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ABSTRACT 

The optimization of the displacement chromatographic separation of binary mixtures for maximizing the column throughput was 
investigated. The theory of coherence, based on the compound Langmuir model, was used to establish the general behavior of 
displacement chromatography through the use of distance-time diagrams. It is shown that columns should be operated at their 
resolution point for maximum throughput, and this is applicable to non-ideal displacement chromatography. Concentration of the feed 
sample to an optimum value is necessary to maximize the column throughput. The effects of the separation factor, capacity factors and 
resin saturation capacity with respect to throughput were also investigated. An analysis of the displacer affinity showed that low-affinity 
displacers are generally desirable in terms of development, regeneration and solubility requirements. A simple method is proposed for 
determining the optimum column loading for a given separation, and the extension of this approach to multi-component mixtures is 
discussed. This method can be used for the optimization of displacement separations of systems approximated by the compound 
Langmuir model. 

INTRODUCTION optimization [6]. Problems of regeneration and toxic 
displacers were recently addressed for ion-exchange 
displacement chromatography for protein purilica- 
tions [7,8]. Novel support materials that enhance 
mass transfer through convective flow in the pores 
[9] may provide a solution to low operational 
flow-rates. 

Method development and optimization of dis- 
placement chromatography are complicated by op- 
eration in the non-linear region of the isotherm and 
the use of displacers for achieving the separation. 
For chromatographic separations in elution mode, 
the fundamental resolution equation, 

As the commercialization of biotechnology pro- 
gresses, the need to develop cost-effective down- 
stream processing strategies is becoming more in- 
tense [ 11. Chromatographic purification steps, nor- 
mally the most expensive steps, are therefore prime 
targets for reducing costs. Most current applications 
of preparative chromatography have used over- 
loaded elution chromatography. It is known. that 
preparative elution chromatography suffers from 
several drawbacks, including peak tailing, diluted 
product and low column loading [2]. In contrast, 
displacement chromatography provides several ad- 
vantages, such as concentrated products, high col- &_fl.~-l,kj+l 
umn loading and low solvent consumption. Recent- 4 x k’i 

ly, progress in displacement chromatography for 
preparative applications, especially bioseparations, 
has been notable [2,3]. However, displacement chro- 
matography is not yet widely accepted in down- 
stream processing. There are several obstacles that 
hamper the application of this technique: lengthy 
regeneration, toxic displacers [4], low operational 
flow-rates [5] and complex method development and 

(1) 

has been used to establish guidelines for optimizing 
the resolution and the throughput in both the 
analytical and preparative modes [ 10,111. However, 
eqn. 1 is not applicable to the optimization of 
displacement chromatography. Further, the most 
important parameter in preparative-scale separa- 
tions, the column loading, can only be optimized 
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with a non-linear theory of chromatography. Previ- 
ous approaches to optimizing displacement chroma- 
tography have used non-ideal chromatographic mod- 
els to simulate specific separations [6,12,13]. Al- 
though these approaches predict the effects of axial 
dispersion and mass transfer rates, they cannot 
provide an overall picture of the dynamics of the 
displacement development process in a concise 
form, an essential component for a simple optimiza- 
tion technique. Distance-time diagrams [ 141 based 
on the theory of multi-component chromatography 
can provide such a tool for the efficient description 
of the chromatographic processes and at the same 
time be applicable to the cases where axial dispersion 
and mass transfer rates are important [ 151. 

In this study, an optimization method based on 
the coherence theory of multi-component chroma- 
tography [14] was developed. The coherence theory 
assumes ideal chromatographic behawior, and uses 
the compound Langmuir model for representing 
multi-component equilibrium behavior. A key fea- 
ture of this model is that it provides a mathematical 
transformation, the h-transformation., for depicting 
the dynamics of propagating systems, such as dis- 
placement development, in simple terms. The coher- 
ence theory has already been applied to displace- 
ment chromatography [2,14,16], and equations in 
terms of h compositions for calculating various 
resolution points are available* for both systems 
involving stoichiometric [14] and non-stoichiomet- 
ric adsorption behavior [2]. However, these equa- 
tions have not been exploited for optimizing the 
displacement process. In this work, a framework has 
been developed for optimizing ideal’ displacement 
chromatography of binary mixtures. Analytical ex- 
pressions in terms of mobile phase concentrations 
for displacement chromatography have been devel- 
oped for the general case of non-stoichiometric 
adsorption, and effects of operating and thermo- 
dynamic parameters have been evaluated. Further, 
it has been shown that finite mass transfer rates do 
not alter optimal operating conditions identified 
with the coherence model. 

