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A theoretical and experimental study of displacement development in cation-exchange 
displacement Chromatography is cam‘ed out, Simulated displacement chromatograms 
are generated using a numerical model of displacement chromatography, which employs 
the steric mass action (SMA) formalism to describe the multicomponent nonlinear ad- 
solption of proteins and polyelectrolytes. Simulated profiles of transient displacement 
chromatography are compared with experimental displacements over a range of operat- 
ing conditions, and the model accurately predicts transient displacement behavior. The 
success of the model indicates that the SMA formalism is an appropriate tool for pre- 
dicting multicomponent equilibrium adsolption of proteins. Simulated and experimental 
chromatograms indicate that significantly higher throughputs can be achieved by operat- 
ing these protein displacement systems under nondeveloped conditions. In addition, 
displacement development proceeds faster at lower salt concentration, indicating that a 
reduction of the cam‘er salt concentration offers a means to further elevate the produc- 
tivity of displacement systems. This work sets the stage for the optimization of protein 
displacement chromatography. 

Introduction 
Ion-exchange chromatography is ubiquitous in the down- 

stream processing of biopharmaceuticals. Conventional over- 
loaded elution mode, when employed for preparative chro- 
matography, is often associated with significant peak tailing 
and dilution of the product ( b o x  and Pyper, 1986). Gradient 
mode, while overcoming dilution effects, requires sufficiently 
high separation factors in order to achieve the desired resolu- 
tion, Displacement chromatography offers an alternative for 
preparative separations by overcoming disadvantages preva- 
lent in both of the conventional operational modes (Horvhth, 
1985; Frenz and Horvhth, 1988; Cramer and Subramanian, 
1990). The displacement process is based on the competition 
of solutes for adsorption sites on the stationary phase accord- 
ing to their relative binding affinities and mobile phase con- 
centrations. Displacement chromatography can maintain the 
inherent resolving power of linear elution chromatography 
while maintaining the high throughput and production con- 
centration of gradient elution. These advantages of displace- 
ment chromatography make it particularly well suited for the 
downstream processing of biopharmaceuticals. 

Correspondence concerning this article should be addressed to S. M. Cramer 

In the displacement mode, a packed bed is sequentially 
perfused with a carrier solution, a feed pulse, a displacer 
front, and finally a regenerant solution (Horvhth, 1985; Frenz 
and Horvhth, 1988; Cramer and Subramanian, 1990). The 
displacer is selected such that it has a higher affinity for the 
stationary phase than any of the feed components. The feed 
mixture to be separated is loaded under strongly retained 
conditions. The feed pulse is immediately followed by a con- 
stant infusion of the displacer compound in the carrier solu- 
tion. The displacer drives the feed components ahead of the 
displacer front forcing strong competitive adsorption and fa- 
cilitating separation. Under appropriate conditions, the ac- 
tion of the displacer causes the feed components to exit from 
the column as adjacent “square wave” zones of concentrated 
pure material in the order of increasing affinity of adsorp- 
tion. Once the displacer front exits the column, an appropri- 
ate regeneration solution is passed through the column fol- 
lowed by reequilibration with the carrier. 

The use of ion-exchange displacement chromatography for 
the purification of proteins has been investigated by a num- 
ber of researchers (Peterson and Torres, 1983; Liao et al., 
1987; Jen and Pinto, 1991; Gerstner and Cramer, 1992a,b; 

1676 July 1995 Vol. 41, No. 7 AIChE Journal 



Jayaraman et al., 1993; Gadam et al., 1993). Conventionally, 
displacement chromatography is carried out with feed loads 
small enough to ensure isotachic separations (full develop- 
ment). When the feed load is small, a fully developed train of 
adjacent square wave zones is achieved within the column. 
After this point, the displacement train travels through the 
rest of the column with no further separation. In order to 
maximize the column utilization in displacement chromatog- 
raphy, it is desirable to employ a column only as long as is 
required to furnish a complete separation of the product from 
the impurities. A number of studies have suggested that it is 
possible to increase the feed load beyond the maximum iso- 
tachic load while still achieving a complete separation (Liao 
et al., 1987; Ghose and Mattiasson, 1991; Gadam and Cramer, 
1994). However, a rigorous comparison of simulated and ex- 
perimental profiles in the displacement chromatography of 
proteins has not been reported to date. Such a study requires 
a model capable of representing the multicomponent adsorp- 
tion of proteins in an environment of varying salt concentra- 
tion. 

Models of displacement chromatography may be divided 
into two categories: ideal and nonideal. In ideal models of 
chromatography, the mass transport effects are ignored re- 
sulting in a simpler, though quite often reasonably accurate, 
model. For ideal chromatography employing the multicompo- 
nent Langmuir isotherm, a transformation of variables known 
as the h- or &transform has been presented (Helfferich and 
Klein, 1970; Rhee et al., 1970). A number of authors have 
conducted theoretical or theoretical/experimental studies of 
ideal displacement chromatography using the multicompo- 
nent Langmuir isotherm (Frenz and Horvdth, 1985; Rhee et 
al., 1989; Jen Pinto, 1992). Both Frenz and Horvdth and Jen 
and Pinto have discussed the possibility of loading greater 
than isotachic feed loads in order to increase column produc- 
tivity. Recently, some interesting work has been presented 
for ideal displacement chromatography governed by isotherms 
other than the multicomponent Langmuir (de Bolar et al., 
1992). 

