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ABSTRACT 

A mathematical model describing single-component and multi-component adsorption in columns with bidisperse perfusive or 
bidisperse purely diffusive adsorbent particles is constructed and presented. The model is used to study the adsorption of 
lysozyme onto monoclonal anti-lysozyme in columns with bidisperse porous adsorbent particles. The influence of the effective 
pore diffusion coefficient of the adsorbate in the microparticles (microspheres) and the effects of particle size and intraparticle 
convective flow on column performance are examined. The results for the systems studied indicate that the systems with 
bidisperse porfusive particles provide a higher dynamic utilization of the adsorptive capacity of the column than the systems 
having bidisperse purely diffusive particles. 

INTRODUCTION 

The sep/aration process that involves the flow 
of a mobiIe phase ( i .e . ,  liquid phase) through the 
pores of porous chromatographic particles [1-6] 
has been called by Afeyan et al. [1] perfusion 
chromatography. In perfusive adsorbent particles 
the intrapartic!e convective fluid velocity, Op, is 
non-zero [4], whereas in purely diffusive ad- 
sorbent particles the value of Op is considered to 
be equal to zero. 

Liapis and McCoy [4] constructed a theory of 
perfusion chromatography, and their mathemati- 
cal models could describe the dynamic behavior 
of single- and multi-component adsorption in 
columns having perfusive (Vp > 0) adsorbent par- 
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ticles and also in columns having purely diffusive 
(o v = 0) adsorbent particles. The results obtained 
by Liapis and McCoy [4], McCoy et al. [5] and 
McCoy [6] suggest that the dynamic behavior of 
columns with perfusive adsorbent particles could 
be more effective than that of columns with 
purely diffusive particles when both the in- 
traparticle Peclet number [4-6] and the Porath 
parameter [4-11] are large. The intraparticle 
Peclet number is a general measure of the 
importance of intraparticle convection, as a 
means of mass transfer, compared with pore 
diffusion. The Porath parameter may be consid- 
ered [4-11] to provide a measure of the speed of 
the adsorbate-active site (adsorbate-ligand) as- 
sociation step relative to the pore diffusion of the 
adsorbate in the pores of the adsorbent particle. 
It is important to note that the intraparticle 
Peclet number alone is inadequate to describe 
fully intraparticle mass transfer when adsorption 
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occurs [4-6]. In adsorption systems, a second 
quantity, the Porath parameter [4-11], also 
comes into play. Also, the results obtained from 
the binary adsorption (competitive adsorption 
involving two components) system studied in the 
work of McCoy et al. [5] suggest that the times at 
which breakthrough begins for components 1 
and 2, and the dynamic (unsteady state) relative 
separation between components 1 and 2 ob- 
tained from the column with perfusive particles, 
are higher than those obtained from the column 
having purely diffusive particles, especially as the 
particle size, z 0, and the column fluid superficial 
velocity, Ve, increase. The improved separation 
efficiency obtained from the chromatographic 
columns with perfusive adsorbent particles is 
mainly due [4-6] to the intraparticle fluid flow 
which enhances intraparticle mass transport. 

In porous adsorbent particles with a bidisperse 
[1,2,4,5,12,13] porous adsorbent structure, the 
microporous region of the particles has a large 
surface area, and hence a large proportion of the 
adsorptive capacity of such particles is within 
their micropores. In Eqns. 6-8 in ref. 4, the 
intraparticle fluid velocity and the effective pore 
diffusion coefficients characterize the overall 
intraparticle convective and pore diffusion mass 
transfer mechanisms, respectively, for a perfu- 
sive particle; of course, the value of the in- 
traparticle fluid velocity and the values of the 
effective pore diffusion coefficients in perfusive 
particles with a monodisperse porous structure 
could be different than those obtained in perfu- 
sive particles with a bidisperse porous structure. 
In perfusive particles with a bidisperse porous 
structure, one could expect that intraparticle 
fluid flow occurs mainly within the macroporous 
[14] region (the region of the through-pores [1]) 
of the particle. Hence the degree of utilization of 
the adsorptive capacity of a perfusive particle 
with a bidisperse porous structure could depend 
on the relative magnitude of the time constants 
for pore diffusion and adsorption (the interaction 
mechanism between the adsorbate molecules and 
the active sites) in the microporous region, and 
for intraparticle fluid flow (convection), pore 
diffusion and adsorption in the macroporous 
region. 

In this work, a mathematical model that could 

describe single- and multi-component adsorption 
in columns having perfusive particles with a 
bidisperse porous structure is presented. The 
model is then solved and used to study the 
dynamic behavior of a column system involving 
the adsorption of lysozyme onto monoclonal 
anti-lysozyme immobilized in perfusive particles 
having a bidisperse porous structure. 