The coherence approach to modeling displace- 
ment chromatography has been successful in several 
cases. For example, concentration profiles for the 
displacement chromatography of a fifteen-compo- 

nent rare earth mixture have been correctly calcu- 
lated using the h-transformation [ 171, and the coher- 
ence model has been demonstrated to describe 
adequately displacement development in a high-per- 
formance liquid chromatographic system [ 181. It has 
also been shown that a semi-ideal model [19] based 
on the compound Langmuir isotherm model pre- 
dicted well the band profiles obtained earlier for the 
formation of the isotachic train. Further, for over- 
loaded elution chromatography it has been demon- 
strated that optimum conditions identified with an 
ideal model are applicable to non-ideal cases, with 
minor modifications [ 1.51. These results indicate that 
the development of an optimization model based on 
the compound Langmuir isotherm and ideal chro- 
matographic behavior is likely to be practically 
useful. However, it must be emphasized that for 
systems that cannot be approximated by the com- 
pound Langmuir isotherm, such as systems that 
show selectivity reversal [20,21], the optimization 
method will have limited utility. 

As the method developed is restricted to systems 
obeying the compound Langmuir isotherm, caution 
has to be exercised in using the coefficients of this 
isotherm. It has been shown that the use of single- 
component Langmuir coefficients in the compound 
Langmuir isotherm violates the Gibbs-Duhem rela- 
tionship, unless the column saturation capacities are 
equal for all components [22,23]. For the chroma- 
tography of molecules of widely different size, such 
an assumption is unrealistic. Cox and Snyder [24] 
have reported significant effects of different column 
saturation capacities on overloaded elution chroma- 
tography. Nevertheless, if the compound Langmuir 
model is considered as a mathematical rather than a 
physical model, the use of different column satura- 
tion capacities becomes acceptable [25]. Further, the 
compound Langmuir model, based only on simple 
kinetic considerations, accounts only for competi- 
tive adsorption behavior. Hence, the use of single- 
component coefficients, although widely practised, 
is not recommended. Multi-component Langmuir 
coefficients can be conveniently measured with 
chromatographic methods [26,27], and these are 
recommended for use with the optimization proce- 
dure. 
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THEORY AND METHOD Column throughput: equation derivation 

Coherence theory 
The coherence theory of chromatography [14] is 

based on the multi-component Langmuir isotherm. 
In terms of the elution capacity factor, k;, this 
isotherm takes the form 

QT = 
kici 

1 + i hjCj 

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

j=l 

When used with the coherence theory, the species 
in eqn. 2 are numbered according to their affinity for 
the stationary phase, with component i having a 
stronger affinity than component i + 1. Hence for 
displacement the displacer is component 1. 

A distance-time diagram for displacement chro- 
matography of a binary mixture can be generated 
from wave velocities (eqn. 5) calculated from the h 
compositions of the presaturant, feed and displacer 
solutions [14]. For a binary separation of compo- 
nents 2 and 3 using a displacer 1, a simplified 
distance-time diagram is shown in Fig. 1. Nine 
waves are generated and all these waves are sharp if 

h; < 1 + blc: (8) 

The adjusted time, z, in Fig. 1 is defined as [14] 

kk 
(9) 

Adjusted velocities for each wave can be obtained 

The coherence theory is most useful when compo- 
sitions are expressed in an orthogonalized composi- 
tion space called the h space [14]. The transforma- 
tion from the c composition space to the h space 
involves the calculation of the roots of the equation 

from eqn. 5 as 

u1 = cc42 (1 -t 62c: + b&) (10) 

U2 = u4t h; (11) 

u3 = c-i!41 (1 + brc:) = us = u, (12) 

U4 = ~41 h; ~21 (1 + brcf) (13) 

u5 = a41 (1 + b,&(l + bzc: + b3C:) (14) 

U6 = ~141 h; 5131 (1 + brc:) (15) 

Ii, = ~(41 hj a31 (1 + brc:) (16) 

The h-roots in eqns. 11, 13, 15 and 16 can be 

For systems involving trivial roots, these roots are 
obtained from 

hj- 1 = 2 or hj = 2 if cj = 0 (1 < j < n) (4) 
J J 

hl = 1 if c1 =0 

In the h space, the adjusted composition velocity 
for a boundary with the jth root as the variable 
root is 

Uj = hj fi hi fi ail 
i=l i=l 

where 

(5) 

air = k;/k; (6) 

Real velocities can be calculated from adjusted 
velocities as follows 

UO 
Uj = 

kk+, 
(7) 

1+7 
J 

related to the equilibrium data and the feed compo- 
sition 

A.-----------------.-------- -.-.-- ..---.- ---------~ ----------- 

7- 

Fig. 1. Simplified distance-time diagram for the displacement 
chromatography of binary separations. The numbers in the 
circles represent the wave number. 
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h; = 3 
( 

a13(1 + b&) + a12(1 + M) - 

{[(x13(1 + b34) - @12(1 + b24)12 + (17) 