When it is desirable to include mass-transfer resistances, 
these effects may be modeled in a number of ways (Helf- 
ferich and Carr, 1993). Generally, the solutions of the result- 
ing systems of equations will require the use of a finite ele- 
ment or a finite difference technique. Nonideal displacement 
chromatography using the multicomponent Langmuir and 
other isotherms has been studied quite widely (Phillips et al., 
1988; Gu et al., 1990; Antia and Horvdth, 1991; Berninger et 
al., 1991; Yu et al., 1991; Felinger and Guiochon, 1993). 

The multicomponent isotherm plays the crucial role in the 
calculation of displacement development (whether ideal or 
nonideal). To describe the equilibrium ion exchange of pro- 
teins, the steric mass action (SMA) formalism has been intro- 
duced (Brooks and Cramer, 1992; Gadam et al., 1993; Jayara- 
man et al., 1993). This model accounts for both the effect of 
salt on the adsorption of biomolecules and the effect of steric 
shielding, which occurs during the binding of large molecules 
to ion-exchange surfaces. Straightforward experimental pro- 
tocols have been developed for independently determining 
the SMA model parameters (characteristic charge, equilib- 
rium constant, and steric factor) of both proteins and high 
affinity displacers (Gadam et al., 1993; Gerstner and Cramer, 
1992a,b; Jayaraman et al., 1993). 

A simple analytical solution for the ideal displacement pro- 
file of an n-component mixture of proteins has already been 
presented and experimentally verified for fully developed 
(isotachic) separations (Brooks and Cramer, 1992; Jayaraman 
et al., 1993; Gerstner and Cramer, 1992a,b). Employing a col- 
umn shorter than required for isotachic development will re- 
sult in an “ undeveloped’” or “ transient profile” emerging from 
the column. As might be expected, the calculation of a tran- 
sient profile of an a-component mixture of proteins is some- 
what more complex than an ideal isotachic profile. However, 
transient profiles are valuable for two reasons. First, in an 
isotachic separation, the bands are essentially pure; thus, the 
equilibrium within each band is that of the counterion and 
one protein with the stationary phase. In a transient profile, 
the proteins are still substantially mixed and equilibrium will 
be between the counterion and more than one protein. Thus, 
correct prediction of the transient profile represents a more 
demanding test of the reliability of the SMA formalism than 
prediction of the isotachic state. 

Second, confirmation that SMA accurately predicts the 
length of column required for full separation lends insight 
into the optimization of displacement separations. It is, of 
course, desirable to employ a column only as long as is re- 
quired to furnish a complete separation of the product from 
the impurities. 

This article deals with a theoretical and experimental in- 
vestigation of the transient behavior in cation-exchange dis- 
placement chromatography. The experiments have been se- 
lected both in order to test the SMA formalism’s ability to 
predict multicomponent protein equilibrium and in order to 
investigate the development of displacement separations. 

Theory 

Equilibrium formalism 
The SMA formalism is a three-parameter model of ion ex- 

change designed specifically for representation of multicom- 
ponent protein-salt equilibrium adsorption. Development of 
SMA begins by assuming that the adsorption of a protein on 
the ion-exchange surface may be written in the form of a 
stoichiometric exchange with bound salt ions (Brooks and 
Cramer, 1992): 

where Ci and Qi refer to the concentration of protein in the 
mobile phase and on the stationary phase, C ,  refers to the 
concentration of salt in the mobile phase, and a, refers to 
the concentration of bound salt available for exchange. The 
equilibrium constant of the reaction may be written as: 

The term “salt” is used generically throughout what fol- 
lows; however, note that what is being discussed are monova- 
lent cations (in cation-exchange chromatography) or anions 
(in anion-exchange chromatography). For example, in the 
simulations below, the proteins employed (a-chymotryp- 
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sinogen and cytochrome-C) have a positive characteristic 
charge as does the monovalent cation with which they are 
free to exchange: sodium. 

Each protein molecule may sterically shield some salt 
counterions on the adsorptive surface. The quantity of salt 
counterions blocked by a particular protein will be propor- 
tional to the concentration of that protein on the surface: 

Electroneutrality requires that: 

NC 

A = + (v, + u,)Q, (4) 
r = 2  

Having introduced the SMA equations, a word about the 
meaning of the steric factor is necessary. in ion-exchange 
chromatography, nonidealities will be present in the mobile 
and stationary phases. Of course, these nonidealities may be 
accounted for by use of activity coefficients. However, since 
one of the dominant sources of nonideality is the differences 
in relative size of the adsorbed components, as suggested 
originally by Velayudhan, it is reasonable to modify the model 
to include this effect explicitly (Velayudhan, 1990). Myers has 
discussed explicit inclusion of nonideal effects in order to 
avoid the need for activity coefficients in adsorption on acti- 
vated carbon (Myers, 1983). Thus, the steric factor may be 
looked upon as a lumped parameter that includes a number 
of mobile and stationary phase nonidealities of which the 
dominant nonideality is expected to be steric shielding. 

