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Abstract

Practical considerations lead to the use of small columns in preparative chromatography. In these applications extra
column effects may overwhelm all broadening effects. The influence of the extra column effects on the band broadening and
migration is demonstrated by simulation. The model assumes linearity of extra column effects. Consequently, these effects
could be described by the convolution of the initial applied band width, an exponential decay and Gaussian broadening. An
attempt has been made to discriminate between the column, pre- and postcolumn broadening.
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1. Introduction

A small column in preparative chromatography is
defined by the ratio between extra column space and
column volume. Considering conventional laboratory
equipment for bench scale chromatography, such as
BioCAD (Perseptive Biosystems, Cambridge, MA,
USA), ProSys (BioSepra, Marlborough, MA, USA),
FPLC, BioPilot and Ekta (all Pharmacia Biotech,
Uppsala, Sweden), the volume of a small column is
in the order of less than a few ml. For several
applications these small columns are required. De-
termination of adsorption isotherms by chromato-
graphic means or validation of clearance of adventiti-
ous agents should be carried out at a very small
scale. Often process development is restricted by a
shortage of starting material since pilot production
and pilot purification are developed simultaneously.
A very small column can circumvent this obstacle.

The benefits of small scale are reduced time for
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experiments and the requirement of only small
amounts of materials and buffers. These benefits may
be overcome by a more difficult interpretation of the
results due to dominating extra column effects. In the
past, scale down of preparative chromatography has
not been frequently investigated. Studies of extra
column band broadening were reported by Sternberg
[1], Huber and Rizzi [2] and Dose and Guiochon [3].
Sternbergs considerations were derived for gas chro-
matography. Nevertheless, most of them are applic-
able to liquid chromatography [4] under the restric-
tion of the hydrodynamic differences of gases and
liquids. Rocca et al. [5] described the band broaden-
ing of different column configurations without spe-
cial emphasizing on extra column influence. Models
for prediction of peak profiles normally neglect the
extra column influence [6-9].

An attempt has been made to predict extra column
peak broadening for very small columns. Experi-
ments with different size at identical extra column
space (identical tubing, valves, adapters, safety de-
vices, etc.) allow an accurate determination of the
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extra column band spreading. Assuming the contri-
butions of the extra column band spreading indepen-
dent of the applied sample volume, an exponential
modified Gaussian function has been developed in
order to circumvent the commonly applied assump-
tion of a sample shape such as a Dirac delta function.
The influence of the band spreading before and after
the column is described by a function derived by
convoluting a rectangular pulse, an exponential
decay and a Gaussian contribution to broadening in
the Laplace domain. Once the parameters of the
system are acquired, the extra column profile of any
sample volume can be predicted. An attempt has
been made to discriminate between the pre and post
column effects. This model has been connected to a
computer simulation for migration and band spread-
ing in the column [10]. This simulation program is
based on a discontinuous stage model. By applying
this simulation, the influence of the extra column
effects and the column effects (nonlinearity of iso-
therm, axial dispersion) on the total band broadening
can be demonstrated. These models are considered as
a contribution to scale up, scale down and computer
assisted optimization of chromatography.

2. Theory

In order to describe the behavior of a protein
sample in different scales of chromatographic sys-
tems, the influence of the extra column space on the
band broadening must be distinguished from the
broadening occurring in the column. A comprehen-
sive description of the extra column effects on gas
chromatography is given by Sternberg [1]. Most of
the explanations are also valid for liquid chromatog-
raphy [4].

The extra column effects can be subdivided into
dispersion in tubes, contributions of dead volumes,
finite detector volume and dynamic behavior of
transducers and electronics.

According to Taylor [11], tubes introduce a
symmetrical Gaussian-type broadening (af ) to the
sample. The band spreads under the combined action
of molecular diffusion and the parabolic axial flow
velocity profile. For a fully developed laminar flow
profile, this broadening can be described by
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where t, is the retention time, r the radius of the
tube and D,, the molecular diffusion coefficient.
Dead volumes create a type of wash out kinetic
[12]. Therefore they introduce an exponential contri-
bution to the band broadening. This exponential
contribution (7,.,,) is a function of the dead volume

(Vyeaq) and the flow-rate (F)
‘/dead
Tdead — F (2)

It was also shown by Sternberg [1] that the finite
sensing volume of a detector introduces an additional
symmetrical, rectangular broadening. This broaden-
ing (o) depends on the sensitive detector volume
(V,) and the flow-rate. According to Cram and Glenn
[12] it can be described by
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An exponential contribution to the band broaden-
ing is introduced by the finite response rate of the
electronically amplifier and recorder. This contribu-
tion (7,,) is independent on the flow-rate [12,13].