MATHEMATICAL MODEL 

Adsorption is considered to take place from a 
flowing liquid stream in a fixed bed of perfusive 
adsorbent particles of bidisperse porous structure 
under isothermal conditions. The differential 
mass balance for each adsorbate i ( i = 1 ,  
2 , . . . ,  n) in the flowing fluid stream is given by 
eqn. 1 in ref. [4], and eqns. 2-4 in ref. 4 are 
considered to provide the initial and boundary 
conditions for the differential mass balance equa- 
tion of each adsorbate; if the contribution of 
axial dispersion in the column can be neglected 
then eqn. 3 in ref. 4 is replaced with eqn. 5 in 
ref. 4. 

The perfusive particles with a bidisperse po- 
rous structure are considered to have a mi- 
croporous region made by spherical microparti- 
cles (microspheres [1]) [1,4] that are taken to be 
purely diffusive, and a macroporous region made 
by the through-pores [1,4] in which intraparticle 
convection and pore diffusion occur. Most of the 
adsorptive capacity of the perfusive particles is in 
the microporous region. The transport of the 
species in the macroporous region is considered 
to involve the following mass transfer mecha- 
nisms: (a) intraparticle convection, (b) diffusion 
in the pore fluid and (c) 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). The 
transport of the species in the purely diffusive 
spherical microparticles of which the micropor- 
ous region is composed involves the following 
mass transfer mechanisms: (i) diffusion in the 
pore fluid of the spherical microparticle and (ii) 
the mass transfer step involving the interaction 
(adsorption) of the adsorbates with the active 
sites on the surface of the pores of the spherical 
microparticle. In Fig. la a diagram of a perfusive 
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d m = diameter of micropartlcle (rnicrosphere) 

Z ' O  Z ~ Z  o 
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(a) 

(b) 

Fig. 1. Perfusive adsorbent particles with a bidisperse porous 
structure (the arrows indicate the direction of fluid flow): (a) 
perfusive particle of slab geometry; (b) perfusive particle of 
spherical geometry. 

particle of slab geometry is shown and in Fig. lb 
a diagram of a perfusive particle of spherical 
geometry is presented. 

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

(0% (o% 06 
ep \ Ot ] + Ep/)p \ - " ~ Z  ,1 "1- (1 - %) Ot 

[ 02 Cp~ ~ 
= epDpi \ OZ 2 ], i = 1 , 2  . . . .  , n (1) 

eqn. 20 in ref. 4. The initial and boundary 
conditions of eqn. 1 are as follows: 

a t t = 0  Cpi=0 , O ~ z ~ Z o ,  i = 1 , 2  . . . .  ,n 

(2) 

a t t = 0  C~i=O, O ~ z ~ Z o ,  i = l , 2 , . . . , n  (3) 

at z = 0  Cp~ = Cd~, t > 0 ,  i =  1 , 2 , . . . , n  (4) 

a t z = z  o Cpi=Cdi, t > 0 ,  i = 1 , 2  . . . .  ,n (5) 

The expressions in eqns. 4 and 5 were obtained 
by neglecting the external film mass transfer 
resistance. The external film mass transfer resist- 
ance is neglected because its contribution to the 
overall mass transfer resistance of porous par- 
ticles has been found, for most systems of 
practical importance, to be negligible [4,6,11, 
15,16]. 

The differential mass balance for each adsor- 
bate i in a purely diffusive spherical microparti- 
cle is given by 

eprn \ Ot ] + Ot 

//O2Cpm/ 2 OCprni ~ 
= eP"Dpmi [---~r 2 + r "  Or ]' 

i = 1 , 2  . . . . .  n (6) 

Eqn. 6 is appropriate for dilute mixtures [4-11]; 
for non-dilute mixtures, ref. 11 should be con- 
sulted. The accumulation term, OC~"i/Ot, of the 
adsorbed species i can be quantified if a thermo- 
dynamically consistent mathematical model 
could be constructed that could describe the 
mechanism of adsorption for component i. For 
isothermal adsorption systems, the term OC~m~/at 
could be of the form 

OC~"i 
Ot -f~(Cp m'C~m'k)' i = l , 2 , . . . , n  (7) 

The mixtures of components to be separated by 
chromatographic systems are usually dilute and 
the form of eqn. 1 is appropriate for dilute 
mixtures [4]; for non-dilute mixtures, ref. 4 
should be consulted. The value of the intraparti- 
cle velocity Vp in eqn. 1 could be estimated from 

where f~ represents the functional form of the 
dynamic adsorption mechanism for component i; 
Corn represents the concentration vector of the 
adsorbates in the pore fluid of the purely 
diffusive spherical microparticle, Co," =(Cpm~, 
Cp,"2 . . . . .  Cp,",); C~m denotes the concentration 
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vector of the adsorbates in the adsorbed phase of 
the purely diffusive spherical microparticle, 
Csm = (Csml, C~m2,''',Csmn); and k represents 
the 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. 7 
have been constructed and presented in the 
literature. One well known form ofkeqn. 7 for 

single-component adsorption (A + S ~ A S )  is as 
ks 

follows (the subscript i is dropped as only one 
component is adsorbed) [4,7]: 

afsm 
at - k'Cpm(CT -- csm) -- k2Csm (8) 