Mass transport equations 
The model employed to describe mass transport in this 

work is a single parameter, lumped dispersion model (Czok 
and Guiochon, 1990; Ma and Guiochon, 1991). Equation 5 
describes transport in the packed bed of a chromatography 
column: 

d2Ci dCi dC, 1- E JQj 

dZ2 az at E d t  
-D,-+uo-+-+--=O (5) 

where Z is axial position, t is time, E is the total porosity of 
the column, uo is related to the superficial velocity by uo = 

U J E ,  and D, represents an effective dispersion coefficient. 
The stationary phase is assumed to be in local equilibrium 
with the mobile phase 

( 6 )  

where the equilibrium expression Fi is the SMA formalism 
discussed above. Because the mass transport equations in- 
clude this local equilibrium assumption, the use of this type 
of model is restricted to relatively small stationary phase par- 
ticles such as those employed in this study. In order to model 
the impact of mass transport resistance between the mobile 
and stationary phase, a more extensive mass transport model 
could be employed (Phillips et al., 1988; Gu et al., 1990; 
Berninger et al., 1991; Yu et al., 1991). For the purposes of 

this study, the more abbreviated model was utilized in order 
to reduce the time required for model solution. 

To define a solution, appropriate initial and boundary con- 
ditions must be supplied. The initial conditions are 

where represents the carrier sodium concentration at the 
inlet of the column. During operation, the counterion con- 
centration at the inlet of the column is held constant: 

After equilibration, the column is loaded 

Cj(0 < t < tf ,O) = ci,f 
C,JO < t < tf ,o> = 0 

where component NC is the displacer and tf is the length of 
the feed pulse. Subsequently, displacement occurs: 

Solution of model equations 
To solve this system of partial differential equations, a nu- 

merical technique developed by Guiochon and coworkers was 
employed (Czok and Guiochon, 1990; Ma and Guiochon, 
1991). In this technique, the system of partial differential 
equations describing ideal chromatography is solved by a fi- 
nite difference method: 

(7) 

where g = c + 49, c and q represent nondimensionalized 
mobile and stationary phase concentrations, 4 represents a 
nondimensionalized phase ratio, 7 and z represent nondi- 
mensional time and length coordinates, and n and i repre- 
sent time and spatial indices. Note that Eq. 7 is merely a 
finite difference form of Eq. 5 from which the dispersion term 
has been deleted. 

Equation 7 is a finite difference approximation of the 
transport equation of ideal chromatography. Since Eq. 7 is a 
first-order Taylor series approximation of the true solution, 
some error is associated with this calculation. Fortunately, 
this error may be employed to advantage. The error, termed 
“numerical dissipation,” has the property that it causes steep 
concentration gradients or shocks within the solution to be- 
come more diffuse. Guiochon and coworkers have shown that 
this numerical dissipation may be employed to approximate 
the actual dispersion that occurs in a chromatography col- 
umn (Czok and Guiochon, 1990; Ma and Guiochon, 1991). 

1678 July 1995 Vol. 41, No. 7 AIChE Journal 



Thus, Eq. 7 may be employed to provide an approximate so- 
lution to Eq. 5. 

Simple relations exist between the observed efficiency of 
the chromatography column, the effective dispersion of Eq. 
5, and the dimensions of the finite difference grid (Czok and 
Guiochon, 1990; Ma and Guiochon, 1991): 

H 2 0 ,  1 
A z - -  (8) -=-= 

L Lu, l + k ' A r  

where H is the height equivalent to a theoretical plate, L is 
the column length, and k '  is the capacity factor in linear 
chromatography. 

In ion-exchange chromatography, the fastest component in 
the column will be one that is unretained and moves at 
nondimensional velocity one. Thus, the stability of the finite 
difference method requires that: 

AT 
-<1  
Az - (9) 

The model described above is employed throughout this 
article to simulate the transient behavior of protein displace- 
ment systems under a range of conditions. Simulated chro- 
matograms were generated with a computer program written 
in FORTRAN. The program was run on an IBM ES/9000 
Model 580 mainframe computer using IBM VS FORTRAN 
under the MTS operating system. During the course of each 
computer simulation, approximately two CPU minutes 
elapsed. 

Simulation of the displacer front 
Examination of Table 1 reveals that the displacer's equilib- 

rium constant (5.5 X and its characteristic charge (64) 
are substantially larger than the corresponding protein pa- 
rameters. Given the fact that the displacer is a linear poly- 
electrolyte with a high charge to mass ratio, these parameters 
are not surprising; however, they do present a problem for 
simulation. The parameters themselves were estimated using 
the procedures described by Gadam et al. (1993) with Mi- 
crosoft's Excel program, which is capable of representing 
quantities well in excess of 1 . 0 ~  Unfortunately, the dis- 
placer equilibrium constant is larger than the maximum rep- 
resentable number within IBM VS FORTRAN. 

In order to simulate the displacer, the affinity theory of 
Brooks and Cramer was employed (Brooks and Cramer, 
1994). This theory represents a convenient tool for scaling 

Table 1. Equilibrium and Transport Parameters Employed 
in Simulation 

Column Capacity (A): 590 mM 
Plates/Meter at k '  = 2(N): 3,500 m-l 
Void Fraction (€1 0.70 

the adsorption parameters of the displacer. The scaling pro- 
duces a set of parameters Kl,d,pseudo, (I;l,pseudo, and q p s e u d o .  