Assuming additivity of the variances the total
extra column broadening can be written as
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where o2 _is the lumped extra column dispersion and

o’ is the variance of the initial theoretical injection

prbﬁle. Assuming in liquid chromatography the
variances introduced by the electronics and the
detector volume are negligible small compared to the

other variances, Eq. (1) simplifies to
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Lumping together the variances independent of
flow-rate (O'i) and the variances dependent on flow-
rate (o) the extra column broadening ofx is

2
ol =0+t (6)

An equation for the prediction of the extra column
contribution to the total broadening can be derived
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based on the definition of the plate number N of a
system

VZ
N=— 7

If the total broadening (o’,,,) is considered as the
sum of the column internal broadening (o>, ) and the
extra column broadening (aix)

2
total

a Ufl + a-f,x (8)

the following relationship can be obtained
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This equation has been derived for analytical
chromatography by Huber and Rizzi [2].

Using this relationship it is possible to exhibit a
quantitative picture of the contribution of extra
column broadening on the total broadening.

For a peak prediction program using non-linear
adsorption isotherms, the initial loading profile, in
particular the loading concentration, is of crucial
importance. The theoretically rectangular sample
plug is altered by extra column effects and if the
sample volume does not exceed a certain limit, the
sample concentration arriving at the top of the
column (C*) is lower than concentration initially
applied to the system (C,). To allow a flexible
description of these extra column alterations of a
sample band an extended exponentially modified
Gaussian model is applied. The normal exponentially
modified Gaussian model [14] assumes an infinitely
small sample band, what is a valid assumption for
analytical chromatography. In the case of discrepan-
cies from this assumption, the additional broadening
of the sample pulse is lumped to the Gaussian
parameter 0. To describe the different shapes of
loading profiles dependent on the loading volume
and the broadening introduced by the experimental
setup we derived a function dependent on the loading
volume and symmetrical and asymmetrical contribu-
tions to band broadening. Therefore, the convolution
theorem of Laplace transforms was applied. The
Laplace transforms of a rectangular plug, represent-
ing the theoretical loading profile, was convoluted
with and exponential decay function, representing
the influence of the dead volumes. The resulting

convolution was inverted and used as an input
function for the convolution integral technique ac-
cording to Sternberg [1]. The following is a detailed
description of this approach:

According to Jonsson [4] the Laplace transform of
a rectangular plug

0, ift <0
C(t)=4Cy if0st=1,
0, ifr>r,

can be described as

—ST,

— r
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and the Laplace transform of a normalized exponen-
tial decay

0, iftr<0
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can be described as

L{h](s) = PR (11)
Convolution of Egs. (10) and (11) gives
L=t e ]
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(12)

and the inversion to the time domain is

f(t)y =L '[f- h1()
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where A(r<{7,) is a unit step function with
f(r) =0fort <7 and f(r)=1fort> 7,

Using this function as an input function f(¢,) for a
convolution integral

arnax
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we get
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assuming >0 and 7.>0 the integration of Eq. (15)
gives

Ty-leef(T,—T,—T
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In these functions f, denotes for the retention
time, o for the Gaussian broadening, 7, for the
exponential decay and 7, for the with of the initial
sample plug.

For adsorption chromatography it is a poor simpli-
fication to describe all extra column effects with one
function altering the loading profile of a column. As
the protein sample is caught at a small zone of the
column it is sharpened and concentrated. The extra
column effects prior to the column are overwhelmed
by the column effects. On the other hand, the
broadening in the column effluent can effect the
experimental peaks while the predicted peaks are not

altered post column in any way. Unfortunately, it
seems to be impossible to get experimental data to
distinguish between pre and post column extra
column broadening. As a result, only estimations of
ratios between pre- and post column broadening can
be combined to the predicted profiles. To get an
insight of the possibilities to split the loading func-
tion Eq. (16) into a pre and a post column com-
ponent, different ratios of pre and post column
broadenings were combined. The broadening was
combined assuming additivity of the Gaussian vari-
ances:

