Journal of Chromatography, 599 (1992) 87-104
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2545

Theory of perfusion chromatography

A. 1. Liapis* and M. A. McCoy

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

ABSTRACT

A mathematical model of perfusion chromatography was constructed for column systems. This model could describe the dynamic
behavior of single- and multi-component adsorption in columns having perfusive adsorbent particles (the perfusive particles have a
non-zero intraparticle fluid velocity). The model expressions for the adsorbent particles include the intraparticle mass transfer mecha-
nisms of convection (intraparticle fluid flow) and diffusion and the mass transfer step involving the interaction between the adsorbate
molecules and the active sites on the surface of the porous adsorbent particles. The continuity expression for the fluid flowing stream in
the column includes the mechanism of axial dispersion. When the intraparticle fluid velocity is taken to be equal to zero in the model of
perfusion chromatography, the resulting expressions could describe single- and multi-component adsorption in columns having purely
diffusive particles. The perfusion chromatographic model was solved and used to study the dynamic behavior of column systems for
different particle sizes, column lengths, column fluid superficial velocities, intraparticle fluid velocities and different values of the
effective pore diffusivity and of the total number of active sites per volume of adsorbent. Columns with perfusive adsorbent particles
and columns with purely diffusive adsorbent particles were considered in this work. The dynamics of the interaction mechanisms of the
adsorption step of the systems studied in this work are (a) relatively not fast, (b) relatively fast and (c) infinitely fast. The values of
certain variables which could be used to evaluate column performance, and also the breakthrough curves obtained from columns
having perfusive adsorbent particles, were compared with those obtained from columns involving purely diffusive adsorbent particles.
The results from the systems studied in this work suggest that for adsorption systems having relatively fast or infinitely fast interaction
kinetics (that is, the dynamics of the interaction step between the adsorbate molecules and the active sites are relatively fast or infinitely
fast), the use of perfusive particles could have the potential to provide improved column performance.

INTRODUCTION [2] porous network. However, Afeyan et al. [1]
provided no information about the pore-size distri-

The term “perfusion chromatography” was used bution functions [2,3] of the network of the through-

by Afeyan et al. [1] for the technique that involves
the flow of liquid through a porous chromatograph-
ic particle. Their perfusive particles [1] have a
network of large pores (60008000 A) which transect
the particles (these pores are called throughpores),
and also a network of smaller (500-1500 A) inter-
connecting pores between the throughpores. Also,
Afeyan et al. [1] indicated that scanning electron
micrographs show that the pore network is continu-
ous and that no point in the porous matrix is more
than 5000-10 000 A from a throughpore. The
experimental data of Afeyan et al. [1] suggest that
their perfusive particles appear to have a bidisperse

pores and of the network of the smaller intercon-
necting pores; also, they provided no information
about the network pore connectivity [2,3].
Theoretical models have been constructed and
used to describe, with reasonable accuracy, the
behavior of various single- and multi-component
adsorption systems involving purely diffusive po-
rous adsorbent particles [2-16]. The theoretical
models have provided significant information about
(a) the behavior and the relative importance of the
transport mechanisms occurring in the adsorption
systems that employ purely diffusive adsorbent
particles, (b) the conditions at which percolation
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threshold phenomena may occur in purely diffusive
adsorbent particles and (c) the effects that the
pore-size distribution, the network pore connectivi-
ty and the sizes of the adsorbate molecules and of the
active sites on the surface of the adsorbent particles
have on the permeability of the adsorbate molecules.
Further, the theoretical models have been used to
design various small- and large-scale adsorption
systems. The intraparticle mass transfer mechanisms
that have been considered in the models involving
purely diffusive adsorbent particles [2-16] are pore
diffusion, surface diffusion and the interaction
step(s) between the adsorbate(s) and the active sites
on the surface of the adsorbent particles. Different
systems involving fast (including infinitely fast) and
slow dynamics for the interaction step(s) have been
considered [2-16].

In this work, a mathematical model of perfusion
chromatography is constructed. The model is then
used to study the dynamic behavior of adsorption
columns involving perfusive adsorbent particles. It
is hoped that the theoretical model of perfusion
chromatography, in the first stage of its evolution,
will provide useful information about the effects and
the relative importance of the different transport
mechanisms on the dynamic behavior of adsorption
systems employing perfusive adsorbent particles.
Further, the models could provide a useful basis for
comparing the performance, for a given adsorption
system, of perfusive adsorbent particles relative to
the performance that could be obtained from purely
diffusive porous adsorbent particles.

THEORY

Adsorption is considered to take place from a
flowing liquid stream in a fixed bed of perfusive
adsorbent particles under isothermal conditions,
and the concentration gradients in the radial direc-
tion of the bed are considered to be not significant
[12,15,17]. The feed solution to the bed is considered
to contain n 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 con-
vection and diffusion into the pores of the particles
without interacting with the adsorbent [10,12]. A
differential mass balance for each component in the
flowing fluid stream gives
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Inegn. 1, the velocity of the fluid stream, V%, is taken
to be independent of the space variable x, because
the liquid solutions encountered in many chromato-
graphic 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 er al. [18], would provide the
expression for éV;/éx. The pressure drop through
the fixed bed, which is important in the design of an
adsorption packed bed (fixed bed) system, can be
determined by the methods reported by Geankoplis
[19]. The initial and boundary conditions of eqn. |
are as follows:

Cdi=0at1=0,0<x<L,

A 7
1/;t'cvdi - DLi'“agf*z—gf'Cdi_m atx=0,1r>0,
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The value of Cy; ;, may be constant or it may vary
with time. An expression for calculating Dy; was
presented by Arnold ez a/. [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 [17,20]. When the axial dispersion
coefficient is set equal to zero, eqn. 3 (with Dy; = 0)
becomes

Cd‘-=Cd.<,i,, atx=0,1‘>0. [ = 1,2,...,)’1 (5)

The transport of the species in the perfusive
adsorbent particles is considered to involve the
following mass transfer mechanisms: (a) intraparti-
cle convection (flow of liquid through the porous
perfusive adsorbent particle), (b) diffusion in the
pore fluid (pore diffusion), (c) diffusion on the pore
surfaces (surface diffusion) and (d) the mass transfer
step involving the interaction of the adsorbates with
the active sites on the surface of the pores [this step
represents the adsorption mechanism; species ad-
sorbed by specific interaction(s), in addition to
non-specifically adsorbed components, may be con-
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sidered]. The adsorption process is considered to be
isothermal as the heats of adsorption apparently do
not change the temperature [1,3-10,12,13,15-17,20-
23] 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 a perfusive adsorbent particle of slab

geometry is given by
Sl 5CPJ
PlJ a
0 0Cy; .
ZE(DSU aZJ>, 1= 1925-"9’1 (6)
ji=1

Ineqn. 6, the terms 8C;/0t and 0C,;/0z become equal
to zero for species which do not bind by specific or
non-specific adsorption. Further, if the particie
porosity, &, changes in a significant quantitative
way because of the adsorbate(s) loading on the
surface of the pores [3], then the first two terms in the
left-hand side of eqn. 6 should be replaced by
0(e,Cpi)/0t and v,[d(e,Cy,)/0z], Tespectively. Also, if
v, changes in a significant quantitative way, because
the adsorbate(s) loading on the surface of the pores
may be changing the particle permeability [3], then
the term &,v,(0Ci/0z) in eqn. 6 should be replaced by
0(eyv,Cpi)/0z. Tt is worth mentioning at this point
that v, may also change if the solution is non-dilute
and significant amounts of adsorbate(s) are ad-
sorbed within the particle; it is considered that this
latter kind of v, change would not occur often
because in most systems the solutions are dilute and
the size of the particle is small. It should also be
noted that if the loading of the particles changesin a
significant way the size of the radii of the pores, and
because of that the pore-size distribution and pore
connectivity changes, then the values of the diffu-
sion coefficients (like the values of D,;) could be
changing with the local loading on the pore surfaces
[3], and the phenomenon of percolation threshold [3]
could appear to be possible in one or more of the
porous networks located between the throughpores
of the perfusive particles.

