Available online at www.sciencedirect.com

Separation

14 °°@° EPurification

Sl Technology
ELSEVIER Separation and Purification Technology 42 (2005) 75-84

— ]
www.elsevier.com/locate/seppur

Analysis and simulation of frontal affinity chromatography of proteins

RosaMa. Montesinos? 1, Armando Tejeda-Mansir®*, Roberto Guzman®2,
Jaime Ortega® 1, William E. Schiesserd-3

@ Departamento de Biotecnolagy Bioingeniera, CINVESTAV-IPN. Avenida IPN No. 2508¢kico, D.F. 07360, Mxico
b Departamento de Investigaciones Ciéinis y Tecnalgicas. Universidad de Sonora, Apartado Postal 593, Hermosillo, Sonora, 83@00d”
¢ Chemical and Environmental Engineering Department, University of Arizona, Tucson, AZ 85721, USA
d Jacocca D307111 Research Drive Lehigh University Bethlehem, PA 18015, USA

Received in revised form 26 February 2004; accepted 2 March 2004

Abstract

A transport model that considers pore diffusion, externa film resistance, finite kinetic rate and column dispersed flow, was used to
mathematically describe a frontal affinity chromatography system. The corresponding differential equations system was solved in asimple
and accurate form by using the numerical method of lines (MOL). The solution was compared with experimental datafrom literature and the
analytic Thomas solution. The frontal affinity chromatography of lysozyme to Cibacron Blue Sepharose CL-6B was used as amodel system.
A good fit to the experimental datawas made with the simulated runs of the transport model using the MOL solution. This approach was used
to perform a parametric analysis of the experimental frontal affinity system. The influence of process and physical parameters on the frontal
affinity chromatography process was investigated. The MOL solution of the transport model results in an unique and simple way to predict
frontal affinity performance as well a better understanding of the fundamental mechanisms responsible for the separation.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Affinity chromatography is now an industrial standard
method used to economically purify high value proteins such
asenzymes, monoclonal antibodies, hormones, vaccines, cy-
tokines and clotting factors, present at very low concentra-
tionsincomplex biological fluidssuch asliquid culturemedia
and sera[1-4].

The conventional format for affinity separations is a
packed column of porous adsorbent operating infrontal mode
(also known as fixed-bed affinity adsorption). Four steps are
involved in this operation mode: (1) adsorption, (2) washing,
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(3) elution and, (4) re-equilibration or regeneration. After the
adsorption step, non-adsorbed material iswashed off withthe
adsorption buffer, and then adsorbed solutes are eluted. Re-
covery isusually effected by changing the pH, ionic strength,
or chemical composition of the buffer. To reuse the column a
regeneration process must be conducted [5]. The key perfor-
mance criteriafor frontal affinity processesare breakthrough-
curve sharpness and residence time at the adsorption stage.
The scale-up and optimization of affinity chromato-
graphic operations is of major industrial importance [6-8].
Thedevel opment of mathemati cal modelsto describe affinity
chromatographic processes, and the use of these models in
computer programs to predict column performance is an en-
gineering approach that can help to successfully attain these
bioprocess engineering tasks [9]. An important requirement
of thismethodol ogy isathorough understanding of thefunda-
mental mechanisms underlying such separations in order to
develop realistic models based on basic physical and chemi-
cal principlesor ratetheories. The equationsobtained through
thisapproach generally involve non-linear partial differential
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Nomenclature

a specific area/volume of the adsorbent particle
(m™)

o initial protein concentration (mol /m?3)

c protein concentration in the bulk liquid
(mol/m?)

i protein concentration in the fluid of the pores
(mol/m3)

C dimensionless protein concentration in the
liquid

Cb column diameter

dp adsorbent particle diameter (m)

DaB protein diffusivity in free liquid (m?/s)
De = ¢;D; effective intraparticle protein diffusivity

(m?/9)

D; intraparticle protein diffusivity (freemolecular
diffusivity/pore tortuosity) (m2/s)

D column axia dispersion coefficient of the pro-
tein (m?/9)

F flow-rate (m3/s)

k1 adsorption rate constant (m3/(mol s))

ko desorption rate constant (s™1)

ks external film mass transfer coefficient (m/s)