These pseudo-displacer parameters may be employed to sim- 
ulate a front that has the same breakthrough time and induced 
salt gradient as the original unscaled front. Further, according 
to the theory, the scaled front will have the same affinity, that 
is, the same ability to displace proteins. The theory states 
that any displacer that has the same affinity parameter A, will 
have the same displacer efficacy: 

(10) 

where A = Qd/cd is the partition coefficient of the displacer. 
Using this theory, a pseudo displacer was developed with 
the following properties: characteristic charge of one 
( u ~ , ~ ~ ~ ~ ~ ~  = 1.0); steric factor reduced by the same factor 
(gd,pseudo - ,or] ginal/ud ,or] glnal = 2.17); and concentration en- 

nally, the pseudo-displacer equilibrium constant was chosen 
using the following iteration function: 

- 
- larged the Same factor (Cd,pseudo - Cd,or~g~nal*vd,or~g~nal). Fi- 

where A = ed,original/Cd,original = Qd,pseudo/Cd,pseudo is the iter- 
ation variable. The use of these pseudo-displacer parameters 
allows simulations employing high-affinity displacers such as 
40 kD DEAE dextran to proceed without numerical over- 
flow. For presentation in the figures, the displacer front 
was scaled back using the transformation: Cd,origlna, = 
Cd,pseudo/ud,original. 

Experimental Methods 

Materials 
Strong cation exchange (sulfopropyl, 8 pm, 100 X 5 mm ID) 

columns were donated by Millipore (Waters Chromatography 
Div., Millipore, Milford, MA). Sodium monobasic phosphate, 
sodium dibasic phosphate, a-chymotrypsinogen, and cy- 
tochrome-C were purchased from Sigma Chemical Co. (St. 
Louis, MO). The displacer, 40 kD DEAE dextran, was do- 
nated by Pharmacia-LIU3 Biotechnology (Uppsala, Sweden). 
10-kD molecular weight cut-off cellulose triacetate mem- 
branes were obtained from Sartorius (Goettingen, Germany). 
Polyvinylsulfuric acid potassium salt (PVSK), polydiallyl 
dimethyl ammonium chloride (polyDADMAC) and indicator 
o-toluidine blue were obtained from Nalco Chemical Co. 
(Naperville, IL). 

Charact. Steric Equilib. 
Solute Charge (v,) Factor (0;) Const. ( K l , )  

Sodium 1 .o 9 1.0 
a-Chymotrypsinogen 5.0 44 5.5 x 10-3 
Cytochrome-C 5.9 54 6.9 X lo-' 
40 kd DEAE dextran 64 138 5.5 x 1044 

&Par- 
Diafiltration of the 40 kD DEAE dextran displacer was 

carried out in an Amicon 8050 stirred cell (Amicon, Danvers, 
MA) using the cellulose triacetate UF membranes. All dis- 
placement experiments were carried out using a Model LC 
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2150 pump (LKB-Produkter AB, Bromma, Sweden) con- 
nected to the chromatographic columns via a Model ClOW 
10-port valve (Valco, Houston, TX). Fractions of the column 
effluent were collected using LJSB 2212 Helirac fraction col- 
lector (LKB-Produkter AB, Bromma, Sweden). 

Protein analysis of the collected fractions was carried out 
using a Model Waters 590 HPLC pump (Waters, Millipore, 
Milford, MA), a Model 7125 sampling valve (Rheodyne, Co- 
tati, CA), a spectroflow 757 UV-VIS absorbance detector 
(Applied Biosystems Ltd., Foster City, CAI and a Model C- 
R3A Chromatopac integrator (Shimadzu, Kyoto, Japan). 
Sodium analysis was done using a Perkin-Elmer, Model 3030 
(Perkin-Elmer, Nonvalk, (JT) atomic absorption spectropho- 
tometer. Lyophilization was carried out using a Model Lyph 
Lock 4.5 Freeze Dry System (Labconco, Kansas City, MO). 

0.48 
0.45 
0.45 
0.48 
0.44 
0.48 

Procedures 
The adsorption parame- 

ters and transport parameters of the proteins are listed in 
Table 1. These parameters were determined on strong cation 
exchange columns (sulfopropyl, 8 pm, 1OOX 5 mm I.D.) using 
the experimental procedures described by Gadam et al. 
(1993). [Note that the values in Table 1 differ slightly from 
previously reported values (Gadam, 1993) since different lots 
of protein and stationary phase were employed in this study.] 
The carrier was buffered using a combination of sodium 
monobasic and dibasic phosphate, the ratio chosen to give 
the appropriate pH range. The desired concentration of 
sodium ions was obtained subsequently by addition of sodium 
chloride. The final pH was adjusted using phosphoric acid. 

At a flow rate of 0.1 mL/min, the efficiency of the column 
was determined by measuring the width at half-height of sep- 
arate dilute injections of a-chymotrypsinogen and cy- 
tochrome-C; an average of the resulting efficiencies was em- 
ployed. 

DEAE dextran (40 kD) was 
diafiltered using a 10 kD molecular weight cut-off membrane 
to remove salts and other low molecular weight impurities. 
After diafiltration, the retentate was lyophilized. 

Operation of the Displacement Chromatograph. In all dis- 
placement experiments, the columns were initially equili- 
brated with the carrier and then sequentially perfused with 
feed, displacer, and regenerant solutions. The feed and the 
displacer solutions were prepared in the same buffer as the 
carrier. Fractions of the column effluent were collected di- 
rectly from the column outlet to avoid extracolumn disper- 
sion of the purified components. 

Displacement Chromatography of Proteins in Cation Ex- 
change Systems. Feed mixtures of a-chymotrypsinogen and 
cytochrome-C were separated by displacement chromatogra- 
phy using DEAE-dextran displacer in a strong cation ex- 
change (SCX) column. The operating conditions are given in 
the figure legends of the corresponding displacement chro- 
matograms and in Table 2. All displacement experiments were 
carried out at room temperature at a flow rate of 0.1 mL/min 
using a carrier, pH 6.0, buffered with sodium phosphate. 
Fractions of 100 p L  were collected for subsequent analysis of 
protein and displacer. 