In some adsorption systems, the rates of 
interaction between the adsorbates and the ac- 
tive sites may be much higher than the intraparti- 
cle convection and diffusional rates, and in such 
systems it may be possible to assume that 
equilibrium exists between the adsorbates in the 
pore fluid and in the adsorbed phase at each 
point in the pores. The term aCsmi/at in eqn. 6 is 
then given by 

aCsm i ~ ( a& ~ (OCpmj~ 
- \ a C p m / \  at / , i = 1 , 2  . . . . .  n (9) 

at j~l 

where 

Csm i =gi(Cpm,K), i = 1, 2 . . . .  ,n  (10) 

The functions gz represent the equilibrium ad- 
sorption isotherms for the adsorbates, and K 
represents the vector of the equilibrium con- 
stants that characterize the equilibrium interac- 
tions between the adsorbates and the active sites. 
One well-known form of eqn. 10 for single- 
component adsorption [4,7] is as follows (the 
subscript i is dropped as only one component is 
adsorbed): 

CTKCpm 
Csm -~- 1 + gCpm (11) 

Eqn. 11 represents the equilibrium Langmuir 
adsorption isotherm and is obtained from eqn. 8 
by setting aC~m/Ot equal to zero; the parameter 
K in eqn. 11 is the equilibrium adsorption 
constant (K = k I/k2). When eqn. 11 is employed 

in the right-hand side of eqn. 9, the following 
expression is obtained for aCsm/at: 

aCsm ~__. ( aCsm ~ (OCP m 
at \aCpm] \ at ] 

--[(1 CTK  (aCpm  
.~ "~'~'pm ) 2 j \ ' - ' - -~ ]  (12) 

The initial and boundary conditions of eqns. 6 
and 7 are considered to be as follows: 

a t t = 0  Cpmi=0, O<-r<-rm, 

i = 1, 2 . . . .  , n (13) 

a t t = 0  Csmi=0, O<.r<-rm, 

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

at r = 0 0 C p m i  
Or - 0 ,  t > 0 ,  

i = 1, 2 . . . .  , n (15) 

at r = r m Cpm i ~-- Cpi(Z , t), t > O, 

i=  1 , 2 , . . . , n  (16) 

The variable C~ in eqn. 1 could be calculated 
from the following expression: 

--~ Csmir 2 dr 
r m 

f0 m mir2dr] q- 8pmC p , i = 1, 2 . . . . .  n (17) 

The accumulation term OCJOt in eqn. 1 is 
obtained by differentiating eqn. 17 with respect 
to time, and hence 

at - r3m [ at L30 Csmi r2 dr 

O-~--([rm t} 
-t- at \3o 8pm Cpmi r2 dr , i = 1, 2 , . . .  , n 

(18) 

Finally, the term aCpu/at in eqn. 1 in ref. 4 is 
given by 
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at z 0 [ at L.10 

a / r z° 

since 

i = l , 2 , . . . , n  (19) 

1[ 0 
= Z o  

( 1 -  t~p)CsidT. "l- f o °ep%idz]  

(20) 

If the geometry of the perfusive adsorbent 
particle is spherical, then eqn. 1 should be 
replaced by eqn. 21 in ref. 4; in this case, the 
variable r in eqn. 21 in ref. 4 represents the 
radial distance in the perfusive particle and its 
physical meaning is different than that of the 
variable r in eqns. 6 and 13-18 in this work. In 
eqns. 6 and 13-18 in this work, the variable r 
represents the radial distance in the purely 
diffusive spherical microparticle. The values of 
the intraparticle velocity components vp, and %o 
in eqn. 21 in ref. 4 could be estimated from the 
expressions presented in ref. 14. Further, for 
spherical perfusive particles the term a(~psi/at in 
eqn. 1 in ref. 4 is given by 

aCpsi 
at 

1 f a F L Y . ,  - ' 
Vpv ~ t J 0  ( 1 - % ) C , , d V ]  

i = l , 2 , . . . , n  (21) 

The dynamic behavior of a column adsorption 
system involving perfusive adsorbent particles 
with a bidisperse porous structure could be 
obtained by solving eqns. 1-4 in ref. 4 simulta- 
neously with eqns. 1-7, 13-16, 18 and 19 in this 
work, when the perfusive adsorbent particles 
have slab geometry. If the geometry of the 
perfusive adsorbent particles with a bidisperse 
porous structure is spherical, then eqns. 1-4 and 
21 in ref. 4 should be solved simultaneously with 
eqns. 6, 7, 13-16, 18 and 21 in this work. The 
solution of the equations of the mathematical 
model presented in this work was obtained by 

employing the method of orthogonal collocation 
[6,17,18] on the space variables of the continuity 
equations of the adsorbates in the macroporous 
and microporous regions of the perfusive par- 
ticle, and the method of orthogonal collocation 
on finite elements [6] on the space variable along 
the axis of the column. The resulting ordinary 
non-linear differential equations were integrated 
by using Gear's method [18], which is employed 
in the LSODES component of the ODEPACK 
[19] software package. It should be mentioned 
that if the intraparticle velocity, Vp, is set equal 
to zero in eqn. 1, then the solution of the above- 
mentioned equations would provide the dynamic 
behavior of an adsorption system in a column 
having purely diffusive adsorbent particles with a 
bidisperse porous structure in which there is no 
intraparticle fluid flow [13,20-24]. 

