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Abstract

Displacement chromatography was simulated for the separation of two feed components interconverting by a reversible
first order reaction and with Langmuirian adsorption behavior. The study was prompted by recent interest in the isolation of
cis and trans forms of peptides containing one or more peptidyl-proline residues when the isomerization reaction interferes
with the separation. The parameter values used in the simulations are similar to those found experimentally by
reversed-phase chromatography and capillary electrophoresis of phenylalanine—proline dipeptide. From the concentration
profiles computed by the finite difference scheme, the dependence of both the yield and production rate on the temperature,
column length, flow velocity and displacer concentration was evaluated. The most important operational variable of the
system is the temperature as it affects both the kinetic and adsorption parameters. The yield and production rate of the
component of interest were evaluated as a function of the column length and displacer concentration under conditions that
facilitate its efficient separation and the plots show an optimum. Nonetheless, optimal conditions for yield and production
rate were considerably different. In the temperature range from 2 to 42°C, the yield always decreases with increasing
temperatures and for all the cases, optimum yield by displacement mandates the use of conditions such as pH, solvent and
temperature under which the rate of interconversion is reduced to a level where it does not palpably interfere with the
separation. On the other hand, under certain conditions optimal production rate can be obtained at higher temperatures.
© 1997 Elsevier Science BV.
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1. Introduction This work was prompted by the recent interest
shown in the separation of various interconverting

The displacement mode of chromatography, intro- species, particularly the cis and trans conformations

duced by Tiselius [1] in 1943, may offer several
advantages over the elution mode in process scale
separations [2—14] that include the recovery of
products at relatively high concentrations, low sol-
vent requirements and an easy control of the speed
and efficiency of process with the displacer serving
as an additional separating agent.

*Corresponding author.

of various peptides containing peptidyl-proline bond
[15-19]. The relatively slow rate of interconversion
is believed to be the rate-limiting step in the folding
process of several proteins [20-23] and to affect the
action of proline specific enzymes such as prolyl
cis—trans isomerase (PPI), prolidase, aminopeptidase
P and HIV-proteinase [24-27].

Analytical separation of cis and trans proline
dipeptides is carried out traditionally by reversed-
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phase chromatography in the elution mode [28-31].
Recently, capillary zone electrophoresis at subam-
bient temperatures [15,16] when the rate of inter-
conversion does not interfere with the separation or
at rapid speed of separation [17] has proven to be an
eminently suitable technique for the analytical sepa-
ration of these compounds due to the high peak
efficiencies of the technique. However, for prepara-
tive separations of the conformers, chromatography
still remains the choice due to its relatively high
throughput. Recent work from our laboratory has
demonstrated that the cis—trans conformers of vari-
ous dipeptides and oligopeptides can be isolated by
preparative RP-HPLC [32] in the elution mode at
temperatures as low as —25°C. However, displace-
ment chromatography has only been used for the
preparative separations of non-interconverting cis—
trans and other isomers [33-35].

Mathematical modelling of displacement chroma-
tography and numerical solution of the resulting
differential equations has been carried out by several
authors [5,11,12,36-38]. Here, we examine the
potential of displacement chromatography for the
separation of such isomers by simulating the sepa-
ration of interconverting species under various con-
ditions as far as the temperature, displacer con-
centration, column length and flow velocity are
concerned. The results are presented here by illus-
trating the effect of the operational parameters on the
yield and throughput of one of the two feed com-
ponents having desired purity. They are expected to
aid the optimization and scale-up of the displacement
chromatographic process for the separation of such
interconverting species at large.

2. Interplay of reaction and separation in linear
elution chromatography and electrophoresis

Earlier treatments of the on-column reaction and
migration in linear elution chromatography and
capillary zone electrophoresis from our laboratory
[16,29,30] used the dimensionless Damkdhler num-
ber, Da, which expresses the relative magnitude of
the migration time and the relaxation time for the
reaction, to characterize the interference of the
reaction with the separation in both differential
migration processes. For a reversible first order

reaction in the chromatographic column, the
Damkohler number has been defined as [29]

Da = Lk k' +k_)(1+ 1/K_)/u, (1)

where k_, and k, are the overall forward rate
constants in the mobile and stationary phases, K, is
the equilibrium constant representing the ratio of the
overall forward and backward rate constants for the
cis—trans isomerization reaction, L is the column
length, u, is the velocity of the mobile phase and k'
is the retention factor of one of the cluites. In
capillary zone electrophoresis Eq. (1) reduces to [16]

Da =Lk, (1 +1/K_)/u, (2)

where k. is the forward rate constant.