4C112c113b2C:t’3C:}+ 
> 

h; = 3 
( 

Q(l + b&) + aK!(l + b2Ci) + 

{[%3(1 + b34) - cQz(l + &($)I2 + (18) 

4cq2ct13b2c:E~3c~}i 
> 

Eqns. 10 and 14 can be used ta calculate the 
coordinates of the first interference point, where 
wave 5 catches wave 1: 

(19) 

and 

z15 = 715 u1 = 
ut us 

u5 - ut ’ Zfced 
(20) 

Similarly, eqns. 13, 15, 19 and 20 give the second 
interference point, where wave 4 catches wave 6: 

u5 (U6 - Ul> _ 
u5 - ut 

u 

4 

246 = ’ %eed = z 
UP 

U6 - u4 
(21) 

and 

u5(u6 - ul> _ 

u5 - ut 

u 
4 

246 = u4 
u6 - u4 1 -- 1 tfeed =ZRP (22) 

At this point the complete separation of compo- 
nents 2 and 3 is first achieved. This is defined as the 
resolution point (RP point in Fig. l), and is indicated 
with the coordinates rRP and zRP in eqns. 21 and 22. 
Note that the resolution point occurs whether or not 
eqn. 8 is satisfied. 

Define a dimensionless time, 8, as: 

In terms of 8, a resolution capacity (I,“,“,, is defined 
as the maximum feed time for which the resolution 
of the binary mixture can be achieved within a 
column length L. The resolution capacity can be 

calculated by substituting eqns. 9-16 and 23 into 
eqn. 22 and letting L = zRp: 

e Rp 1 - a32 

feed = 
1 + b2c; + b3c: - a,,h; 

(k; - K;) (24) 

where ~3,h’2 is only a function of properties of 
components 2 and 3. Therefore, the term outside the 
parentheses on the right-hand side of eqn. 24 is only 
a function of the properties and compositions of 
components 2 and 3. K1 is the frontal capacity factor 
of pure displacer, and can be directly measured 
experimentally from frontal chromatography of the 
displacer by 

K; = 
k; TX - To 

1 + blcf 
=- 

To 
(25) 

where T1 is the breakthrough time of the displacer. 
In order to locate the isotachic point, the point 
beyond which all wave velocities are equal, it is 
necessary to locate the third interference point, 
where wave 7 catches wave 2 (Fig. 1). If eqn. 8 is 
satisfied, it can be shown from eqns. 11, 16 and 
19-22 that 

u7 - ut u5 
227 = u7 _ u2 ’ u5 _ ul ’ Tfeed = z’s (26) 

and 

u7 - u1 u2 u5 
221 = u7 _ u2 ' u5 _ u1 ' Tfeed = zls (27) 

If eqn. 8 is not satisfied, explicit equations cannot 
be derived for the isotachic coordinates. Analogous 
to the resolution capacity, an isotachic capacity, 
e::_,, can be delined as the maximum feed time for 
which the isotachic condition can be achieved within 
a column length L. The isotachic capacity can be 
calculated from eqn. 27 as 

ers (l-$(1 -;) 
feed = 1 + b2c; + b3c$ a31hj 

k; K; 

(28) 

It can also be shown from eqn. 12 that once the 
isotachic point is reached, the concentrations of 
components 2 and 3 are 

IS _ azr(l + blc:) - 1 G 
c2 - 

=-- 
b2 b2 
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and 

k;. -- 

$j Z 
c(gr(l + b,c:) - 1 K; 

1 

=- 
b3 b3 

(29) 

The band width for the zone of pure component 2, 
ArS4, for the case when the resolution point is not 
attained in the column, %reed > %,“,P,,, is given by 

or, in terms of dimensionless time, RESULTS AND DISCUSSION 

A% (31) 

For the case when the resolution point is reached 
within the column, %feed < %,“,p,,, the band width is 

AT 
ZRP 

38 = - - TRP + Tfeed 

u3 
(32) 

In terms of dimensionless time, 

(1 + b2c: + b3c: - CI~~/Z;) 

A%38 = ’ %feed 

6% -kj) (33) 

It is convenient to define displacement time, %disp, 
as the time for the displacer front to exit the column. 
It can be shown from eqns. 9, 23 and 12 that 

%disp = 1 + K; (34) 

Column regeneration is an important considera- 
tion in the optimization of the displacement process. 
In this study, it has been assumed that the carrier is 
used as the regenerant. The wave generated in this 
process is diffuse [14] with boundary velocities 

u slow = a41 (351 

and 

u fast = (1 + hc:)‘a41 (36) 

The time required to complete the regeneration 

step, %reg, can be calculated, using eqn. 35, to be 

ereg = k; (37) 

Note that the time required for regeneration is 
directly proportional to the elution capacity factor 
of the displacer. 