Ky equilibrium desorption constant, ko /kj

L column length (m)

P protein molecule

PS protein-active site complex

qi protein concentration in the adsorbed phase of
the adsorbent particles (mol /m?3)

qm maximum equilibrium concentration, mol /m?3
of solid volume of adsorbent

qms maximum equilibrium concentration, mol /m3
of settled volume of adsorbent

r radial distance in the adsorbent particle (m)

m radius of adsorbent particle (m)

R dimensionless radius

S active site

t time ()

T dimensionless residence time in the column,
vt/L

v interstitial  column velocity (flow-rate/bed
porosity-column area) (m/s)

X dimensionless protein concentration in the
liquid

z axial distance in the column (m)

zZ dimensionless axial distancein the column

Greek letters

e bed porosity

& adsorbent particle porosity
n solution viscosity (g/ms)

0 solution density (g/m?q)

T dimensionless time, Dgz/r2,

¢ dimensionless protein concentration in the ad-
sorbed phase

T dimensionless separation factor

r dimensionless effluent volume

equations(PDE) that are not amenabl eto analytical solutions.
Computer programs need to be developed to solve these
models.

Analytical solutions have been obtained through the rate-
limited breakthrough approach which considered that only
one rate limiting step, i.e. either rate of interaction or rate
of diffusion (pore or film) is controlling the overall adsorp-
tion mechanism. The non-dispersive flow model is used in
the analysis. Chase [10] used the Thomas solution, whichin-
volves Langmuir reaction kinetics as the rate-limiting step,
to predict the performance of affinity separations. Hall et
al. [11] have solved the non-dispersive model under the as-
sumption of irreversibility, very fast reaction (equilibrium)
and constant-pattern approach. These results were used by
Arnold et a. [1] in the analysis of affinity separations. The
applicability of these modelsislimited in the understanding
and accurate prediction of the performance of the chromato-
graphic process.

Hortsmann and Chase [12] used a two resistances model
with aninfinitely fast reaction and non-dispersed flow within
the column, in modelling studies of the affinity adsorption
of immunoglobulin G to protein A immobilized to agarose
matrices. Numerical solution of the governing differential
equations was carried out by afinite difference method using
second order approximations in the space derivatives. The
solution fitted well to the experimental datain almost all the
experimental range. However, the method is impracticable
for the solution of transport models that include dispersed
flow and finite reaction rates.

Arve and Liapis [13] considered that the adsorption of a
solute from the bulk solution on the surface of the adsorbent
involves three discrete steps which contribute resistance to
the mass transfer: film diffusion, pore diffusion and reaction
kinetics. This approach along with a column dispersed-flow
model was used by Berninger et a. [14] to present a gen-
eralized model to predict the performance of complex chro-
matography systems. The model was solved using themethod
of orthogonal collocation on finite elements.

Kempeet al. [6] used the threeresistances model with col-
umn dispersed-flow for the simulation of affinity adsorption
of lysozyme to Cibacron Blue Sepharose CL-6B. The math-
ematical model was solved applying the method of orthog-
onal collocation and an implicit numerical integrator based
on Gear’s method. Very good overlap was obtained with the
experimental data, except at the end of the breakthrough
curve. This discrepancy increased as the experimental col-
umn length increased.
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The method of orthogona collocation requires more
analytical work than the finite difference approach, and the
analytical work israther specific for the problem at hand. Fur-
thermore, sincethe method generally useslinear polynomials
it might be expected that a relatively large number of grid
points hasto be used to achieve accuracy in the PDE solution
comparable to a higher order finite difference method.

There are two main strategies for the solution of adsorp-
tion PDEs: global methods and methods of lines. Both time
and spatial derivatives are discretized in the so called global
methods. The numerical method of lines (MOL) is a mod-
ular and flexible approach to programming partia differen-
tial equations solutions. The solution of the partial differen-
tial equations is performed in two steps: the boundary value
derivatives are approximated by a discretization technique;
then the remaining initial value problem is handled with an
appropriate integrator. MOL has become the most widely
used solution technique for large-scale time-dependent par-
tial differential equations [15-18]. Although there are sev-
eral software packages that use this methodology to solve
two-dimensional problems, they are not usualy easy to ap-
ply to adsorption equations, since adsorption isnot described
by truly two-dimensional models, but rather by two-region
models [19].