As the interference by the reaction manifests itself
in additional band spreading, the efficiency of sepa-
ration in such a system depends on the magnitude of
Da. It has been shown both in the chromatographic
and electrophoretic practice that the most convenient
and effective way to obtain satisfactory separations is
to change the column temperature as opposed to
changing the column length and/or the flow velocity
[15,16,32]. Fig. 1 schematically illustrates the depen-
dence on the Damkd&hler number of the interference
by the reaction on the separation process. The level
of interference is greatest when Da > Da, and so the
characteristic time of the reaction is short with
respect to the residence time in the column due to the
use of relatively long column and/or low flow
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Fig. 1. Graph illustrating the level of interference by a reversible
first order isomerization reaction on the separation of the inter-
converting species as a function of the Damkéhler number. The
peaks in the three domains of Da are representative for the results
in HPLC and CZE. The lower and higher bounds on the zone of
interference are at Da, and Da,, respectively.
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velocity. At high enough values of Da, the two
reacting components interconvert so fast that they
appear as a single peak on the chromatogram. In
contradistinction, when Da is small (Da<(Da_) the
migration time of the two components is much
smaller than the relaxation time of the reaction, i.e.
the reaction kinetics is relatively slow and/or the
column is short and/or the flow velocity is high. At
sufficiently low Da values the two components
migrate independently as if no reaction had taken
place and at sufficiently high efficiency and selectivi-
ty appear as two separate peaks.

For the cis—trans isomerization of peptidyl-proline
containing dipeptides, the migration times are com-
mensurate with the characteristic time of the reaction
at intermediate Damkohler numbers, 0.2<<Da <10
for linear elution chromatography [29], and 0.1<
Da<0.5 for CZE [16]. In this case the interference
by the reaction leads to formation of peaks having
‘““unchromatographic shape” and more than often
manifests as an interpeak reaction zone which has an
untoward effect on the separation. The magnitude of
Da which reflects this interference depends on all
operating conditions that determine the migration
and kinetics of the process such as the column
length, the flow velocity and the temperature.

In HPLC and CZE, the separation is expected to
be a linear process so that the concentrations of the
two interconverting species are coupled only via the
first order reaction. In such cases, the Damkohler
number is a useful parameter to express the level of
interference. However, displacement chromatography
is a non-linear process and the Damkd&hler number is
not expected to be a suitable measure of interference.
For this reason the Damkdohler number is not used in
the present work.

3. Mathematical model
3.1. Adsorption isotherms

The chromatographic system under consideration
consists of the two interconverting feed components,
A and B, and the displacer, C, that are denoted by
subscripts 1, 2 and 3, respectively. The adsorption of
the three components by the stationary phase under
conditions employed in displacement chromatog-

raphy is represented by the competitive Langmuir

isotherm given by
ac;

=" "5

1+ 2 b

4

fori=1t03 (3)

where ¢, and g, are the respective mobile and
stationary phase concentrations of species i and a,
and b, are their Langmuir isotherm parameters. The
ease of mathematical handling of the Langmuir
isotherms makes them an attractive choice for mathe-
matical analysis [5,39,40] and since cis and trans
peptides are very similar in size, structure, charge
and mass [16,28,30] it is expected that the selected
isotherms will be applicable for this system.

3.2. Reaction kinetics

The reversible interconversion of the two feed
components is assumed to be of first order and taking
place both in the stationary and mobile phases. It is
schematically represented as [29]

A,—">B_

1 =1

mobile phase

|L IL stationary phase
k

As k., Bs
The forward rate constants are k; and k_, in the
stationary and mobile phases, respectively, and k,
and k_, are the corresponding backward rate con-
stants. The overall reaction scheme is

where k. and k, are the rate constants of the overall
forward and backward reaction and can be expressed
in terms of the individual rate constants as [29]

q
kf = ksi¢(c—|> + kmf (4)
t
and
q
k, = k5b¢(72> + k. (5)
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The phase ratio, ¢, in the above equations is defined
as

¢ = (6)

where ¢ is the total porosity of the column packing.

3.3. Material balance equations and boundary
conditions

The mathematical modelling of the above system
involves two steps. First we consider the chromato-
graphic system with no reaction and then we take
into account on-column reaction also.