The column was regenerated after each dis- 
placement experiment by passing ten column volumes of a 
1-M NaCl solution in 100 mM phosphate buffer, pH 11.0. 

Estimation of Model Parameters. 

Purification of DEAE Dertran. 

Regeneration. 

0.87 
0.86 
0.86 
0.88 
0.83 
0.86 

Table 2. Conditions for Displacement Experiments 

Mobile phase: 
Column: 
Flow Rate: 0.1 mL/min 
Column Dead Volume: 1.37 mL 

Sodium phosphate; pH: 6.0 
100x5 mm I.D. Waters SP8HR 

Fig. 

a-Chy Cyt C Displacer 
Conc. Conc. Conc. 
mM 1 mM 1 mM 

Sodium 
Conc. 
mM 

la 
lb, 2 
lc, 3 
Id, 4 

5 
6 

0.96 
1.37 
2.40 
5.10 
3.50 
2.40 

0.70 
1.00 
1.75 
3.72 
2.5.5 
1.75 

0.75 
0.75 
0.75 
0.75 
0.78 
0.75 

75 
75 
75 
75 
20 
97 

Protein Analysis by HPLC. Protein analyses of the frac- 
tions collected during the displacement experiments were 
performed by ion-exchange HPLC under isocratic elution 
conditions. Sodium phosphate, 160 mM at pH 6.0, was em- 
ployed as mobile phase in a strong cation exchange column. 
Displacement fractions were diluted 10-100 fold with the 
eluent and 20-pL samples were injected at a flow rate of 0.5 
mL/min. The column effluent was monitored at 280 nm. 

40 kD DEAE dextran displacer was 
analyzed using a colloidal titration assay provided by Nalco 
Chemical Company. 25 p L  of the displacer solution in 50 mL 
deionized water background was titrated against PVSK 
reagent using o-toluidine indicator. Linear calibrations were 
generated using appropriate standards. 

Displacer Analysis. 

Results and Discussion 
The transient behavior in ion-exchange displacement sys- 

tems is important for two reasons. First, the optimum 
throughput in displacement systems often does not occur un- 
der isotachic operating conditions. Second, the application of 
the chromatographic model to predict transient profiles dur- 
ing displacement represents a demanding test of the ability of 
the SMA formalism to predict multicomponent equilibrium 
in ion-exchange systems. In the past, SMA-based models have 
been employed to describe the behavior of isotachic displace- 
ment separations in anion- and cation-exchange chromatog- 
raphy (Jayaraman et al., 1993; Gerstner and Cramer, 1993). 
In this article, transient displacement behavior is investigated 
using experiments in concert with a numerical model of dis- 
placement chromatography that employs the steric mass ac- 
tion (SMA) equilibrium formalism. 

Effect of increasing the feed load on displacement 
separation 

The proteins and displacer used in this study were a- 
chymotrypsinogen, cytochrome-C, and 40 kD DEAE-dextran. 
The nonlinear adsorption behavior of these solutes and iso- 
tachic displacement separation of these proteins have been 
examined previously (Gadam et al., 1993; Jayaraman et al., 
1993). 

Various stages of nondevelopment were generated by sys- 
tematically increasing the feed volume in a series of four dis- 
placement experiments. (The comparison of simulations and 
experiment will be presented later in the article.) Experimen- 
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Figure 1. Displacement chromatograms of the proteins 
a-chymotrypsinogen (crchy) and cytochrome 
C (cyt C) in a mobile phase of 75-mM sodium 
phosphate at pH: 6.0 displaced by 0.75-mM 40 
kD DEAE dextran. 
The concentrations and feed volumes of the proteins are: 
(a) 0.48-mM a-chy, 0.87-mM cyt C in 0.70 column volumes; 
(b) 0.45-mM a-chy, 0.86-mM cyt C in 1.00 column volumes; 
(c) 0.45-mM a-chy, 0.86-mM cyt C in 1.75 column volumes; 
(d) 0.48-mM a-chy, 0.88-mM cyt C in 3.72 column volumes. 

tal conditions employed in these displacements are presented 
in Table 2. In the first series of experiments, the mobile phase 
salt concentration at the inlet to the column was 75 mM, and 
the displacer concentration was 0.75 mM. The proteins were 
loaded at concentrations of 0.48-mM (11.5-mg/mL) a- 
chymotrypsinogen and 0.87-mM (10.8-mg/mL) cytochrome C. 
Using the SMA-based chromatographic model, it was pre- 
dicted that the separation of a feed volume of 0.96 mL (a 
total of 21.4 mg of protein loaded in 0.7 column volumes) 
constituted the maximum possible feed volume that would 
allow isotachic development. As seen in Figure la, a classical 
isotachic displacement separation of the two components is 
achieved. 

Figure l a  and the succeeding chromatograms are pre- 
sented using “column volumes” (or “column dead volumes’? 
as the abscissa unit. An unsorbed molecule will emerge from 
the column at 1 column volume, measured at 1.37 mL using a 
tracer capable of exploring the pore space of the column em- 
ployed in these experiments. (No measurable size exclusion 
effects were observed with any of the proteins or displacers 
employed in this study.) 