In thiswork, atransport model that considers a dispersed
flow in the column and three consecutive transport rate re-
sistancesto ideal equilibrium separation: external film resis-
tance, particleinternal diffusion and finitekinetic rate, isused
for the simulation of the adsorption step of afrontal affinity
chromatography process. Such models provide a general re-
alistic description of almost all practical systems [20]. The
work was oriented to show that an accurate solution of the
transport model can be obtained using a simple numerical
solution.

The solution of the model was obtained using the numeri-
cal method of lines. The solution was compared with experi-
mental datafrom the literature of the adsorption of lysozyme
to Cibacron Blue Sepharose CL-6B and the Thomas ana-
lytic solution of the lumped parameter column model [21].
The MOL solution of the transport model was used to per-
form a parametric analysis of the experimental system. The
influence of process and physical parameters on the affinity
process was investigated.

2. Frontal affinity chromatography model

During column operation in frontal mode the sample is
fed continuoudly into the column. For a short time the solute
in the feed is taken up almost completely, but after a while,
solute breakthrough occurs and the effluent concentration in-
creases with time. Much of the information needed to eval-
uate column performance is contained in these typical plots
of effluent concentration versustime or breakthrough curves
(BTC). These curves can be used to determine: (1) how much
of the column capacity has been utilized, (2) how much so-

lute islost in the effluent, and (3) the processing time. This
is precisely the performance information needed to optimize
separation processing [1]. A mathematical model which can
be used to accurately predict this dynamic behavior provides
a practical way to obviate many experiments in the design
and scale-up of afrontal affinity process.

2.1. Physical model

Many frontal affinity chromatography systems of indus-
trial interest involve single-component adsorption. For this
reason, in this study the frontal affinity model is based on the
isothermal sorption of a single solute during flow through a
porous fixed-bed of diffusive adsorbent particles with an av-
erage radius, rm, and a porosity, ¢;, on which the ligand is
immobilized. In this analysis, the feed protein concentration
is, co, the protein solution in the system has a transient con-
centration, c(z, t), with aconstant interstitial flow-velocity, v,
through the column, with height, L, and a void-bed porosity,
¢. The protein concentrations in the adsorbent fluid and solid
phases are, ¢; and ¢;, respectively.

To achieveamathematical description of afrontal affinity-
chromatographic process, two major phenomenamust bein-
cluded: matrix hydrodynamics must be assessed, as well as
the nature of the binding processitself. In this study, atrans-
port model that considers a dispersed flow in the column
and three consecutive transport rate resistances to ideal equi-
librium separation is used for the simulation of the frontal
afinity chromatography system.

TheFickian convectivedispersioninthecolumnischarac-
terized by the axial dispersion coefficient, D . The transport
of protein is considered to involve the interfacial transport of
protein to the outer surface of the adsorbent particles from
the bulk liquid through the adsorbent surrounding stagnant
film characterized by the coefficient, ks, the diffusion in the
porefluid described by an effective diffusion coefficient, Dg,
and the adsorption step of the protein with active sites on the
surface of the adsorbent. The intrinsic adsorption rate can
be described by different kinetic models. In this study, an
adsorption-desorption model of the Langmuir typeis used.

2.2. Transport model

Due to the nonlinear equilibrium that characterizes affin-
ity chromatography, adsorption behavior is best described
by rate theories. This engineering approach to modelling in-
volves the use of conservation equations, equilibrium laws
at interfaces, kinetic laws of transport and adsorption and,
initial and boundary conditions.

To describe the concentration change of protein with time
at the column exit, the following equation can be derived by
a solute mass balance in the fluid phase,

dc 8%c dc 3(1-¢)
o L7 + =——

02 Vo T
Z Z m

kg (C - Ci)|r:rm (1)
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The equation to describe the change of concentration of
solute in the fluid of the adsorbent pores can be obtained by
a solute mass balance in the particle,

8C,' Bq,» 326‘,' 236,‘
— +(1—¢)— =Dg| —+-— 2
8l8t+( #i) ot E(8r2+r8r @

To describe the complex interactions between solute and
affinity adsorbent, simplified modelsareoftenused[1,10,12].
In general, a second-order reversible adsorption reaction is
considered, where the solute is assumed to interact with the
adsorbent by amonovalent interaction and characteristic con-
stant binding energy:

P+S=PS

where P isthe protein in solution, Sisthe ligand adsorption
site and PSis the proteinigand complex.