Material balance equation for the non-reacting
system is written as

2

dac; dc; (l—g) dq; 9 d°c;
e T4y e /ot C a7 =0
fori=1to03 (7

where @, is the axial dispersion coefficient, u, is the
mobile phase velocity and ¢ and z are the temporal
and spatial coordinates, respectively. We assume that
the mass transfer between the phases and adsorption
kinetics are adequately fast so that mass transfer
resistances in both the phases and kinetic resistances
in the stationary phase can be ignored so that band
broadening is assumed to take place solely due to
longitudinal diffusion. In practice this translates to
the use of highly efficient columns to compensate for
the untoward effect of the on-column reaction on the
yield.

The equations represented by Eq. (7) for the three
components are coupled by the multicomponent
Langmuir isotherms, given in Eq. (3). In light of
Egs. (3)-(7), displacement chromatography with the
first order reversible isomerization reaction is de-
scribed by the following three equations

For feed component A

éc, , d¢ +(1 —s) %, a%c,
ar Moy, & ot ' oaz?

+ ke, —kyc, =0 (8)

for feed component B

ac2 ac, (1 ) EYR _g d’c,
Tu, = 9z AP
+ khc2 — ke, =0 9

and for the displacer
1 — &Y dg, ¥,
+< z ) ot -9, P =0. (10)

It is seen that Eq. (8) and Eq. (9) are coupled also
by the term expressing the isomerization reaction.

The differential equations listed above are second
order in space and first order in time coordinates so
that each requires two boundary conditions and one
initial condition to be specified as given below.

Boundary conditions for components 1 and 2

c{t,0)=

ac, dc,
ar o dz

cy; fori=1,2and0=r=1¢, (11)
and

c;(t,0)=0 fori=1, 2and t, <t

and for the displacer

c,(t,0)=0 0=r=q, (12)
and

c(1,0)=cy; t, <t

where 1, is the feed time and c,; is the concentration
of the ith component in the feed.

Initial condition for the three components is given
by

c,x,0)=0 fori=1t03 x>0 (13)

3.4. Numerical calculations

The finite difference method was used to solve the
above system of equations with there boundary and
initial conditions. Discretization of the derivatives
across a grid in both the temporal and spatial
directions is carried out and the truncation error,
frequently referred to as ‘‘numerical dispersion’’, is
accounted for by dropping the diffusion term and
selecting the space and time integration increments
so that the dispersion term matches exactly the
neglected axial diffusion term as follows {37,41]

7= (14)
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The procedure used for discretization of the
derivatives is well established in the literature [5,42].
The solution of Eqs. (8)-(14) yielded the concen-
tration profiles of the three components that were
plotted to illustrate the behavior of the displacement
system with on-column reaction.

4. Results and discussion

The influence of the various operating conditions
such as temperature, the column length. the flow
velocity and the displacer concentration on sepa-
ration efficiency is systematically studied here. Since
the parameters are coupled, the effect of one on the
displacement processes is examined while keeping
all the others constant. The displacement profiles
have overlapping zones and the efficiency of sepa-
ration is quantified by the yield of product obtained
with a specified purity [6,43], Y,, as follows

m;,
Y, = 100( °°> (17)
m

i.0

where m, 5, is the amount of component recovered
with 90% purity and m, , is the total amount of the
component i in the feed. Another measure of sepa-
ration efficacy employed here is the rate of pro-
duction or throughput, P,, which quantifies the
amount of product of a given purity recovered per
unit time. It is defined as [4,6}

(18)

where 1, is the total cycle time that includes the time
of migration of the displacement front across the
column, the feed time and the time required for
column regeneration and equilibration. When the
feed and regeneration times are fixed then the cycle
time is affected solely by the time of migration of the
displacement front.

The final results are presented here in form of
displacement chromatograms and plots of the yield
and production rate of component A to illustrate the
effect of certain operational variables on the quality
of separation. Conditions have been chosen so that
the reaction kinetics favors the production of A and
hence under these conditions the yield of B is poor.

However, if B is the component of interest, the
separation should be carried out under a different set
of operating conditions in order to obtain optimal
yield and production rates for B.