To put this loading in perspective, single component binding 
capacities (that is, the amount of a protein that would be 
bound by the entire column in single component frontal op- 
eration under the given conditions) were calculated using the 
SMA formalism and the parameters listed in Table 1. At 75 
mM salt concentration, passing a front of 0.48-mM a- 
chymotrypsinogen would result in binding of 71.2 mg of pro- 
tein to the column. The a-chymotrypsinogen loaded in the 
experiment shown in Figure l a  corresponds to 16% of the 
single component binding capacity of the column for that 
protein. At 75-mM salt concentration, passing a front of 0.87- 
mM cytochrome C would result in the binding of 42.2 mg of 
protein to the column. The cytochrome C loaded in the ex- 
periment shown in Figure l a  corresponds to 25% of the sin- 
gle component binding capacity of the column for cy- 
tochrome C. Thus, considering the column capacity at 75 mM 
saIt, a substantial amount of protein has been loaded in the 
isotachic experiment. 

Figure l b  shows the separation of the same two proteins 
with the feed volume increased to one column volume (1.37 
mL), all other conditions remaining the same as in Figure la. 
As seen in the Figure l c ,  the first component, a-chymotryp- 
sinogen, has formed a partially developed band while the cy- 
tochrome C has formed an isotachic square band. Because 
development proceeds from the rear of the displacement train 
to the front, it is to be expected that an increase in the feed 
volume would affect the front of the displacement train first. 

The feed volume was further increased to 1.75 column vol- 
umes (2.4 mL), all other conditions remaining the same. This 
feed volume represents approximately 2.5 times that of the 
isotachic feed load employed in Figure la. As seen in the 
figure, this experiment resulted in a partial nondevelopment 
of cytochrome C and complete nondevelopment of a- 
chymotrypsinogen. The striking feature of this experiment is 
that, in spite of the high loading (36% of the single compo- 
nent binding capacity for a-chymotrypsinogen and 61% of the 
single component binding capacity for cytochrome C), an al- 
most complete separation of the two components is achieved 
on the same column length. Clearly, it is important to be able 
to simulate these transient displacement systems in order to 
facilitate the determination of optimum conditions for maxi- 
mum productivity. 

Finally, a feed volume of 3.72 column volumes (5.1 mL) 
was employed (Figure Id). In this experiment, the feed load- 
ing continued after the proteins had saturated the column. 
This experiment was carried out to generate a complex com- 
bination of multicomponent frontal and nondeveloped dis- 
placement chromatography. Clearly, the goal of this experi- 
ment was not to achieve a separation, but rather to generate 
an extremely difficult challenge to the chromatographic model 
because of the extensive mixed regions in the final chro- 
matogram. 

Comparison of experimental and simulated transient 
profiks (75-mM sah) 

Experimental results presented above suggest that for a 
given column length, the feed load can be increased signifi- 
cantly beyond the isotachic feed load without loss of separa- 
tion. Clearly, it is desirable to employ the maximum possible 
feed load and retain complete separation on a given column. 
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Figure 2. Transient displacement of a-chymotrypsino- 
gen and cytochrome C by 0.75-mM 40 kD 
DEAE dextran in 75-mM sodium phosphate at 
pH: 6.0. 
(a) Separation of 0.45-mM a-chy, 0.86-mM cyt C in 1.00 col- 
umn volumes; (b) simulation. 

In previous work, the SMA equilibrium formalism in con- 
junction with appropriate mass balance equations has been 
shown to accurately model both isotachic displacement trains 
and induced salt gradients (Brooks and Cramer, 1992; Ja- 
yaraman et al., 1993; Gerstner and Cramer, 1992a,b). The 
following discussion will focus on the comparison of the chro- 
matographic model simulations with the transient displace- 
ment experiments. The model equations and the techniques 
of parameter estimation were discussed above. The model 
parameters are presented in Table 1. 

At the outset of this discussion, it is important to mention 
the method of fraction collection and analysis. During each 
experiment, 100 p L  fractions of the column effluent were 
collected, and each fraction was analyzed off-line. As a re- 
sult, the experimental chromatograms have a discontinuous 
contour. In contrast, the simulated chromatograms have a 
smooth contour in order to provide the maximum amount of 
information about these transient displacement systems. The 
effect of fraction collection will be examined in more detail 
in the discussion related to Figure 5. 

Figures 2a and 2b present a comparison of simulated and 
experimental displacements for the conditions described for 
Figure lb. The feed load is 1.4 times the maximum isotachic 
feed load. Examining the simulated chromatogram (Figure 2b) 

from right to left, the displacer has broken through at the 
expected point (approximately 3.6 column volumes), and the 
cytochrome C emerges as a square band at approximately 1.1 
mM concentration. Although the nondevelopment of the a- 
chymotrypsinogen is slightly more pronounced in the experi- 
ment than in the simulation, nondevelopment can clearly be 
seen in both figures. 