Therate of adsorption for thistypeof interactionisusually
represented as

% = kici (gm — qi) — k2gi ©)
where k1 and k» are the adsorption and desorption rate con-
stant, respectively. At equilibrium Eq. (3) gives the form of
the Langmuir isotherm with equilibrium desorption constant
K4 = k2/ k1 and maximum adsorption capacity gm.

At the beginning of the operation there is no protein
present in the system, therefore

ar=0 ¢=0, 0<z<L 4)
ar=0 ¢ =0 0<r<r ©)
ar=0 ¢ =0 0<r<m (6)

The Danckwerts boundary conditions[22] are used to ac-
count for dispersion at the entrance of the column and com-
plete mixing with only convection flow at the end of the col-
umn, and given by, respectively

0
az=0, evcl,_g—eDL % =cgvcg, t>0 (7

8z 7=0

0

az=L, <| =0, >0 )
0z 7=L

Due to particle symmetry,

3 .

ar=0 = —Z0, >0 9)
or r=0

At the mouth of the particle pore,

oc;
ki (¢ — ¢)ly=, = D — ,

t>0 (10
or >0 (10)

ar= m,
r=rm

The frontal affinity model can be expressed in a
dimensionless form using the following dimensionless
variables:

! Dgt )
c=Stpr=Llr=Y, = §;¢i:ﬂ;
co m L rm qm
L
Pe:U—;Zzi (11)
D L

The corresponding dimensi onless mass bal ance equations
are:

ac 1 9C

aC 3 (1-eL
T  Pe dZ?

a_Z_ m EvV

ki (C—Ci)lg=1
(12)

. — O 2
G i (A — &) rmgmka [coCi (1 — ¢) — Kapi]

ot &iDeco
1 /9C; 203G
I Z= 13
si<8R2+R8R) (13
the dimensionless adsorption rate,
i ik
— = = 1[coC (1 — i) — Kagi] (14)
ot Dg

and the dimensionless initial and boundary conditions,

aT=0 C=0 0<z<1 (15)

ar=0 ¢ =0 0<R<1 (16)

aT=0 ¢=0 O0<R<1 (17)
9C L

az=0 | =22 (Clzo-1)., T>0 (19
GZ 7Z=0 D|_
9C

az=1 | =0 T>0 (19)
3C;

arR=0— =0, T>0 (20)
IR [r=0
aC; k

ar=1 i =HMic_c)p, T>0 (21

2.3. Numerical solution of the transport model

Inthisstudy, the model given by Egs. (12)—(21) wassolved
using the numerical method of lines(Fig. 1). The DSS2D dif-
ferential system simulator was used as the main program. It
calls subroutines INITAL and PRINT to set and print the
system initial conditions, respectively. Then subroutine IN-
TEG is called to cover one print interval of the solution. IN-
TEG in turn calls subroutine INT15 [which implements the
Runge—KuttaFehlberg 45 (RK F45) formulas] to computethe
solution over the print interval. INT15 will, in general, call
subroutine DERV many times during the calculation of the
solution by numerical integration.
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The system of ordinary differential equations which ap-
proximates the PDESs are programmed in subroutine DERV.
This subroutine calls subroutine DSS034M to calculate the
two-dimensional spatial derivatives dC;/dR and 3°C;/dR?;
DSS034M in turn cals the one-dimensional subroutines
DSS004 and DSS044. To cal cul ate the one-dimensional spa-
tial derivatives 8C/9Z and 9°C/8Z?, DERV calls directly
subroutines DSS004 and DSS044, which compute first and
second derivatives, respectively, using five-point, fourth-
order finite difference approximations [17].