4.1. Effect of temperature

Temperature has been found to be the most
important operational variable to affect the efficiency
of separation of interconverting species in HPLC and
CZE [16,29,30,32]. It has been shown to have a large
effect on the kinetic and a relatively modest effect on
adsorption parameters. The importance of tempera-
ture as a process variable and the use of elevated
temperatures to enhance the speed of separation of
proteins and polypeptides has been recently proven
[44,45]. Table 1 lists the values of Langmuir iso-
therm parameters of the three components and the
forward rate constants of the two reacting species
that were used in this study for the simulation of the
displacement process. The parameters of the ad-
sorption isotherms at 10°C were from the literature
[5S] and enthalpy for both “‘g, and b,”” was taken as
—2.5 and —0.704 kcal/mol, respectively [46] (1
cal=4.184 J). The forward rate constant, k_,, at
10°C and the activation energy for the reaction are
based on experimental data measured in our labora-
tory for the cis—trans isomerization of L-Phe—L-Pro
dipeptide [15]. Arrhenius dependency of the forward
rate constant was assumed and the other rate con-
stants are expressed in terms of k. as: k_, =5k .,
k=009k . and k =27k, [16].

In the absence of interconversion the major effect
of an increase in temperature is to cause the velocity
of the displacement front to increase and so the
bands traverse the column faster. The effect of
temperature on the concentration profiles is illus-
trated in Fig. 2a, and it is seen that in the case of no
reaction at 2°C, the separation is nearly complete and
it deteriorates upon increasing the temperature to
17°C. At 42°C due to the relatively high velocity of
the displacement front, only very poor separation
was attained with a 25 cm long column.

In a reactive system, the concentration profiles
simulated at different temperatures demonstrate that
the reaction Kinetics has a very large effect on the
extent of band overlap. As shown in Fig. 2b, the
overlapping region between the separated bands,
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Table 1

Forward rate constants of the on-column isomerization reaction and the isotherm parameters of the interconverting feed components A and B

and of the displacer used in the simulations

Temperature Forward rate Langmuirian isotherm parameters
°C) constant, k_,
(1mol 's™") a, a, a, b, b, b,
(Imol™") (1mol ") (1mol™ ")
2 1L.0x107° 242 29.1 349 13.4 16.1 19.4
6 8.0x107° 213 255 30.6 13.0 15.5 18.6
10 1.0x107* 18.8 225 27.0 12.5 15.0 18.0
17 33%x107° 152 18.2 21.8 11.8 14.1 17.0
22 5.0X107¢ 13.1 15.7 18.8 113 13.6 16.3
42 50x10°° 7.6 9.2 11.0 9.7 11.6 14.0

The adsorption isotherms at 10°C were taken from literature [S] and enthalpy changes associated with the Langmuirian parameters “‘a, and
b,” were —2.5 and —0.704 kcal/mol, respectively [46]. The activation energy of 9.8 kcal/mol [32] was taken for the isomerization
reaction. The relationships between the rate constants were as follows: &k =5k . k =09k . and k =27k [16]. The phase ratio was
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Fig. 2. Simulated concentration profiles in displacement chroma-
tography at various column temperatures (a) without and (b) with
reversible on-column isomerization reaction. Conditions: &, 0.8; ¢,
0.25; u,, 5X10° 2 cm/s: column LD., 0.46 cm; feed time, 250 s;
diffusivity of all three components of the system, D,, 1X 107°
cm’/s; feed concentrations, ¢, =0.01 M, ¢,,=0.02 M and
displacer concentration, c,,=0.04 M; column length, 25 cm. The
concentration profiles of components A and B, as well as the
displacer, are shown by dashed, solid and dotted lines, respective-
ly.

increases with temperature. The overlap is due to the
development of reaction zone with a concomitant
loss of separation efficiency. The separation is best at
2°C where the reaction kinetics is slow enough to
reduce and almost eliminate interference. As the
temperature in increased to 17°C, a broad reaction
zone is formed leaving narrow bands of the pure
components. Finally at 42°C, the reaction rate is so
high that the two components form a single band and
thus no separation is achieved. Also, increasing
temperature decreases the adsorption parameters with
the result that velocity of the displacer front in-
creases.

An important difference between the concentration
profiles in Fig. 2a,b should be noted at this point.
Since the feed concentration of component B was
twice that of component A, the ratio of the areas
under the bands of these components reflects this in
the case without reaction as shown in Fig. 2a.
However, when the reaction interferes with the
separation, the amount of A in the final displacement
profile is nearly three times higher than that of B as
shown in Fig. 2b although the feed concentrations
are the same as in Fig. 2a. This shows that the
product composition is determined by the equilib-
rium constant of the isomerization reaction.