T =20 23)
i=1

Thus, if the total extra column (o, ,,) broadening

is divided into a pre (o},.) and a post column part
2

(0 post) EQ. (24) can be written as
Ulzolal = o-ire + 0-[2:051 (24)

For a defined ratio x between pre and post column
broadening the Gaussian broadenings can be calcu-
lated as

2 _ . 2
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total

-Unfortunately, exponential decays are not additive.
Naor and Shinnar [15] gave insights of properties of
some theoretical residence time distributions includ-
ing non-identical mixing vessels in series. Since it is
not possible to determine the pre and post column
contribution to broadening experimentally, a more
theoretical approach is applied. Analogous to the
procedure given in Egs. (10-16) to a convolution of
a plug input profile with two non-identical exponen-
tial decays and a Gaussian broadening was carried
out.

The convolution of Egs.
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gives
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The inversion of the Laplace transform into the
time domain gives
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where A(z<{7,) is a unit step function with f(r)=0 for
t<7, and f(¢{)=1 for t>r7. Using equation as an
input function for the convolution integral Eq. (24)
and assuming 7,>0 and >0 leads to
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This approach can be used to fit the response peak
and to get values for 7, and 7. Then these
parameters can be inserted into Eq. (17) for the pre
column space and for the post column area.

3. Materials and methods
3.1. Chromatography system
Two chromatography systems were used. First,

two high-performance pumps P-3500 (Pharmacia
Biotech) were controlled by a liquid chromatography
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controller LCC-500 plus (Pharmacia Biotech). The
column effluent was monitored by a monitor UV-M
(Pharmacia Biotech) at 280 nm and a conductivity
monitor (Pharmacia Biotech). The analog signals
were transferred to a PE Nelson 900 Series Interface
and stored digitally by a Model 2600 chromatog-
raphy software, Rev. 4.1 (Nelson Analytical, Cuper-
tino, CA, USA). Samples were injected by a motor
valve PMV-7 (Pharmacia Biotech), or in case of
frontal analysis, the sample was loaded by a P-3500
pump.

Second, a ProSys chromatography system
(BioSepra) was used. The pump module contains 4
single piston pumps delivering up to 30 ml/min each
and mixing devices to allow buffer blending from up
to 4 stock solutions. The separation module consists
of two 6 port 2 position Rheodyne 9700 series
polyether ether ketone (PEEK) switching valves, a
Rheodyne 9700 series PEEK injection valve, a
Beckman Model 166 variable wavelength detector
for variable wavelengths from 190 to 700 nm with a
flow cell of 1.1 pl and 2.5 mm path length, a pH
monitor, a conductivity monitor and an A/D conver-
ter with software selectable data rates from 0.1 to 10
Hz. The whole system is controlled by a ProSys
workstation installed on a 486/66 CPU with 8
Mbytes Ram.

3.2. Sorbent

Q-HyperD-F, an anion-exchanger was obtained by
BioSepra.
3.3. Buffers

For all experiments, a 10 mM Tris—HCI buffer pH
8.0 added with 1 M NaCl was used.
3.4. Samples

As a model protein, highly purified bovine serum
albumin (Sigma, St. Louis, MO, USA; Catalog No.
A-6918) was used. The lyophilized powder was

reconstituted in equilibration buffer and prepared
freshly for each set of experiments.

3.5. Numerical treatment of data

Raw data from the chromatograms are exported
from the Nelson data acquisition software as well as
from the ProSys workstation to all other programs as
tab-delimited textfiles. In isocratic and linear gra-
dient experiments, these data were fitted with ex-
ponential modified Gaussian peaks [16]. Fitting was
carried out by using the software Peak Fit version
3.18 (©1993) and version 4.0 (©1995, Jandel Sci-
entific, San Rafael, CA, USA).

3.6. Approximation of error functions

For the calculation of these equations error func-
tions are needed. According to Abromowitz and
Stegun [17] an error function can be approximated
using following procedure:

erf(x) = erf(x) forx>0

erf(x) = — erflx| forx>0 G7)
and
erf)=1—(a, t+a,-t°+a,-r
+a4-t4-+~a5-t5)‘e_xz (38)
where
1
t= T+px (39)
and p=0.3275911, a,=0.254829592, a,=-—

0.284496736, a,=1.42143741, a,= —1.453152027,
a;=1.061405429. Using these equations the approx-
imation error (&) for 0<x<w is |&]<1.5-107".