To conduct the simulation studies, NR = 10 and NZ =
100 discretization points were used in the radial and axial
dimensions, respectively. A grid analysis was used to com-
parethe breakthrough curve sharpness using adifferent num-
ber of discretization points. Almost no effect was observed
with an increase in the number of discretization pointsin the

2.4. Lumped parameter model

The most general relation that has been developed to de-
scribe breakthrough behavior involves Langmuir reaction ki-
netics as the rate-limiting step and non-dispersive convective
flow through the column. It is known as the Thomas model
[21]. Without mass-transfer effects on column performance,
the overall rate of adsorption is only limited by the intrin-
sic adsorption kinetics. Another interpretation is that under
mass-transfer limitations all effects of internal and external
diffusion within and outside the beads as well as any dis-
persion in the column are lumped together with the kinet-
ics. Thisapproach isuseful when mass-transfer resistance by
pore-diffusion is relatively small. In this particular case, the
analytical solution of the non-dispersive model is expressed
asfollows:

J(N/Y,NI)

X = (22)
J(N/T,NI)+ [1— J(N,NIJT)]exp[(1 — 1/ T)(N — NI')]
radial (NR = 20; NZ = 100) or in the axial (NR =10and  Where
NZ = 150) direction. These comparisons produced a mean x=X< (23)
square error of MSE = 1.63 x 1079 and 4.38 x 1075, re- co
spectively. A significant increase in curve dispersion was eKqT (T — 1)
observed with a decrease in the number of discretization = A (24)
points in the radial (NR = 5 and NZ = 100) or in the axial dm
(NR = 10and NZ = 50) direction. In these comparisons, the r—142 (25)
values of the mean square error where MSE = 6.30 x 107° Kq
and 0.179, respectively. vt
All the codes were incorporated in a Fortran 90 program r= 5 (26)
that was run in a Compaq Alpha Server ES40 DEC660 with (1= &)gmk1L
four CPU of 833 MHz. The computational time to obtain the N=—"" 27)
complete breakthrough curve was 70 min. ev
and J is atwo-parameter function of « and 8, given by:
S f)= 1= [ etL @/ de (28)
Main program .| [Initial 0
DSS2D f i ”f::’T'R‘E“"S where Iy refers to the zero-order modified Bessel function
; of the first kind [23]. The anaytical solution of Egs. (22)—
v v (28) (or Thomas model) was evaluated numerically for com-
Integrator » Print solution parison with the numerical MOL solution and experimental
e e pRNT daa

|

ODE integrator

INT15
ZdD ?pat'ial Jerppu.ral o 1D first spatial
erivatives erivatives "] derivative
DSS034M » DERV - DSS004 @
l_‘iil 1D second
spatial deriy
DSS044 [B]

Fig. 1. Numerical method of lines solution scheme of the frontal affinity
transport model.

3. Input data for the study

The adsorption of lysozyme to Cibacron Blue Sepharose
CL-6B was chosen as the model system. The values of the
parameters utilized to conduct the simulation studies were
obtained from the studies of Chase [10] and Kempeet a. [6]
and are presented in Table 1.

To properly conduct thissimulation, the experimental data
were displaced one column residence time, because thetime
t in Chase's paper is measured from the time at which non-
adsorbing speciesexit the column. Inthiswork, ¢ ismeasured
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Tablel

Base case data used in simulation studies of frontal affinity adsorption of lysozyme to Cibacron Blue Sepharose CL-6B (Chase [10] and Kempe et al. [6])

Variable

Value

Inlet protein concentration

Flow-rate

Column length

Column diameter

Bed porosity

Bead porosity

Bead radius

Axid dispersion

Film mass-transfer rate

Solution viscosity

Solution density

Lysozyme diffusivity in free liquid
Effective diffusion coefficient

Adsorption rate constant (Transport model)
Adsorption rate constant (Thomas model)
Equilibrium desorption constant
Maximum adsorption capacity

M aximum adsorption capacity of solid gel

co = 7.14 x 103 mol/m?3
F =167 x108m?/s
L = 0.014, 0.027, 0.041, 0.104m

Cp =0.01m
e=0.39
& = 0.75

rm=5x10""m

D =5.75x 107 8m?/s
ki = 6.9 x 10~®m/s

u = 0.95g/m.s
p=10x106g/m3

Dag = 1.06 x 10719m?2/s
Dg =53x 101 m?/s
k1 = 1.144m?3/(mol s)

ki = 0.286m?3/(mol 9)

Kq = 1.748 x 10~3mol /m3
gms = 1.0mol/m?3

gm = 5.246 mol /m3

starting from the time at which the feed is introduced to the
front of the bed. This last definition is commonly used in
chromatography analysis because this time measurement is
independent of the size of the non-adsorbing species, whichis
less ambiguous. The maximum adsorption capacity was cal-
culated with respect to bed porosity, ¢, and available volume
to the protein as gm = 0.8 x gms/[(1 — €)(1 — &)].