Figures 3a and 3b present a comparison of simulated and 
experimental displacements for the conditions described for 
Figure lc. The feed load is 2.5 times the maximum isotachic 
feed load. As seen in the figures, the model simulation is in 
good agreement with the nondeveloped displacement experi- 
ment. Again, the displacer breakthrough is well predicted 
(approximately 4.3 column volumes). In the simulated dis- 
placement (Figure 3b), the cytochrome C zone has formed a 
substantial square zone at the rear of the train with a concen- 
tration of approximately 1.1 mM. Toward the beginning of 
the cytochrome C zone, a region of nondevelopment has 
caused a spike in concentration. A small mixed zone exists at 
the interface between the cytochrome C and a-chymotryp- 
sinogen bands. The elution volume of this mixed region is 
well simulated (at approximately 3 column volumes). Finally, 
a pure spike of underdeveloped a-chymotrypsinogen emerges 
at a concentration of 5 mM at the start of the displacement 
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Figure 3. Transient displacement of a-chymotrypsino- 
gen and cytochrome C by 0.75-mM 40 kD 
DEAE dextran in 75-mM sodium phosphate at 
pH: 6.0. 
(a) Separation of 0.45-mM a-chy, 0.86-mM cyt C in 1.75 col- 
umn volumes; (b) simulation. 
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train. Figure 3 represents a feed volume slightly greater than 
the maximum feed volume that can be completely separated 
under these chromatographic conditions. As noted above, it 
is a substantial loading of the column, and this separation 
results in the purification of a large amount of protein. 

Figures 4a and 4b present a comparison of simulated and 
experimental displacements for the conditions described for 
Figure Id. The feed load is 5.3 times the maximum isotachic 
feed load. As noted earlier, loading was continued past the 
column saturation point, resulting in a combination of multi- 
component frontal and nondeveloped displacement. As seen 
in the figure, excellent agreement between theory and experi- 
ment is observed. Again, the displacer breakthrough is well 
predicted (approximately 6.3 column volumes). The cy- 
tochrome C zone has formed a relatively small square zone at 
the rear of the train with a concentration of approximately 
1.1 mM. Ahead of this developed zone, the cytochrome C 
band spikes up to a concentration of approximately 3.5 mM. 
In fact, the nondevelopment spike of cytochrome C could be 
visually monitored as a dark brown band moving down the 
column within a light brown band. At the beginning of this 
zone, a second region of constant concentration (approxi- 
mately 0.9 mM) was observed. The rear of the cy-chymotryp- 
sinogen band contains a spike of approximately 1.4 mM. Prior 

to that two constant concentration zones of 0.3 mM (right 
zone) and 1.0 mM (left zone) emerge. This is an important 
result in that it indicates the model can indeed be used for 
describing multicomponent equilibria under nonlinear condi- 
tions. 

The significance of lhe results presented in Figures 2 
through 4 is dramatic. Using a relatively simple set of data 
[ k ’  vs. salt concentration data at infinite dilution and a non- 
linear concentrated peak or front (Gadam et al., 1993; Gal- 
lant et al., 1994)] it is possible to predict the displacement of 
protein separations using the SMA-based model. In the next 
section, the utility of this chromatographic model will be ex- 
amined by further comparison of theory and experiment. 

Comparison of experiment and theory under other salt 
conditions 

Although induced salt gradients in displacement chro- 
matography cause substantial deviations of the actual mi- 
croenvironment salt concentrations from the “carrier” salt 
concentration, the concentration of salt introduced at the 
column inlet plays an important role in control and optimiza- 
tion of the displacement process. Having established the reli- 
ability of the model at 75-mM salt concentration, it was desir- 
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Figure 5. Transient displacement of crchymotrypsino- 
gen and cytochrome C by 0.78-mM 40 kD 
DEAE dextran in 20-mM sodium phosphate at 
pH: 6.0. 
(a) Separation of 0.44-mM a-chy, 0.83-mM cyt C in 2.55 col- 
umn volumes; (b) simulation; (c) simulated 1 0 0 - ~ L  fraction 
collection carried out on simulation depicted in b. 
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able to explore the validity of model predictions across a range 
of carrier salt concentrations. A value of 20 mM was selected 
as the “low” carrier salt concentration, because at this con- 
centration the microenvironment salt concentrations will be 
determined to a large extent by the induced salt gradients. A 
value of 97 mM was chosen as the “high”carrier salt concen- 
tration, because significantly higher concentrations would re- 
sult in elu’tion rather than displacement of the proteins, a 
potentially undesirable side effect of induced salt gradients. 

Figure 5 shows a displacement separation of a -  
chymotrypsinogen and cytochrome C conducted at 20-mM 
carrier salt concentration. A feed volume of 2.55 column vol- 
umes (3.5 mL) of 0.44-mM a-chymotrypsinogen and 0.83-mM 
cytochrome C was loaded during the feed cycle. As seen in 
the figure, even at such high feed loading (78 mg total pro- 
tein), almost complete separation of the two components was 
achieved. Furthermore, good agreement between theory and 
experiment was observed. Comparing the experimental result 
(Figure 5a) to the simulation (Figure 5b), the displacer has 
broken through at the expected point (approximately 5.2 col- 
umn volumes). In both figures, the cytochrome C forms an 
almost completely isotachic band of concentration 1.9 mM 
with a small region of nondevelopment at the front of the 
zone. The a-chymotrypsinogen exists in a small region of in- 
complete separation and in a highly concentrated spike that 
rises up to approximately 7.0 mM in the simulation and 5.0 
mM in the experiment. This overprediction of the a- 
chymotrypsinogen concentration can be understood based on 
the fraction collection protocol employed in the experimental 
procedure, The simulation (Figure 5b) depicts a smooth con- 
tinuous profile. When the simulation is replotted accounting 
for this 100 p L  fraction collection (Figure 5c), the sharp spike 
in a-chymotrypsinogen concentration is no longer so obvious. 
At the same time the front of displacer has become some- 
what more disperse in appearance. The effects of the fraction 
collection and analysis should certainly be considered as the 
reader examines the experimental and theoretical results pre- 
sented in this article. However, simulated fraction collection 
has not been employed throughout this article because it re- 
sults in a loss of information. 