The mixtures of components to be separated by
chromatographic systems are usually dilute (this is

aC,;

6Cl
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+ Ep¥p
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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; Dy, i #

J) elements of the effective pore diffusivity matrix,

D,,, and of the surface diffusivity matrix, D, equal to
zero [13,15,24,25]. In this case, eqn. 6 would take the
following form

8C,: dCy;  0Cy 2 0Cpi
Ep‘_’at +8pvp' oz + ot _az EPDP' oz +
a si :
T TR S
0z

In eqn. 7, D,; and Dy, represent the diagonal terms
(Dpijy i = J; Dgij, i = j) of the diffusivity matrices D,
and D;. If the interaction between the adsorbate(s)
and the active sites on the surface of the pores is
strong, then the surface diffusion may, in certain
systems, be neglected. If the contribution of surface
diffusion to mass transfer is insignificant, then eqn. 7
would become

Coi o, OCw G Of ; Cu
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It is clear that eqn. 8 cannot be solved if an
appropriate expression for the term 0C;/0¢ is not
available. This term represents the accumulation of
the adsorbed species i on the internal surface of the
perfusive adsorbent particle, and it can be quantified
if a thermodynamically consistent mathematical
model could be constructed that could describe the
mechanism of adsorption for component i. For
isothermal adsorption systems, the term JC/0t
could be of the form

0Cs
ot

= fi((Cp, Cs, k), i=L2,...mm+1,..,1

)
where f; represents the functional form of the
dynamic adsorption mechanism for component i;
C, represents the concentration vector of the ad-
sorbates in the pore fluid, C, = (Cp1, Cp2, - Coms
Com+1, ---» Cp1); Cs denotes the concentration vector
of the adsorbates in the adsorbed phase, C, = (C;;,
Cszy ooty Coms Csma1s .-+, Cq); and k represents the
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vector of the rate constants that characterize the
interaction kinetics between the adsorbates and the
active sites. For certain single- and multi-component
adsorption systems, dynamic adsorption models of
the form given in eqn. 9 have been constructed and
presented in the literature [9,10,15,16,21,23,26,27].

In some adsorption systems, the rates of inter-
action between the adsorbates and the active sites
may be much higher than the intraparticle convec-
tion 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, In this
case, one would need to have thermodynamically
consistent mathematical expressions that could de-
scribe the equilibrium adsorption isotherms of the
adsorbates. Various mathematical expressions (de-
veloped from equilibrium adsorption models) for
single- and multi-component equilibrium adsorp-
tion isotherms have been presented in the literature
[4,6,8-11,14,21,22,26-32]. The term éCy;/0t in eqn.
8, 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

i

8§si: ag; @ i=12... .m.
ot aCy;) \ @t

m+1,...1 (10)

j=1

where

Cy=g(Cp,K), i=12..mm+1 .1 (11)

The functions g; represent the equilibrium adsorp-
tion isotherms for the adsorbates that may compete
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 eqn. 8
and the initial condition for eqn. 9 are as follows:

att=0 C, =0 for 0 <:z<z, i=12,...,n
(12)
i=1,2,...n (13)

i=1,2,...n (14)

atz =0 Cpi:de,',,>O.,

atZ=ZO Cpi:Cdiwl>09
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attr=20 Csi=0f0r0<z<:0,
i=12,...omm+ 1.1 (19)

Eqns. 13 and 14 were 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 [12,16,33,34] for
adsorption columns involving purely diffusive parti-
cles have shown that the intraparticle mass transfer
resistance of a purely diffusive particle is significant-
ly larger than the external mass transfer resistance,
for the bulk flow-rates that are usually encountered
in adsorption columns, and hence if the external
mass transfer resistance is neglected the effect on the
breakthrough curve is not significant. Further, in
the perfusive particles there is flow in and out of the
particles, and hence one may consider that the effect
of the external mass transfer resistance will be even
less significant than that encountered in purely
diffusive particles.

The variable C,; in eqn. 1 represents the average
concentration of adsorbate in the adsorbent particle
and its value is obtained from the equation

v Vv

pv pv

- 1
Cpsi = 7[jcsidV+ JngpidV']_ i=12,..,n
pv

0 0
(16)

where V,, denotes the volume of the adsorbent
particle. For particles of slab geometry, eqn. 16 gives

Zo o

1
Cosi = T[JCsidz + fgpcp,-d:} i=1.2...n (17
<0
.0 0

For particles of spherical geometry with radius ry,
eqn. 16 provides the following expression for C; in
spherical adsorbent particles:

- 3
Cpsi = —3—[ f}'zCsid/' + jrzspCpidr}, i=12..,n
o
0 [¢]

(18)

In egn. 18, the variable r represents the radial
direction of the coordinate system for the spherical
particles. The term @C,;/ét in eqn. 1 is obtained by
differentiating the terms of eqn. 16 with respect to
time, and this operation gives
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In order to solve eqn. 8, an expression for the
intraparticle velocity v, is needed. An equation for v,
can be constructed by considering that the driving
force for convective flow across a particle is the
column pressure gradient, AP/L, which imposes a
pressure Ap across a particle of length z,, and thus
one could consider that AP/L = Ap/z,; however,
4p/zg = pvy/K,, and 4P/L could be obtained from
an Ergun-type [35] equation. This approach would
give an expression for v, of the form

vp = Ky(o1 Vi + 0aVE) (20)

where K, is the permeability of the porous adsorbent
particle, V% is the superficial velocity (see eqn. 1) and
oy and a, are constants calculated [34] from the
system properties (fluid density, fluid viscosity, bed
porosity, particle size).

The dynamic behavior of the column involving
perfusive adsorbent particles of slab geometry is
obtained by solving simultaneously eqns. 14, §, 9
and 12-15. If the axial dispersion coefficient, Dy, is
taken to be zero, then eqn. 5 should be used instead
of eqn. 3. Further, if the adsorption step between the
adsorbates and the active sites may be considered to
occur infinitely fast, then the term 0C,;/d¢ in eqn. 8
should be replaced by the expression in the right-
hand side of eqn. 10, and for this case eqns. 9 and 15
are not needed. The solution of the equations of the
mathematical model of perfusion chromatography
was obtained [34] by employing the numerical
method of orthogonal collocation [10,12,16,33,34,
36,37] on the space variables, and the resulting
ordinary non-linear differential equations were in-
tegrated [34] by using Gear’s method [37], which
is employed in the LSODES component of the
ODEPACK [38] software package.

