter given by Eq. 10

parameter given by Eq. 11

vector of adsorption rate con-

stants defined after Eq. 25

adé;orption rate constant in A +

S‘—_‘IAS (m' of micropore vol-
ks

ume/kg - s)

adsorption rate constant in A -+
1

SfAS@W

equilibrium adsorption constant

of adsorbate, K =k /k, (m’/kg)

particle permeability (m~)

column length (m)

intraparticle  Peclet  number
[Peen = (U, |dl‘)/DP] (dimen-
sionless)

radial distance in microparticle
(m)

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

radius of perfusive particle (m)
active site

temperature (K)

time (s)
intraparticle
(m/s)
intraparticle velocity component
along the R direction (m/s)
intraparticle velocity component
along the # direction (m/s)
axial component of the in-
traparticle velocity given by Eq.
18 (m/s)

column fluid superficial velocity
(m/s)

axial distance in ¢olumn (m)
space coordinates of perfusive
particle as shown in Fig. 1 (m)

velocity  vector

parameter defined in Eq. 12
void fraction in column

€, macropore (through-pore) void
fraction

€pm micropore void fraction

n parameter defined in Eq. 13

0 polar coordinate angle (rad)

& variable defined in Eq. 9
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