4. Results

To distinguish the contribution of extra column
from the broadening occurring in the column, de-
tailed analysis of extra column broadening and total
broadening were carried out. The retention times and
variances of protein pulses applied on columns under
non-binding conditions with different heights of
packed beds were used for these investigations. Extra
column effects can be estimated by extrapolation of
experimental data from different column sizes to an
infinite small column volume.
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A column with 5 mm L.D. was packed with the
anion-exchanger Q-HyperD with 0.77, 2.2, 3.4, 5.3,
9.2 and 18.3 cm bed height. Additionally, the flow
distributors of the column were connected without
any resin. Using these different columns, pulse
experiments were carried out at the flow-rates 0.1,
0.25, 0.5, 1.0 and 2.0 ml/min (30.6, 76.4, 152.8,
305.6 and 611.2 cm/h) in triplicates. For compara-
tive reasons, the time axis was transformed to a
volume axis.

Plotting the retention volumes (V) against the
total column volume gives a hint on the repro-
ducibility of the different packings (Fig. 1). The
good agreement of the data points with a straight line
indicate a high reproducibility in column packing.
Additionally, the void fraction and the extra column
volume can be calculated using this plot. The slope
and the intercept of a straight regression line repre-
sent the void fraction (£=0.47084+0.00355) and the
extra column volume (V,_,,=0.289810.00614 ml),
respectively. The variances of these values are 95%
confidence intervals. Comparing the value for V,
extrapolated by this straight line with the experimen-
tal result using the connected adapters of the column
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1.5

Vg (mi]

1.0

0.5

0.0 T T T

v, [mi]

Fig. 1. Plot of retention volumes (V) against total column
volumes (V) under non-binding conditions. Each data point with
error bar represents a set of 15 experimental data points carried
out at 5 different linear flow velocities (30.6, 76.4, 152.8, 305.6
and 611.2 cm/h). BSA pulse were applied on Q-HyperD, 50 mM
Tris, 1 M NaCl, pH 8.0.

(V3eag =0.31588£0.00459 ml) indicates a slight over-
estimation of the extra column volume using con-
nected adapters.

To distinguish band broadening introduced by the
extra column space from the intra column broaden-
ing a plot of the total band broadening (o2, ) versus
the retention volume (V) is shown (Fig. 2). The
value of o> at Vi=V3 _,=0.083990 of the regres-
sion line in Fig. 2 represents the lumped extra
column broadening (o, =0.01482+0.00122 ml®).
This is caused by the application of the calculation of
VZ for V,=0.0 as shown in Fig. 1. The slope is the
number of plates per unit length of the column
(1/N=0.01470+0.00080). The value of o, ex-
trapolated with the regression line is not significantly
different from the value predicted from the experi-
ment with connected adapters (o-Zx =
0.01461=0.00175 ml?).

The data of these experiments also hint on the
significant influence of the extra column broadening
on the total broadening using very small columns.
Therefore, a plot of the ratio of extra column
broadening on the total broadening versus the col-
umn volume is shown (Fig. 3).
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0.02

0.00 T T T L T T T
0.0 05 10 15 20 25 30 35 4.0 45

v.Z[mP]

Fig. 2. Plot of total band broadening (o, ) versus Tetention
volume (V) under non-binding conditions. The regression line is
according to Eq. (9). Each data point with error bars represents a
set of 15 experimental data points at 5 different linear flow
velocities (30.6, 76.4, 152.8, 305.6 and 611.2 cm/h). BSA pulse
were applied on Q-HyperD, 50 mM Tris, 1 M NaCl, pH 8.0.
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Fig. 3. Ratio of extra column broadening (o) on the total

broadening (a7,,,,) versus the total column volume (V) calculated
using the regression lines of Figs. 1 and 2.
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Fig. 4. Plot of extra column broadening variances versus inverse
of the flow-rate and linear regression line with 95% confidence
interval according to Eq. (6). Each data point with error bar
represents 3 experimental data points obtained with two connected
adapters. The data points symbolized by a gray square were
excluded from the fitting procedure because of a significantly
different peak shape at experiments with flow-rate 0.1 ml/min.

Fig. 3 indicates the big influence of the extra
column broadening on the total broadening especial-
ly when using small columns. The extra column
broadening of a column of a total column volume of
2 ml is about 40% and for a 1 ml column it is above
60%. For columns with 0.5 cm L.D. a total column
volume of 1 ml is a normal case. For optimization of
a chromatographic separation, experiments are car-
ried out at the smallest possible scale. Therefore, a
way to describe the extra column broadening was
established.