It should be mentioned that if the intraparticle
velocity v, is set equal to zero in eqn. 8, then the
solution of the above-mentioned equations would
provide the dynamic behavior of a column having
purely diffusive adsorbent particles of slab geom-
etry. If the perfusive adsorbent particles have spheri-
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cal geometry, then the differential mass balance for
each component i in a perfusive adsorbent particle of
spherical geometry (a material balance like eqn. 8
but for spherical particles) would be given by

8.8Cpi+8v .6_C_pf+ lacpi.Jr_.a_Cs_i__
P TR T TR 0 T Ty
1 0 aC,; 1 5 0C,;
p| .92 % .9 ging. %Cri
b p'[rz 8r<r or >+r2sin0 59<sm0 00 )]’
i=1,2...n 1)

where v, and v, represent the intraparticle velocity
components in the r and 8 directions, respectively. If
g, and D,; vary with the local loading [3] (the
intraparticle velocity may also vary because of the
local loading), then the variation of ¢, and Dy, has to
be considered in eqn. 21. The velocity components
vpr and vy could be obtained by solving the continu-
ity and Navier—Stokes equations of the flowing fluid
stream in the column together with the continuity
and Darcy’s equations of the flow in the porous
particles. Appropriate initial and boundary condi-
tions for eqn. 21 can be developed; then eqn. 21
could be solved simultaneously with the equations
for Cy; and Cg; discussed above, in order to predict
the dynamic behavior of column systems involving
perfusive adsorbent particles of spherical geometry.

RESULTS AND DISCUSSION

In this work, frontal analysis results are presented
for systems involving single-component adsorption.
The theory of perfusion chromatography that was
presented in the previous section could be used, as
discussed earlier, to describe the dynamic behavior
of multi-component adsorption systems when the
values of the parameters in the equations of the
multi-component model of perfusion chromatogra-
phy could be estimated from experimental measure-
ments and/or from appropriate constitutive equa-
tions and correlations [2-16,19-23,26-33]. In the
work of Afeyan er al. [1], experimental data for
certain multi-component systems involving perfu-
sive adsorbent particles were presented, but the
values of the parameters that characterize the rates
of the mass transfer and adsorption mechanisms of
those systems have not been measured. Further, the
experimental data presented by Afeyan et al. [1] are
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not sufficient for the appropriate calculation of the
values of these parameters through the use of the
multi-component mathematical model of perfusion
chromatography presented here.

The perfusion chromatographic single-compo-
nent adsorption systems examined in this work are
considered to involve adsorbent particles of slab
geometry and the interaction kinetics (adsorption
mechanism) between the adsorbate molecules and
the active sites are considered to be described by a
reversible mechanism of the form

k
A+S = AS (22)
ks
where A represents the adsorbate molecule, S de-
notes the free active site on the surface, AS rep-
resents the adsorbate-active site complex and k&, and
k, are the rate constants that characterize the
forward and reverse interaction mechanisms, re-
spectively. If the interaction steps in expression 22
are considered to represent elementary interactions,
then the dynamic equation for the mechanism in
expression 22 is given by [13]

0C,
= GG = €)= ke (23)
C

The right-hand side of eqn. 23 represents one
possible form for the function f; in eqn. 9 for
single-component adsorption; the subscript 7 is
dropped from the equations of the perfusion chro-
matographic model whenever a single-component
adsorption system (as is the case here) is considered.
Eqn. 23 has been found to provide, for practical
purposes, an adequate expression for the dynamics
of the interaction between f-galactosidase and im-
mobilized monoclonal anti-fS-galactosidase [10,15,
16], and for the dynamics of the interaction between
lysozyme and immobilized monoclonal anti-lyso-
zyme [23]. In the perfusion chromatographic simula-
tion studies in this work we examined the following
single-component adsorption systems: (a) f-galac-
tosidase interacting with immobilized monoclonal
anti-f-galactosidase and (b) lysozyme interacting
with immobilized monoclonal anti-lysozyme.

The monoclonal antibody molecules are con-
sidered to be immobilized on the surface of perfusive
adsorbent particles of slab geometry and the dynam-
ics of the adsorption step are described by eqn. 23.
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Two different values for the particle size, zo, were
considered: (i) zo = 8.060 - 107% m and (ii) z, =
16.120 - 107° m.

In Table I, the values of the parameters used in the
perfusion model for the simulation of the two
different single-component adsorption systems dis-
cussed above are presented; in certain simulations,
the values of some of the parameters in Table I have
been altered, and this is indicated in the appropriate
figures by reporting the values of the parameters.
Further, the values of other parameters of the
perfusion model are reported in the captions of the
figures. The values of the parameters in Table I are
from adsorption systems reported in the hiterature
[10,12,15,16,23] and, for the purposes of the simula-
tions of this work, are considered to have appropri-
ate magnitudes; it should be mentioned that the
value of Cy in Table I represents the largest (maxi-
mum) amount of adsorbate that could be adsorbed
per unit volume of particle.

In the simulations in this work, the dynamic
behavior of the perfusion chromatographic systems
was examined for the following intraparticle veloci-
ties (for a given superficial velocity, V¢): v, = 0,
v, = 0.02F, v, = 0.03V¢ and v, = 0.05). The
range of the values of F; examined in this work is
similar to the experimental values considered by
Afeyan et al. [1]. Further, the resulting range of the
non-zero values of the intraparticle velocity, v,
examined in this work is within the range suggested
by the data in ref. 1 and by calculations performed

TABLE }

VALUES FOR CERTAIN PARAMETERS OF THE MODEL
OF PERFUSION CHROMATOGRAPHY

System”  Parameters

A Coin = 0.1 kg/m? ¢ = 22kg/m* Dy = 0; D, =
6.9 1072 m¥s: ky = 235 1072 m¥kg " s: k, =
5071077 K = ky/ky = 4.545 - 108 m¥kg e =
0.35: 6, = 0.50; T = 293 K

B e = 0.1 kgim3; Cr = 22kg/m* Dy = 0; D, =
17.885- 10712 m¥s; k, = 4.108 m¥kg " s; ky =
0.2222 7% K = ky/k, = 18.488 mi/kg; &« = 0.35;
gp = 0.50: 7 = 2825 K

sidase; system B, lysozyme and monocional anti-lysozyme.
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with eqn. 20. It is worth noting again that the
adsorbent particles are considered to be purely
diffusive when v, = 0.