RESULTS AND DISCUSSION 

Frontal analysis results are presented for the 
system involving the adsorption of lysozyme onto 
monoclonal anti-lysozyme immobilized on the 
surface of adsorbent particles with a bidisperse 
porous structure. Purely diffusive (% = 0) and 
also perfusive (% > 0) adsorbent particles with a 
bidisperse porous structure are considered. The 
dynamics of the adsorption step are described by 
eqn. 8, and two different values for the particle 
size, z 0, were considered: (i) z 0 = 10 -5 m and 
(ii) z o = 2 .10  -5 m. The diameter of the mi- 
croparticle (microsphere), dm, was taken to be 
equal to 10 -6 m [1,12]. In Table I, the values of 
the parameters used in the model for the simula- 
tion of the adsorption system studied in this 
work are presented. The values of other parame- 
ters of the model are reported in the captions of 
the figures. The values of the parameters in 
Table I are from adsorption systems reported in 
the literature [4-6,11] and, for the purposes of 
the simulations of this work, are considered to 
have appropriate magnitudes; it should be men- 
tioned that the value of CT in Table I represents 
the largest (maximum) amount of adsorbate that 
could be adsorbed per unit volume of the par- 
ticle, 

The effect of micropore diffusion on column 
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T A B L E  I 

VALUES O F  T H E  P A R A M E T E R S  OF  T H E  M O D E L  ( A D S O R P T I O N  OF  L Y S O Z Y M E  O N T O  M O N O C L O N A L  ANTI-  
L Y S O Z Y M E )  

Ca.i. = 0.1 k g / m  3 C r = 2.2 k g / m  3 D L = 0 
d ,  = 2 r  m = 10 -6 m Dp = 17.885- 10 -12 m2/s  k 1 = 4.108 m3/kg  • s 
k 2 = 0.2222 s -l K = k 1/k 2 = 18.488 m3/kg  L = 0.1 m 
r .  = d , / 2  = 0 . 5 . 1 0  -6 m Vf = 2 .778.10 -3 m / s  T = 282.5 K 
e = 0.35 % = 0.50 % .  = 0.50 

performance may be examined by varying the 
value of the ratio of the diffusional time con- 
stants for the microparticle and the adsorbent 
particle, q~. The expression for • is as follows: 

- Dpm ~rE 
Dp/(Zo/2)2 (22) 

From eqn. 22 the following expression is ob- 
tained for the ratio Dpm/Dp: 

Dpm [ r2 ] (23) 
Dp - ~ L(z0/2)2J 

For given values of r m and z 0, eqn. (23) indicates 
that the ratio Dpm/D p increases as • increases. 
In adsorbent particles with a bidisperse porous 
structure, one could practically consider that the 
value of O p m  would be less than or equal to the 
value of Dp ( O p m  ~Dp),  and hence the ratio 
Dpm/D p would be less or equal to unity (Dpm/ 
Dp ~< 1); this condition could then imply that the 
value of • could be less than or equal to (Zo/2)2/ 
r2m [~ <<-(zo/2)2/r2]. Hence, for the system with 
z o = 10 -5 m and r m = 0.5.10 - 6  m, the parameter 

could be ~<100; for the system with z 0 = 2. 
10-Sm and rm.= 0.5" 10 -6 m, the parameter 
cold be ~<400. In this work, the values of Dp and 
r m are kept fixed (see Table I) while the values 
of z o and • are varied; therefore, for a given 
value of z 0, an increase in • would imply an 
increase in the effective pore diffusion coefficient 
of the lysozyme, Dpm, in the micropores (mi- 
croparticle). 

In Figs. 2 and 3, the breakthrough curves of 
lysozyme are presented for different values of Vp, 
z 0 and ~. The results clearly indicate that, for a 
given value of ~, the performance of the systems 

1.00 

Y "e.cr 0:75 V 

(9 
"~'~ 0 . 5 0  

u 

0.25 ! 

4 6 

0 5 I0 15 20 
T~e ( ~ )  

Fig. 2. Breakthrough curves of  lysozyme for different values 
of  up and • (the solid curves are for up = 0.00 and  the  broken  
curves are for l i p  = 0.01Vf); the particle size is z o = 10 -5 m. 
(1) Vp=O.O0, ~ = 0 . 1 0 ;  (2) vp=O.O0, ~ = 1 . 0 0 ;  (3) op= 
0.00, ~ = 1 0 . 0 0 ;  (4) lip=0.01Vf, ~ = 0 . 1 0 ;  (5) lip=O.OlVf, 
~ = 1.00; (6) lip = 0 .01~ ,  • = 10.00. 