Comparison of Figure 5 (20-mM salt in the carrier) and 
Figure 3 (75-mM salt in the carrier) indicate that similar lev- 
els of nondevelopment are present in the two displacements. 
However, in the 20-mM separation, the protein loading was 
50% higher. This suggests that displacement development 
proceeds more rapidly at lower salt concentrations, resulting 
in increased productivity. The isotachic concentrations are 
also higher at lower salt conditions, resulting in a more pro- 
nounced concentration effect during the displacement 
process. 

Examination of the simulated chromatogram (Figure 5b) 
reveals that approximately 40 mM of the 60-mM salt concen- 
tration in the protein zones was induced by the displacer. 
The existence of such large induced salt gradients has been 
documented in previous work (Brooks and Cramer, 1992; Ja- 
yaraman et al., 1993; Gerstner and Cramer, 1992a,b). Since 
the choice of displacer has a large effect on the magnitude of 
these induced salt gradients, careful consideration should be 
given to the SMA parameters of potential displacer molecules. 
This subject is addressed elsewhere in a systematic treatment 
by Brooks and Cramer (1994). 
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Figure 6. Transient displacement of a-chymotrypsino- 
gen and cytochrome C by 0.75-mM 40 kD 
DEAE dextran in 97-mM sodium phosphate at 
pH: 6.0. 
(a) Separation of 0.48-mM a-chy, 0.86-rnM cyc C in 1.75 col- 
u m n  volumes; (b) simulation. 

In Figure 6, a displacement experiment at 97 mM carrier 
salt with a feed volume of 1.75 column volumes of 0.48-mM 
a-chymotrypsinogen and 0.86-mM cytochrome C is pre- 
sented. This is the same feed load employed in the experi- 
ment depicted in Figure 3. In both the experimental chro- 
matogram (Figure 6a) and the simulation (Figure 6b), the cy- 
tochrome C forms a square zone of concentration 0.7 mM at 
the end of the displacement train. Further forward in the 
train, the cytochrome C spikes up to approximately 3.0 mM 
just prior to 3.0 column volumes. The a-chymotrypsinogen 
exists in a small mixed zone at the beginning of the cy- 
tochrome C. Immediately ahead of that, the cytochrome C 
spikes up sharply and, at the front of the train, forms a con- 
stant concentration zone of approximately 1.2 mM. 

The displacements depicted in Figures 6 and 3 were car- 
ried out with the same feed load and with carrier salt concen- 
trations of 97 and 75 mM, respectively. The displacement 
carried out at 75-mM carrier salt resulted in essentially com- 
plete separation of the proteins. In contrast, the displace- 
ment carried out at 97 mM had a more pronounced mixed 
region, indicating that the increase in carrier salt resulted in 
less development of the displacement process. This result, in 
concert with the result presented in Figure 5,  indicates that it 
is indeed desirable to operate at lower carrier salt conditions. 
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Conclusions 
The theoretical and experimental results presented in this 

article indicate that the SMA-based model is indeed well 
suited for simulating nondevelopment in protein displace- 
ment systems. Having observed the behavior of displacement 
development over a range of operating conditions, a number 
of observations may be made with regard to the productivity 
of displacement separations. First, operation under condi- 
tions of incomplete development offers a way to increase the 
productivity of a given displacement separation. Particularly 
when a relatively high affinity protein (which will arrange it- 
self at the rear of the displacement train) is the object of 
purification, it will be possible to load substantially more than 
the isotachic feed load while still satisfying rigorous stan- 
dards of purity and yield. 

The second observation from this work is that, for the same 
feed load, displacement development proceeds much faster 
at lower salt concentration. Thus, reduction of the carrier salt 
concentration offers a means to boost the separation produc- 
tivity. One caueat with respect to this point is that as the salt 
microenvironment of the protein bands decreases in magni- 
tude, the kinetics of desorption may adversely affect the sep- 
aration. It has been observed that the displacement bound- 
aries can become less sharp at extremely low salt concentra- 
tions. 

Clearly, the optimization of the production rate in dis- 
placement chromatography will most likely involve nondevel- 
oped scenarios. The SMA-based model is currently being em- 
ployed in concert with rigorous optimization techniques to 
study the optimization of both displacement and nonlinear 
gradient systems and will be the subject of a future report. 
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a Presi- 
the Na- 

Notation 
C, =mobile phase concentration, mM 

D, =effective diffusion coefficient, cm*/s 
F, =function which returns Q, when given C,, Cz, ... CNC, mM 
H =height equivalent to a theoretical plate, cm 

K,, =equilibrium constant 
L =column length, cm 
N = theoretical plates per meter, m-l 

Q, =stationary phase concentration, mM 

c, =bound salt which is not sterically shielded, mM 
Q, =bound salt which is sterically shielded, mM 

uo =chromatographic velocity, uo = us/€, cm/s 
Z =axial dimension of column, cm 

C L f  =feed concentration, mM 

NC =number of components present in mobile phase 

Q,,,,, =maximum possible single-component bound protein concen- 
tration, mM 

t =time dimension, s 

Greek letters 
c =void fraction 
A =column capacity, mM 
vt =characteristic charge 
wj = steric factor 

Subscript 
i =mobile/stationary phase component number ( i  = 1 desig- 

nates salt) 
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