If the dynamics of the adsorption step are con-
sidered to be infinitely fast, then adsorption equilib-
rium between the adsorbate in the pore fluid and in
the adsorbed phase may be considered at every point
in the pores, and hence dC,/0t is taken to be zero in
eqn. 23. In this case, eqn. 23 would give the following
equilibrium (6C,/0t = 0) adsorption expression:

C:1KC,
1 + KC,

Eqn. 24 represents the equilibrium Langmuir ad-
sorption expression [4,9,10,15,16,39] and K is the
equilibrium adsorption constant (K = k,/k,). The
right-hand side of eqn. 24 represents one possible
form for the function g; in eqn. 11 for single-
component adsorption; the subscript i is dropped
from the equations of the perfusion chromatograph-
ic model whenever a single-component adsorption
system (as is the case here) is considered. When eqn.

C.= (24)

24 is employed in the right-hand side of eqn. 10, the

following expression is obtained for 6C,/dt:
- (5)(5) e S50 (9) o
ot \aC,/\ ot ) (1 + KCp)* |\ ot

In this work, the dynamic behavior of a perfusion
chromatographic system (single-component ad-
sorption system) with infinitely fast dynamics for the
adsorption step was also examined (for purposes of
comparison with a system having finite dynamics of
interaction), and the expression for the term JC,/0t
in eqn. 8 was represented by eqn. 25. For this
adsorption system, the value of Cr was taken to be
equal to 2.2 kg/m? (this value is the same as that used
in the systems in Table I), and the value of the
equilibrium adsorption constant K was taken to be
equal to the value for the system involving the
interaction of lysozyme with immobilized mono-
clonal anti-lysozyme, and thus K = k /k; =
4.108/0.2222 = 18.488 m3/kg.

In Figs. i-10, the breakthrough curves for
p-galactosidase and lysozyme are presented for
different column lengths, particle sizes, column fluid
superficial velocities (¥}) and intraparticle velocities

(vp). The results in Figs. 1 and 2 indicate that there is
no significant difference between the breakthrough
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Fig. 1. Breakthrough curve of f-galactosidase: z, = 8.060 - 10~ ¢
m; V; = 0.138 - 1073 m/s; v, = (0, 0.02, 0.03, 0.05)¥;. Column
lengths: (A) 0.03; (B) 0.1; (C) 0.2; (D) 0.3; (E) 0.5 m.

curves of purely diffusive (v, = 0) and perfusive
(v, > 0) particles when V; = 0.138 - 1072 m/s; it
can also be observed that when z, = 16.120 - 107°
m, the breakthrough of f-galactosidase begins to
occur slightly later for the column systems involving
perfusive particles. When the superficial velocity, V¢,
in the column is increased to 2.778 - 10~ m/s, then
the curves in Figs. 3 and 4 clearly show that, for a
given column length, the breakthrough of §-galac-
tosidase begins to occur later for the column systems
employing perfusive particles. Also, the differences
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Ca(t.L)/Cy,in

©
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0.2

142 112 112 12 112

0.0
o] 100 200 300 400 500 600 700 800 900 1000

TIME (MINUTES)

Fig. 2. Breakthrough curve of f-galactosidase: zo, = 16.120 -
107%m; V; = 0.138 - 1073 m/s; (1) v, = 0; (2) v, = (0.02, 0.03,
0.05)V¢. Column lengths, (A) 0.03; (B) 0.1; (C) 0.2; (D) 0.3; (E) 0.5
m.
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TIME (MINUTES)
Fig. 3. Breakthrough curve of B-galactosidase: z, = 8.060 - 10~°
m; Ve = 2778 1073 m/s; (1) v, = 0; (2) v, = (0.02, 0.03,
0.05)V;. Column lengths: (A)0.03; (B) 0.1; (C)0.2; (D) 0.3; (E) 0.5
m; (F) 1.0 m.

between the B-galactosidase breakthrough curves
obtained from the columns having perfusive parti-
cles and from the columns involving purely diffusive
particles increase as the particle size increases. A
comparison of the results in Figs. 3 and 4 indicates
that, for a given column length, the breakthrough of
f-galactosidase starts later when the smaller particle
size is used. Further, by comparing the times at
which f-galactosidase breakthrough begins (Figs. 3
and 4), it is found that the percentage difference
between the initial times (initial time refers to the
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0 10 20 30 40 50 60 70 80 90 100 110 120 130

TIME (MINUTES)

Fig. 4. Breakthrough curve of f-galactosidase: z, = 16.120 -
1075 m; ¥ = 2.778 - 103 m/s; (1) v, = 0; (2) v, = (0.02, 0.03,
0.05)¥;. Column lengths: (A) 0.03; (B) 0.1; (C) 0.2; (D) 0.3; (E)
0.5, (F) 1.0 m.
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Fig. 5. Breakthrough curve of lysozyme: ¥; = 0.138 - 1073 m/s;
L =003m()v, =0,z = 16.120 - 10™°m; (2} v, = 0.02V,

zp = 16.120 - 107%m; (3) v, = 0.03¥;, zo = 16.120 - [0~ ¢ m; (4)
o = 005V, zo = 16,120 107° m: (5) v, = (0, 0.02, 0.03,
0.05)V4, zp = 8.060 - 107° m.

time at which breakthrough begins) obtained from
purely diffusive and perfusive particles decreases as
the column length increases. In Figs. 24, the relative
differences in the breakthrough curves obtained
from the three different non-zero v, values are very
small and could not be described graphically.

In Fig. 5. the results indicate that the differences in
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Fig. 6. Breakthrough curve of lysozyme: V¢ = 2.778 - 1073 m/s;
zo = 8.060 - 107° m. Column lengths and intraparticle fluid
velocities: (A)0.03m, (1) v, = 0.(2)v, = 0.02V, (3) v, = 0.03V7,
4) vy = 005V (B) 0.1 m, (1) vy, = 0,(2) v, = 0.02V,, 3) v, =
0.03V, (4) v, =005V (C)0.2m, (D v, =0,(2) v, = 0.02V,(3)
v, = (0.03, 0.05)F,.
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Fig. 7. Breakthrough curve of lysozyme: V; = 2.778 - 1073 m/s;
zo.= 16.120 - 10”7 % m. Column lengths: (A) 0.03; (B) 0.1; (C) 0.2
m. For all column lengths: (1) v, = 0; (2) v, = 0.02F;; 3) v, =
0.03V5; (4) v, = 0.05V7.

the lysozyme breakthrough curves obtained from
purely diffusive and perfusive particles are insignifi-
cant when zo = 8.060 - 107 m and V; = 0.138 -
1073 m/s. For the larger particles, the data in Fig. 5
imply that the differences in the breakthrough
curves are small, and the breakthrough of lysozyme
begins at larger times when perfusive particles are
used in the column; further, it can be observed that
as the intraparticle velocity, v, is increased the time
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Fig. 8. Breakthrough curve of lysozyme: V; = 5.556 - 107 m/s;
Zo = 8.060 * 10~ m. Column lengths: (A) 0.03; (B) 0.1; (C) 0.2 m.
For all column lengths: (1) v, = 0; (2) v, = 0.02V; (3) v, =
0.03V¢; (4) v, = 0.05V;.
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Fig. 9. Breakthrough curve of lysozyme: V; = 5.556 - 1073 m/s;
Zo = 16.120 - 10~ ® m. Column lengths: (A) 0.03; (B) 0.1; (C) 0.2
m. For all column lengths: (1) v, = 0; 2) v, = 0.02V; 3) v, =
0.03Vg; (4) v, = 0.05V;.

at which breakthrough begins is increased. Also, the
data in Fig. 5 imply that the utilization of immobi-
lized monoclonal anti-lysozyme (ligand) is higher
(higher column performance) when the smaller in
size particles are used.