The column throughput for product 2, that is, the 
amount of pure component 2 produced per unit 
time, is 

TH = 
A %c:” 

(38) 

This equation can now be used in combination 
with eqns. 29, 31 and 33 to optimize the operating 
parameters with respect to the throughput of com- 
ponent 2. 

For the purpose of studying the importance of 
various operating parameters on column through- 
put, the system shown in Table I was used, unless 
stated otherwise. It was assumed that component 2 
is the desired product, but the approach is also 
applicable if both 2 and 3 are desired products. 
Further, for simplicity, the concentrations of 2 and 3 
in the feed were assumed to be equal. The optimiza- 
tions are based on a fixed column length, but an 
equivalent optimization based on a fixed feed time 
can also be performed. 

Optimization of column loading 
Effects offeed time. Feed time significantly influ- 

ences the column response and separation perfor- 
mance. For displacement chromatography, when 
the feed time is small, a constant pattern or the 
isotachic condition is reached within the column, 
and the fully developed displacement train travels 
with no further separation, resulting in an inefficient 
use of the column and the displacer. Therefore, to 

TABLE I 

LANGMUIR COEFFICIENTS AND OPERATING PARAM- 
ETERS USED IN THIS STUDY 

Parameter Component 

1 2 3 
(displacer) 

Langmuir coefficients 
k’ 15 10 5 
b (ml/w) 0.1875 0.125 0.0625 

Feed concentration, C (mg/ml) 15 2 2 
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increase the column utilization without increasing From Fig. 2 it can be seen that for a column 
the displacer consumption, the feed time can be loaded to 6,“,’ the throughput of component 2 is 
further increased such that the isotachic condition is close to four times larger than a column loaded to 
just reached at the column exit. This is the case ers feed. Also, for feed times greater than #$d the 
shown by the line A in Fig. 1, and corresponds to a column is “overloaded”. It should be noted that in 
feed time given by f&. Most displacement chroma- all instances pure component 2 will be recovered at 
tographic separations have been operated below its isotachic concentration. However, total recovery 
els feed. of pure component 3 at its isotachic concentration 

An increase in the feed time beyond @,d results in can only be achieved if of& d #q,d. 
non-attainment of the isotachic condition. This is 
represented by the region above line A in Fig. 1. 
However, although the isotachic cqndition is not 
reached, there is clearly a zone, between lines A and 
B, where complete separation is achieved. Hence a 
feed time greater than e&d can be used for complete 
separation, further extending the utilization of the 
column. 

If the feed time is increased beyond efRePe& incom- 
plete separation of components 2 and 3 results. This 
corresponds to the region above line 13 in Fig. 1. The 
incomplete separation results in a lower recovery of 
pure component 2, and hence the throughput can be 
expected to decrease. 

Optimum loading with non-ideal chromatographic 
behavior. The identification of e,“,‘,d as the optimum 
feed loading time was based on the assumption of 
ideal chromatography. In real systems, mass trans- 
fer resistances cannot be ignored. Mass transfer 
resistances will broaden boundaries, resulting in 
mixing between zones and, hence, lowered recov- 
eries. As throughput will be affected, it is necessary 
to establish if the optimum feed loading criterion 
developed for ideal chromatography is valid in the 
non-ideal case. 

This dependence of column throughput on feed 
time was verified with the system of Table I using 
eqn. 38 in combination with eqns. 29., 31,33,34 and 
37, and is shown in Fig. 2. For feed itimes less than 
ORP a linear dependence between throughput and feed 

feed time was obtained. The throughput was maxi- 
mum for &ed = e,“,‘,,, and decreased for larger feed 
times because of decreased recovery. The maximum 

In order to achieve this, displacement develop- 
ment was simulated for the system in Table I using 
an axial dispersion, linear driving force model [12]. 
The simulations were performed for a Peclet number 
of 1 . lo5 and a range of Stanton numbers. Figs. 3-5 
show chromatograms obtained for three feed times 
using a Stanton number of 200 in all instances. Fig. 3 
is for a feed time of 1.05, $z,, for the ideal model, 
Fig. 4 is for a feed time of 3.89, e,“,‘,d for the ideal 
model, and Fig. 5 is for a feed time of 5.0. These and 
other simulations were used to calculate the through- 
put for component 2 of 98% purity, and the results 
are plotted in Fig. 6. It is clear that the dependence of 
throughput on feed time is very similar to the ideal 

throughput is, from eqn. 38, 

TH,,, = 
ORP c’ feed 2 

e,“,d + edisp + ereg 

0 .IS RP -J 
m 

0 1 2 0 ? (5 6 

Feed Time (dimenrionleas) 

Fig. 2. Effects of feed time on throughput of component 2 

(3% 

Ef 
7 

fluent Concentration (mg/ml) 

Peed time 
1.05 1 

Ilsphcor I 
a a.2 1.4 

Effluent Time %menslo%aa) 
* 

Fig. 3. Simulated displacement chromatogram at the isotachic 
capacity. St = 200; Pe = 1 106. 
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Effluent Concentration (mg/ml) 

“6 6.3 

llffluen~llme TdtmenZ3nleaZ 
a.5 * 

Fig. 4. Displacement chromatogram at the resolution capacity. 