Fig. 3 shows the yield of component A plotted
against the temperature for a 25 cm column with no
reaction and for 5, 10, 25 and 60 cm long columns
with reaction. For all cases, a region of relatively
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Fig. 3. Graph illustrating the dependence of the yield on the
column temperature in the separation of the interconverting
species by displacement chromatography with the column length
as the parameter. For comparison, the plot for the case of no
reaction is also shown. Conditions the same as in Fig. 2.

high yield obtained at low temperatures is followed
by a rapid deterioration in the yield with increasing
temperature. As expected from the discussion above,
the yield decreases monotonically with increasing
temperature irrespective of the column length. The
fall occurs in a comparatively small temperature
range from 10 to 16°C which appears to be a
characteristic of the separation system under consid-
eration. At temperatures higher than 16°C the slope
of the yield vs. temperature plots is much smaller
than in the critical temperature range. At tempera-
tures above 35°C, the yield obtained with all four
columns approaches to zero because at high tempera-
tures the reaction time is much smaller than the time
it takes the displacement front to traverse the col-
umn.

In Fig. 4 the production rate is plotted against the
temperature for the cases just discussed. In the case
of no reaction, the production rate initially increases
with the temperature and then slightly decreases and
plateaus. The initial increase in the production rate is
due to the increasing velocity of the displacement
train. The rise stops once the temperature becomes
so high that the available column length is no longer
sufficient for the development of the displacement
train. Once the optimum has been reached, these two
countervailing effects make the plot plateau. Com-
parison of Fig. 3 and Fig. 4 shows similar tempera-
ture dependence of both the yield and production rate
except that the critical temperature range where the
production rate falls rapidly is somewhat higher for

15 , .
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-— —25 cm
° —— 1'2 r "~
% "o ~.._  with reaction
Q S~ .,
c ©09[ ~ 4
o \\ “<«—— 10 cm
5 I N
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§ e { ve—%—— 25 cm
— \\\\ N 1y
2 03¢ \\‘/-\/\f' 60 cm B
o \\\ ..
0 L = f%g-—n
0 10 20 30 40

Temperature [°C]

Fig. 4. Graph illustrating the dependence of the rate of production
on the column temperature in the separation of the interconverting
species by displacement chromatography with the column length
as the parameter. For comparison, the plot for the case of no
reaction is also shown. Conditions the same as in Fig. 2.

the throughput than that for the yield. This effect is
attributed to a greater decrease in migration time of
the displacer front than the resulting reduction in
yield in this range. Again at very high temperatures,
the kinetics is too fast for any separation 1o occur.

4.2. Effect of column length and flow velocity

The effect of column length in displacement
chromatography without any on-column reaction is
illustrated in Fig. Sa at 10°C. It is seen that the
separation improves as the column length increases
as expected from literature [4,5]. With the 10 cm
long column concentration profiles typical for the
transient pattern are obtained whereas with the 40 cm
long column, isotactic conditions are reached.

With on-column reaction, the effect of column
length on displacement with 10, 20 and 40 cm long
columns at 10°C is depicted in Fig. 5b. The results
illustrate that while the quality of separation in the
absence of reaction improves upon increasing the
column length before reaching the isotactic pattern,
with on-column reaction, however, the advantage of
extending the length of the column to attain isotactic
condition is thwarted by the interconversion. With
increasing column length, the migration time also
increases at fixed flow velocity. Fig. 5c shows the
concentration profiles for column lengths of 40, 60,
80 and 90 cm. Evidently, the two countervailing
effects that were mentioned above continue to take
place and the concentration profiles as shown attain a
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Fig. 5. Simulated concentration profiles in displacement chroma-
tography with various column lengths (a) without reaction and (b)
and (c) with isomerization reaction. Conditions same as in Fig. 2
except, column temperature, 10°C.

nearly constant pattern that can be termed as a
quasi-isotactic pattern.

The effect of column length on the yield is
depicted in Fig. 6 at temperatures of 2, 6 and 10°C.
The topmost curve represents the case without on-
column reaction at 10°C. For the case of no reaction
the yield initially increases sharply till the column
length reaches about 20 cm and, thereafter, the yield
plateaus at about 95%. In contradistinction, with
on-column isomerization the plots show an optimum

100 . v —
without with reaction
reaction /l.-m"ZriiiTiieiinee-e. 2°C

~ 80} e
2
< | fs T °
< sl 10°C
o
3
2 40 1
> .
20+ ’ 1
0 20 40 60 80

Column Length [cm]

Fig. 6. Graph illustrating the dependence of the yield on the
column length for the separation of the interconverting species by
displacement chromatography with the column temperature as the
parameter. For comparison, the plot for the case of no reaction is
also shown. Conditions the same as in Fig. 5.

yield at a column length of approximately 25 cm.
With columns shorter than that, the separation pro-
cess has not developed the quasi-isotactic pattern to
yield good separation. Once the optimum length has
been reached, however, any further increase in the
column length leads to deterioration of the yield due
to increasing interconversion that represents greater
interference. The optimum becomes more and more
pronounced with increasing temperature as the inter-
ference by on-column isomerization reaction, which
is responsible for the decrease in the yield after the
optimum has been reached, increases with the col-
umn temperature. Eventually, all plots reach a
plateau when the self sharpening effect in displace-
ment chromatography is matched by the countervail-
ing band distortion caused by the reaction.