In Figs. 6 and 7, the lysozyme breakthrough
curves are shown for different column lengths and
particle sizes when ¥; = 2.778 - 1073 m/s. It can be
observed that the breakthrough curves obtained
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Fig. 10. Breakthrough curve oflysozyme: V; = 6.944 - 10~ 3m/s;
2o = 16.120 - 10~ m. Column lengths: (A) 0.03; (B) 0.1; (C) 0.2
m. For all column lengths: (1) v, = 0; (2) v, = 0.02V; (3) v, =
0.03V¢; (4) v, = 0.05V%.
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from the perfusive particles are very much steeper
than those obtained from the purely diffusive parti-
cles. Further, the times at which breakthrough
begins are significantly larger in the columns with
perfusive particles, especially in the case where the
larger particles are employed.

In Figs. 8 and 9, the lysozyme breakthrough
curves are presented for different column lengths
and particle sizes when V; = 5.556 * 107 m/s. For
the smaller particles (Fig. 8) the qualitative behavior
is similar to that in Fig. 6, but for the larger particles
(Fig. 9) the lysozyme breakthrough curves obtained
from the purely diffusive particles are much more
disperse than those in Fig. 7, and there is a signifi-
cant difference in the shape of the breakthrough
curves for the column length L = 0.03 m. It is also
observed in Figs. 8 and 9 that the breakthrough
curves obtained from the columns with perfusive
particles are very steep; the significant increase in the
column fluid superficial velocity, ¥}, had no signifi-
cant effect on the shape of the breakthrough curves
obtained from the columns with perfusive particles.
Further, the results in Figs. 8 and 9 show that the
increased value of V; affected, for a given column
length, the time at which breakthrough begins
(compare Figs. 6 and 8 and Figs. 7 and 9). By
comparing the results for the perfusive particles in
Figs. 6and 7 and in Figs. 8 and 9, it is found that the
time at which breakthrough begins, for a given
column length, is larger when the smaller particles
are used.

In Fig. 10, the lysozyme breakthrough curves are
shown when ¥; = 6944 107 m/s and z, =
16.120 - 10~ ° m. By comparing the results in Figs. 9
and 10, it can be observed again that the columns
with perfusive particles provide very steep break-
through curves. The data in Figs. 6-10 also show
that as the intraparticle velocity, v, is increased (for
the values of the superficial velocity considered in
Figs. 6-10), the time at which breakthrough begins,
for a given column length, is increased.

An analysis of the dynamic behavior of the two
different adsorption systems in Table I indicated
that the differences in the dynamic behavior (Figs.
1-10) of B-galactosidase and lysozyme depend sig-
nificantly on (i) the differences in the values of ki,
the value of k| characterizing the formation of the
adsorbate-ligand complex (k; = 2.35- 1072 for
p-galactosidase and 4.108 for lysozyme), and (ii) the
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differences in the values of the effective pore diffu-
sivities of f-galactosidase and lysozyme (D, = 6.9 -
107'2 for B-galactosidase and 17.885 - 10~ '2 for
lysozyme). The ratio of the k, value of the lysozyme-
anti-lysozyme system to that of the §-galactosidase-
anti-f-galactosidase system is 1.748 - 102, and the
ratio of the D, value of lysozyme to that of
f-galactosidase is 2.592. The analysis has indicated
that, although the equilibrium adsorption constant
of the p-galactosidase--anti-f-galactosidase system
is significantly larger than that of the lysozyme-anti-
lysozyme system (see Table I), the breakthrough
curves of lysozyme obtained from the columns with
perfusive particles are much steeper than the corre-
sponding breakthrough curves of f-galactosidase,
because the values of &y and D, of the lysozyme-
anti-lysozyme system are significantly larger than
those of the f-galactosidase—anti-f-galactosidase
system.

In Fig. 11, the concentration profiles of lysozyme
in the pore fluid and in the adsorbed phase of a single
particle of slab geometry are shown. This particle is
located within the column at a position x = 6.6645 -
107 ° m from the column entrance, and the concen-
tration profiles are shown for time ¢ = 0.05 min. It
can be clearly observed that for the purely diffusive

DIRECTION OF FLOW e

Cs / CT

0.0 0.2 0.4 0.6 0.8 1.0°
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Fig. 11. Dimensionless concentration profiles of lysozyme in the
pore fluid and in the adsorbed phase of the porous adsorbent
particle at time ¢ = 0.05 min and at position x = 6.6645 - 10”*m
in the column. V; = 2.778 - 1073 m/s; 7o = 16.120 - 1076 m:
column length, L = 0.03 m. The data for the solid curves
represent C,/Cy,ia versus z/zo. The data for the broken curves
represent Co/Cyp versus z/z,. For the solid and broken curves the
intraparticle fluid velocities are (1) v, = 0: (2} v, = 0.02V:; (3)
vy = 0.03V (4) v, = 0.05).
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particle (v, = 0) the concentration of lysozyme in
the pore fluid and in the adsorbed phase is about
equal to zero in a significant portion of the particle;
further, the concentration profiles of the purely
diffusive particle are symmetrical, as expected, and
the point of symmetry is located at the center of the
particle where z/z, = 0.5. For the perfusive particle
(v, > 0), it is observed that the concentrations of
lysozyme in the pore fluid and in the adsorbed phase
are non-zero at every point in the particle, and this
makes the average concentration of lysozyme in the
pore fluid and in the adsorbed phase of the perfusive
particle higher than that in the pore fluid and in the
adsorbed phase of the purely diffusive particle.
Further, the results in Fig. 11 show that as the
intraparticle velocity, v,, increases, the concentra-
tion minimum in the pore fluid and the concentra-
tion minimum in the adsorbed phase move down-
stream while the overall lysozyme content of the
particle increases.

Certain interesting aspects of column perform-
ance could be studied by examining some charac-
teristic pieces of information of the dynamic behav-
ior of a given column. When the value of C, in the
equilibrium isotherm expression is equal to the inlet
concentration of the adsorbate, Cq j,, in the column,
then the equilibrium isotherm expression would
provide the equilibrium value for the concentration
of the adsorbate in the adsorbed phase, C,, for the
given value of Cgy;,. Then, by knowing the total
amount of the adsorbent particles in a given column,
one can calculate the equilibrium amount of adsorb-
ate that could be adsorbed in the column for the
given inlet concentration C, ;,. Hence one possible
measure for evaluating the performance of a given
column [it should be noted that adsorption in a
column is a dynamic (non-steady-state) operation],
could be the ratio of the amount of adsorbate that
has been adsorbed in the particles of the column
after a certain time of operation to the amount of
adsorbate that could be adsorbed in the particles of
the column at equilibrium. This ratio is called here
relative adsorptivity; the percentage of relative ad-
sorptivity is obtained by multiplying the relative
adsorptivity by 100.