Analyzing the peak variances of the experiments
with connected adapters according to Eq. (5) indi-
cates the contributions of the different types of
broadenings on the extra column broadening. Fig. 4
shows the peak variances of experiments with con-
nected adapters, that is no resin. The data points of
experiments using 0.1 ml/min (30.6 cm/h) were
excluded from the calculation of the regression line
because of a significantly different peak shape
compared to higher flow-rates (Fig. 5). The slope of

response

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Ve [mi]

Fig. 5. Comparison of peak profiles of different flow-rates under
non-binding conditions. BSA pulses were applied on a column
with connected adaptors (V,=0.0), 50 mM Tris, 1 M NaCl, pH
8.0. The solid line is a response curve at F=0.25 ml/min
(u=76.4 cm/h). The peak shape is, as for all response curves at
higher flow-rates, in good agreement with a exponentially modi-
fied Gaussian peak. The dashed line is a response curve at F=0.1
ml/min (#=30.6 cm/h). At this flow-rate the peak shape is
completely different from the exponentially modified Gaussian
shape.
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the regression line in is equivalent to dispersion in different flow-rates by changing the values for o and
the tubes (o> =0.00304+0.00098 ml’min ') and the 7.. In Fig. 6A the extrapolation to a 10 and 50 fold
intercept to the sum of the variance of the initial sample volume for a column of Smm L.D. is shown.
sample profile and variances introduced by dead The response function of a pulse using a sample
volumes (o + 0%,,,=0.00815+0.00203 ml*). volume (V,) of 0.02 ml was fitted by Eq. (16) and by
Comparing the values for o, derived from this altering the value of 7, to 7,.=V;=0.2 ml and 7, to
loading function with those derived from the regres- 7.=V,=1.0 ml the other profiles were described.
sion shown in Fig. 4 indicates that they are in the While the extrapolation to Vg=0.2 ml is in good
same range. The corresponding values calculated agreement with the experimental data the extrapola-
using the regression line are 0.020289+0.002625 tion to V;=1.0 is not able to describe the strong
ml® at F=0.25 ml/min and 0.009668+0.001674 ml’ tailing of the experimental profile. Fig. 6B gives a
at F=2.0 ml/min. Thus, there is no significant similar picture of a column of larger I.D. (26 mm).
difference between these results. Analyzing the Investigation of the dependencies of the fitting
single contributions to the total broadening it can be parameters o, 7, and V; on the linear velocity u (Fig.
seen that the Gaussian contribution is smaller than 7) shows no strong correlation in the range of u=
5% of the total broadening. 300 cm/h. As this is the normal working range with
This analysis also shows the dependency of vari- the resin used, the influence of the flow-rate on the
ances of symmetrical Gaussian shape as well as sampling function can be neglected.
variances of exponential decayed shape on the flow- The influence on the prediction of peak profiles
rate. So, we can describe loading profiles for differ- using non-linear adsorption isotherms can be evalu-
ent sample volumes by changing the value of 7. at ated by applying the theoretically rectangular sample
50 0.05
A - B
40 0.04 .
A
or L
E 30 - § 0.03 4-.) A
2 & ’ 'X 4
g 2 R —
g 20 - S 002 7 o\ %
: 2 i
10 -
0 T T T T
0.0 0.5 1.0 1.5 2.0
time [min)] time [min]