In the analysis of the influence of bead diameter on the
affinity process the mass-transfer coefficient was estimated
using the Foo and Rice correlation [24],

Sh = 2+ 1.45 Rey/ *Sc'/3 (29)
where
ked d
Sh=—P ge=-—t" | Rep= o (V) p (30)
Dap pDaB

Also, as stated by Kempe et al. [6] the value of the Peclet
number was set to 1 and the axial dispersion coefficient was
calculated with the following expression:

ud,
Pe = —£

= (31)

4. Results and discussion

The solution to the transport model for frontal affinity
chromatography of lysozyme to Cibacron Blue Sepharose
CL-6B was obtained using the MOL. This solution was com-
pared with the experimental data and with the analytical so-
Iution of the lumped parameter model. Four column lengths
were considered: 0.014, 0.027, 0.041 and 0.104m. The re-
sultsare shown in Fig. 2.

Taking into account the four column lengths, the aver-
age of the residual sum of squares between model calcu-
lations and experimental data were 0.0192 + 0.0089 and
0.1185 + 0.0051 for the MOL and the Thomas solution, re-
spectively. A much better fit to the experimental data was
obtained using MOL solution with the base parameter val-
ues. In these computations, the kinetic parameter value was
set to k1 = 1.144m3/moal s, since in the transport model this
is not a lumped parameter. The simulation runs with the
Thomas model using the value for the lumped parameter
k1 = 0.286m3/mol s fitted fairly well to the experimental
data

In order to study how the transport model solution isable
to account for variations in operating characteristics with
system parameters, a parametric analysis was performed
by overlaying frontal affinity curves from several computer
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1.0

0.81

0.6

C/Co

0.4

0.2

T
600 800 1000 1200 1400

t (min)

Fig. 2. Transport and lumped kinetic parameter models compared with frontal affinity chromatography experimental data (Chase [10]). Operating conditions
according to Table 1. (o) Experimental data. (—) Numerical method of lines solution of the transport model. (- - -) Lumped parameter model. The column
lengths used were (a) 0.014 m (b) 0.027m, (c) 0.041m and (d) 0.104 m.

simulations, in which one parameter was changed while the for the transport processis also augmented. Thisresultsin a
others were kept constant at the basic set of valuesin Table faster saturation of the adsorbent beads. When the beads be-
1 and using a column length of L = 0.014m. The effect of came saturated more rapidly, they will extract protein from
inlet protein concentration and bead diameter is reported. the mobile phase for a shorter time, resulting in a sharper

Upstream perturbations can initiate changes in process breakthrough curve. Hence, on thisbasis, it is more efficient
inlet concentrations that are important for study. The inlet to apply solute at high concentration. The utilization of the
protein concentration was changed using £20 and +40% maximum capacity of the bed is greater at higher solute con-
variations of the co = 7.14 x 10~3mol/m? base value. The centration as these conditions favor a greater extent of ad-
corresponding curves are shown in Fig. 3. Anincreased in- sorption at equilibrium. As reported by Chase [10], when
let concentration gives an early and sharper breakthrough the dimensionless exit concentration of the column is plotted
curve. Astheinlet concentration increases, the driving-force against the adsorbent applied to the column, an effect isonly

C/Co

0 50 100 150 200 250 300
t (min)

Fig. 3. Influence of the inlet protein concentration to the column on the affinity breakthrough behavior. Operating conditions according to Table 1 with the
column length of L = 0.014m: (a) +40%, (b) +20%, (C) co = 7.14 x 10~3mol/m3, (d) —20 and () —40%.
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0.8

0.6

C/Co

0.4 4

0.2 1

0.0

2000 280 300

t (min)

Fig. 4. Influence of the bead diameter on affinity breakthrough behavior. Operating conditions according to Table 1 with the column length of L = 0.014m:

(8) —80%, (b) —40%, (C) dp = 100 um, (d) +40% and, (€) +80%.

noticed on the shape and position of the breakthrough curve
when the inlet concentration, cg, is comparable or smaller
than the desorption equilibrium constant, Ky. The shape and
position of the breakthrough curve becomes constant when
co >> Kyg.