It is thought that a plot of the percentage of
relative adsorptivity versus time could provide useful
information for evaluating column performance. If,
for example, a high value for the percentage of
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relative adsorptivity may be obtained in a shorter
time, then this could imply that in a given overall
operational time a larger number of adsorption
cycles could be realized. Another possible measure
for evaluating the performance of a given column is
to examine the variation in the value of the percent-
age of relative adsorptivity when the percentage
of breakthrough varies; the percentage of break-
through is obtained by multiplying the dimension-
less ratio Cy(t,L)/Cy. ;o (see Figs. 1-10) by 100. If, for
instance, a high value of the percentage of relative
adsorptivity may be obtained at a low value of the
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Fig. 12. Percentage of relative adsorptivity versus (a) time and (b)
percentage of relative adsorptivity versus percentage of break-
through for the lysozyme-monoclonal anti-lysozyme adsorption
system. In both instances L = 0.1 m; zo = 16.120 * 107 % m; (1)
Vi =2778 10 3m/s, v, = 0; (2) V; = 2.778 - 1073 m/s, v, =
0.02V; (3) V; = 5.556 107> m/s, v, = 0;(4) V; = 5.556 1073
m/s, v, = 0.02V5; (5) Vi = 6.944 - 107> m/fs; v, = 0; (6) V; =
6.944 - 1073 m/s, v, = 0.02V,.
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percentage of breakthrough, then this could indicate
that the adsorption capacity of the particles may
have been utilized effectively and the total amount
of adsorbate that left the column (before the intro-
duction of column switch) may be not large.

It is thought that a plot of the percentage relative
adsorptivity versus the percentage of breakthrough
could provide useful information for evaluating
column performance. In Fig. 12a the percentage of
relative adsorptivity for lysozyme is plotted versus
time and in Fig. 12b it is plotted versus the percent-
age of breakthrough, for a column length of 0.1 m
and for different superficial and intraparticle veloci-
ties.

The results in Fig. 12a indicate that, for a given
time, the highest value of the percentage of relative
adsorptivity is obtained when perfusive particles are
employed and the superficial velocity has its highest
value. Also, for a given time and a given superficial
velocity, the perfusive particles provide a higher
value of the percentage of relative adsorptivity;
further, the differences in the values of the percent-
age of relative adsorptivity obtained from the purely
diffusive and perfusive particles increase when the
superficial velocity increases, as well as when the
time increases.

The results in Fig. 12b indicate that for a given
percentage of breakthrough, the perfusive particles
provide a higher value of the percentage of relative
adsorptivity. It is also observed that, for a given
percentage of breakthrough, the value of the per-
centage of relative adsorptivity increases as the
superficial velocity decreases; the effect of the super-
ficial velocity on the percentage of relative adsorp-
tivity is significantly smaller when perfusive particles
are used and practical values for the percentage of
breakthrough are considered.

The information in Fig. 12a and b may also be
used as follows: for a selected percentage of break-
through, the value of the percentage of relative
adsorptivity is obtained from the appropriate curve
in Fig. 12b; this value is then utilized with the
appropriate curve in Fig. 12a to obtain the time at
which the sclected percentage breakthrough will
occur. From the above discussion, it is suggested
that by examining the kind of information shown in
Fig. 12a and b, one could develop operating condi-
tions (after appropriate optimization) that could
provide the desired column performance.
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Another aspect of the perfusive particles that is
examined in this work is the effect of the variation of
Cy on column performance. If, for example, one
could develop a purely diffusive particle whose
pore-size distribution could provide an accessible
active surface whose area is larger than that of the
perfusive particle, when both the purely diffusive
and perfusive particles have the same kind of active
surface and the same particle size, then this could
suggest that the value of Cy in the purely diffusive
particle may be larger than the value of Cy in the
perfusive particle. Further, the pore-size distribu-
tion of the perfusive particle, the lengths of
the throughpores and the distances between the
throughpores may result in an effective pore diffu-
sivity for the adsorbate in the perfusive particle that
has a higher value than the effective pore diffusivity
of the adsorbate in the purely diffusive particle.

It was considered worth examining the effects that
the variation of Cy and D, may have on the dynamic
behavior of a column system. In Figs. 13a and 14a,
the percentage of relative adsorptivity is plotted
versus time for the adsorption systems in Table I and
for different values of Ct. D, and v,,. In Figs. 13band
14b, the percentage of relative adsorptivity is plotted
versus the percentage of breakthrough for the same
adsorption systems and values of Cr, Dyand v, asin
Figs. 13a and 14a.

The results in Fig. 13a and b indicate that for the
f-galactostdase—anti-fS-galactosidase system, an in-
crease of 10% in the value of D, does not appear 0
have a significant effect on column behavior; the
results in Fig. 13b indicate that an increase in the
value of D, by 10% has a small influence on the
behavior of the column having purely diffusive
particles whereas the effect on the column involving
perfusive particles appears to be insignificant. When
the value of Cyis reduced by 10%. the results in Fig.
13a and b indicate that the reduction in the Cy value
may have a considerable effect on the behavior of a
column having purely diffusive or perfusive parti-
cles. A comparison of the results expressed by curves
1 and 6 and by curves 3 and 8 in Fig. 13b indicates
that the value of the percentage of relative adsorp-
tivity obtained from the perfusive particles, for a
given practical value of the percentage of break-
through, is higher than that obtained from the
purely diffusive particles, although the value of Cy
of the purely diffusive particles is taken to be 10%
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Fig. 13. Percentage of relative adsorptivity versus (a) time and (b)
percentage of breakthrough for the f-galactosidase-monoclonal
anti-B-galactosidase adsorption system. In both instances L =
0.5m;zo = 16.120 - 107 %m; ¥ =2.778 - 10 *m/s; (1) Cy = 2.2
kg/m3, D, =69 107 12m?/s,v, = 0;(2) Cr = 2.2kg/m3,D, =
6.9 1072 m%s, v, = 0.02V (3) Cr = 2.2 kg/m3, D, = 1.1
(6.9 - 10712y m?/s, vo =0,4)Cr =22 kg/m?, D, =11 (69"
10723 m?/s, v, = 0.2V (5) Cr =09 - (2.2 kg/m*, D, = 6.9
10712 m?fs, v, = 0;(6) Cy = 0.9 - (2.2)kg/m*, D, = 6.9 - 10712
m?/s, v, = 0.02V; (7) Cy = 0.9 - (2.2) kg/m?, D, = 1.1 - (6.9 "
1071)ym?/s, v, = 0;(8) Cy = 0.9 - (2.2)kg/m* D, = 1.1 - (6.9
107'%) m?%s, v, = 0.02};.

larger than the Cy value of the perfusive particles.