Fig. 6. Experimental and calculated peak profiles of different sample volumes. (A) Chromatographic system: FPLC as described in Section
3.1; Column LD.: 5 mm, connected adaptors of a HR5 column. F=1.0 ml/min («=305.6 cm/h). { represents the experimental data at a
sample volume (V;) of 0.02 ml, these data were fitted according to Eq. (16) and used to extrapolate to higher sample volumes. O and
— — — represent the experimental and calculated loading function at ¥, =0.2 ml, respectively; (] and - - - represent the experimental and
calculated loading function at V;=1.0 ml, respectively. The rectangles represent the theoretical rectangular loading profile. The black
rectangle represents V; =0.02 ml, the dark gray rectangle V;=0.2 ml and the light gray rectangle V;=1.0 ml. (B) Chromatographic system:
ProSys as described in Section 3.1; Column LD.: 26 mm, connected adaptors of a XK26 column. F=2.0 ml (4 =22.6 cm/h). O represents
the experimental data at V; =0.1 ml, these data were fitted ( ) according to Eq. (16) and used to extrapolate to higher sample volumes.
The extrapolated values are compared to the experimental values. V;=0.2 ml: @ experimental data and — — — extrapolated loading
profile; V,=0.5 ml: (J experimental data and - - - extrapolated loading profile; V5 =0.954 ml: W experimental data and — - - extrapolated
loading profile; V; =1.340 ml: > experimental data and — -+ — extrapolated loading profile.
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Fig. 7. Plot of fitting parameters ¢, 7, and V,, versus u. The solid line with diamonds indicates o, the dotted line with circles indicates 7, and
the dashed line with squares indicates V. Each error bar represents three experimental values.

profile and the altered profile according to Eq. (16)
to a peak prediction model. According to Fig. 8 there
are different levels of complexity in taking extra
column effects into account. The simplest way is to

initial sample initial sample initial sample
profile profile profile
. E I
extra column pm’czmnn
broalenmg Ebr: oadeni
mass balance model mass balance model mass balance model
for intra column for intra column for intra column
band propagation band propagation band propagation
post-column
extra column
broadening
Y ¢
predicted peak predicted peak predicted peak
profile profile profile

Fig. 8. Schematical drawing of the levels of complexity in the
calulation of extra column effects. (A) extra column effects are
neglected; (B) all extra column effects are taken into account pre
column; (C) extra column effects are split into pre and post
column effects.

neglect all extra column alterations of the profile
(Fig. 8A). Using Eq. (16) it is possible to take into
account pre column extra column effects (Fig. 8B).
The calculation of pre and post column extra column
effects in a peak prediction program (Fig. 8C) is the
most rigorous treatment and the only approach
reflecting the real situation.

Parameters for pre and post column broadening
can be derived by fitting Eq. (28) to the experimental
response profile. These parameters can be inserted
into Eq. (16) to calculate pre and post column
contribution independent from each other. The calcu-
lation according to Fig. 8C can be carried out by
dividing the response profile of the mass balance
model into rectangles of equal width. These numer-
ous rectangles like an initial sample plug (Fig. 9).

Unfortunately, it is not possible to discriminate pre
and post column extra-column broadening ex-
perimentally. Hence, there is no way to decide
rationally if the fitted parameter 7, or 7., accounts
for the pre column part of the system or vice versa.
As a result, both opportunities must be calculated
and only the comparison of predicted and experimen-
tal results can indicate the right choice (Fig. 10)

5. Discussion

Practical consequences lead to the use of small
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band propagation
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Fig. 9. Schematical drawing of the computation of a peak profile
according to Fig. 8C. The initially rectangular sample profile (1) is
altered pre column with an exponential decay function and a
Gaussian broadening (2). This profile enters the mass balance
model for intra column band propagation (3) and is broadened and
retained according to the properties of the chromatographic
column. The resulting response profile (4) is split up into
rectangles (5). Each of the subsequent rectangles is altered post
column with an exponential decay function and a Gaussian
broadening (6). The final response profile (7) is built by summa-
tion of the individual profiles of the rectangles in (5). The grayed
rectangles in (5) and (7) demonstrate this procedure. x in (2) and
(6) represents the ratio between pre and post column extra column
Gaussian broadening according to Eq. (25).

columns in preparative chromatography. Band
broadening can be measured easily by the second
central peak moment. Electronic data acquisition in
combination with the correct model for the chro-
matographic peak gives a very accurate measure for
the peak width. A column with the identical con-
nections to the chromatographic system has been
used for the accurate experimental determination of
the extra column effects. Therefore, this column has
been packed with different amounts of chromato-
graphic media. The only variable in the experimental
set up is the column length. A protein pulse under
non-binding conditions has been injected. Extra
column space, void fraction, total broadening, extra
column broadening and the number of plates per unit
length of the column could be determined (Figs. 1
and 2). Putting the upper and lower adapter together
yielded in the same range of extra column broaden-
ing as derived by using Eq. (9) to extrapolate to
V,=0.0ml. Fig. 3 demonstrates the relationship be-
tween V, and the ratio between o, and o. . The
ratio of the calculated values o> and o, (based
on the regressions in Figs. 1 and 2) are plotted

time [min]