In Fig. 7 the production rate is plotted as a
functicn of column length. We can see that unlike the
yield in Fig. 6, the rate of production has an
optimum when displacement takes place without
interference by the reaction. This is because once the
isotactic pattern is formed further increase in column
length increases only the migration time but not the
yield. It is seen that interference by on-column
isomerization results in a shift in the optimum
column length range from 25-30 cm in Fig. 6 to
15-20 cm in Fig. 7. This is so because the lower
yield with a shorter column is more than compen-
sated for by a reduction in the migration time. An
increase in the column temperature is accompanied
by a further decrease in the optimum column length
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Fig. 7. Graph illustrating the dependence of the rate of production
on the column length for the separation of the interconverting
species by displacement chromatography with the column tem-
perature as the parameter. For comparison, the plot for the case of
no reaction is also shown. Conditions the same as in Fig. 5.

which decreases from 15 cm at 2°C to 10 c¢cm at
10°C. This illustrates that short migration times
obtained with short columns at elevated temperatures
are particularly advantageous because they engender
less interconversion and hence relatively high pro-
duction rates.

Simulation results on the effect of the flow
velocity showed that in the system under considera-
tion, there is a reciprocal relationship between the
flow velocity and the column length, i.e. the effect of
increasing flow velocity is identical to that of
decreasing the column length, provided the migration
time is kept constant. Thus, the data presented in this
section can be mutatis mutandis applied to describe
the effect of flow velocity as well.

4.3. Effect of displacer concentration

Fig. 8a shows displacement chromatograms ob-
tained by simulations using displacer concentrations
of 0.02, 0.1 and 0.2 M for the case when no reaction
occurs. According to the literature [4,5], an increase
in the displacer concentration is usually beneficial to
the separation since the displacement train travels
faster so that the time of separation decreases and the
concentrations of the zones increase. As shown in
Fig. 8a, at the lowest displacer concentration, com-
ponent A elutes with a long tail because the displacer
concentration is lower than the critical value required
for the displacement of the less adsorbed component.
Upon increasing the displacement concentration to
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Fig. 8. Simulated concentration profiles in displacement chroma-
tography at various displacer concentrations (a) without reaction
and (b) with isomerization reaction. Conditions the same as in Fig.
2 except, column temperature, 22°C and column length, 25 cm.

0.1 M, nearly isotactic conditions are reached and the
separation improves. However, when the displacer
concentration is further increased to 0.2 M, the bands
become so narrow that the recovery of the pure
components is impeded [43].

In Fig. 8b the effect of displacer concentration is
illustrated in the case when the interconversion
interferes with the displacement process. At the
lowest displacer concentration, the displacement
profile is similar to that in overloaded elution but
when the displacer concentration is increased to 0.1
M, the quality of separation improves significantly.
At displacer concentration of 0.2 M the profile of A
is not as narrow as shown in Fig. 8a and hence the
separation is better. The relatively large zone of A
with respect to that shown for the absence of reaction
in Fig. 8a is due to the equilibrium constant of the
reaction which favors the formation of A as dis-
cussed above in conjunction with the effect of
temperature. The large zone of A allows the use of
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higher displacer concentrations than the case of
without reaction shown in Fig. 8a and so the
separation improves when the displacer concentra-
tion increases from 0.1 M to 0.2 M as shown in Fig.
8b.

In Fig. 9 the dependence of the yield in the
absence of reaction on the displacer concentration
illustrates the optimum that is expected from the
literature [4] and from the results depicted in Fig. 8a.
The results of simulation when the on-column iso-
merization interferes with the separation, are also
presented in Fig. 9 at temperatures of 2 and 22°C,
and they illustrate mainly the effect of kinetics which
is a strong function of temperature. As shown in Fig.
9, the isomerization reaction reduces the yield at
22°C due to formation of the reaction zone in a
similar way as illustrated in Fig. 8b. Also, the
increase in band size of component A due to
favorable kinetics, results in a shift in the optimum
displacer concentration to a slightly higher value
than that in the case with no reaction. At 2°C with
reaction, we see that the optimum lies at 0.07 M
since at low temperatures the critical displacer
concentration is smaller so that the curve shifts
towards lower displacer concentrations.