The results in Fig. 14a indicate that for the
lysozyme-anti-lysozyme system, an increase of 10%
in the value of D, does not appear to have a
significant effect on column behavior; an increase in
the value of D, by 10% has a small influence on the
behavior of the column having purely diffusive
particles, and this appears to occur only at longer

99
100
3
5 1

g 7 3
z 6.8 2,4
&
€ 75
(%)
(=]
<
[¥e}
>
g
2 50
o
(¥
o
L
0]
<
Z 25
[93)
Q
44
L
a

0 — — —

0 1 2 3 4 5 6 7 8 9

TIME (MINUTES)
b

£
=3
=
o
o
o
w
Q
<C
[¥9)
=
£
<
(W)
o
[
o
j¥u}
<Q
<L
Z 25
L
Q
o
()
0.

[s)

0 25 50 75 100

PERCENTAGE OF BREAKTHROUGH

Fig. [4. Percentage of relative adsorptivity versus (a) time and (b)
percentage of breakthrough for the lysozyme—monoclonal anti-
lysozyme adsorption system. In both instances L = 0.1 m; zy =
16.120 - 107 ¢ m; ¥y = 2,778 - 1073 m/s; (1) C; = 2.2 kg/m?,
D, = 17.885- 1072 m¥%s, v, = 0; (2) Cr = 2.2 kg/m3, D, =
17.885 - 107 2 m?/s, v, = 0.02V;(3) Cr = 2.2kg/m3, D, = 1.1 -
(17.885 - 107 12) m?/s, v, =0;(4) Cr = 22kg/m3, D, = 1.1~
(17.885 - 1073 m?/s, v, = 0.02V; (5) Cr = 0.9 - (2.2) kg/m?3,
D, = 17.885 1072 m¥s, v, = 0; (6) Cr = 0.9 * (2.2) kg/m3,
D, = 17.885 107'2 m?%/s, v, = 0.02V; (7) C; = 0.9 (2.2)
kg/m? D, = 1.1 (17.885- 10" ') m?/s, v, = 0;(8) Cr = 0.9
(2.2) kg/m3, D, = 1.1 - (17.885 - 107*%) m?/s, v, = 0.02V,.

times of operation. When the value of Cy is reduced
by 10%, the results in Fig. 14a indicate that the
reduction in the Cy value may have a considerable
effect on the dynamic behavior of a column having
purely diffusive or perfusive particles. The data in
Fig. 14b suggest that for practical values of the
percentage of breakthrough, an increase in the value
of D, by 10% has some effect on the value of relative
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adsorptivity obtained from the columns having
purely diffusive particles, whereas it has an insignifi-
cant effect on the value of the percentage of relative
adsorptivity obtained from the columns with per-
fusive particles. In Fig. 14b, it is also observed that
the effect of the reduced value of C; on the
percentage of relative adsorptivity, for a given
practical value of the percentage of breakthrough, is
not significant for this adsorption system. A com-
parison of the results in Fig. 14b indicates that the
value of the percentage of relative adsorptivity
obtained from the perfusive particles is higher than
that obtained from the purely diffusive particles,
even when the value of C of the perfusive particles is
10% smaller than the Cr value of the purely diffusive
particles.

It is worth mentioning again here that the dynam-
ics of the interaction kinetics of the lysozyme—anti-
lysozyme adsorption system are faster than those of
the f-galactosidase—anti-f-galactosidase adsorption
system, and that the effective pore diffusivity of
lysozyme is higher than that of f-galactosidase;
these differences were found to be responsible for the
differences observed in the dynamic behavior of
these systems. It should be noted that by combining
and examining (as discussed above for Fig. 12a and
b) the kind of information shown in Fig. 13a and b
or in Fig. 14a and b, one could develop operating
conditions (by varying, for example, the values of
Vi, v, and L, and performing appropriate system
optimization) that could provide the desired column
performance under conditions of variation (or un-
certainty) in the values of Cy and D,,.

In Figs. 15 and 16, the breakthrough curves of
lysozyme when the interaction of lysozyme with
immobilized monoclonal anti-lysozyme is taken to
be infinitely fast (eqn. 25), are shown for different
particle sizes and intraparticle velocities. It can be
observed (as was the case when the results in Figs. 6
and 7 were compared) that the effect of particle size
on the breakthrough curve of lysozyme obtained
from purely diffusive particles is very significant,
whereas the magnitude of the effect is considerably
smaller when perfusive particles are employed in the
column. The breakthrough curves obtained from
the perfusive particles are very steep and, for a given
particle size, the time at which breakthrough begins
is increased as the intraparticle velocity, v,, in-
creases. Further, for a given intraparticle velocity.
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Fig. 15. Breakthrough curve of lysozyme when the dynamics of
the interaction kinetics of the adsorption step are taken to be
infinitely fast. L = 0.03 m; zo = 8.060 - 107 ®m; V; = 2.778 -
1073 mys (v, = 0: (D vy = 0.02V5 B vy, = 0.03V5 (4 v, =
0.05V;.

vp, the time at which breakthrough begins is in-
creased as the particle size decreases.

In Fig. 17a, the percentage of relative adsorptivity
is plotted versus time for the lysozyme-anti-lyso-
zyme system, when the interaction kinetics between
the adsorbate and ligand do not occur infinitely fast
(system in Fig. 7), and when the interaction kinetics
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Fig. 16. Breakthrough curve of lysozyme when the dynamics of
the interaction kinetics of the adsorption step are taken to be
infinitely fast. L = 0.03 m;z, = 16.120 - 107 °m: Vy = 2,778 -
1073 m/s; (1) vo = 0:(2) v, = 002V (v, = 003V (4 v, =
0.05V,.
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Fig. 17. Percentage of relative adsorptivity versus (a) time and (b)
percentage of breakthrough for the lysozyme-monoclonal anti-
lysozyme system when the dynamics of the interaction kinetics of
the adsorption step are as follows: case I = finite (relatively fast)
and case II = infinitely fast. L = 0.03m;z, = 16.120 - 10" % m;
Ve = 2.778 - 10" 3 m/s; (1) case 1, v, = 0; (2) case II, vy = 0;(3)
case I, v, = 0.02V%; (4) case II, v, = 0.027}.

are taken to occur infinitely fast (system in Fig. 16);
for the same adsorption system and conditions, the
percentage of relative adsorptivity is plotted versus
the percentage of breakthrough in Fig. 17b.

The results in Fig. 17a clearly show that, for a
given time, the perfusive particles provide a higher
percentage of relative adsorptivity than the percent-
age of relative adsorptivity obtained from the purely
diffusive particles. However, for a given time and for
the same value of v, the data in Fig. 17a indicate
that the differences in the values of the percentage of
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relative adsorptivity obtained from finite and infi-
nitely fast interaction kinetics are small; it should be
noted that the implications of the influence of v, and
of the kinetics of interaction on column performance
should be analyzed by considering simultaneously
(by combining) the information obtained from Fig.
17a and b, as discussed earlier.

The results in Fig. 17b clearly show that, for a
given percentage of breakthrough, the perfusive
particles provide a higher percentage of relative
adsorptivity than the percentage of relative adsorp-
tivity obtained from the purely diffusive particles;
however, the data in Fig. 17b indicate that for a
given practical value of the percentage of break-
through, the differences in the values of the percent-
age of relative adsorptivity obtained from finite and
infinitely fast interaction kinetics are larger for the
system involving perfusive particles. This latter
result and the results obtained from the analysis of
the data in Figs. 1-14 suggest that for adsorption
systems having relatively fast or infinitely fast
interaction kinetics, the use of perfusive particles
could have the potential to provide improved col-
umn performance.