Fig. 10. Comparison of simulated peak profiles for linear gradient
elution for the three different calculation schemes shown in Fig. 8.
- < ~ is the curve obtained when all extra column effects are
assumed to be pre column (o=0.022176 min, 7,=0.101770 min);
— [0 - is the peak profile obtained when the major part of the extra
column effects is assumed to be pre column (o=0.022176 min,
7,,=0.101256 min and 7,, =0.008451 min); - O - is the peak
profile obtained when the major part of the extra column effects is
assumed to be post column. (o=0.022176 min, 7,, =0.008451
min and 7,,=0.101256 min). In both of the latter calculations the
Gaussian broadening is split in two equal parts for pre and post
column broadening (x=0.5). — - — salt gradient. Simulation
parameters: Freundlich isotherm with asymmetric logistic dose
response (according to Kaltenbrunner and Jungbauer [18]): a=
241.063; b=0.766071; ¢=2.58254; d=122.096; ¢=0.0357043.
Column: d=0.5 cm; L=5 cm; Np=32; Nps=40; £=047.
Gradient: 7,=0.01 M, 1,,,=1.01 M, V,=10 V,, F=1.0 ml/min,

v “elu

Sample: C,=20 mg/ml, V; =0.02 ml.

against V. Small columns as frequently used for
optimization of preparative chromatography exhibit
enormous o-,. For a 1 ml column approximately
60% of the total broadening is caused by extra
column effects.

Preliminary results from experiments with varying
flow-rates (F) show that band broadening can be
described by Eq. (6) within a certain range of F (Fig.
4). Comparing the peaks attained at a very low
flow-rate and a high flow-rate using only connected
adapters, a significantly different peak shape can be
observed (Fig. 5).

The extra column band broadening with respect to
sample volume has been modeled by convolution of
the Laplace transforms of a rectangular plug of the
width of the sample volume and an exponential
decay and a Gaussian contribution to broadening Eq.
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(16). For a certain sample volume the broadening
can be predicted by this model using the parameters
from one experiment. These parameters are easily
accessible by fitting Eq. (16) to the response peak.
Inserting these parameters into Eq. (16), the
broadening for different initial pulse widths can be
predicted (Fig. 6A and B).

Fig. 7 shows the relationship between o, 7 and the
flow-rate. Above 300 cm/h, the working range of
novel chromatographic media, minor influence from
the flow-rate can be expected. Fig. 7 is consistent
with the findings described above (Figs. 4 and 5).

The crucial point in our concept is the experimen-
tal determination of pre and post column contribution
to broadening. A theoretical access to this problem is
possible by simulation. Varying the ratio between pre
and post column contribution for o and 7 provides
an insight. Introduction of pre and post column band
broadening increases the complexity but provides
fundamental information on the design of the experi-
ment, since the major contributions to band broaden-
ing are revealed. This simulation will be also very
useful for scale up and scale down studies. The
parameters for calculation of extra column effects
can be determined at different scales, which sub-
sequently will allow calculations of band broadening
at different scales. Transfer to another scale will not
be an empirical operation any longer.

6. Symbols

6.1. Latin symbols

Dy, molecular diffusion coefficient
F volumetric flow-rate
h increment of numerical approximation in

length domain

height equivalent to a theoretical plate
retention factor

column length

number of theoretical plates
radius of tube or column
Laplace operator

subterms of Eqgs. (16) and (28)
linear velocity of mobile phase
sensitive detector volume

dead volume

S E
-
2~

<R Ne Yz
o3

f=4

=

o
1
=%

Vs sample volume

Vi total column volume

6.2. Greek symbols

& void fraction
A unit step function f(t) =0 for t < 7, and
f(t) =1 fort > 7,
: variances independent of the flow-rate
O'ZB variances dependent on the flow-rate
: intra column broadening

i contribution of sensitive detector volume
to band broadening

al, lumped extra column dispersion

0'2re pre column Gaussian broadening

agos, post column Gaussian broadening

a? variance of the initial theoretical injection
profile

af variance introduced by dispersion in tubes

T total band broadening

T increment of numerical approximation in
time domain

Tyead contribution of dead volume to band
broadening

T, exponential time constant of an exponen-
tial decay function

T pre column exponential broadening

T., post column exponential broadening

(A contribution of finite response rate of
electronics to band broadening

T, width of a rectangular sample plug
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