Effluent Concentration (mg/ml) 

16 

Feed time 
5.0 

10 - 

5- 

3 

0 
5 5.5 B 8.6 7 7.5 8 8.6 0 0.6 10 

Effluent Time (dimensionless) 

Fig. 5. Displacement chromatogram for column loading larger 
than its resolution capacity. 

case. Although throughput decreases as the Stanton 
number increases, as is expected, in every instance 
e,“,‘,, obtained from the ideal case identifies the 
maximum throughput. This indicates that O,“,p,, 
calculated from eqn. 24 can be used to optimize the 
column loading even when significant mass transfer 
resistances are present. 

-0 0.3 , 1.6 2 2.6 3 2.1 4 4.6 6 6.6 8 
Feed Time (dimeneionlees) 

Fig. 6. Effect of non-ideality on column throughput. 

In cases where mass transfer resistances or disper- 
sion lead to significant overlap between adjacent 
zones in the displacement train, it is particularly 
important to optimize the feed loading. In Fig. 7 the 
recovery of component 2 (98% purity) is plotted as a 
function of feed time. It is clear that the @$, 
provides the highest recovery. This can be easily 
understood from Figs. 3-5. For Oreed < O,“,‘,,, as Ofeed 
increases the band width of the zones increases, and 
loss of useful products due to zone overlaps becomes 
less significant. Therefore, for example, operation at 
e :zed (Fig. 3) results in a lower recovery than 
operation at O$p,, (Fig. 4). For Oreed > Ok:, (Fig. 5) 
the separation of components 2 and 3 is not 
complete, which results in a lower recovery. 

Also plotted in Fig. 7 is the total amount of 
product recovered as a function of feed time. Below 
Q&, as the column is under-utilized, the amount 
recovered increases with increasing feed time. At 
and above e,“e’,, the column is fully loaded, and the 
amount recovered remains constant. However, as 
ORP represents the shortest feed time to attain the feed 

fully loaded condition, it gives the highest through- 
put. 

Effects of feed concentration on throughput 
It is well recognized that feed concentration has 

an important impact on the separation cost. For 
displacement chromatography, it is believed that the 
feed concentration should be as high as possible in 
order to load the sample at the top of the column. 
The effect of feed concentration on resolution 
capacity was investigated for the system in Table I. 
The effect of the total concentration of 2 and 3 was 

-2 

JiP 0 
0 1 2 3 4 5 e- 

Feed Time (dimn8iOnl888) 

Fig. 7. Effect of column loading on recovery and amount 
recovered in non-ideal displacement chromatography. St = 200; 
Pe = 1 106. 
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determined, keeping the displacer concentration 
constant. In all instances the concentrations of 2 and 
3 were identical. The results of this study are shown 
in Fig. 8. The resolution capacity was initially found 
to decrease rapidly with increasing feed concentra- 
tion. However, simultaneously, the maximum 
amount separated increased rapidly. Fig. 9 shows 
the cumulative effect on throughput. Throughput 
increases because for equal loadings’ the feed time 
decreases at higher feed concentrations. 

An important feature of the dependence of 
throughput on feed concentration is the asymptotic 
approach to a maximum throughbut. This has 
important implications in downstream processing. 
For dilute fermentation broths it is advantageous to 
concentrate the feed prior to a displacement separa- 
tion. However, concentration beyoncl an optimum, 
determined by the economics of the displacement 
and concentration processes, may be counter-pro- 
ductive, as the gain in throughput will be insignif- 
icant. 

Effects of properties of binary mixture on throughput 
In this section only the effects of properties of the 

binary mixture will be considered, keeping the 
properties of the displacer constant. The effects of 
displacer properties will be discussed in the next 
section. 