CONCLUSIONS

A mathematical model of perfusion chromatogra-
phy has been constructed for column systems. The
theoretical expression of the model could describe
single- and multi-component adsorption in per-
fusive (v, > 0) particles, and also in purely diffusive
(v, = 0) particles. The equations of the model for
the adsorbent particles include the intraparticle
mass transfer mechanisms of convection (intraparti-
cle fluid flow) and diffusion, and the mass transfer
step involving the interaction between the adsorbate
molecules and the active sites on the surface of the
porous adsorbent particles. The continuity expres-
sion for the fluid flowing stream in the column
includes the mechanism of axial dispersion.

The perfusion chromatographic model was solved
and used to study the dynamic behavior of column
systems having perfusive or purely diffusive ad-
sorbent particles of slab geometry. Two different
adsorption systems were examined: one system
considers the adsorption of S-galactosidase on im-
mobilized monoclonal anti-f-galactosidase, and the
other system involves the adsorption of lysozyme on
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immobilized monoclonal anti-lysozyme. The values
of the rate constants that characterize the dynamics
of the interaction kinetics of the adsorption step are
significantly different for these two adsorption sys-
tems. Whereas the dynamics of the interaction
mechanisms for these two different adsorption sys-
tems are finite, a third case was also examined where
the dynamics of the interaction mechanisms were
considered to be infinitely fast. The dynamic behav-
ior of column systems (frontal analysis studies) was
examined for different column lengths (L), particle
sizes (zg), column fluid superficial velocities (V) and
intraparticle fluid velocities (v,), and for different
values of the effective pore diffusivity (D,) and of the
parameter C; that represents the highest concentra-
tion that the adsorbate could have in the adsorbed
phase [the value of the parameter Cy could increase
(decrease) if the total concentration of accessible
active sites on the surface of the particles could
increase (decrease)].

The results indicate that when the dynamics of the
interaction kinetics of the adsorption step are rela-
tively not fast and the column fluid superficial
velocity is low, then the breakthrough curves ob-
tained from column systems having perfusive parti-
cles are not significantly different from the break-
through curves obtained from columns having pure-
ly diffusive particles; when the column fluid super-
ficial velocity is high, then the breakthrough curves
obtained from the columns involving perfusive
particles are different from those obtained from
columns with purely diffusive particles, and their
differences become larger as the particle size in-
creases.

When the dynamics of the interaction kinetics of
the adsorption step are relatively fast or infinitely
fast, the results show that the breakthrough curves
obtained from column systems having perfusive
particles are very steep, and the shape of the
breakthrough curves was found (for the system
conditions studied in this work) not to be signifi-
cantly affected when the particle size (zo) and the
column fluid superficial velocity (V;) were increased;
on the contrary, the shape of the breakthrough
curves obtained from column systems involving
purely diffusive particles was found to be influenced
significantly when the particle size and the column
fluid superficial velocity were increased. Further, the
steepness of the breakthrough curves obtained from
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columns having perfusive particles and the time at
which breakthrough begins were found to increase
with increasing intraparticle fluid velocity in the
systems studied in this work. When the value of Cy
of the perfusive particles was reduced by 10%
relative to that of the purely diffusive particles, it
was found that (for the systems examined here) the
columns with the perfusive particles provided a
higher percentage of relative adsorptivity than that
obtained from the columns with the purely diffusive
particles.

In conclusion, the results obtained from the
systems studied in this work suggest that for ad-
sorption systems having relatively fast or infinitely
fast interaction kinetics (that is, the dynamics of the
interaction step between the adsorbate molecules
and the active sites are relatively fast or infinitely
fast), the use of perfusive particles could have the
potential to provide improved column performance.
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SYMBOLS

A molecule of adsorbate (expression 22)

AS adsorbate—active site complex (expres-
sion 22)

Cy concentration of adsorbate (single-

component system) in the flowing fluid
stream of the column, kg/m*
Cai concentration of component i (multi-
component system) in the flowing fluid
stream of the column, kg/m?
concentration of adsorbate (single-
component system) at x < 0 when
D, # 0, or at x = 0 when D = 0,
kg/m?
concentration of component i (multi-
component system) at x < 0 when
Dy; # 0, 0or at x = 0 when Dy; = 0,
kg/m?*
C, concentration of adsorbate (single-
component system) in pore fluid, kg/m?
C, vector of concentration variables de-
fined after eqn. 9

Cd. in

Cdi, in
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Cpi

Cpsi

Dsij

dav

Ji(Cy, C k)
gi(Cw K)
K

ki

concentration of component ; (multi-
component system) in pore fluid, kg/m?
concentration variable defined in eqn.
16

concentration of adsorbate (single-
component system) in adsorbed phase,
kg/m? particle

vector of concentration variables de-
fined after eqn. 9

concentration of component i (multi-
component system) in adsorbed phase,
kg/m?® particle

maximum equilibrium concentration of
adsorbate (single-component system) in
adsorbed phase when all accessible ac-
tive sites are utilized (eqn. 24), kg/m?>
particle

axial dispersion coefficient of adsorbate .

(single-component system), m?2/s

axial dispersion coefficient of compo-
nent i (multi-component system), m?/s
effective pore diffusion coefficient of
adsorbate (single-component system),
m?2/s

effective pore diffusivity matrix (multi-
component system)

effective pore diffusion coefficients of
multi-component system (terms of the
effective pore diffusivity matrix), m?/s
surface diffusivity matrix (multi-com-
ponent system)

surface diffusion coefficient of adsorb-
ate (single-component system), m?/s
surface diffusion coefficients of multi-
component system (terms of the surface
diffusivity matrix), m?/s

volume differential in eqns. 16 and 19
functional form defined after eqn. 9
functional form defined after eqn. 11
equilibrium adsorption constant of
adsorbate (single-component system),
K = ki/k,;, m*/kg

vector of equilibrium adsorption con-
stants defined after eqn. 11

vector of adsorption rate constants de-
fined after eqn. 9

permeability of the porous adsorbent
particle (eqn. 20), m?

adsorption rate constant in eqn. 23,
m3/kg - s
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k, adsorption rate constant in eqn. 23,57 *

l total number of components adsorbed
by specific and non-specific adsorption
(multi-component system)

L column length, m

n total number of components in multi-
component system

r radial distance in adsorbent particle of
spherical geometry, m

ro radius of spherical adsorbent particle, m

S active site (expression 22)

T temperature, K

t time, s

Ve column fluid superficial velocity, m/s

Vp intraparticle fluid velocity (intraparticle
convective velocity), m/s

Vo volume of adsorbent particle, m?

x axial distance, m

z space coordinate of adsorbent particle
of slab geometry, m

2z length (size) of adsorbent particle of

slab geometry, m

Greek letters

oy constant in eqn. 20

73 constant in eqn. 20

g void.fraction in column

&p void fraction in porous adsorbent parti-
cle
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