1.00 

.El 0.75 

o.5o / 

0 5 110 15 20 
Time (ml--~) 

Fig. 3. Breakthrough curves of  lysozyme for different values 
of  vp and • (the solid curves are for up = 0.00 and  the  broken  
curves are for Vp = 0.01Vf); the  particle size is z 0 = 2 . 1 0  -5 m. 
(1) vp=O.O0, ¢~=0.10;  (2) vp=O.O0, ~ = 1 . 0 0 ;  (3) vp= 
0.00, ¢ , =  10.00; (4) vp=O.O1V,, ~ = 0 . 1 0 ;  (5) v p = 0 . 0 1 V ,  

= 1.00; (6) Up =0.01Vf, ~ = 10.00; (7) vp = 0.01Vo • = 

50.00. 
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employing perfusive particles is higher than the 
performance obtained from the systems having 
purely diffusive particles, and the difference in 
the performance increases as the particle size, 
z o, increases. In Figs. 2 and 3, the results also 
indicate that, for a given value of z0, the per- 
formance of the column improves as 4 in- 
creases, Further, for a given value of 4 ,  the 
performance of the column with smaller size, z0, 
adsorbent particles is higher than that obtained 
from the column having larger size, z 0, adsor- 
bent particles (compare the results in Figs. 2 and 
3); this behavior is clearly shown, for the column 
systems with perfusive (Vp = O.01Vf) adsorbent 
particles, by the results presented in Fig. 4. 

In Fig. 2, results are presented for 4 = 0.10, 
1.00 and 10.00. For 4 > 10.00 and 4 ~< 100.00, 
the breakthrough curves obtained from the col- 
umns with purely diffusive (Vp = 0) or perfusive 
(Vp = 0.01Vf) adsorbent particles almost coincide 
[for the scales selected for the variables Cd(t, 
L)/Cd,~n and t in Fig. 2] with their corresponding 
breakthrough curves obtained when 4 = 10.00; 
this result suggests that for the systems examined 
and presented in Fig. 2, an increase in the value 
of Dpm above 0.1Dp (Dpm>0.1Dp) might not 
provide a significant improvement in the break- 
through behavior of the column. 

0.75 

o //,"/~ °'5° t 
X- ///,'t 

025 " ~  '-//~1 

o ~ o .  . < - . ~ . < : ~ .  ,~. v . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 5 10 15 2o 
(mk, ums) 

Fig.  4. B r e a k t h r o u g h  cu rves  of  l y sozyme  for  d i f fe ren t  va lues  
of  zo a n d  • ( t h e  sol id  cu rves  a re  for  z 0 = 10 -5 m and  the  
b r o k e n  cu rves  a re  for  z 0 = 2 . 1 0  -s m) ;  the  in t r apa r t i c l e  
c o n v e c t i v e  ve loc i ty  is vp = 0.01V~. ( I )  z o -- 10 -5 m ,  • = 0.10;  
(2)  z o = 10 -5 m,  ~ = 1.00; (3)  z 0 = 10 -5 m ,  q~ = 10.00; (4)  

Z o = 2 " 1 0  -5 m,  O = 0 . 1 0 ;  (5)  z 0 = 2 . 1 0  -5 m ,  O = 1 . 0 0 ;  (6)  
z o = 2"  10 -5 m,  • = 10.00; (7)  z o = 2-  10 -5 m,  ~ = 50.00. 

For the systems presented in Fig. 3, the 
breakthrough curves obtained from the columns 
with purely diffusive or perfusive adsorbent 
particles for 4 > 50.00 and 4 <~400.00 almost 
coincide [for the scales selected for the variables 
Cd(t, L)/Cd,in and t in Fig. 3] with their corre- 
sponding breakthrough curves obtained when 
4 = 50.00; this result suggests that for the sys- 
tems examined and presented in Fig. 3, an 
increase i n  D p m  above 0.125Dp ( D p m  > 0.125Dp) 
might not provide a significant improvement in 
the breakthrough behavior of the column. 