The process parameter of most interest is the bead diam-
eter. The bead diameter was changed using +40 and +80%
variations of thedp, = 100 wm basevalue. The corresponding

C/Co

curvesareshowninFig. 4. A sharper breakthrough curveand
consequently a greater operation capacity is obtained as the
bead diameter decreases. It can also be noted from the figure
that this effect is less dramatic as the bead size decreases.
As particle diameter decreases the initial adsorption rate in-
creases markedly, sincethe diffusion timeisdecreased dueto
the shorter diffusion path. At the same time the area/volume
ratiofor asingleparticle(3/rm) increases, givinganincreased

200

Fig. 5. Variation of the dimensionless protein concentration in the bulk liquid, ¢/co, with the dimensionless column length, Z, and thereal time, z.
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Fig. 6. Variation of the average dimensionless protein concentration in the adsorbent pore liquid, ¢;/co, with the dimensionless column length, Z, and the real

time, 1.

mass transfer area between the surrounding liquid phase and
the bead. Both factors contribute to the increase in total ad-
sorption rate.

The MOL solution of the transport model was also used to
describe in more detailed form the affinity chromatography
process, e.g. detailing the protein dimensionless concentra-
tion profilesin the bulk liquid at the column end, ¢/cop; inthe

-

i
1
0.8
g 06 \»
E 1
> 1
K] i
T 04.l
0.2/ ‘\‘

\\\\\\- &

3

L

adsorbent pore liquid (average), c;/co; and in the adsorbed
phase (average), ¢; /qm; asfunction of the dimensionless col-
umn length, Z, and the real time, ¢, (Figs. 5-7). The concen-
tration profilesin Fig. 5 are very symmetric suggesting the
importance of both liquid film and pore diffusion masstrans-
fer resistances in the adsorption process. The total column
equilibration occurs in about 150 min. The high slope of the
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curvesin the 0.5 region indicates the additional contribution
of the dispersion to curve spreading. The film mass transfer
resistance and dispersion effect can alsobeobservedinFig. 6.
At the column entrance, the average protein concentration in
the adsorbent pore liquid reached the column inlet concen-
tration in about 40 min. Consequently, when comparing the
Figs. 5 and 6 profiles, an obvious positive concentration gra-
dient isalways present al ong the adsorption process except at
the end when breakthrough occurs. The protein concentration
profile in the adsorbed phase shown in Fig. 7, reach a maxi-
mum value of 0.8 which isthe concentration in the adsorbent
in equilibrium with the column inlet protein concentration,
in accordance with aLangmuir isotherm. Analogously, when
comparing the Figs. 6 and 7 profiles, apositive concentration
gradient is also present.

5. Conclusions

The performance of frontal affinity chromatography of
lysozymeto Cibacron Blue Sepharose CL-6B Sepharosewas
successfully described with a three-resistances and column
dispersed flow model. Programming the model solution
was relatively simple using MOL. The parametric analysis
conducted helps to show the influence of both operation
and system parameters on the affinity process. An early and
sharper breakthrough curve and therefore agreater operating
throughput of the affinity process is obtained with increased
column inlet concentrations. In the bead-size parametric
study, a sharper breakthrough curve and consequently a
greater operating throughput was obtained as the bead diam-
eter decreases. This effect was less dramatic as the bead size
decreases. The dynamic responses obtained are in concor-
dancewith theoretical predictionsand show that the transport
model can be used as a framework to provide a genera
description of almost all practical systems, when the appro-
priate basic experimental parameters and numerical solution
areused. The MOL solution of the transport model permitted
an accurate prediction of the frontal affinity performance
and a better understanding of the fundamental mechanisms
responsible for the separation. The influence of the adsorp-
tion properties of the protein from other components present
in more complex mixtures, should enable the work described
here with a model system to be extended to more practical
situations. We plan a similar analysis for multicomponent
systems.
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