Separation factor. To study the efjfect of separa- 
tion factor, a23, on maximum column throughput, 
eqn. 24 was substituted into eqn. 39. Keeping all 
saturation capacities and k’, constant, the effect of 
~23 was obtained and is plotted in Fig. 10. At low 
values of the separation factor, the maximum 

,r CaTMax. Amount Separate(d (,1 ,5 

,I I I I a-‘0 

0 PI 10 15 20 26 30 26 40 46 so 
Feed Concentration (mglml) 

Fig. 8. Effect of feed concentrations on resolution and maximum 
amount separated. 

c,8 Maximum Throughput (mglml) 

0 6 10 IS 20 26 30 36 40 45 50 
Feed Concentration (mg/ml) 

Fig. 9. Effect of feed concentrations on maximum column 

throughput. 

throughput increases rapidly with increasing ~23. At 
high values of 1~23, the behavior is asymptotic to an 
upper limit of the maximum throughput. Therefore, 
significant increases in separation factor will not 
in genera1 translate into significant increases in 
throughput. Also, at low values of c(23, the through- 
put is proportional to ~123 - 1. This is in contrast 
to overloaded elution chromatography, where the 
throughput is proportional to (~(23 - 1)2 [15]. 
Further, in the asymptotic region the throughput is 
approximately proportional to (~123 - l)/~23, which 
is similar to the dependence predicted by the resolu- 
tion equation, eqn. 1, for elution chromatography. 
However, it should be noted that the relationship 
obtained is valid within the idea1 model. For real 
columns, with limited efficiencies, the dependence of 
the throughput on the separation factor should be 

‘1 

stronger [28]. 

o,4 Maximum Throughput (mglml) 

0 1 2 3 &- 51 E ’ 8 0 

Fig. 10. Effect of separation factor on maximum column 
throughput. 
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Capacity j&for. The effect of capacity factor on 
maximum throughput was also obtained by com- 
bining eqns. 24 and 39. In this instance, saturation 
capacities and separation factors were kept constant 
and both k; and k; were increased. The result is 
shown in Fig. 11. The maximum throughput was 
found to increase almost proportionally to k;, 
owing to the attainment of higher column loadings 
at higher capacity factors. This result is in contrast 
to elution chromatography, where optimum capac- 
ity factors are considered to be between 1.5 and 5. In 
elution chromatography, higher capacity factors 
result in longer separation times and hence lower 
throughputs. In displacement chromatography, 
however, the displacer velocity, not the capacity 
factors of the feed components, is the prime d,eter- 
minant of the separation time. Therefore, capacity 
factors should be as large as possible in order to 
maximize the throughput, within the limitation that 
these capacity factors are less than the capacity 
factor of the displacer. 

Saturation capacity. The effect of saturation ca- 
pacities on the maximum throughput was also 
studied by substituting eqn. 24 into eqn. 39. As the 
saturation capacities are k;/#&, the bi values were 
systematically varied keeping all other parameters 
constant. Identical saturation capacities were 
used for components 2 and 3. The effect observed 
(Fig. 12) is similar to the effect of feed concentration 
and separation factor, with a strong dependence at 
low saturation capacities and asymptotic behavior 
at high saturation capacities. At low values the 
maximum throughput is small owing to the limited 
loading capacity, although the displacement effect is 

Maximum Throughput (mglml) 

O3 -7 

0.4 o.a: /AN 
0.2 o.l./ 

OY 
4 

I 
a 8 10 12 14 

Capacity factor. k> 

o,~ Maximum Throughput (mg/ml) 

Fig. 12. Effect of saturation capacity on maximum cohmn 

throughput. 

pronounced [29]. This result indicates that non- 
porous supports, normally of low saturation capac- 
ity, are not suitable for displacement chromatog- 
raphy, although they may have more favorable mass 
transfer characteristics. Also, as low saturation 
capacities may result from a high modulator concen- 
tration, it is important to optimize the type and 
concentration of modulator used. 

effects qf displacer on column throughput 
Minimum displacer concentration. With reference 

to Fig. 1, the first requirement for a successful 
displacement separation of components 2 and 3 is 
that U5 should be larger than Ur. From eqns. 10 and 
14, this requires a minimum displacer concentration 
such that 

K; < k’, (40) 

This condition is consistent with the requirement 
that d,“,‘,, should be positive (eqn. 24). Attainment of 
the isotachic condition further requires that lJ7 must 
be larger than U2 (Fig. 1). This requires that 

K; < k; (41) 

When only eqn. 40 is satisfied, component 3 is 
eluted and component 2 is displaced. The conditions 
given by eqns. 40 and 41 are represented in Fig. 13. 
Note that these conditions require that the slope of 
the operating line be less than the slope at infinite 
dilution of the isotherms of the mixture components, 
a well known condition for displacement chroma- 
tography [2]. 