In Tables II and III, the percentage utilization 
of the adsorptive capacity of the column at 1% 
and 10% breakthrough, respectively, are pre- 
sented. The total adsorptive capacity of the 
column is defined as the total amount of adsor- 
bate in the adsorbed phase (in the column) at 
equilibrium (evaluated with respect to the value 
of Cd.i, ). The dynamic utilization of the adsorp- 
tive capacity of the column is defined as the ratio 
of the total amount of the adsorbate in the 
adsorbed phase of the column when the desired 
breakthrough occurs to the total adsorptive 
capacity of the column. The percentage utiliza- 
tion 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 Tables II and III 
clearly show that the dynamic adsorptive capaci- 
ty of the systems with perfusive particles is 
higher than that of the systems with purely 
diffusive particles, and the difference becomes 
significantly larger as the particle size, Zo, in- 
creases; also, the difference is larger, for given 
values of z 0 and 4, at 1% breakthrough when 
compared with the difference obtained at 10% 
breakthrough. Further, it can be observed that 
the increase in the percentage utilization of the 
adsorptive capacity at 10% breakthrough com- 
pared with that obtained at 1% breakthrough is 
larger for the column systems with purely diffu- 
sive particles; this result also indicates that the 
columns with perfusive particles are more effec- 
tive than the columns with purely diffusive 
particles in the dynamic utilization of the adsorp- 
tive capacity of the column. Hence the use of 
perfusive particles could allow one to make a 
column switch at a percentage breakthrough 
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T A B L E  II 

P E R C E N T A G E  U T I L I Z A T I O N  OF  T H E  A D S O R P T I V E  C A P A C I T Y  O F  T H E  C O L U M N  A T  1% B R E A K T H R O U G H  
{[Cd(t, L ) I C , . , . ] .  100 = 1%} 

Z o O Dpm 
(m) Dp 

Utilization of the adsorptive capacity of the column (%) 

Vp = 0.00 vp = 0.01Vf Vp = O.02Vf 

10 -5 0.10 10 -3 29.1 38.3 41.0 
10 -5 1.00 10 -2 66.9 80.5 84.5 
10 -5 10.00 10 -1 75.0 87.3 91.3 
10 -5 50.00 0.50 75.8 88.0 92.0 
10 -5 100.00 1.00 75.9 88.1 92.0 
2" 10 -5 0.10 0.25" 10 -3 3.7 11.3 13.3 
2" 10 -5 1.00 0 .25 .10  -2 15.7 51.8 60.2 
2" 10 -5 10.00 0.25" 10 -1 30.6 73.9 83.4 
2" 10 -5 50.00 0.125 33.0 76.2 85.8 
2" 10 -5 100.00 0.25 33.3 76.5 86.2 
2" 10:5 200.00 0.50 33.5 76.7 86.3 
2" 10 -5 400.00 1.00 33.5 76.8 86.4 

lower than that which would be desirable if the 
column were using purely diffusive particles, as 
the system with the perfusive particles has a 
higher dynamic utilization of the adsorptive 
capacity of the column for a given percentage 
breakthrough; this result suggests that for a 
given overall time of operation more adsorption 
cycles could be obt~ained when columns with 
perfusive adsorbent particles are used, and less 

amount of adsorbate could have left the column 
by the time that column switching occurs. 

The results in Tables II and Ill also show that, 
for given values of z0 and 4 ,  the highest per- 
centage utilization of the adsorptive capacity of 
the column is obtained from the systems having 
perfusive particles with intraparticle velocity 
Vp =0.02Vf, which corresponds to the largest 
intraparticle velocity studied in this work. Fur- 

T A B L E  III 

P E R C E N T A G E  U T I L I Z A T I O N  OF  T H E  A D S O R P T I V E  C A P A C I T Y  OF  T H E  C O L U M N  A T  10% B R E A K T H R O U G H  
{[Cd(t, L ) / C a , i .  ] • 100 = 10%) 

Zo ~ Dp. 
(11]) Dp 

Utilization of the adsorptive capacity of the column (%)  

v v = 0.00 vp = 0.01Vf Vp = 0.02Vf 

10 -5 0.10 10-3 55.9 61.7 63.2 
10 -5 1.00 10 -2 84.5 91.0 92.8 
10-5 i0.00 10-1 88.0 94.3 96.1 
10 -5 50.00 0.50 88.3 94.6 96.4 
10 -5 100~00 1.00 88.4 94.7 96.4 
2" 10 -5 0.10 0.25" 10 -3 13.5 24.4 26.0 
2 '  10 -5 1.00 0.25" 10 -2 48.3 76.1 79.9 
2" 10 -5 10.00 0.25" 10 -1 59.5 88.7 92.7 
2" 10 -5 50.00 0.125 60.4 89.8 93.9 
2" 10 -5 100.00 0.25 60.6 89.9 94.0 
2" 10 -5 200.00 0.50 60.6 90.0 94.1 
2 '  10 -5 400.00 1.00 60.7 90.0 94.1 
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ther, the results indicate that, for given values of 
z 0 and ~,  the largest increase in the percentage 
utilization of the adsorptive capacity of the 
column is obtained when the value of the in- 
traparticle velocity, Vp, is changed from 0.00 to 
0.01Vf (this increase is significantly larger than 
that obtained when Vp is changed from 0.01Vf to 
0.02Vf). These results suggest that a high dy- 
namic utilization of the adsorptive capacity of a 
column with perfusive particles could be ob- 
tained by employing intraparticle fluid velocities 
of moderate magnitude. Perfusive particles with 
high permeabilities (see eqn. 20 in ref. 4) could 
permit high intraparticle fluid velocities that 
could lead to a high dynamic utilization of the 
adsorptive capacity of the column having these 
perfusive particles; however, perfusive particles 
with high permeabilities might not have the 
appropriate structural strength for a particular 
use of practical interest. Again, the results in 
Tables II and III suggest that a high dynamic 
utilization of the adsorptive capacity may be 
obtained by employing perfusive particles with 
permeabilities that could provide appropriate 
structural strength and permit intraparticle fluid 
velocities of moderate magnitude. 