The effect of displacer concentration on the rate of
production is illustrated in Fig. 10 for the cases of no
reaction and reaction at column temperatures of 2
and 22°C. The plots are similar to those shown for

100 r
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Fig. 9. Graph illustrating the dependence of the yield on the
displacer concentration in the separation of the interconverting
species by displacement chromatography with the column tem-
perature as the parameter. For comparison, the plot for the case of
no reaction is also shown. Conditions the same as in Fig. 8.
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Fig. 10. Graph illustrating the dependence of the rate of pro-
duction on the displacer concentration in the separation of the
interconverting species by displacement chromatography with the
column temperature as the parameter. For comparison, the plot for
the case of no reaction is also shown. Conditions the same as in
Fig. 8.

the yield in Fig. 9 and both show optima. The
production rate is highest when there is no reaction
and the displacer concentration is 0.15 M. With
on-column isomerization at 22°C, the results are
similar to those obtained in the non-reactive system
at the same temperature and the optimal displacer
concentration is 0.2 M, similar to the respective
values in Fig. 9. The optimal displacer concentration,
however, shifts from its original value of 0.07 M in
Fig. 9 to 0.2 M upon lowering the temperature to
2°C. The explanation of this shift rests with the faster
migration velocity of the displacer front at the higher
concentration so that the decrease in yield at higher
displacer concentration is more than compensated by
the decrease in migration time. In contrast to the
previous cases where production rates improve as we
lower the temperature, here we find that the pro-
duction rate is higher with reaction at 22°C than at
2°C. This is because the higher migration velocities
at elevated temperatures result in shorter migration
times and consequently higher production rates, the
lower yield notwithstanding.

5. Conclusions
A mathematical model has been developed and the

resulting non-linear equations solved in order to
simulate the effect of on-column isomerization re-



A.S. Rathore, Cs. Horvdth | J. Chromatogr. A 787 (1997) 1-12 11

action on the separation of the two interconverting
conformers by displacement chromatography. The
parameters used in the present study correspond to
those associated with the separation of cis—trans
isomers of peptidyl-proline dipeptides as most of the
data used correspond to chromatographic and elec-
trophoretic measurements that were performed in our
laboratory for separation of the two conformers of
the phenylalanine—proline dipeptide. The results
presented here show that high yields and production
rates for a complicated case as the present one can
only be obtained under optimized conditions of pH,
temperature and displacer concentration when the
reaction kinetics as well as the chromatographic
conditions favor the formation of the component of
interest. Further extension of this work to longer
peptides and proteins would require use of a more
sophisticated model for adsorption isotherms. Never-
theless, the study shows that computer simulations
can be a useful adjunct for optimization of the
operating conditions.

Acknowledgments

The authors would like to thank the Academic
Computing Services, Yale University, for providing
computation facilities for this work. This work was
supported by Grant No. GM 20993 from the Nation-
al Institutes of Health, US Public Health Service.

References

[1] A. Tiselius, Ark. Kemi. Mineral. Geol. 16A (1943) 1.

|2] F. Helfferich, G. Klein, Theory of Multicomponent Chroma-
tography, Marcel Dekker, New York, 1970.

F.D. Antia, Cs. Horvith, J. Chromatogr. 556 (1991) 119.

J. Frenz, Cs. Horvith, in: Cs. Horvath (Ed.), High-Per-
formance Liquid Chromatography, Academic Press, New
York, 1980, p. 211.

[5] S. Golshan-Shirazi, B. Lin, G. Guiochon, Anal. Chem. 61
(1989) 1960.

G. Guiochon, S. Golshan-Shirazi, A. Katti, Fundamentals of
Preparative and Nonlinear Chromtography, Academic Press,
New York, 1994, pp. 299-322.

[7] Cs. Horvath, J. Frenz, Z.El. Rassi, J. Chromatogr. 255
(1983) 273.

Cs. Horvath, in: F. Bruner (Ed.), The Science of Chromatog-
raphy, Elsevier, Amsterdam, New York, 1985, 179-204.

[3
{4

6

(8

—

[9] SM. Cramer, G. Subramanian, Sep. Purif. Methods 19
(1990) 31.

{10] S.M. Cramer, Cs. Horvath, Prep. Chromatogr. 1 (1988) 29.