Effects ef displacer concentration on throughput. 
The effect of displacer concentration on throughput 
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-0 6 ‘O ci &nl?j) 26 30 

Fig. 13. Displacer and feed adsorption isotherms and operation 
line. 

was determined from eqns. 25, 34 and 39, and is 
shown in Fig. 14. At low concentrations, significant 
gains can be made with regard to the throughput by 
increasing displacer concentration. However, at 
higher concentrations the dependence of through- 
put on displacer concentration is weak. This weak 
dependence is due to small frontal capacity factors 
at high concentrations (eqn. 25) which makes 0disp 
almost independent of concentration (eqn. 34). 
Hence the maximum throughput (eqn. 39) is only 
weakly influenced. The weak influence at high 
concentrations indicates that a higher displacer 
concentration may not always be economically 
favored. Also, it should be noted that the highest 
displacer concentration that can be used in practice 
may be limited by solubility and mass transfer 
considerations [12,30]. 

o.sMaximum Throughput (mg/ml) 
I -1 

01’ 
0 20 40 60 60 100 120 1.0 

Displacer Concentration (mg/ml) 

Fig. 14. Effect of displacer concentration on maximum column 
throughput. 

Displacer optimization. A requirement in the 
selection of a displacer is that the displacer affinity 
be higher than that of any of the components in the 
mixture. However, displacer affinity also influences 
the column regeneration (eqn. 37) and, hence, 
column throughput. As displacers with the same 
value of K; will give the same displacement separa- 
tion for a given mixture, it is possible to reduce 
ereg without affecting the displacement separation. 
From eqn. 25, a reduction in k; can be compensated 
for by a change in the feed concentration c:. This is 
illustrated on the operating diagram in Fig. 15 for 
three displacers 1, 1’ and 1”. As an example, 
displacers 1 and 1” would give the same separation if 
displacer concentrations of cl and c;’ were used, 
respectively. However, as 1” has a lower k; value, the 
regeneration would be quicker with this displacer. 
This analysis indicates that a displacer with bi values 
as small as possible and with k; values close to the 
affinities of the desired components should be 
selected for maximum throughput. 

The importance of optimizing displacer affinity 
with respect to both column development and 
regeneration has recently been demonstrated for the 
ion-exchange displacement chromatography of pro- 
teins [7,8]. It has been shown that lower affinity 
polyelectrolyte displacers can be used effectively for 
displacement development, and they are more effi- 
ciently removed from the column during regenera- 
tion than analogous higher affinity displacers. This 
is consistent with the conclusions reached above. 

0 6 10 26 30 

Fig. 15. Effects of concentration and affinity on displacer frontal 
capacity. 
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Simple methodfor determination of maximum column 

loading 
For practical applications, it is very useful to 

establish a simple procedure for determining 0& 
and @fed. This can be done with two sets of 
experiments. An elution chromatographic separa- 
tion should be performed with a sample concentra- 
tion low enough to ensure no interference between 
components. From these data, the elution capacity 
factors can be calculated 

ti - to 
kj = - 

to 
The frontal capacity factor, K&, defined as 

K! = Tim - TO 
rm 

To 
(43) 

is obtained from a frontal injection of the sample at 
its feed concentration. 

These capacity factors can be used to calculate 
required h compositions [27]. For binary mixtures, 

G, 
azih; = F 

k; 
and a,,h; = ~ 

KL 
(44) 

2m 

Also, it has been shown [27] that 

K2, = 
4 

1 + bzc; + b3c: 
(45) 

Substituting eqns. 44 and 45 into eqns. 24 and 28, 
0,“,‘,, and @,, are obtained in terms of the measured 
parameters: 

_ k; 

(47) 

It is interesting that with very dilute feed samples 
Kj, approaches k:, and eqns. 46 and 47 reduce to 

Szt, = k; - K; and @,, = k; - K; as c:+O (48) 

These correspond to the maximum feed times for 

the resolution and isotachic conditions, respectively. 
For complete resolution, the maximum feed time is 
simply the difference between the infinite dilution 
slope of the isotherm of the more retained compo- 
nent and the slope of the operating line for the 
displacement process (Fig. 13). Similarly, for the 
isotachic condition, the maximum feed time is given 
by the difference between the infinite dilution slope 
of the less retained component and the slope of the 
operating line. 

Extension to multi-component mixtures 
The procedure developed here for a binary mix- 

ture can be extended to multi-component systems in 
most instances. Fig. 16 shows the distance-time 
diagram for displacement chromatography of a 
ternary mixture. For this case, there are two resolu- 
tion points and one isotachic point. Similarly, for an 
n-component mixture, there are n - 1 resolution 
points and one isotachic point. The optimum load- 
ing will depend on the desired component. For an n- 
component system with the displacer as the highest 
affinity component, the maximum throughput oc- 
curs at the ith resolution point if the desired product 
is the ith component. 