For the results presented in Tables II and III, 
it can be observed that as the value of Dpm 
increases from 10-3Dp (highly restricted pore 
diffusion in the micro~article) to 10-1Dp for the 
particles with z0 = 10- m, or as the value of Dpm 
increases from 0.25.10-3Dp (highly restricted 
pore diffusion in the microparticle) to 0.125Dp 
for the particles with z 0 = 2-10 -5 m, the dy- 
namic utilization of the adsorptive capacity of 
the column increases; further, as the value of 
Dpm increases, the relative increases in the 
dynamic utilization of the adsorptive capacity of 
the column become smaller as the value of Vp 
increases from 0.00 to 0.02Vf. Also, a careful 
examination of the data presented in Tables II 
and III indicates that for values of Dpm between 
10-2Dp and 1.0Dp for the particles with z 0 = 
10 -5 m, or for values of Dpm between 0.25" 
10-2Dp and 1.0Dp for the particles with z 0 = 2. 
10 -5 m, the dynamic utilization of the adsorptive 
capacity of the column obtained from the sys- 
tems with perfusive particles is higher than that 
obtained from the systems with purely diffusive 

particles, even when the value of Dpm in the 
microparticles of the perfusive particles is lower 
than the value of Dpm in the microparticles of the 
purely diffusive particles. The results in Tables II 
and III suggest that while the value of Dpm plays 
an important role in determining the dynamic 
performance of the systems with perfusive par- 
ticles, the effect of the value of Dpm on the 
dynamic performance of systems using purely 
diffusive particles is higher than the effect of the 
value of Dpm on the dynamic performance of 
systems using perfusive particles. Also, the re- 
sults in Tables II and III indicate that for values 
of Dpm greater than 0.1Dp for particles with 
z 0 = 10 -5 m, or for values of Dpm greater than 
0.125Dp for the particles with z 0 = 2.10 -5 m, the 
effect of the value of Dpm on the dynamic per- 
formance of the columns with perfusive or pure- 
ly diffusive adsorbent particles, is rather small. 

CONCLUSIONS AND REMARKS 

A mathematical model that could be used to 
describe single- and multi-component adsorption 
in columns with bidisperse perfusive or bidis- 
perse purely diffusive adsorbent particles was 
constructed and presented. 

The model was used to study the adsorption of 
lysozyme on to monoclonal anti-lysozyme in 
columns with bidisperse perfusive or bidisperse 
purely diffusive adsorbent particles, for (i) dif- 
ferent values of the effective pore diffusion 
coefficient of the adsorbate in the micropores 
(microparticles), Dpm, (ii) different values of the 
intraparticle convective velocity, Vp, in the 
macroporous region of the perfusive particles, 
and (iii) different values of the adsorbent par- 
ticle size, z 0. The results indicate that the sys- 
tems with bidisperse perfusive particles provide a 
higher dynamic utilization of the adsorptive 
capacity of the column than that obtained from 
the systems with bidisperse purely diffusive par- 
ticles. The dynamic utilization of the adsorptive 
capacity of the column was found to increase 
when the particle size, z0, decreases, or when 
the intraparticle convective velocity, Vp, in- 
creases. The results also indicate that a high 
dynamic utilization of the adsorptive capacity of 
a column with perfusive particles could be ob- 
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tained by employing intraparticle fluid velocities 
of moderate magnitude. Further, the results 
show that the dynamic utilization of the adsorp- 
tive capacity of the column increases as the 
effective pore diffusion coefficient of the adsor- 
bate in the microparticles, Dpm, increases. How- 
ever, while the value of Dpm is important in 
determining the dynamic performance of the 
systems with perfusive particles, the results for 
the systems studied in this work suggest that the 
effect of the value of Dpm on the dynamic 
performance of systems using purely diffusive 
particles is greater than that of the value of Dpm 
on the dynamic performance of systems using 
perfusive particles. 

Further studies could be directed at determin- 
ing the bounds of perfusive behavior. This in- 
cludes, but is not limited to, studying the bounds 
of the effects of model parameters on the dy- 
namic performance of columns with bidisperse 
perfusive adsorbent particles. 