[11] AM. Katti, G.A. Guiochon, J. Chromatogr. 449 (1988) 25.

[12] MW. Phillips, G. Subramanian, S.M. Cramer, J. Chromatogr.
454 (1988) 1.

[13] S. Jen, N.G. Pinto, J. Chromatogr. 590 (1992) 2.

[14] G. Subramanian, M.W. Phillips, S.M. Cramer, J. Chromatogr.
439 {1988) 341.

[15] A. Kalman, F. Thunecke, R. Schmidt, PW. Schiller. Cs.
Horvith, J. Chromatogr. A 729 (1996) 155.

[16] S. Ma, F. Kalmdn, A. Kédlman, F. Thunecke. Cs. Horvath, 1.
Chromatogr. 716 (1995) 167.

[17] AW. Moore, JW. Jorgenson, Anal. Chem. 67 (1995) 3464.

[18] S. Meyer, A. Jabs, M. Schutkowski, G. Fischer, Electro-
phorasis 15 (1994) 1151.

[19] R. Schmidt, A. Kalman, N.N. Chung, C. Lemieux, Cs.
Horviath, PW. Schiller, Int. J. Peptide Protein Res. 46 (1995)
47.

[20] LF. Brandts, H.R. Halvorson, M. Brennan, Biochemistry 14
(1975) 4953.

[211 R.L. Stein, Adv. Protein Chem. 43 (1993) I.

22] F.X. Schmid, L.M. Mayr, M. Miicke, E.R. Schonbrunner,
Adv. Protein Chem. 14 (1993) 25.

[23] F.X. Schmid, Annu. Rev. Biophys. Biomol. Struct. 22 (1993)
123.

{24] A. Yaron, F. Naider, Crit. Rev. Biochem. Mol. Biol. 28
(1993) 31.

{251 T. Yamazaki, S. Ro, M. Goodman, N.N. Chung, PW.
Schiller, J. Med. Chem. 36 (1993) 708.

[26] G. Fischer, J. Heins, A. Barth, Biochim. Biophys. Acta 742
(1983} 452.

{27] G. Fischer, B. Wittmann-Liebold, K. Lang, T. Kiefhaber.
F.X. Schmid, Nature 337 (1989) 476.

[28] W.R. Melander. J. Jacobson, Cs. Horvath, J. Chromatogr.
234 (1982) 269.

[29] W. Melander, H. Lin, J. Jacobson, Cs. Horvath, J. Phys.
Chem. 88 (1984) 4527.

[30] J. Jacobson, W. Melander, G. Vaisnys, Cs. Horvith, J. Phys.
Chem. 88 (1984) 4536.

[31] D.E. Henderson, J.A. Mello, J. Chromatogr. 499 (1990) 79.
[32] F. Thunecke, A. Kalman, F. Kilman, S. Ma, A.S. Rathore,
Cs. Horvith, J. Chromatogr. A 744 (1996) 259--272.

[33] G.Vigh, G. Quintero, G. Farkas, J. Chromatogr. 484 (1989)

237.
[34] G.Vigh, G. Farkas, G. Quintero, J. Chromatogr. 484 (1989)
251.
[35] PL. Camacho-Torralba, G. Vigh, Isolat. Purif. 2 (1996) 127.
[36] J. Frenz, Cs. Horvath, AIChE J. 31 (1985) 400.
[37] B. Lin, G. Guiochon, Sep. Sci. Technol. 24 (1989) 809.
[38] J.C. Bellot, J.S. Condoret, J. Chromatogr. A 657 (1993) 305.
[39] A. Felinger, G. Guiochon, J. Chromatogr. 609 (1992) 35.
[40] G. Subramanian, S.M. Cramer, Biotech. Prog. 5 (1989) 92.
[41] M. Czok, G. Guiochon, Anal. Chem. 62 (1990} 189.
{42] B. Lin, S. Golshan-Shirazi, G. Guiochon, J. Phys. Chem. 93
(1989) 3363.
[43] Cs. Horvath, A. Nahum, J.H. Frenz, J. Chromatogr. 218
(1981) 365.




12 A.S. Rathore, Cs. Horvdth | J. Chromatogr. A 787 (1997) 1-12

[44] F. Antia, L. Fellegviri, Cs. Horvith, Ind. Eng. Chem. Res. 34 [46] J. Huang, G. Guiochon, J. Colloid Interface Sci. 128 (1988)
(1995) 2796. 571.

[45] K. Kalghatgi, 1. Fellegviri, Cs. Horvith, J. Chromatogr. 604
(1992) 47.