If&,+, < 1 + blc:, then all the waves generated 
are sharp, and all the resolution and isotachic points 
can be calculated as a function of separation factors 
and the h-root compositions of the feed. Further, 
these h-roots can be expressed in terms of the frontal 
and elution capacity factors [27]. The capacity 
factors can be calculated from eqns. 42 and 43. In 
cases where diffuse waves are generated in an 
n-component displacement, this method is still ap- 

Fig. 16. Simplified distance-time diagram for the displacement 
chromatography of ternary separations. 
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plicable for the calculation of the resolution points, 
but not for the isotachic point. The generation of 
diffuse waves can be predicted from 

K;+l,, > K; (49) 

Finally, a similar methodology can be applied to 
the determination of the maximum feed time in 
overloaded elution chromatography. 

CONCLUSIONS 

The coherence theory provides a general and 
convenient framework for the optimization of dis- 
placement chromatography. Using this framework, 
it has been shown that throughput for a binary 
separation is maximized when the column is oper- 
ated at the resolution point. Further, the result 
appears to be valid when mass transfer and/or axial 
dispersion effects are significant. $herefore, the 
optimum column loading is almost independent of 
the column efficiency, and the recovery and column 
efficiency will be traded in a compromise maxi- 
mizing the throughput. 

The effects of feed concentration, separation 
factor, saturation capacities and displacer concen- 
tration on the throughput have a1s.o been deter- 
mined. Larger values of all these parameters give 
higher throughputs. However, in each instance the 
optimum value will not, in general, be the highest 
value of the parameters, because of an asymptotic 
dependence of throughput on these parameters. 
With regard to the capacity factor of the desired 
component, k;, and the displacer, k;, a high value of 
k; and a low value of k; are desired. A high value of 
k; enhances column loading, and a low value of k; is 
advantageous with respect to column development, 
regeneration and displacer solubility. However, the 
lowest value of k; is limited by the affinity of the 
most strongly retained component in the mixture. 

This optimization method, developed here for a 
binary mixture, can be extended to multi-compo- 
nent systems. In this instance, if the ith component is 
the desired product, the maximum throughput will 
be established by the ith resolution point, that is, the 
point on the distance-time diagram where the ith 
component is completely separated from the re- 
mainder of the mixture. 

Finally, the use of the compound Langmuir 
model in this study places restrictions on its applica- 

S. C. D. JEN, N. G. PINTO 

tions to the systems deviating markedly from Lang- 
muir behavior. 
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SYMBOLS 

ai 

bi 
ci 

cf 
4 

C; 

h 
h: 

k: 

kk 

K; 
Kim 

L 

G 
Pe 

4i 

4T 

;; 
Stl 

t 
to 

affinity constant, Langmuir parameter of 
adsorbate i 
Langmuir parameter of adsorbate i 

mobile phase concentration of adsorbate i 
feed concentration of adsorbate i 
required concentration of the displacer, l’, 
in Fig. 15 
required concentration of the displacer, l”, 
in Fig. 15 
h-root 
h-root of frontal injection of the binary 
mixtures 
elution capacity factor of adsorbate i at the 
infinite dilution, ki = &i 
elution capacity factor of the dummy spe- 
cies 
frontal capacity factor of the displacer 
frontal capacity factor of ith component in 
frontal chromatography of the binary mix- 
ture 
column length 
number of adsorbates 
number of theoretical plates 
Peclet number, product of interstitial ve- 
locity and column length divided by effec- 
tive axial dispersion coefficient 
average stationary phase concentration of 
adsorbate i 
equilibrium stationary phase concentra- 
tion of adsorbate i 

Qi = 4qi 
Q? = 4qT 
Stanton number, product of mass transfer 
rate and column length divided by intersti- 
tial velocity 
real time 
column hold-up time in elution chroma- 
tography 
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ti 

To 

T1 

Tim 

TH 

THmx 

UO 

% 

ui 

Z 

retention time of adsorbate i in linear 
isocratic elution chromatography 
column hold-up time in frontal chroma- 
tography 
breakthrough time in frontal or displace- 
ment chromatography of the displacer 
retention time of the ith component in 
frontal chromatography of the binary mix- 
ture 
throughput (amount of product produced 
per unit of time) divided by the column 
flow-rate 
maximum value of TH, occurring at the 
resolution point 
interstitial bulk phase velocity 
true velocity of adsorbate i 
adjusted velocity of adsorbate i 
column distance 

Greek letters 

; 

separation factor 
column phase ratio 

9 dimensionless time (t/t,) 
0 feed dimensionless feed time (or column load- 

ing) for injection of the binary mixture 
e ::,d maximum dimensionless feed time with 

which the isotachic condition can be 
achieved 

0 RP 
feed maximum dimensionless feed time with 

which the complete separation is possible 
5 adjusted time (unit of length) 
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