SYMBOLS 

A molecule of adsorbate 
A 0 external surface area of adsor- 

bent particle, m 2 
AS adsorbate-active site complex 
C d concentration of adsorbate (sin- 

gle-component system) in the 
flowing fluid stream of the col- 
umn, kg/m 3 of bulk fluid 

Cdi concentration of component i 
(multi-component system; see 
eqn. 1 in ref. 4) in the flowing 
fluid stream of the column, kg/ 
m 3 of bulk fluid 

C d , i n  concentration of adsorbate (sin- 
gle-component system) at x < 0 
when D L#0 ,  or at x = 0  when 
D L = 0, kg/m 3 of bulk fluid 

Cdi,i n concentration of component i 
(multi-component system; see 
eqn. 3 in ref. 4) at x < 0  when 
DLi#0,  or at x = 0  when DLi= 
0, kg/m 3 of bulk fluid 

Cp concentration of adsorbate (sin- 
gle-component system) in the 
fluid of the macropores (through- 

Cpi 

Cpm 

Cpm 

Cpmi 

Cpsi 

Csi 

C~mi 

c. 

DL 

pores), kg/m 3 of macropore vol- 
ume 
concentration of component i 
(multi-component system) in the 
fluid of the macropores (through- 
pores), kg/m 3 of macropore vol- 
ume 
concentration of adsorbate (sin- 
gle-component system) in the 
fluid of the micropores, kg/m 3 of 
micropore volume 
vector of concentration variables 
defined after eqn. 7 
concentration of component i 
(multi-component system) in the 
fluid of the micropores, kg/m 3 of 
micropore volume 
average concentration of compo- 
nent i defined in eqn. 20, kg/m 3 
of perfusive particle 
average concentration of adsor- 
bate (sin#e-component system) 
defined in eqn. 17 (the subscript i 
is dropped for a sin~,le-compo- 
nent system), kg/m of mi- 
croparticle 
average concentration of compo- 
nent i (multi-component system) 
defined in eqn. 17, kg/m 3 of 
microparticle 
concentration of adsorbate (sin- 
gle-component system) in the ad- 
sorbed phase of the microparti- 
cle, kg/m 3 of perfusive particle 
vector of concentration variables 
defined after eqn. 7 
concentration of component i 
(multi-component system) in the 
adsorbed phase of the mi- 
croparticle, kg/m 3 of perfusive 
particle 
maximum equilibrium concentra- 
tion of adsorbate (single-compo- 
nent system) in the adsorbed 
phase of the mieroparticle, kg/ 
m 3 of perfusive particle 
axial dispersion coefficient of ad- 
sorbate (single-component sys- 
tem), m2/s 
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DLi 

am 

Dp 

Dpi 

Dpm 

Dpmi 

dV 
f//(Cpm, Csm, k) 

gi(Cpm, I~ ) 

K 

K 

k 

kl 

k2 

L 
n 

Pei n 

Po 

Po m 

axial dispersion coefficient of r 
component i (multi-component 
system), m2/s r m 
diameter of microparticle (mi- 
crosphere), m rp 
effective pore diffusion coeffi- 
cient of adsorbate (single-compo- S 
nent system) in the macropores T 
(through-pores), m2/s t 
effective pore diffusion coeffi- Vf 
cient of component i (multi-com- 
ponent system) in the macro- Vp 
pores (through-pores), m2/s 
effective pore diffusion coeffi- 
cient of adsorbate (single-compo- Vpv 
nent system) in the micropores, x 
m2/s  Z 

effective pore diffusion coeffi- 
cient of component i (multi-com- z0 
ponent system) in the micro- 
pores, m2/s  

volume differential in eqn. 21 Greek letters 
functional form defined after e 
eqn. 7 ep 
functional form defined after 
eqn. 10 epm 
equilibrium adsorption constant 4) 
of adsorbate (single-component 
system), K = k l / k  2, m3/kg 
vector of equilibrium adsorption 
constants defined after eqn. 10 
vector of adsorption rate con- 
stants defined after eqn. 7 
adsorption rate constant in A + 

kl 
S ~ A S ,  m 3 of micropore 

k2 
volume/kg • s 
adsorption rate constant in A + 
S ~ A S ,  s -1 

k2 
column length, m 
total number of components 
intraparticle Peclet number 
[Pei. = (VpZo)/Dp], dimensionless 
Porath parameter in macropores 
[Po = (k,Ao)/(epOp)], mS/kg 
Porath parameter in mieropores 
[Po m = (klAo)/(epmOpo)] , mS/ 
kg 

radial distance in microparticle, 
m 
radius of microparticle (micro- 
sphere), m 
radius of spherical perfusive par- 
ticle, m 
active site 
temperature, K 
time, s 
column fluid superficial velocity, 
m/s 
intraparticle (interstitial) fluid 
velocity (intraparticle convective 
velocity), m / s 
volume of perfusive panicle, m s 
axial distance in column, m 
space coordinate of perfusive 
particle of slab geometry, m 
length (size) of perfusive particle 
of slab geometry, m 

void fraction in column 
macropore (throughpore) void 
fraction 
micropore void fraction 
ratio of diffusional time constants 
for the microparticle and the 
adsorbent particle {4) = (Dpm / 
r ~ ) l [ Dp / (zol 2 )2]} , dimensionless 
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